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Background and Objectives: The application of nano-fertilizers, such as zinc oxide
nanoparticles (ZnO-NPs), is an emerging strategy to improve micronutrient
efficiency in sustainable agriculture. However, the overuse of ZnO-NPs, particularly
in calcareous soils with low zinc availability, risks soil contamination and
subsequent toxicity to plants and soil biota. The bioavailability of zinc from these
nanoparticles is governed by complex interactions within the rhizosphere, involving
the soil matrix, plant roots, and plant growth-promoting microorganisms (PGPMs).
While PGPMs like fungi and bacteria can alter metal bioavailability, their combined
effects and the resulting release dynamics are not fully understood. Therefore, this
study aimed to investigate the effect of inoculating the fungus Serendipita indica
and the bacterium Sinorhizobium meliloti, both individually and in combination, on
the release kinetics of zinc in the rhizosphere of alfalfa (Medicago sativa L.) grown
in soil contaminated with different levels of ZnO-NPs.

Materials and Methods: This study was conducted as a factorial experiment based on a
completely randomized design with three replications on alfalfa (Medicago sativa
L.) cv. Hamedani in a greenhouse. The soil used was a loamy-clay collected from
the 0-30 cm layer of Chitgaran station in Shiraz, Iran, with a pH of 8.3, 0.71%
organic matter, and 42.5% calcium carbonate equivalent. The soil was autoclaved
at 121°C for 25 minutes before use. Treatments included three levels (0, 400, and
800 mg kg™ soil) of ZnO-NPs (average diameter of 10 nm, sourced from
Pishgaman Nano Mavadd-e Iran Co.) and four levels of microbial inoculation (a
non-inoculated control, S. indica alone, S. meliloti alone, and co-inoculation of the
fungus and bacterium). Soils were incubated for three months at field capacity to
allow for equilibration reactions. The S. indica inoculum was prepared by
collecting spores from a 4-week-old culture, with the final concentration adjusted
to 5x10° spores mL™%. The S. meliloti strain, selected for its high N-fixation and
PGP traits (including possession of nfe, putA, and acdS genes), was cultured for 48
hours, and the inoculum was adjusted to 5x107 cells mL™%. In order to find the best
model to describe the zinc release pattern, time-dependent release data were fitted
to nine kinetic equations (zero-, first-, second-, third-order, parabolic diffusion,
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power function, simplified Elovich, pseudo-first-order, and pseudo-second-order).
For each experimental treatment, the best kinetic equation was selected based on
the highest coefficient of determination (R?) and the lowest standard error (SE).
Zinc concentrations were measured using an atomic absorption spectrophotometer
(Shimadzu AA 670). Statistical analysis was performed using SAS 9.1, and means
were compared using the LSD test at P<0.05.

Results: The results showed that co-inoculation of the fungus and bacterium at 400 and
800 mg Zn kg™ had the lowest rhizosphere pH value, resulting in a decrease of
15.25% and 6.81%, respectively, compared to the zero-Zn level. Also, at the 800
mg Zn kg™ level, inoculation with the fungus alone and co-inoculation with the
bacterium were equally effective, showing the highest ability to release zinc from
the rhizosphere soil; these treatments led to an increase of 27.79% and 26.42%,
respectively, in the amount of cumulative zinc released compared to the
uninoculated condition. The study of the zinc release pattern under the influence
of different zinc levels and microbial inoculation showed that the process of zinc
release in all treatments followed a two-stage kinetic process that starts with a fast
release step and then reaches equilibrium after a slow step. In the initial rapid
phase, zinc release corresponds to mobile forms with low bond energy, and in the
second stage, to forms with less mobility. This was confirmed by the observation
that approximately 68-76% of the total desorbed zinc was released within the first
two hours of extraction. Analysis of the kinetic models showed that the pseudo-
second-order (R2 > 0.995) and power function (R2 > 0.94) equations provided the
best fit for the zinc release data in all experimental treatments, while the simplified
Elovich equation was also suitable only at the control (zero Zn) level. The
superiority of the pseudo-second-order model was further validated by the positive
and significant correlation between its calculated equilibrium zinc concentration
(ge) and the plant-available zinc concentrations (extracted by DTPA in 2 hours),
as well as the zinc concentrations in the root and shoot tissues of the alfalfa plants.

Conclusion: The present study demonstrated that microbial inoculation, particularly co-
inoculation with S. indica and S. meliloti, is an effective strategy for acidifying the
rhizosphere and increasing the release of zinc from soil contaminated with ZnO-
NPs. The highest efficacy was observed at high contamination levels, where fungal
inoculation (alone or combined) enhanced cumulative zinc release by
approximately 27%. The kinetics of zinc release in the calcareous soil followed a
two-stage process, dominated by an initial rapid release of weakly bound zinc
forms. Among the nine models tested, the pseudo-second-order kinetic model
proved to be the most robust descriptor of the zinc release process across all
treatments, which was confirmed by its strong correlation with plant-available
zinc. These findings highlight the potential of using synergistic microbial
partnerships to manipulate the bioavailability of nanoparticle-derived
contaminants in the rhizosphere and underscore the importance of kinetic modeling
in predicting nutrient and contaminant release patterns in complex soil systems.

Cite this article:Tabande, L., Mohasseli, V., Sadeeghi,S., 2025. Study of Serendipita indica and Sinorhizobium
meliloti on Concentration and Kinetics of Zinc Release in Alfalfa Rhizosphere Contaminated with Zinc Oxide
Nanoparticles. Journal of Soil Biology, 13 (2),127-146 .
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Table 4- Comparison of the average main and interaction effects of different levels of nano zinc oxide and microbial
inoculation on the amount of cumulative zinc released from rhizosphere soil (mg kg') by DTPA extractant over a
period of 32 hours

Released accumulative Zn aud a5 e 59,

Microbial inoculation g9 ySwe gudli (0 s55kS 45 05 o) (595 SwmST U~ (59, Tobrw
= " o " o R i _ H P -1

Sbe SSU s g, &5 zb RYS Zinc levels - nano zinc oxide (mg kg™)
Average Fungi and bacteria Bacteria  Fungi  Witness
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# Numbers with a common lowercase or uppercase letter are statistically not statistically significant with Duncan's test at a
probability level of 5%.
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Figure 2- Zinc release pattern under the influence of microbial activity (fungus=F, bacteria=B, fungus+bacteria=F+B,
sterile=C) at levels of zero (Figure A), 400 and 800 (Figure B) mg zinc kg!
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Table 5- Amount of zinc released (mg kg™') at 2 and 32 hours and their ratio in experimental treatments (microbial
inoculation and different levels of zinc)
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Table 6- Mean and range of coefficients of determination (R?) and standard error (SE) of the kinetic equations under study
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Table 7- Constants of selected kinetic models in the release of zinc from rhizosphere soil with individual and combined
inoculation of S. indica fungus and S. meliloti bacteria at zero zinc level

oad 03bs gaggll Joo 059 455 po 4l Jao S & e el
Simplified Elovitch model Pseudo-second-time model Power function model
SE R? /3 a, 12 R? k ge.cal ge.exp SE R? b a 5295w
Microbial
inoculation
0.096 0975 0281 175 0.0000082  0.998  0.687 2.79 2.66 0.119 0.90 0.166 1.65 Witness sals
0.120 0960 0.272 1.90 0.000029 0.998  0.683 2.79 2.80 0.118 088 0.172 1.82 Fungi @,G
0.072 0987 0.291 1.92 0.000045  0.997 0.528 2.94 2.95 0.087 093 0151 1.83 d’Sb
Bacteria
$Sbyg)B
0.144 0950 0.292 2.05 0.000025 0.999  0.707 2.98 2.99 0.127 086 0.148 196 Fungi and
bacteria

s (e o pd o3 A pe and dllae 53yl 5l odd drwle g9y e ¢ yialojl By 3l e il (gq, ,lade cuia x2 4 SE (R? ge.cal ge.exp

Statistic Chisquare g sl

ge.exp, ge.cal, R% SE and 2 are the amount of zinc released through the experiment, the amount of zinc calculated through the

pseudo-second-order equation, the coefficient of determination, the standard error and the Chisquare Statistic, respectively.

