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ABSTRACT ARTICLE HISTORY
Zinc is a critical mineral nutrient for plants and animals, yet soils in the Received 27 June 2024
Mediterranean region often have low zinc levels. Mineral fertilizers, com- Accepted 9 December 2024

monly used to address this deficiency, pose environmental risks, making
mycorrhizal fungi a sustainable alternative. These fungi enhance nutrient
uptake, including zinc, from the soil. This study investigated the effects of 7 . .

! . . . . n fertilizer; mycorrhizal
Funneliformis mosseae mycorrhizal inoculation on the mycorrhizal depend- inoculation; soil sterilization;
ency of pepper (Capsicum annuum L.), tomato (Lycopersicon esculentum eggplant, tomato, and
Mill), and eggplant (Solanum melongena L.) under varying zinc fertilization pepper
conditions. Seedlings were cultivated in glasshouse conditions, with sterile
and non-sterile Zn-deficient calcareous soils, both with and without 6 mg
Zn kg™ application. Mycorrhizae were introduced at transplanting, and
parameters such as shoot dry weight, root colonization, and shoot zinc
and phosphorus concentrations were measured at harvest to calculate
mycorrhizal dependency. Results revealed that under low zinc and phos-
phorus fertility, mycorrhizal inoculation significantly enhanced root colon-
ization, plant biomass, and nutrient concentrations. While zinc fertilization
improved tissue zinc and phosphorus concentrations, mycorrhizal inocula-
tion alone had a greater impact, particularly in pepper plants, which dis-
played twice the mycorrhizal dependency of tomato and eggplant. In zinc-
deficient conditions, mycorrhizal inoculation contributed up to twice as
much to plant development compared to zinc fertilization alone. The study
concluded that mycorrhiza inoculation could effectively replace or com-
pensate the zinc fertilizers, providing a sustainable solution for enhancing
plant growth and Zn and P uptake.

KEYWORDS
Mycorrhizae dependency;

Introduction

Soil microorganisms are vital for maintaining soil quality, and competition among them, such as
between indigenous mycorrhizal spores, plays a significant role in sustainable agriculture (Sun
and Shahrajabian 2023). Mycorrhizae represent the largest symbiotic associations between plant
roots and mycorrhizal fungi, facilitating the exchange of mineral nutrients like phosphorus (P)
and zinc (Zn) and water in return for plant carbohydrates. Horticultural cultivation is widespread
in Mediterranean coastal countries, where soils often contain high levels of clay, lime, and pH,
leading to deficiencies in P and Zn (Ortas 2012a). As a result, nutrient deficiencies pose signifi-
cant challenges for several plant species in the Mediterranean regions (Gomez-Coronado et al.
2016). Although fertilizers are essential for optimal plant growth, they are scarce, costly, and have
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a negative impact on the environment. Over the past two decades, Zn fertilizer usage has surged
from 50,000 tons to approximately 750,000 tons per year (FAO 2013). However, long-term and
excessive fertilizer application has caused environmental problems and negatively impacted wild-
life health.

Given the dependence of horticultural plants on mycorrhizae and their crucial role in reducing
fertilizer use, employing mycorrhizae for sustainable agriculture is a logical approach. The symbi-
otic relationship between arbuscular mycorrhizal fungi and plant roots enhances the uptake of
relatively immobile nutrients like P and Zn, which are essential micronutrients. Therefore, effi-
cient AM fungi must be screened to maximize the benefits for host plants. Lee and George
(2005) demonstrated that cucumber (Cucumis sativus) plants inoculated with Funneliformis mos-
seae showed increased concentrations of P, Zn, and copper (Cu), with mycorrhizal hyphae facili-
tating the transport of these nutrients to the plants. Additionally, cucumber, melon, marrow,
pepper and eggplant are significantly infected by mycorrhizae (Ortas 2012b).

Mycorrhizae are a suitable agricultural strategy for semi-arid climates because they help over-
come deficiencies in mineral nutrients. Another benefit of mycorrhizal infection is the increased
absorption of additional macro- and micronutrients (Garg and Chandel 2010). The dependency
of horticultural plant species on mycorrhizae is a key factor, with this dependency being higher
when plants are grown in low-P soils than in high-P agricultural soils (Albornoz, Dixon, and
Lambers 2020).

