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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.
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Aas e OLiS djjjwchw G Cns Iy Lo ys £IAN
ORI 53 o i baesls 80l 4 53 LY J5a)
2B ol el 4 bs e o5 54 (S hus g, S PH
RAORY mmen el Sl (8L 5 2B (6 SL
eSS 530S e ¥rr B pae mlaw 5> SLHPH Ol

A3 S sdalis

oele daosls (Sl amlin s ulul

5 el QLS S pH slis s ls sse 8 sl
(oS Sl o S o a5 (il 2
)56-1*—34».5))>Jf“dﬂ—~)%5j5\4.ﬁngﬁif@’w
LPH Sltie o 2aS 0 S S 55 555 p 8 o Av s e
VOIYO L ol oalS ol 5 oS disls yolast] 5 4



\\"O/\f'f/"UL«J’»/\V&/SL&@L&&W}QFJ

Srbwgsty SBPH 1 (29,500 il 9 (59 s U Blieo zobaw Jiliio 5 (ol O 51 (50l dunny o - Jgu>

Table 3 - Comparison of the average main and interaction effects of different levels of nano zinc oxide and microbial
inoculation on rhizosphere soil pH

pH
Microbial inoculation a5
T eI i::sm @LG PR (0 5 9kS 1> 0,5 o) (595 3awST 93U - (55, Tobw
o SPRIE Tl & Zinc levels - nano zinc oxide (mg kg
Average Fungi and bacteria Bacteria  Fungi  Witness
8.18 A 8.16 ab 8.19ab 8.16ab 8.22a 0
782B 7.08 f 810bc  797d 81lhbc 400
787B 7.64¢e 8.06 C 7.66e  8.12hc 800
763C 815A 793B 815A Average Sbo

s () gxe (g lol BMB] 18 o> B Jlessl gaw 0 5551 (9051 b (ylel Blod 51 55 b g8 S it By G gyl dlacl
% Numbers with a common lowercase or uppercase letter are statistically not statistically significant with Duncan's test at the

5% probability level.
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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

87.2C 99.2 h 95.2h 88.2i 66.2) 0

250.5B 279.3d 21749 2684e  2369f 400

4753 A 524.0a 433.1b  529.7a 4145¢c 800

300.8 A 2486B 2954A 239.2B Average (Sl

Sitad (6 gxe (g lol M) 13 do > B Jlassl gaws 0 5551 (905l b (oylel Blod 51 55 b Sog8 S jutio By G gyl Dlacl
# 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)

(i S 0,558 15 0,5 o) (59 T 1 s 5bans

Different levels of nano zinc oxide (mg kg™ dry soil) 19750 T
Celw Y'Y @ Y 3 0udd 3151 59y Comm Celw Y'Y 5 o 3151 (g5, Slado Celur ¥ 43 00l 3151 595 4lado Microbial
Ratio of Zn released in 2 to 32 Amount of Zn released in 32 Amount of Zn released in 2 inoculation
hours hours hours

800 400 0 800 400 0 800 400 0

0.708 0.743 0.759 414.5 236.9 2.66 293.5 176.1 2.02 Witness sl
0.671 0.722 0.774 529.7 268.4 2.80 355.3 193.8 2.17 Fungi E)lé
0.670 0.687 0.726 433.1 2174 2.95 290.0 149.4 2.14 Bacteria ¢ S
0.671 0.757 0.792 524.0 279.3 2.99 3514 2115 2.37 AL el

Fungi and bacteria

0.680 0.727 0.763 s e e Average u,_i,l“,

e Ol8 e ool oo (Reyhanitabar et al., 2010)
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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.
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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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