Slasled S 53 ot (St SWslee plo 4 o
a5 o ad Jda 5392 ol JMde 35 50 m SVL les
e cpl 3l gy Dlaml 4l OF sdias Ol £33
s oSl Jdbe o e Olge a4 5 03 S Gl St
Il o s e ote Sonen (A i) 550
JB oy slackle L (Qe) 5S4 dalee 5, il
Y ol e 53 DTPA L (5,80 las) alS eslinl
2l d S e nl 5 Y5 S S e (el
ST L SLesl 6 s s S o (Stane SVsles
b b asl opl AL Gy S G sl
3l il SIS Ol SaT slasls s s Oliises
Taghipour and Jalali, ; Zibaei et al., 2020)
Jbe 4 65 il sl3T slaesls Lkl (Olia=s (2016
Gl 3T Jlaaml Jm8 Sl 1) o o3l msd sl
Lols o (el Sisy ey b Sb Sl obs
ol Ziass (Reyhanitabar and Gilkes, 2010)
L e 3l BT oS oo 5 (St sladle o 2
oslo sl 5 Gy b0l Sal gl = s
Reyhanitabar and Karimian, ) x> s 5,058 e
b etd osle sl glade 55 Sos Sl (2008

St SYslee o 1S oylal &S shailes

RS 5 et et At 4 s S
Sl b s el OV¥slas oollent gl
3 (G ks b 5 (09,500 =) Lasles <S5
Olge « géj))mcla“ﬁk@_;: o oslw @j}” ales
bl sy b ST o s S SWslas e
ee (Stew SVolee laclia by o ol LA
simlesT s glajles S (g, LS s
dales 53D 58 lacul .ol ol 63,51 V Jod= s
5 sl 3l 25T ol edas DL S oIS mb
oslur sl aslan 3 5 ddln 55 3 LT
33T Kaal ol oS Oly o S /) 588 glacoliods
ot S b 3T e e Sl 5 b sl sl
4 p 3 4 e 4 dloles ge.cal sk slacol sl
Obey e s OM)‘)'TLS})MJ‘J_EA}CA&JwCA{U
S bl cos sl pls 3 45 dil e asiie
ST s olde & Oles Comd) QUE Jlde b3l G b
o oewd 4 (O T Llie 5 (Cilses gladbe) 3 0l
sal oy (535 s S 3l 0L s (7 IK8)
ST Gy e b gl ooslis (ge.exp) iabesl s
S edle 3,106 ge (ge.cal) 035 45 o 4k dhlas 5led

P33 45 o ad (St abslae 512 R?) s oy



\FY /\f'f/Yer/\rﬂ?/Suwuijﬁi

Ol pl Sal glasls =5 s 5% gl 2T i
(Ghasemi-Fasaei et al., 2009) wsls olis

eF WB AFB XC

14 -
12 4
o i
e 8 o
s A
| a
2 A
0 5 10 15 20 25 30 35
(celw) b
(I Js.5)

®F.ZnO-NPs-400 MWB.ZnO-NPs-400 AF+B.ZnO-NPs-400
X C.ZnO-NPs-400 XF.ZnO-NPs-800 @®B.ZnO-NPs-800

0.16 1 F+B.ZnO-NPs-800 -C.ZnO-NPs-800
| [ ]
0.14 X
_ 012 - 1
(=2 |
S ol !
0.08 - 2 P
0.06 - ¥
0.04 - ’ §{
0.02 - =
K
0 ; ; ; ; ; ; .
0 5 10 15 20 25 30 35
(celw) yboj
(& J2)

T8 By F= )l C=sald) (019,50 ealli b (5 gy SB 45 093 a0 drd Jbo b 8l 3131 (g9, (saosld (455152 -V JSS
P 33 S95 5 o (@ US) Ae v g Foe (N USS) oo zobaaw 3 (FHB (5,50

Figure 3 - Fitting of released Zn data with pseudo-second-time model in rhizosphere soil with microbial inoculation
(control=C, fungus=F, bacteriaB, fungus and bacteria F+B) at levels of zero (Figure A), 400 and 800 (Figure B) mg Zn
kg!
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Table 8- Kinetic parameters of selected models in rhizosphere soil zinc release with individual and combined
inoculation of S. indica fungus and S. meliloti bacteria at different levels of zinc oxide nanomaterials

Pseudo-second-time model 093 4y yo dmi Joo

Power function model _Jlg &b Joo

x2 R2 k ge.cal ge.exp

R2 b a

Different levels of zinc (gq, Glisw  glaw

400 mg kg™ s0il S& 0 ,59LS )3 0,5 o Fo ¢

0.006 0.998 0.0071  238.1 236.9 0.096
0.104 0.997 0.0058  263.2 268.4 0.080
0.000 0.997 0.0057 2174 2174 0.169
0.008 0.998 0.0065 277.8 279.3 0.090

195590 il
Microbial inoculation
0.92 0.156 148.2 Witness sl
0.94 0.148 167.2 Fungi ¢,
0.88 0.214 116.5 Bacteria g ySU
0.92 0.144 180.8 &S5L gz,

Fungi and bacteria

800 mg kg™ s0il S 0,55kS 45 0,5 ao Ae v

0.011 0.995 0.0032 416.7 4145 0.084
0.022 0995 0.0023 526.3 529.7 0.076
0.007 0995 0.0026  438.8 433.1 0.070
0.010 0.995 0.0023  526.3 524.0 0.069

0.94 0.150 252.1 Witness sals
0.96 0.165 306.3 Fungi G)G
0.96 0.163 251.0 Bacteria 6].514
0.96 0.159 306.7 31 9 @13

Fungi and bacteria

Statistic Chisquare g s,k

ge.exp, ge.cal, R2, SE and %2 are the amount of zinc released through the experiment, the amount of zinc calculated through
the pseudo-second-order equation, the coefficient of determination, the standard error and the Chisquare Statistic, respectively
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Background and Objectives: Rice, a key staple crop for over half the global population, is
mainly grown in Asia and heavily depends on synthetic nitrogen fertilizers, which harm the
environment and raise costs. Improving nitrogen use efficiency (NUE) in rice is essential, as
current NUE is 28-35%, below the global average. Strategies to enhance NUE include
balanced fertilization, slow-release fertilizers, nitrification inhibitors, precision nitrogen
management, and breeding for efficient varieties. However, these approaches face challenges
like high costs, labor intensity, and technological inaccessibility for small farmers. Biological
nitrogen fixation (BNF) offers a promising alternative, using nitrogen-fixing bacteria to
enhance NUE and yield while reducing chemical inputs. Studies show rice roots host
beneficial bacteria like Azospirillum and Burkholderia, which support BNF. Yet, their
effectiveness can be limited by soil and environmental factors. Periphytic biofilms, formed
at the soil-water interface in rice paddies, are emerging as a valuable component in nitrogen
cycling. Rich in microorganisms such as cyanobacteria and protozoa, these biofilms stabilize
nitrogen in the ecosystem, reduce nitrogen losses, and act as natural biofertilizers. They
support nitrogen fixation and nutrient uptake, boosting rice growth.Despite their benefits,
periphytic biofilms are understudied. Recent research focuses on isolating nitrogen-fixing
bacteria from these biofilms to assess their impact on nitrogen levels and rice growth. This
study highlights the potential of diazotrophic biofilm enrichment as a sustainable solution to
reduce fertilizer dependency, improve crop productivity, and promote environmental

sustainability in rice farming.

Materials and Methods: This study focused on evaluating soil, water, and periphytic biofilms
in paddy fields in Guildeh, Iran, to investigate the impact of nitrogen-fixing microorganisms
on rice plant nutrition. Soil, water, and periphyton samples were collected and analyzed for
chemical properties using standard methods. Soil parameters such as pH, texture, nitrogen,
phosphorus, and potassium content were measured. Microbial populations, including fungi
and bacteria, were counted using plate count methods. To isolate nitrogen-fixing microbes
(diazotrophs), periphyton samples were cultured on selective media. Bacterial and
cyanobacterial isolates capable of growing on nitrogen-free media were identified through
morphological and genetic analysis using 16S rRNA gene sequencing. Delftia lacustris
(bacterial) and Nostoc sp. (cyanobacterial) were selected for further testing based on their
nitrogen-fixing abilities. A greenhouse experiment was conducted in a completely
randomized design with three replicates to assess the effects of these isolates, alone and in
combination, on rice plant growth. Treatments included natural periphyton, periphyton
enriched with isolates, and controls with and without nitrogen fertilizer. Rice seeds were
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planted in pots with paddy soil, and periphyton treatments were applied. Growth conditions
were controlled, and plants were monitored for 40 days. At the end of the experiment, soil
and plant samples were analyzed for nutrient content. Plant height, dry weight, nitrogen (by
Kjeldahl method), phosphorus (by spectrophotometry), and potassium (by flame photometry)
concentrations were measured. The study aimed to compare the effectiveness of microbial
inoculants with chemical fertilizers in enhancing rice plant nutrition, supporting the use of
diazotrophic organisms as sustainable alternatives in agriculture.

Results: The study demonstrated that applying periphytic biofilms, enriched with beneficial
microorganisms, significantly improved soil fertility by enhancing the availability of
nitrogen, phosphorus, and potassium in paddy fields. The enriched periphyton treatment
(P+B+C) increased total soil nitrogen by 37.8% and ammonium by 42.1% compared to the
unfertilized control. This improvement is largely due to biological nitrogen fixation carried
out by microorganisms such as Nostoc species and Delftia lacustris, which convert
atmospheric nitrogen into forms accessible to plants. Ammonium content also rose across
all periphyton treatments after the growth period, indicating the active role of these
microbial communities in nitrogen cycling. Soil phosphorus levels increased significantly
with periphyton treatments (35%). The biofilms enhanced phosphorus availability by
harboring phosphate-solubilizing microorganisms that release enzymes such as
phosphatases. These enzymes break down organic phosphorus into forms that plants can
absorb. Additionally, the periphyton helped regulate phosphorus availability over time,
ensuring a steady supply during different growth stages of rice plants. Potassium availability
also improved due to the presence of potassium-solubilizing microorganisms within the
periphyton (15.36%). These microbes released substances that aided in converting fixed
potassium into soluble forms, which plants can uptake. Periphyton also served as a reservoir,
storing potassium early in the plant’s development and releasing it when needed later in the
growth cycle. Rice plants treated with periphyton showed clear improvements in growth,
including greater height, biomass, and higher nutrient content. These benefits were linked
to the activity of plant growth-promoting microbes that produce hormones, facilitate
nutrient absorption, and protect against stress. Notably, Delftia lacustris and Nostoc species
were crucial contributors to these effects. Overall, periphyton-based treatments offer a
sustainable and effective alternative to chemical fertilizers, enhancing nutrient cycling and
supporting healthier, more productive rice cultivation systems.