Mycorrhizal inoculation of several plant roots dramatically increases plant P uptake
(Upadhayay et al. 2019). As a result of the holistic analysis of the research data, we determined
that mycorrhiza absorbs other nutritional elements such as Zn, Cu, N, K, and Ca (Akter et al.
2024). Mycorrhiza enables the uptake and use of numerous nutrients, depending on complex
interactions in plant, soil, and rhizosphere environments. The selectivity of mycorrhizae for
P uptake appears to be due to the limited amount of P available in the soil, whereas plants
require large amounts of P uptake. The fact that the use of mycorrhiza fungi is far beyond its
role in P nutrition along with other nutrients brings the issue of Zn uptake by mycorrhiza into
the limelight in semi-arid high pH and calcareous soil environments. Therefore, under P- and
Zn-deficient soil conditions, there might be a positive correlation between Zn intake and mycor-
rhizal dependence. Some plants are strongly mycorrhizal dependent on P supplementation, but
little is known about their mycorrhizal dependence on Zn supplementation (Ortas 2012a).
Because mycorrhizal fungi naturally exist in the soil where plants grow, it is expected that plants
that are highly dependent on mycorrhiza will also be minimally injured by natural mycorrhiza.
The primary role of AMF in many plants grown under stressful environments is to translocate
important immovable nutrients like Zn and P (Bhantana et al. 2021). In this context, it is impor-
tant to determine the effects of natural mycorrhizal fungi. In this context, mycorrhiza inoculation
after soil sterilization is also important.

Studies conducted in the rhizosphere laboratory on horticultural plants have shown that
mycorrhiza-infected seedlings are highly dependent on mycorrhizae and that inoculated plants
are more resistant to environmental stressors such as water deficiency and high temperatures
(Ortas, Igbal, and Yiicel 2019). Therefore, mycorrhizae can also help plants adapt to the heat
pressures associated with climate change. In addition, AM fungi significantly improve the com-
petitive advantage of plants and contribute to plant growth and nutrition (Shen et al. 2024).
Using data from the literature, the impact of mycorrhizae on zinc uptake was thoroughly exam-
ined and the effect of varying zinc dosages on mycorrhizae dependency was investigated.
Horticulture is the predominant agricultural practice in the Mediterranean region, and many
horticultural plants are dependent on mycorrhizae. To test the hypothesis that mycorrhizae
inoculation stimulates the growth of Solanaceae family plants in Zn-deficient soil. The objective
of this study was to evaluate the impact of mycorrhiza inoculation on the mycorrhizal depend-
ence of horticultural plants and Zn and P uptake under different zinc fertilization conditions.
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The study examined the mycorrhizal dependence of eggplant, tomato, and pepper plants grown
under both non-sterile and sterile soil conditions because the soil contains an indigenous popula-
tion of mycorrhizae.

Materials and methods

A widely distributed Zn-deficient calcareous soil from Central Anatolia was used in the experi-
ment. The general soil properties are summarized in Table 1. NaHCO3-extractable P and DTPA-
extractable Zn concentrations were very low and below the critical deficiency level (i.e. 32kg
P,0s ha™' and 0.14mg Zn kg™ ' soil). The soil was sterilized by autoclaving and eggplant; tomato
and green pepper plants were grown for 60days in pots under greenhouse conditions at three
rates of Zn (Zn0=0 and Znl =6mg Zn kg 'soil) in 2.5kg soil/pot, and selected Funneliformis
mosseae were inoculated. The soil was treated with 150mg N kg™ soil [50mg kg™ soil N-
(NH,),S04, 100 mg kg~" soil N-KNO;], 50 mg P,O5 kg~" soil TSP, and 5mg/kg Fe (Fe-EDDHA).

For the mycorrhizal inoculum, Fu. mosseae (Nicolson and Gerdemann) Rothamstedt’s UK iso-
late was used. One thousand spores were sown at 30 mm below the seedling bed. The same
amount of non-mycorrhizal sterilized inoculum was applied to pots that were not inoculated.
Three seedlings of pepper, eggplant, and tomato were moved into the pots. The plants were har-
vested after 60 days. The leaves were ground, ashed, and placed in an ash solution after drying.

Using ICP-OES and a spectrophotometer, respectively, the P and Zn concentrations were
determined by applying the Murphy and Riley (1962) method.