Conclusion: The results show that applying periphyton can significantly improve soil fertility
and enhance the nutritional status of rice plants. Periphyton, rich in plant growth-promoting
rhizobacteria (PGPR), plays a key role in supporting rice growth. Treatments involving
periphyton produced better outcomes than other treatments, especially when enriched with
Delftia lacustris and Nostoc species, which greatly increased nitrogen availability compared
to natural periphyton and controls. While nitrogen improvement was the main focus,
phosphorus and potassium levels in the soil also showed notable increases. These nutrient
enhancements supported greater rice plant height and dry weight, highlighting the value of
periphyton enrichment in improving soil quality and plant development. The study
emphasizes the potential of using microbial communities like periphytic biofilms to promote
sustainability in rice production systems. Future research should explore the long-term
effects of periphyton application across different environmental conditions to optimize its
use in sustainable agriculture worldwide. Understanding the role of these biofilms in
nitrogen cycling can inform biofertilization strategies aimed at reducing synthetic fertilizer
use and increasing agricultural productivity. Overall, the findings suggest that periphytic
biofilms act as important reservoirs for nitrogen-fixing microbes, playing a vital role in
nutrient cycling in both aquatic and terrestrial ecosystems.
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Table 1 — Soil characteristics of the paddy field
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Table 2 — Water characteristics of the paddy field
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Table 3 — Periphyton characteristics of the paddy field
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Figure 1 — Total nitrogen content in nitrogen-free culture medium
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Figure 2 - Total soil nitrogen content in different treatments after the 40-day rice cultivation period in the
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Figure 3 - Total soil ammonium content in different treatments after the 40-day rice cultivation period in
the greenhouse. Refer to caption of Fig. 2 for description of treatments.
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Figure 4 - Available soil phosphorus content in different treatments after the 40-day rice cultivation
period in the greenhouse. Refer to caption of Fig. 2 for description of treatments.
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Figure 5 - Available soil potassium content in different treatments after the 40-day rice cultivation period
in the greenhouse. Refer to caption of Fig. 2 for description of treatments.
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the greenhouse. Refer to caption of Fig. 2 for description of treatments.
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Figure 7 - Total plant phosphorus content in different treatments after the 40-day rice cultivation period
in the greenhouse. Refer to caption of Fig. 2 for description of treatments.
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Figure 8 - Total plant potassium content in different treatments after the 40-day rice cultivation period in
the greenhouse. Refer to caption of Fig. 2 for description of treatments.
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Figure 9 - Plant height in different treatments after the 40-day rice cultivation period in the greenhouse.
Refer to caption of Fig. 2 for description of treatments.
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Figure 10 - Plant dry weight in different treatments after the 40-day rice cultivation period in the
greenhouse. Refer to caption of Fig. 2 for description of treatments.
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Background and Objectives:

Soil is a foundational, non-renewable component of the
terrestrial environment, essential for global food production. The escalating pressures of
industrialization, population growth, and climate change have placed soil resources under
severe threat from pollution, salinity, and inappropriate land management. Consequently,
the accurate assessment and monitoring of soil health and quality (SHQ) have become
critical priorities for researchers and legislators worldwide. While physical and chemical
parameters are established components of soil assessment, biological and biochemical
indices are gaining prominence due to their unique sensitivity. Unlike more stable
properties, the soil microbiome responds rapidly to environmental changes and
management interventions, acting as sensitive, early-warning indicators of soil degradation
or restoration. However, a significant challenge persists in their application: a vast and
diverse array of potential biological parameters exists, and their measurement is often
complex, costly, and time-consuming. It is impractical to measure all available indices in
a single study. Therefore, a judicious selection based on clear objectives is necessary to
optimize resources. This review article aims to provide a comprehensive analysis and
synthesis of the principal microbiological and biochemical indices used for assessing soil
health. The objectives are to: (1) categorize and critically evaluate the most common
methods for measuring microbial population, biomass, activity, and diversity; (2) analyze
the role of soil enzymes and key ecophysiological quotients; and (3) introduce modern,
cost-effective solutions, including estimation models and the use of satellite data, to
overcome the high cost and labor demands of traditional biological measurements.

Review Methods: This study is a comprehensive narrative review based on a synthesis of
scientific literature. To gather the requisite information, systematic searches were
conducted in major scientific databases, primarily Scopus, Web of Science, and Google
Scholar. The search strategy employed a combination of keywords relevant to the article's

scope, including "soil health indicators”, "soil quality assessment", "biological indicators",
"soil microbial biomass”, "soil enzymes", "microbial diversity", "phospholipid fatty acids"
(PLFA), "metabolic quotient", "rhizosphere interactions"”, and "digital soil mapping". The
criteria for selecting articles for inclusion prioritized foundational papers establishing
benchmark methodologies, contemporary research articles demonstrating the application
of these indices under various stress conditions, and recent publications detailing
methodological and computational advancements. The synthesized information was then

structured to provide a critical evaluation of each category of biological index.
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Results: This review synthesizes the vast field of soil biological indicators into key categories,
evaluating their methodologies and applications. Methods for quantifying microbial
abundance range from the accurate but laborious chloroform fumigation (FE/FI) and its
faster proxy, Substrate-Induced Respiration (SIR), to culture-independent techniques that
also reveal community structure. These modern methods, which supersede limited plate
counts, include metagenomics (16S/18S sequencing) for deep taxonomic diversity and
Phospholipid Fatty Acid (PLFA) analysis, a powerful tool that simultaneously quantifies
viable biomass, community structure, and physiological stress. Soil function is assessed
via overall metabolic activity (e.g., Basal Respiration, Dehydrogenase Activity) and a suite
of specific soil enzymes (e.g., urease, phosphatase) that govern nutrient cycling. These data
are further interpreted using key ecophysiological quotients (e.g., gmic, gCO2) to diagnose
carbon dynamics and environmental stress, alongside monitoring crucial plant-microbe
interactions (e.g., mycorrhiza, rhizobia) as integrated health indicators. Finally, to
overcome the high cost and labor of these analyses, the review highlights emerging
solutions, most notably Digital Soil Mapping (DSM), which uses machine learning (e.g.,
Random Forest) integrated with satellite and terrain data to cost-effectively create
predictive, large-scale spatial maps of these complex biological properties.

Conclusion: Biological indices are sensitive, responsive, and indispensable tools for the
modern assessment of soil health and quality. This review confirms that no single
parameter can comprehensively capture the complexity of soil biological function. A
holistic evaluation requires either a carefully selected suite of complementary indices (e.g.,
combining biomass, activity, and diversity metrics) or the use of multi-parameter
composite indices (e.g., SHI, SQI). The selection must be hypothesis-driven, aligning the
chosen indicators with the specific ecological question or management goal. Significant
challenges remain, primarily the high cost, technical expertise, and time required for many
of the most informative analyses (e.g., metagenomics, PLFA). Furthermore, the lack of
method standardization across different soil types, climates, and ecosystems hinders the
establishment of universal benchmarks for soil health. The future of soil health monitoring
lies in overcoming these challenges through integration and technology. We recommend:
(1) the establishment of long-term soil microbiome monitoring projects to move beyond
static snapshots and understand the temporal dynamics of soil biology. (2) A concerted
effort toward international standardization of key methods and the creation of global
databases for soil biological data, which are essential for developing robust predictive
models. (3) Most promisingly, the continued development and application of Digital Soil
Mapping (DSM). By synergistically integrating field-level biological data with remote
sensing (satellite) data and machine learning, DSM provides the only viable path toward
creating the cost-effective, large-scale, and spatially-explicit soil health maps that land
managers and policymakers urgently need for sustainable soil stewardship.
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29 Sheathing mycorrhiza
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36 Soil health index



S M J”.""“’" ‘5‘]3 d:.u.:j 6\.&0.4?‘..3 JJ.U\S JAY\Y 4

Lol ol 55 gl S8 S Cdl 5 i S slaats
.(Minasny and McBratney, 2016) Lles S |

Sk b Sis G sl IS5 b
G e a5 Sl o lus S Esl Kos adbatiapalads
b S35l S glaald sl eslanal U (glabd
Gols i OF Jlis o (YooV sly) kel Jlsy s o
Jpo s S &l (2003) 0,Kes 5 McBratney
6LAJ’QJJ{)‘>AS'>)}I JQ‘JQ. 5[}- QuUﬂ.&)Jda.:E.G
PL) J:J )_9)4.0)_9) 9 \;,.w‘ wﬁ)bfe o.ﬁu.:.w‘.)‘))ﬁ ;LL:;;A
Minasny and McBratney, ) <.l alpl J-
L5 g5 Lol S 50 (2012) 0l s Kempen (2016
Yoo sl ol Uy slaas pa A DSM 5 LS L oS
S gls paia £ S o banlie o ds)
sl 58 5 edd ) ¢ laalias Cds 4 (sl sl Jials
el 03 STy
Jfb_- Jde 3yl 555 R s 53 e sladube
“dle a8 il ke sladus | S se RF) ool
5Ju.:.-'b)jﬂ DSM BE CAC.Z.B}A L ))3)4.: j;-l LSLA
(2001) Breiman L.y RFJL .ol a3, 53
Lsﬁfm.«.é LS[A&_,})J w_,; )‘ S ol aJu.:Mjb\
_J“':'l J\.«JLA A;Lthﬁ C)% DL J.\.A U'»’w\ wl OM;[’L.:\
>S5 N op s s Alvyaretal., 2022) sl S )
LB =35 L (Sreenivas et al., 2016) sl= 7,2
NG wj§)|j§ ebul.w\b)}ac J}é
oy T Il 5 (S & S dom

L) 5 il Sl Slii wax g L
Sladul 3 5l s S Bl a5 Sl g
WOl G35 oo ln el 5 2berd (S

Gl i 5 (Gl pises) LagSeslll s
s 3 4 5 L 4 L s Sredae (A LT
O lslae u.f;w Sy pde e m.ﬂb LG_;T ke
S oy S el Sl b UG Sl

ww&b _;;—l)eu.

LMl SaS 4 ) el 5y4T
das g sloylsals
GS o3l ¢ a3 sl bl Conle 4 a5 L
L3 slaau e G o 5oy Sl sl Ll U2
e 5o b 6K S Sl do e ol
b el oo Seill See A3l 5Lz, s aems
Aals 5l ook Olsode 4y 5 o358 48 0a0 e
S T a8 Wles S 205 padiises Liwly ol 3 ol
Sl LS 3,50 5 au3a0S 5 Feslu sl bl )
(EVslas cpl Lledddill oo SVsls & IS
AL b5 4 gad sl 45 IS oo gy Sl A3 50 032 90
LS S o35t Sesll Wl Olyen
5 5 Oael S0 b gl bt gl
I s 20l 5 438 5 sl o L)l o 3o
RSl i s 3O sty sl Yl
e Ll i bl badslas cpl 4zl Lledsal|
LS s See Camar Jisled s Osline
o 5 20be) 5 S Dl 55 SAS Gla 2,
aS Wlesls OL&s siae Sldlas 4TI s zus L3305
Sl sl kS Sy Sl Ul e 1 S Comex
e O 3se 5580 p St ATP i L 3U5s,0as
S S A gla bl s b s Sor Conax
1= .(Sparling, 1995) <ol 13, Js3 b6 (g bl
Slp RF des 5l cilies ()bl glade (5554,
o3l sl byl (555 ) a3 st Sla el 550
i 53 ATCGIS Loy gla S s pimen

*Digital soil mapping



VAV IVE2E /Y oyl /Y s / S by ) 4,2

G308 Gl Lsd do,y Ol dsb 5o Ol uis wud U
Lkl gt Al Ol ol mlE 04
3 0oy goladl a5 ghils &8 Lpd s Mol
Syl am S il anils Olgr Ciliiee blE 3 ol B
;.j Ll,s s S L5l.s'ar.”w,.,,:)51 aod Gl dly g,
PSR ROV I ] A | P U TP P PY
Gl sy 55 1 ol el 1 Laesls e L sl
Sladde 5 b Saly LG L5 a3l 50 51 5ok 3
T B ST T- PP I E RO P S
Lol 3uds 5 Gloslsale Sledbl 6,8 Ka aals
Sl Ses Wlg o s sl bl Sl glaesls
v.nl_)é LS Cadle Cansy 58, ol a8
S O baeds s Sl 5 Jb slacsls as

S gy slaparli Ole cpl s el (650
ool el S s 5 eds Sl w4 el Dl
S S5 LGl i gla el (pimmen s
S 5l e ks e LT 5 2 Wl cpl s
N g I IR GV WACES- P V] BN
5 ol Bl 51 Bl S 5 s S
St i 5 S e LA 1) of )3 Sl S cl S
e S w el p IS el (S O o
G 3 S e JE o e s ]
(S oS ad Dl sl JUS 3 10l S
berd s sla bl w6l el Glae s 5 L
Slacisn slxl Lsd el Shsdams S
L) e Sla) 5 sl Coeal 51 (S sy S
el 5 e Sonds L6008 5 el Dl
53 L el cpl s o Gy 4 St S5 gla



S oM J”.".""" ‘5‘]‘.’ d:.u.:j ‘5Lau.a>L:» bﬂ)ls /\AA

References

1.

Alef, K. and Nannipieri, P. 1995.
Methods in Applied Soil Microbiology
and Biochemistry. Academic Press,
London.

Aliasgharzad, N. 2010. Methods in Soil
Biology. Translated to Farsi, 2" Edition,
Tabriz University Press.(In Persian)
Aliasgharzad, N., Martensson, L.M. and
Olsson, P.A. 2010. Acidification of a
sandy grassland favours bacteria and
disfavours  fungal saprotrophs as
estimated by fatty acid profiling. Soil
Biology and Biochemistry 42, pp.1058-
1064.

Alkorta, 1. Aizpurua, A. Riga, P. Albizu,
I. Amezaga, |. and Garbisu, C. 2003. Soil
enzyme  activities as  biological
indicators of soil health. Review
Environmental Health 18, pp.65-73.
doi: 10.1515/REVEH.2003.18.1.65
Alvyar, Z. Shahbazi, F. Oustan, S.
Dengiz, O. and Minasny, B. 2022.
Digital mapping of potentially toxic
elements enrichment in soils of Urmia
Lake due to water level decline. Science
of the Total Environment, 808, 152086.
Amann, R.l. Binder, B.J. Olson, R.J.
Chisholm, S.W. Devereux, R. and
Stahl,D.A. 1990. Combination of 16S
rRNAtargeted oligonucleotide probes
with flow cytometry for analyzing
mixed microbial populations. Applied
and Environmental Microbiology 56,
pp.1919-1925.

Amann, R.I. Ludwig, W. and Schleifer,
K.H.1995. Phylogenetic identification
and in situ detection of individual
microbial cells without cultivation.
FEMS Microbiology Reviews 59, pp.43—
169.

Ananyeva, N.D. Susyan, E.A. and
Gavrilenko, E.G. 2011. Determination
of the soil microbial biomass carbon
using the method of substrate-induced
respiration. Eurasian Soil Science, 44,
pp.1215-1221.
https://doi.org/10.1134/S106422931103
0021.

Anderson, T.H. 2003. Microbial eco-
physiological indicators to asses soil
quality. Agriculture, Ecosystems and
Environment 98, pp.285-293.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

assessment  of  side-effects  of
agrochemicals on soil micro-organisms.
Residue Reviews 86, 65-105.

Baéth, E. 1990. Thymidine
incorporation into soil bacteria. Soil
Biology and Biochemistry 22, pp.803—
810

bacterial and fungal biomass in soil.
Biology and Fertility of Soils 22, 59e65.
Barin, M. Aliasgharzad, N. Olsson, P.A.
Rasouli-Sadaghiani, M.H. and
Moghddam, M. 2013. Abundance of
arbuscular mycorrhizal fungi in relation
to soil salinity around Lake Urmia in
northern Iran analyzed by use of lipid
biomarkers and microscopy.
Pedobiologia, 56, pp.225-232.

Bastida, F. Zsolnay, A. Hernandez, T.
and Garcia, C. 2008. Past, present and
future of soil quality indices: a biological
perspective. Geoderma 147, pp.159-
171.

Bloem, J. Bolhuis, P.R. Veninga, M.R.
and Wieringa, J. 1995. Microscopic
methods

Bolter, M. Bloem, J. Meiners, K. and
Moller,R. 2002. Enumeration and
biovolume

Bolter, M. Médller, R. and Dzomla, W.
1993. Determination of bacterial
biovolume with epifluorescence
microscopy:  comparison of  size
distributions from image analysis and
size classifications. Micron 24, pp.31-
40

Breiman, L. 2001. Random forests.
Machine Learning, 45, pp.5-32.
Bressan, M. Trinsoutrot Gattin, I.
Desaire S. Castel, L. Gangneux, C. and
Laval, K. 2015. A rapid flow cytometry
method to assess bacterial abundance in
agricultural soil. Applied Soil Ecology
88, pp.60-68.
https://doi.org/10.1016/j.apsoil.2014.12.
007

Breure, A.M. and Rutgers, M. 2000. The
application of Biolog plates to
characterize microbial communities. In:
Benedetti, A. Tittarelli, F. de Bertoldi, S.
and Pinzari, F. (eds) Proceedings of the
COST Action 831, Joint Working Group
Meeting  Biotechnology of  Soil,
Monitoring, Conservation and


https://doi.org/10.1134/S1064229311030021
https://doi.org/10.1134/S1064229311030021

\M/\fﬂf/\‘a,w/\rﬂa/suwwwjgﬁé

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

31.