Mycorrhizal infection

At harvest, plant roots and shoots were separated, root samples were washed, and sub-
proportions were collected for mycorrhizal colonization. Reserved sub-root samples were stained
using the Koske and Gemma (1989) method to examine the presence and degree of mycorrhizal
infection, as described by Giovannetti and Mosse (1980).

Mycorrhizal dependency (MD) was determined using a flowing formula based on the total dry
weight of the mycorrhizal and non-mycorrhizal plants (Plenchette, Fortin, and Furlan 1983).

DW mycorrhizal plants: DW non — mycorrhizal plants

MD = - x 100
DW mycorrhizal plants
Table 1. Selected physical, chemical and biological properties of Sultanonii soil.
Properties Unit Sultanoni
Clay % 50.60
Loam 30.60
Sand 18.80
CaCo; 15.00
Organic matter 0.70
Salt (soluble) 0.08
B mg B kg™ soil 1.20
pH (H,0) 8.04
CEC Cmol, kg™ 38.00
P,05? kg/ha 4037
n® (mg™" kg) 0.14
Fe® 2.56
Mn® 2.10
u® 0.90
Indigenous mycorrhizae Spore numbers/10g dry soil 61.00

(1) CaCO,/Mannitol; (2) 0.5N NaHCO; extractable; (3) DTPA extractable.
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The experiment was conducted as a complete randomized design with 3 replicates for each
control, soil sterilization, plant species, AM treatment and Zn applications. All the data were
shown as means + standard deviation. ANOVA was used to examine the data, and Duncan’s mul-
tiple range test was used to distinguish the main effects of the various treatments at p <0.05. SAS
13.1 statistics software (SAS Institute, USA) (SAS 2009) was used for all statistical analyses.

Results

The inoculation of Fu. mosseae mycorrhizal plants resulted in significant root colonization infec-
tion. Non-inoculated plants had up to 35% native mycorrhizae infection in unsterilized soil. The
colonization of pepper and eggplant roots increased with inoculation, particularly in sterilized soil
(Figure 1). In sterile soils, root colonization was nearly nonexistent in non-inoculated control
plants; however, root colonization increased to 93% following mycorrhizal inoculation. Pepper
plants can have up to 83% mycorrhizal infection in unsterilized soil and up to 93% in sterilized
soil; similarly, tomatoes can have up to 62% and 63% mycorrhizal infection, and eggplant can
have up to 69% and 93% mycorrhizal infection, respectively. It appears that root colonization is
greater and increases plant growth parameters in sterilized soil.

The growth of the three plant species was significantly affected by zinc application under both
sterilized and non-sterilized soil conditions. In non-sterilized, non-mycorrhiza-inoculated soil,
Zn0-treated pepper plants produced 0.69 g of shoot dry weight, whereas Znl-treated plants pro-
duced 1.83 g of dry weight. With mycorrhiza inoculation, Zn0 treatment produced a dry weight
of 2.05g/pot, whereas Znl application resulted in 3.17 g/pot of dry weight (Table 2). Similar
responses to pepper plants were observed under sterilized soil conditions. Tomato and eggplant
have similar growth trends. Mycorrhiza inoculation significantly increased the shoot, root, and
total dry weight of the three plants (Table 2). In general, shoot growth is higher than root
growth. Increasing Zn addition and mycorrhiza inoculation also increased plant root growth.
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Figure 1. The impact of mycorrhiza inoculation and zinc treatment on root colonization in sterile and non-sterile soils. Error bars
show standard error. Capital letters indicate the difference between plants, lowercase letters indicate the difference between
zinc and mycorrhizae combined applications.

—M, not inoculated; +M, mycorrhizae spore inoculation; —Zn, without zinc fertilizer; +Zn, applying zinc fertilizer.
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Table 2. The effects of Zn treatments, mycorrhizal inoculation and soil sterilization on plants’ shoot, root and total dry
weights.