32.

Bioremediation. 10-11, December 1998,
Rome, Italy, (EUR 19548),pp.179-185.

Brookes, P.C. 1995. The wuse of
microbial parameters in monitoring soil
pollution

Biinemann, E.K. Bongiorno, G. Baic, Z.
Creamer, R.E. et al. 2018. Soil quality —
A critical review. Soil Biology
Biochemistry 120, pp.105-125

by heavy metals. Biology and Fertility of
Soil 19, pp.269-279.

Das, S. Deb, S. Sahoo, S.S. and Sahoo,
U.K. 2023. Soil microbial biomass
carbon stock and its relation with
climatic and other environmental factors
in forest ecosystems: A review, Acta
Ecologica Sinica, 43 (6), pp.933-
945, https://doi.org/10.1016/j.chnaes.20

22.12.007

determination of microbial cells — a

methodological review and
recommendations for applications in
ecological research. Biology and

Fertility of Soils 36, pp.249-259.
Domsch, K.H., Jagnow, G. and
Anderson, T.H. (1983) An ecological
concept for the

Doran JW, Zeiss MR, 2000. Soil health
and sustainability: managing the biotic
component of soil quality. Applied Soil
Ecology 15:3-11.

FAO. 2024. Standard operating
procedure for soil microbial biomass
(carbon):  chloroform  fumigation-
extraction method. Rome.

for counting bacteria and fungi in soil.
In: Alef, K. and Nannipieri, P. (eds)
Methods

Frostegard, A. and Baath, E. 1996. The
use of phospholipid fatty acid analysis to
estimate

Garland, J.L. Cook, K.L. Loader, C.A.
and Hungate, B.A. 1997. The influence
of microbial community structure and
function on community-level
physiological profiles. In: Insam, H. and
Rangger, A. (eds) Microbial
Communities: Functional Versus
Structural Approaches. Springer, New
York, pp.171-183

Griffiths, B.S. R&mbke, J. Schmelz,
R.M. Scheffczyk, A. Faber, J.H. Bloem,
J. Peres, G. Cluzeau, D. Chabbi, A.
Suhadolc, M. et al. 2016. Selecting cost
effective and policy-relevant biological

33.

34.

35.

36.

37.

38.

39.

indicators for European monitoring of
soil ~ biodiversity and ecosystem
function. Ecological Indicators 609,
pp.213-223.

Hartmann, A. Pukall, R. Rothballer, M.
Gantner, S. Metz, S. Schloter, M. and
Mogge, B. 2004. Microbial community
analysis in the rhizosphere by in situ and
ex situ application of molecular probing,
biomarker and cultivation techniques.
In: Varma, A. Abbott, L. Werner, D. and
Hampp, R. (eds) Plant Surface 288
Plant-Microbe Interactions and Soil
Quality Microbiology. pp. 449-469
Springer-Verlag, Berlin.

Heidarianpour, M.B. Aliasgharzad, N.
Olsson, P.A. 2020. Positive effects of
co-inoculation  with  Rhizophagus
irregularis and Serendipita indica on
tomato growth under saline conditions,

and their individual colonization
estimated by  signature lipids.
Mycorrhiza 30, pp.455-466.

https://doi.org/10.1007/s00572-020-
00962-y

in Applied Soil Microbiology and
Biochemistry. Academic Press, London,
pp.162-173.

Kempen, B. Brus, D.J. Stoorvogel, J.J.
Heuvelink, G.B.M. and de Vries, F.
2012. Efficiency Comparison  of
Conventional and Digital Soil Mapping
for Updating Soil Maps. Soil Science
Society of American Journal, 76,
pp.2097-2115.

Klauth, P. Wilhelm, R. Klumpp, E.
Poschen, L. and Groeneweg, J. 2004.
Enumeration of soil bacteria with the
green fluorescent nucleic acid dye Sytox
green in the presence of soil particles.
Journal of Microbiological Methods 59,
pp.189-198.
https://doi.org/10.1016/j.mimet.2004.07
.004

Lee, J. Kim, H.S. Jo, H.Y. and Kwon,
M.J. 2021. Revisiting soil bacterial
counting methods: Optimal soil storage
and  pretreatment  methods and
comparison of culture-dependent and -
independent methods. PL0oS One
16(2):€0246142.
doi:10.1371/journal.pone.0246142.
Lee, J.S. Lee, Y. Lee, E.J. Pros, K. Kim,
K. and Han, G.H. 2021. A simple
method to determine soil microbial


https://doi.org/10.1016/j.chnaes.2022.12.007
https://doi.org/10.1016/j.chnaes.2022.12.007
https://doi.org/10.1007/s00572-020-00962-y
https://doi.org/10.1007/s00572-020-00962-y
https://doi.org/10.1016/j.mimet.2004.07.004
https://doi.org/10.1016/j.mimet.2004.07.004

40.

41.

42,

43.

44,

45.

46.

47.

biomass carbon by facilitating gaseous
diffusion of chloroform into pores.
Korean Journal of Soil Science and
Fertilizer 54(4), 660-666.
doi:10.7745/KJSSF.2021.54.4.660
Lewe, N. Hermans, S. Lear, G. Kelly,
L.T. Thomson-Laing, G. Weisbrod, B.
Wood, S.A. Keyzers, R.A. and
Deslippe, J.R. 2021. Phospholipid fatty
acid (PLFA) analysis as a tool to
estimate absolute abundances from
compositional 16S rRNA bacterial
metabarcoding  data. Journal  of
Microbiological Methods,188,106271,
https://doi.org/10.1016/j.mimet.2021.10
6271

Liu, C. Tian, J. Cheng, K. Xu, X. Wang,
Y. et al. 2023. Topsoil microbial
biomass carbon pool and the microbial
quotient under distinct land-use types
across China: A data synthesis. Soil
Science and  Environment  2(5).
https://doi.org/10.48130/SSE-2023-
0005

McBratney, A.B. Mendoga Santos, M.L.
and Minasny, B. 2003. On digital soil
mapping. Geoderma, 117, pp.3-52.
Minasny, B. and McBratney, A.B. 2016.
Digital soil mapping: A brief history and
some lessons. Geoderma, 264, pp.301-
311.

Mori, T. Wang, S. Wang, C. Mo, J. and
Zhang, W. 2021. Is microbial biomass
measurement by the chloroform
fumigation extraction method biased by
experimental addition of N and P?.
iForest 14, pp.408-412. doi:
10.3832/ifor3374-014

Muyzer, G. and Smalla, K. 1998.
Application of denaturing gradient gel
electrophoresis

(DGGE) and temperature gradient gel
electrophoresis (TGGE) in microbial
ecology. Antonie van Leuwenhook 73,
pp.127-141.

Nakamoto, T. and Wakahara S. 2004.
Development of substrate induced
respiration (SIR) method combined with
selective inhibition for estimating fungal
and bacterial biomass in humic
Andosols. Plant Production Science
7(1), pp.70-76.

Olsson, P.A. Rahm, J. and Aliasgharzad,
N. 2010. Carbon dynamics in
mycorrhizal symbioses is linked to

S M J”.".""" ‘5‘]3 d:.u.:j 6\.&0.4?‘..3 bﬂ)ls ART

48.

49.

50.

51.

52.

53.

54.

55.

carbon costs and phosphorus benefits.
FEMS Microbiology Ecology 72,
pp.125-131.

Paz-Ferreiro, J.
Biological

and Fu, S. 2016.
Indices for Soil Quality
Evaluation: Perspectives and
Limitations. Land Degradation and
Development 27, pp.14-25.
Paz-Ferreiro, J. Fu, S. Méndez, A. and
Gasco, G. 2015. Biochar modifies the
thermodynamic

parameters of soil enzyme activity in a
tropical soil. Journal of Soils and
Sediments15(3), pp.578-583.

Quideau, S.A. Mclntosh, A.C. Norris,
C.E. Lloret, E. Swallow, M.J. and
Hannam, K. 2016. Extraction and
analysis of microbial phospholipid fatty
acids in soils. Journal of Visualized
Experiments, 26 (114),54360. doi:
10.3791/54360.

Rahul, R. Sharma, P. Singh, A. Singh, J.
and Kumar, M. 2022. Soil enzymes and
their role in soil health improvement. In:
Nayak, S.K. Baliyarsingh, B. Mannazzu,
I. Singh, A. Mishra, B.B. (eds) Advances
in  Agricultural  and  Industrial
Microbiology. Springer, Singapore.
https://doi.org/10.1007/978-981-16-
8918-5_3

Rezaei, H. Jafarzadeh, A. Aliasgharzad,
N. and Alipoor, L. 2015. Soil quality
investigation based on biological and
micro-morphological ~ traits  under
different land uses. Carpathian Journal
of Earth and Environmental Sciences, 10
(1), pp.241 — 254.

Risch, A.C. Zimmermann, S. Schiitz, M.
et al. 2023. Drivers of the microbial

metabolic  quotient across global
grasslands.  Global Ecology and
Biogeography 32 (6), pp.904-918.

https://doi.org/10.1111/geb.13664

Ritz, K. Black, H.l. Campbell, C.D.
Harris, J.A. and Wood, C. 2009.
Selecting biological indicators for
monitoring soils: a framework for
balancing scientific and technical
opinion to assist policy development.
Ecological Indicators 9, pp.1212-1221.
Saviozzi, A. Cardelli, R. Di Puccio, R.
2011. Impact of salinity on soil
biological activities: A laboratory
experiment. Communications in Soil
Science and Plant Analysis, 42(3),


https://doi.org/10.1016/j.mimet.2021.106271
https://doi.org/10.1016/j.mimet.2021.106271
https://doi.org/10.48130/SSE-2023-0005
https://doi.org/10.48130/SSE-2023-0005
https://doi.org/10.1007/978-981-16-8918-5_3
https://doi.org/10.1007/978-981-16-8918-5_3
https://onlinelibrary.wiley.com/authored-by/Zimmermann/S.
https://onlinelibrary.wiley.com/authored-by/Sch%C3%BCtz/M.
https://doi.org/10.1111/geb.13664

V4 /\f'f/*e)w/\rﬂ?/suwwg‘;«.ijﬁﬁ

pp.358-367.
https://doi.org/10.1080/00103624.2011
542226

56. Schloter, M. Nannipieri, P. Sgrensen,
S.J. and van Elsas, J.D. 2018. Microbial
indicators for soil quality. Biology and
Fertility of Soils 18, pp.1-10.

57. Siami, A. Aliasgharzad, N. Maleki, L.A.
Najafi, N. Shahbazi, F. and Biswas, A.
2022. Recalcitrant C source mapping
utilizing solely terrain-related attributes
and data mining techniques. Agronomy
12, 1653.

https://doi.org/10.3390/agronomy12071653

58. Sparling, G.P. 1995. The substrate-
induced respiration method. In: Alef, K.
and Nannipieri, P. (eds) Methods in
Applied  Soil  Microbiology and
Biochemistry. Academic Press, New
York, pp. 397-404.

59. Sreenivas, K. Dadhwal, V.K. Kumar, S.
Harsha, G.S. Mitran, T. Sujatha, G.
Janaki R. Suresh, G. Fyzee, M.A. and
Ravisankar, T. 2016. Digital mapping of
soil organic and inorganic carbon status
in India. Geoderma, 269, pp.160-173.

60. Taha, M. Kadali, K.K. AL-Hothaly, K.
et al. 2015. An effective microplate
method (Biolog MT2) for screening
native lignocellulosic-straw-degrading
bacteria. Annals of Microbiology 65,
pp.2053-2064.
https://doi.org/10.1007/s13213-015-
1044-y

61. Tavasolee, A. Aliasgharzad, N. Salehi,
G.R. Mardi, M. Asgharzadeh, A. and
Akbarivala, S. 2011. Effects of co-
inoculation with arbuscular mycorrhizal
fungi and rhizobia on fungal occupancy
in chickpea root and nodule determined
by real-time PCR. Current Microbiology
63(2), pp.107-114. doi: 10.1007/s00284-
011-9951-z.

62. Vestergaard, G. Schulz, S. Scholer, A.
and Schloter, M. 2017. Making big data
smart—how to use metagenomics to
understand soil quality. Biology and
Fertility of Soils 53, pp.479-484.

63. White, D.C. and Ringelberg, D.B. 1998.
Signature lipid biomarker analysis. In:
Burlage, R.S. Atlas, R. Stahl, D. Geesey,
G. and Sayler, G. (eds) Techniques in
Microbial Ecology. Oxford University
Press, New York, pp. 255-272.

64. Yepes-Pérez, M. Carrero-Contreras, K.

Vasquez-Araque, N.A. Mora Martinez,
A.L. Correa-Londofio, G.A. and Leotta,
G. 2024. Development of a SYBR Green
gPCR intralaboratory validation for the
quantification of Escherichia coli
0157:H7. Applied Biosciences, 3(3),
326-347.
https://doi.org/10.3390/applbiosci30300
22


https://doi.org/10.1080/00103624.2011542226
https://doi.org/10.1080/00103624.2011542226
https://doi.org/10.3390/agronomy12071653
https://doi.org/10.1007/s13213-015-1044-y
https://doi.org/10.1007/s13213-015-1044-y
https://doi.org/10.3390/applbiosci3030022
https://doi.org/10.3390/applbiosci3030022




193/Journal of Soil Biology Vol. 13, No. 2, 2025

Publisher: Soil Science Society of Iran

Journal of Soil Biology

https://shj.areeo.ac.ir/

Research Article

Frequency Distribution and Molecular Identification of Indigenous Plant
Growth-Promoting Rhizobacteria in Southern Fars Province

Seyed Hassan Tafaroji'”

1- Department of Agriculture, Payame Noor University, Tehran, Iran. hassantafaroji@pnu.ac.ir

Article Info

Extended Abstract

Received: 2025-10-26
Accepted: 2025-12-24

Keywords:

ACC Deaminase,
Frequency distribution,
IAA,

Molecular identification,
PGPR,

Rhizosphere

Corresponding author's
email:
hassantafaroji@pnu.ac.ir

DOI:
10.22092/SBJ.2025.3711
24.289

Background and Objectives: The increasing global population and challenges related to
food security have underscored the critical need for sustainable agricultural
practices. The overreliance on chemical fertilizers has led to environmental
degradation, including soil and water pollution. Plant Growth-Promoting
Rhizobacteria (PGPR) offer a promising, eco-friendly alternative by enhancing
plant growth through various direct and indirect mechanisms. These mechanisms
include improving nutrient availability (e.g., via siderophore production, phosphate
solubilization, ammonia production), producing phytohormones like auxins (IAA),
and mitigating stress through enzymes like ACC deaminase. However, the
effectiveness of PGPR is highly dependent on their adaptation to specific local soil,
plant, and climatic conditions. While PGPR potentials are well-established globally,
a comprehensive profile of native, multifunctional PGPR in the southern Fars
province of Iran remains limited. This study aimed to fill this knowledge gap by 1)
isolating and evaluating the frequency distribution of key PGP traits among bacterial
isolates from various plant rhizospheres, 2) quantitatively assessing selected isolates
for IAA production and ACC deaminase activity, and 3) molecularly identifying the
most promising multifunctional bacterial strains.

Materials and Methods: A total of 45 rhizosphere samples were collected from diverse
plants (including wheat, barley, alfalfa, lettuce, canola, beetroot, and spinach) in
southern Fars province, with geographical coordinates recorded via GPS. From
these samples, 181 distinct bacterial isolates were obtained through serial dilution
(up to 107°) and cultivation on Nutrient Agar, TSA, and King B media. All isolates
underwent preliminary qualitative screening for five PGP traits: siderophore
production (on CAS agar), ammonia production (in peptone water), phosphate
solubilization, potassium release, and zinc solubilization. Based on the results of
this screening, 12 superior isolates possessing one or multiple strong PGP traits
were selected for further quantitative analysis. The quantitative production of IAA
was measured spectrophotometrically using Salkowski's reagent in tryptophan-
amended broth. The activity of ACC deaminase was estimated by measuring the
amount of a-ketobutyrate produced from ACC. Finally, the molecular
identification of the top-performing isolates was carried out by sequencing the 16S
rRNA gene using universal primers 27F and 1492R, followed by comparison with
sequences in the NCBI database.
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Results: The initial screening of 181 isolates revealed a high diversity of functional
traits within the rhizosphere community of Southern Fars. A total of 94 isolates
(52%) exhibited at least one plant growth-promoting trait. The analysis of trait
frequency indicated that siderophore production and ammonia production were the
most prevalent mechanisms, observed in a significant portion of the population.
This high prevalence is likely an adaptive response to the iron-limited, alkaline
nature of the calcareous soils in the region. Phosphate solubilization and potassium
release were also common, whereas zinc solubilization was less frequent but
present in highly efficient strains. Multifunctionality: Venn diagram analysis
highlighted that while many isolates possessed single traits, a specific subset
demonstrated multifunctionality. From this pool, 12 superior isolates were selected
for advanced quantitative characterization. All 12 selected isolates demonstrated
the capability to synthesize IAA in the presence of tryptophan, with concentrations
ranging significantly. The highest IAA production was recorded for isolates
SF1050 (52.10 pg/ml) and SF1078 (51.30 pg/ml), with no significant statistical
difference between them. This high level of auxin production suggests a strong
potential for these strains to stimulate root elongation and increase root surface
area. Regarding stress alleviation traits, ACC deaminase activity was observed in
7 out of the 12 isolates. Isolate SF1044 exhibited the highest enzyme activity
(306.93 nmol a-ketobutyrate mg™ protein h71), followed by SF1038 (292.07 nmol
a-ketobutyrate mg™ protein h™). The presence of this enzyme indicates the
potential of these strains to facilitate plant growth under biotic and abiotic stress
conditions by regulating ethylene levels. 16S rRNA sequencing revealed that the
elite isolates belonged to five distinct genera: Bacillus, Pseudomonas,
Acinetobacter, Pseudarthrobacter, and Lysinibacillus. Specifically, SF1038 was
identified as Bacillus sp., and SF1044, SF1050, and SF1092 were identified as
Pseudomonas sp. Other isolates were identified as Acinetobacter sp. (SF1075),
Pseudarthrobacter sp. (SF1078), and Lysinibacillus sp. (SF1160). The most
significant finding was the identification of Pseudomonas sp. SF1044 as a highly
versatile, multifunctional strain possessing all seven tested PGP traits
simultaneously, including high IAA production and ACC deaminase activity.