Mycorrhizal Zn
Sterilization  Plant species species application Shoot DW g kg Root DW =g kg Total DW (g kg)
Pepper -M Zn0 0.69 +0.20 a* 0.06 +0.01 b 0.75 +0.20 b
Zn1 1.83 +0.14 b 0.14 +0.02 a 197 +0.16 a
+M Zn0 2.05 +0.69 a 0.17 +0.03 b 2.22 +0.68 a
Non-sterile Zn1 317  +066 a 0.31 +0.04 a 347 +0.63 a
Mean 1.90 +0.42 C#£ 0.17 +0.02 C 2.10 +0.42 C
Tomato -M Zn0 336 +0.26 b 0.42 +0.04 a 3.78 +0.28 b
Zn1 4.73 +0.25 a 0.47 +0.01 a 5.20 +0.25 a
+M Zn0 513 #0.07 b 0.45 +0.18 a 5.58 +0.11 b
Zn1 6.07 +0.45 a 0.53 +0.02 a 6.60 +0.44 a
Mean 482 026 A 0.47 +0.06 A 5.29 +0.27 A
Eggplant -M Zn0 2.30 +0.23 b 0.22 +0.06 b 2.51 +0.20 b
Zn1 285 +020 a 035 +0.04 a 3.19 +0.18 a
+M Zn0 3.65 +0.21 a 0.25 +0.01 a 3.90 +0.21 a
Zn1 443  +055a 0.30 +0.05 a 4.73 +0.59 a
Mean 3.31 +0.30 B 0.28 +0.04 B 3.58 +0.30 B
Mean of Ster. 336 0338 0.31 0.04 B 3.66 0338
Pepper -M Zn0 1.28 +0.06 b 0.07 +0.01 b 135 +0.06 b
Zn1 2.20 +0.18 a 0.1 +0.00 a 231 +0.18 a
+M Zn0 3.69 +0.50 a 0.23 +0.01 a 3.92 +0.51 a
Zn1 4.02 +0.42 a 0.23 +0.03 a 4.25 +0.44 a
Sterile Mean 2.80 +0.29 C 0.16 +0.01 C 2.95 +0.30 C
Tomato -M Zn0 405  +0.01b 0.46 +0.04 b 451 +0.05 b
Zn1 5.09 +0.03 a 0.55 +0.02 a 5.64 +0.05 a
+M Zn0 588 +030a 0.61 +0.04 a 6.49 +0.32 a
Zn1 5.80 +0.22 a 0.68 +0.08 a 6.48 +0.25 a
Mean 520 #0714 A 0.57 +0.05 A 5.78 +0.17 A
Eggplant -M Zn0 3.79 +0.17 a 0.15 +0.06 a 3.94 +0.23 a
Zn1 400 +048a 0.19 +0.01 a 4.19 +0.48 a
+M Zn0 4.61 +0.26 a 0.31 +0.01 b 4.92 +0.27 a
Zn1 489  +060a 0.43 +0.01 a 5.31 +0.61 a
Mean 432 +0.38 B 0.27 +0.02 B 4.59 +0.40 B
Mean of Ster. 4.09 +0.26 A 0.34 +0.03 A 443 +0.28 A

Mean (the average of replicates) is SE (Standard error).

*Means separated by the same lowercase letter under each column were not significantly different at p<0.05 among Zn
levels.

#Under each column means denoted by the same uppercase letter did not change substantially (p < 0.05) between soil steril-
ization treatments.

Sterilized soil supports plant growth more readily than unsterilized soil. In terms of statistics,
the application of Zn and mycorrhiza inoculation greatly increased (p < 0.0001) the dry weight of
the shoots, roots, and overall plant (Table 3). Soil sterilization significantly affected the growth of
the three plants.

There was a greater difference in the dry matter produced by plants grown in a sterilized
environment than by plants grown in an unsterilized environment when the effect of mycorrhiza
inoculation on the total biomass development of plants grown in sterilized and unsterilized soil
was examined (Table 4). Analyzing the mycorrhiza inoculation’s contribution to the total biomass
production of plants reveals that it contributes more when —Zn is applied than when+Zn is
applied. Comparable patterns were also observed in the other two plants. On the other hand, pep-
per and eggplant, which rely heavily on mycorrhiza, had comparatively higher measurements.
The data obtained showed that the plants’ tissue Zn and P concentrations were enhanced by
increasing Zn addition and Fu. mosseae mycorrhiza inoculation, particularly when Zn was low. In
non-sterilized soil, compared with the control treatment, Zn addition significantly increased the
pepper tissue Zn concentration. Plants treated with Znl had 22.50mg of Zn kgl DW, whereas
plants treated with Zn0 had 17.90mg Zn kg~' DW (Figure 2). In the case of mycorrhiza, plants
treated with Zn0 and Znl had 23.90 and 24.40 mg of Zn kgl DW, respectively. A similar trend
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Table 3. Significant p values (probabilities) for several plant factors found by variance analysis.