Conclusion: This study provides a comprehensive profile of the frequency distribution
of PGP traits among the native rhizobacterial community in southern Fars
province. The results confirm the presence of a diverse and potent reservoir of
PGPR, with a notable prevalence of nutrient-solubilizing bacteria. The isolation
and identification of several highly efficient strains, particularly the
multifunctional Pseudomonas sp. SF1044, is a significant outcome. This strain,
along with other robust isolates like Bacillus sp. SF1038, presents exceptional
potential for development into novel, multi-trait biofertilizers. The use of such
native, adapted strains can significantly contribute to sustainable agricultural
practices in the region by enhancing crop growth and yield while reducing
dependence on chemical inputs. Future research should focus on in-vitro and field-
level validation of these promising isolates to formulate effective microbial
consortia for regional agricultural application.
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Figure 1. Frequency distribution of bacterial isolates based on their ability to produce growth-promoting compounds
and solubilize nutritional elements.
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Table 1. Selection of superior isolates for final assays.
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Table 3. Plant growth-promoting characteristics of superior isolates and the host plant of each isolate.
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The symbol (+) denotes a positive expression of the plant growth-promoting trait, while (—) denotes a negative expression.
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Background and Objectives: The phyllosphere microbiome represents an extraordinary
ecological niche that harbors diverse microbial communities with immense potential
for agricultural applications. As a unique aerial habitat, the phyllosphere supports
bacterial populations that have evolved sophisticated mechanisms for plant growth
promotion and stress mitigation. While rhizosphere bacteria have been extensively
exploited in agricultural practices, the systematic utilization of phyllosphere-derived
plant growth-promoting bacteria (PGPB) as foliar bioinoculants remains
comparatively under-investigated, particularly under real-field conditions. This
knowledge gap assumes critical importance given the increasing global demands for
sustainable agricultural intensification and food security. The current investigation
was designed to address this research vacuum through a comprehensive evaluation
of three meticulously selected phyllosphere-originating bacterial strains
Enterobacter hormaechei (AC. MN099393), Stenotrophomonas maltophilia (AC.
MN099392), and Microbacterium arborescens (AC. MN099379) for their efficacy
in enhancing maize (Zea mays L.) productivity, nutrient acquisition efficiency, and
overall nutritional quality through foliar application. The study specifically aimed to
elucidate the effects of these bacterial inoculants on shoot dry and fresh weight,
nutrient uptake, while establishing correlations between observed phenotypic
improvements and the documented plant growth-promoting attributes of the selected
bacterial strains.

Materials and Methods: A rigorously designed field experiment was implemented
during the 2020-2021 growing season at the Soil and Water Research Institute in
Karaj, Iran, utilizing a randomized complete block design with three replications to
ensure statistical robustness. The experimental matrix comprised four distinct
treatments: (1) Absolute control (non-inoculated); (2) E. hormaechei inoculation;
(3) S. maltophilia inoculation; and (4) M. arborescens inoculation. Soil
characteristics were thoroughly analyzed before experiment establishment,
revealing a loam texture with specific chemical properties. For the cultivation of
maize, the seed variety 704 was used. The area of each plot was 30 m2, comprising
4 ridges with a distance of 75 centimeters and a length of 10 m. Bacterial
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suspensions were prepared to achieve optimal concentration (10° CFU mL™) and
applied at the critical V3 phenological stage (4-6 leaf stage) during evening hours
to maximize phyllosphere colonization efficiency and minimize UV-induced
bacterial mortality. The application method involved careful dilution protocols and
uniform spraying using sterilized equipment to ensure consistent coverage.
Comprehensive assessments included detailed analysis of shoot dry and fresh

weight and precise quantification of macronutrient (N, P, K) and micronutrient (Fe,
Zn, Cu, Mn) concentrations through standard protocols. Statistical analyses of the
data were performed using the SAS software. Mean comparisons were conducted
using Fisher's Least Significant Difference (LSD) test at the 5% probability level.

Results: The foliar application of phyllosphere bacteria significantly influenced maize
growth parameters. Shoot dry weight was markedly increased by both bacterial
treatments (S. maltophilia and E. hormaechei ) compared to the non-inoculated
control (14289 kg ha™). Application of S. maltophilia resulted in a shoot dry weight
of 15859 kg ha™l, representing a significant increase of 11.0%. Similarly, E.
hormaechei treatment yielded a dry weight of 15813 kg ha™, an increase of 10.7%.
Nutritional analysis revealed significant biofortification effects, particularly for E.
hormaechei. This treatment increased nitrogen concentration by 26.66% (1.33%
versus control 1.05%), iron content by 37.3% (53.4 mg kg™ versus 38.9 mg kg™),
and manganese concentration by 39% (35.3 mg kg™ versus 25.4 mg kg™). The S.
maltophilia treatment also significantly enhanced nitrogen and iron concentrations
by 19.02% and 33.16%, respectively. Phosphorus, potassium, zinc, and copper
levels showed non-significant responses across treatments. M. arborescens
application showed limited efficacy across most measured parameters, potentially
attributable to suboptimal environmental adaptation mechanisms or reduced
phyllosphere colonization capacity.

Conclusion: This research provides compelling evidence that targeted foliar application
of specific phyllosphere-derived PGPB strains, particularly E. hormaechei and S.
maltophilia, constitutes an innovative and highly effective strategy for enhancing
maize productivity and nutritional quality under field conditions. The demonstrated
improvements are mechanistically linked to the bacteria's multifunctional plant
growth-promoting attributes, including enhanced nitrogen fixation capacity,
sophisticated phytohormone modulation, and efficient siderophore-mediated iron
sequestration. The significant enhancement of nutrient concentrations represents a
major advancement toward sustainable nutrient management practices. These
findings establish a robust scientific foundation for developing next-generation
foliar bioinoculant technologies that can significantly reduce dependence on
chemical fertilizers while simultaneously addressing global food security and
nutritional challenges. The study opens new avenues for sustainable agricultural
innovation through strategic manipulation of phyllosphere microbiomes and
provides crucial insights for optimizing application protocols, strain selection
criteria, and integration with existing agricultural practices. Future research should
focus on elucidating molecular mechanisms underlying plant-bacteria interactions
in the phyllosphere and developing commercial formulations for large-scale
agricultural implementation.

Cite this article: Jahandideh Mahjenabadi, V.A, Asadi Rahmani, H., Shamshiripour, M., Khavazi, K., 2026.
Enhancing maize growth and nutrient uptake through foliar application of phyllosphere-derived plant growth-
promoting bacteria under field conditions. Journal of Soil Biology, 13 (2),213- 228.
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Table 1. Plant growth promoting traits of bacteria (Jahandideh Mahjenabadi et al., 2020).

. Exopolysaccharide Dissolution of Indole-3- Nitrogenase  Accession . . .
Siderophore (1) organic acetic acid ("M mi h) number Bacterial species  Strains
phosphate (g I'%) (Mg mlY)
0.495 37.27 18.70 7.44 MNO099379 M. arborescens KHO47
+ 0.460 38.77 31.56 10.17 MN099392 S. maltophilia QAZ26
- 0.120 75.05 30.00 70.31 MN099393 E. hormaechei THE15

(S8 e gl oo gl (e el -
- :negative response, +: positive response and ++: strong positive response.
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Table 2. Results of physical and chemical analysis of soil at the experimental site.

Fe Zn Cu Mn K P N OoC T.NV EC
Texture mg kgl fdoys pH ds mt
Loam 436 3.68 208 19.2 400 246 0.09 089 109 775 091
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Table 3. Analysis of variance of the effect of bacterial foliar application on shoot fresh and dry weight and nutrients

concentration of maize shoot.