Infection
Sources SD Shoot DW Root DW Total DW Zn P % %
Sterilization (S) 1 <0.0001 0.0129 <0.0001 0.0054 <0.0001 <0.0001
Plant species (P) 2 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
SxP 2 0.0092 0.0001 0.0366 <0.0001 <0.0001 0.0036
Mycorrhizae (M) 1 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
SxM 1 0.7920 <0.0001 0.7377 0.0014 <0.0001 <0.0001
PxM 2 0.0273 0.1763 0.0173 <0.0001 <0.0001 <0.0001
SxPxM 2 0.0042 0.0034 0.0157 <0.0001 <0.0001 0.0019
Zinc (Zn) 1 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.2657
SxZn 1 0.0025 0.2198 0.0017 <0.0001 <0.0001 0.0915
P x Zn 2 0.0936 0.7751 0.1208 0.0809 <0.0001 0.2803
SxPxZn 2 0.8238 0.2017 0.8580 0.3386 <0.0001 0.1300
M x Zn 1 0.0695 0.8491 0.0468 0.0099 <0.0001 0.0239
SXxMxZn 1 0.1662 0.9621 0.1710 0.3857 <0.0001 0.1954
PxMxZn 2 0.0895 0.9841 0.0967 0.2245 <0.0001 0.1648
SXPxMxZn 2 0.7975 0.0641 0.6256 0.0513 <0.0001 0.2988

Table 4. Effect of mycorrhiza inoculation and Zn fertilizer applications on total dry weight (DW) in sterile and non-sterilized
soil conditions.

Sterilization Zn application Pepper Tomato Eggplant
Differences in total dry matter between mycorrhizal-inoculated and untreated -Zn and + Zn.
Non-sterile —Zn 1.47 1.81 1.39
+Zn 1.51 141 1.54
Sterile —Zn 0.21 035 0.60
+Zn 2.58 1.99 0.98
Contribution of mycorrhizal inoculation to total dry matter production (%) in +Zn and —Zn.
Non-sterile —Zn 197 48 55
+Zn 77 27 48
Sterile —Zn 191 44 25
+Zn 84 15 27

was observed under sterile soil conditions. It appears that the difference between the -Zn0
and + Znl applications was smaller after inoculation of the plant than between the Zn applica-
tions that were not. This indicates that mycorrhiza inoculation significantly increases Zn concen-
trations in mycorrhiza-dependent plants. The pepper plant’s P concentration increased with Zn
application, and mycorrhiza inoculation greatly increased the plant’s P concentration compared
to non-inoculated treatments.

The contributions of mycorrhizal inoculation and zinc (Zn) fertilizer application to the Zn and
phosphorus (P) concentrations in plant tissues were assessed relative to control conditions (i.e.
no Zn and no mycorrhizal inoculation). In the case of soil that was not sterilized and plant roots
did not receive mycorrhizal inoculation, only Zn fertilizer contributed to the Zn concentration in
plant tissues as follows: 25.7% in pepper plants, 28.3% in tomato plants, and 98% in eggplant
(Table 5). Under soil sterilized and not mycorrhiza-inoculated conditions, the contributions of Zn
fertilizer were 60.3%, 5.2%, and 39.2%, respectively. Similarly, the combined effects of mycorrhiza
inoculation and Zn fertilization showed a lower contribution to the Zn concentration than Zn
application alone without mycorrhiza.

Regarding the phosphorus concentration, in plants that were not sterilized and did not receive
mycorrhizal inoculation, only Zn fertilizer contributed 30.4% of the P in pepper plants, 5.6% in
tomato plants, and 32.58% in eggplant. In sterile soil conditions, the contribution of P concentra-
tion was 12.6%, 54.3%, and 79.9%, respectively.

When considering the combined effects of mycorrhiza and Zn fertilizer on P concentration,
the contribution of Zn fertilization alone was found to be lower than that without mycorrhiza.
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Figure 2. The effects of zinc treatment and mycorrhiza inoculation on zinc and phosphorus concentrations in sterile and non-
sterile soils. Error bars show the standard error. Lowercase letters indicate the difference between zinc and mycorrhizae com-
bined applications.