Mean Squares

Degrees  Source
Manga Copper Iro Zinc Potassiu ~ Phosphor  Nitrog SQOOt Shoot of of
nese PP m us en 4 - Freedo Variatio
weight weight
m n
745" 0.962" 146" 77.8™ 0.005"™ 0.005"™ 0.042" 1640536" 746302™ 3 Bacteria
11.2 0.818 20.2 184 0.022 0.002 0.005 208691 5510098 6 Error
117 118 96 157 34.4 18.1 6.26 2.99 Coeficient of

Variation

8o I3 sine pie okind Gl ™ 5 o3 ) 90 Jleinl pdaw 53 391 3 sine okind LS el g &7 g

*, ™ and ns indicate significance at P < 0.05, P < 0.01 and non-significance, respectively.
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Table 4. Comparison of means for the effect of bacterial foliar application on shoot fresh weight and nutrients

concentration in maize shoot.

zZinc Iron Copper Manganese Nitrogen  Phosphorus  Potassium Sh\?vzti;?h
-1 Ydo y3 Kg ha!
mg kg ’ Treatments
254 b 7.53a 389¢c 31.3a 0.339a 0.323 a 1.05c 65433 a Control
35.3a 8.50a 53.4a 319a 0.322a 0.344a 1.33a 64517 a E. hormaechei
24.3b 7.27a 51.8 ab 234 ab 0.247 a 0.282a 1.25ab 64392 a S. maltophilia
29.4 ab 7.37a 42.9 bc 22.3b 0.334a 0.248a 1.17 bc 64417 a M. arborescens
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Shoot dry weight (Kg ha
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Means within a column followed by the same letter are not significantly different at the 5% probability level.
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Figure 1. Effect of foliar application of plant growth-promoting bacteria on shoot dry weight.
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Extended Abstract

Background and Objectives: The escalating global demand for food production, driven by a
rapidly growing population projected to reach 9.6 to 12.3 billion by 2100, has intensified the
pressure on agricultural systems. To meet this demand, traditional agriculture has heavily
relied on chemical fertilizers. However, this approach has led to widespread environmental
degradation, including soil depletion, groundwater pollution, eutrophication, and a significant
reduction in biodiversity. Furthermore, climate change poses a severe threat to global food
security, particularly in arid and semi-arid regions like Iran, where abiotic stresses such as
drought and salinity are becoming increasingly prevalent. Predictions indicate that climate
change could reduce the yields of major staple crops like wheat and rice by over 15% in
developing regions by the mid-century. Consequently, there is an urgent need to transition
towards sustainable agricultural practices that maintain soil health and crop productivity
without the adverse effects of synthetic inputs. Biofertilizers, comprising beneficial
microorganisms such as endophytic fungi, Trichoderma spp. arbuscular mycorrhizal fungi
(AMF), and plant growth-promoting rhizobacteria (PGPR), emerge as promising eco-friendly
solutions. These biological agents employ various mechanisms, including biological nitrogen
fixation, phosphate solubilization, siderophore production, and the synthesis of
phytohormones, to enhance nutrient use efficiency and plant resilience. Despite the proven
efficacy of these microorganisms in controlled environments, their adoption in Iranian
agriculture remains limited due to technological, awareness, and commercialization gaps. The
primary objectives of this review are to synthesize the current knowledge on the mechanisms
and applications of these biofertilizers, evaluate their role in mitigating abiotic stresses with a
specific emphasis on findings from Iranian agricultural research, and critically assess the
challenges and future prospects for the commercialization of biofertilizers in Iran.

Review Methods: A systematic review was conducted to analyze the landscape of biofertilizer
research and application in the context of sustainable agriculture. A comprehensive multi-
database search strategy was employed, utilizing international platforms such as Scopus,
Web of Science, and ScienceDirect, as well as Iranian national repositories including
Maglran, Scientific Information Database (SID), and Civilica. This dual approach ensured
the inclusion of both global advancements and localized studies relevant to Iran's specific
agro-climatic conditions. The review covered publications spanning from January 2000 to
September 2025. Key search terms included "biofertilizers”, “sustainable agriculture",
"endophytic fungi”, "drought resistance”, "PGPR", "Trichoderma"”, "Mycorrhiza", and
"Iran". The study critically synthesized data regarding nutrient mobilization mechanisms,
physiological responses to stress, and soil health indicators. Furthermore, the review
analyzed the current status of biofertilizer registration and standardization in Iran,
referencing national standards (ISIRI) to evaluate the gap between research output and
market availability.
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Results: The synthesized literature reveals that biofertilizers significantly enhance agricultural
sustainability through a complex network of direct and indirect mechanisms. Regarding
nutrient mobilization, Arbuscular Mycorrhizal Fungi (AMF) play a pivotal role by extending
hyphal networks into the soil matrix, thereby increasing the absorptive surface area of roots.
This mechanism significantly enhances the uptake of immobile nutrients, particularly
Phosphorus (P) and Zinc (Zn), and can reduce the necessity for chemical phosphorus
fertilizers by approximately 20-40%. Concurrently, Plant Growth-Promoting Rhizobacteria
(PGPR) such as Azotobacter, Azospirillum, and Rhizobium facilitate biological nitrogen
fixation, capable of contributing up to 300 kg of nitrogen per hectare annually, while also
solubilizing insoluble phosphates through the secretion of organic acids. In the context of
stress mitigation, the review highlights that biofertilizers induce systemic tolerance to abiotic
stresses, which is crucial for farming in Iran's dry climate. Beneficial microbes upregulate
the expression of stress-responsive genes, enhance the activity of antioxidant enzymes like
Superoxide Dismutase (SOD) and Catalase (CAT) to scavenge Reactive Oxygen Species
(ROS), and promote the accumulation of osmolytes such as proline. Specifically,
Trichoderma species have been shown to alleviate salinity stress in crops like pistachio and
tomato by regulating the Na+/K+ ratio and enhancing root architecture. Endophytic fungi
contribute by synthesizing phytohormones (IAA, GA) that boost root biomass and maintain
chlorophyll content under water-deficit conditions. Analysis of Iranian research indicates
significant positive outcomes in field trials. Application of combined biofertilizers has
demonstrated yield increases ranging from 10% to 67% in strategic and medicinal crops such
as saffron, quinoa, canola, and medicinal herbs, alongside improvements in quality
parameters like protein and oil content. However, despite the existence of over 900 research
articles and the establishment of national standards (ISIRlI 22300-22306), the
commercialization landscape presents a paradox. While the scientific infrastructure exists,
Iran’s market share of biofertilizers remains below 5%. The review identifies key barriers,
including the instability of microbial formulations under harsh field conditions, lack of
farmer awareness, and insufficient policy incentives compared to subsidized chemical
fertilizers.

Conclusion: This comprehensive review confirms that biofertilizers harnessing
endophytic fungi, Trichoderma, mycorrhizae, and PGPR offer a robust and viable
framework for transitioning to sustainable agriculture. These biological inputs
address critical nutrient inefficiencies and environmental stresses while allowing
for a significant reduction in chemical input dependency. The evidence confirms
their efficacy in enhancing crop yields (10-40%) and improving stress tolerance,
which is vital for food security in changing climates. However, bridging the
significant gap between research findings and practical application in Iran requires
a multi-faceted approach. Future development priorities must shift from simple
single-strain inoculants to the development of stable, multi-strain consortia adapted
to local abiotic stresses (salinity and heat). Furthermore, the establishment of strict
quality control protocols based on national standards and the implementation of
supportive policy incentives are essential to build farmer confidence. By integrating
these biotechnological tools with modern agronomic practices, it is possible to
foster resilient agroecosystems that ensure both economic viability and
environmental harmony.
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Figure 1. Population growth rate, annual grain production, and increase in cultivated land area during the
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Table 2 - Summary of some functions of mycorrhizal fungi on plant growth
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Table 3 - Summary of the effect of different species of Trichoderma fungi on plant growth
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Table 4. Summary of the function of some plant growth promoting bacteria (PGPR) in plants
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Table 5 - Some of the biofertilizers used in Iran and their effects on plants

oA
Reference

Jos 58550

mechanism of action

ol 55,08

Main function

(3 555) g
Source (biofertilizer)

Mirtayebi et al.,
2024

Arab et al.,
2023

Zakerian et al.,
2025

Bakhshi et al.,
2025

Sharifi et al.,
2025

Rahimkhani et
al., 2024

Ashrafi
Saeidlou et al.,
2025

Mohamadabadi
& Moghaddam,
2024

Raei et al.,
2025

Mohebbi et al.,
2024

Ghorbani et al.,
2024

Parvizi &
Ghadami
Firoozabadi,
2024
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Improvement of antioxidant enzyme
activity and osmotic regulating
compounds

s 5 g, gl el sg
Improvement of growth and
biochemical indices

@ Sy SAE 5 ey 3,Shes 3 g
sl 35S
Improvement of biological

performance and reduction of
dependence on chemical fertilizers

AR 5 Sy IS ey 585 Rl
b
Increase protein, potassium,

chlorophyll and reduce sodium
absorption

5 S8k Gl Sl el g5lula,
Release potassium from silicate

minerals and improve phosphorus
and potassium absorption

“ Sl S s s g3l S
la

Root colonization and stimulate
enzyme activity

e plis 5 035580 ol 250

Improvement of nitrogen and
metabolites absorption

Sl Sl s 5 sy A 5 s
Sleas!

Improve vegetative growth and
antioxidant enzyme activity

CA.U.E." u‘;i.}i}at&}gig.}alw
S 5
Improve water and nutrient
absorption, enhance photosynthesis

Sl 28 5 O (50 0 5 e
Improve water efficiency and reduce
disease
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Increasing protein and oil in quinoa
seeds

Lo 0, Loys 5 ails 5 Shae (053
ncreasing grain yield and soybean
protein percentage

[SELISH] J}».:.T a:)‘Lj B ‘-’yv-’LW. ‘_’.f..ll}_'ﬂ
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height
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uptake of lemon balm
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water retention in spring grass
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Mycorrhizal fungi + super moisture
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