-M, not inoculated; +M, mycorrhizae spore inoculated; -Zn, applied zinc fertilizer; -+Zn, applied zinc fertilizer; P, phosphorus
concentration.

Statistically, the application of Zn and the inoculation of mycorrhiza resulted in a significant
(p <0.0001) increase in shoot and root growth. Furthermore, Table 3 presents statistically signifi-
cant increases in root length, P, and Zn concentrations following mycorrhiza inoculation. A sig-
nificant correlation was observed (p < 0.01) between mycorrhizal inoculation and total dry weight
Zn and %P concentration when the relationships between the research findings were analyzed.
The results presented in Table 6 indicate that pepper, tomato, and eggplant plants are highly
dependent on mycorrhizae under conditions of low Zn fertilizer supply. Among these, pepper
plants exhibit higher mycorrhizal dependency (MD) than tomato and eggplant plants. MD was
calculated using the total dry weight (DW), and the addition of Zn reduced MD compared to the
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Table 5. The effects of mycorrhiza and Zn fertilizer applications on Zn and P concentration in plant tissues.

Contribution of zinc Contribution of mycorrhizal
application inoculation
Mycorrhizae
Sterilization inoculation Zn Ferti. Pepper Tomato Eggplant Pepper Tomato Eggplant
Zinc concentration
Non-sterile (—M) (—Zn)
(+Zn) 25.70 28.30 98.04
(+M) (—=Zn) 33.51 98.73 66.47
(+2Zn) 2.09 418 31.10 8.40 61.34 6.82
Sterile (—M) (=Zn)
(+2Zn) 60.34 5.22 39.22
(+M) (=Zn) 13.79 51.63 73.52
(+2Zn) 43.94 434 3N 2.24 50.43 28.53
Phosphorus concentration
Non-sterile (—M) (—Zn)
(+2Zn) 30.39 5.59 31.50
(+M) (=2Zn) 71.33 68.64 53.67
(++Zn) 47.92 8.47 12.50 94.36 73.25 31.45
Sterile (=M) (=Zn)
(+2Zn) 12.63 54.32 79.92
(+M) (=2Zn) 111.14 254.80 152.28
(++Zn) 7.19 1.00 293 100.93 132.25 44.36

Table 6. Effects of mycorrhiza and Zn fertilizer applications on mycorrhiza dependency of plants in sterile and non-sterilized
soil conditions.

Sterilization Zn application Pepper Tomato Eggplant

Non-sterile —Zn 66 32 36
+Zn 43 21 33
(—=Zn) - (+2Zn) 23 11 3

Sterile —Zn 65 31 20
+Zn 46 13 21
(—2Zn) - (+Zn) 19 18 -1

Zn0 treatment. In unsterilized and non-Zn-applied soil, the MD of pepper, tomato, and eggplant
plants exhibited 66%, 32%, and 36%, respectively, whereas in Zn-applied soil, MD decreased to
43%, 21%, and 33%, respectively. Similar but slightly lower MD values were observed in sterilized
soil.

Discussion

The growth of the three plant species was lower in the absence of arbuscular mycorrhizal fungi
(AMEF), whereas AMF inoculation enhanced plant growth. Inoculation with Fu. mosseae spores
resulted in higher mycorrhizal colonization and increased shoot, root and total dry weight (DW)
in both sterilized and non-sterilized soils. Under non-sterilized soil conditions, indigenous mycor-
rhizae roots are also weakly infected. In sterile soil, pepper, tomato, and eggplant produced
40.8%, 9%, and 28% more total DW, respectively, than the non-sterilized soil. Differences in DW
among plant species are directly related to mycorrhizal inoculation and dependency. Similar
results have been reported for peppers grown in the same soil (Ortas and Akpinar 2006).
Without mycorrhizal inoculation, shoot and root dry matter production is severely affected by
Zn deficiency, but an adequate Zn supply significantly enhances plant growth and nutrient con-
centrations. The contribution of mycorrhizae, both with and without Zn addition, was also sig-
nificant. Under non-sterile soil conditions, the effects of mycorrhizal inoculation on -Zn0 were
much stronger than those of adding + Zn1. These differences were not observed under sterile soil
conditions. Notably, under non-sterile soil conditions without Zn0 application, mycorrhiza
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inoculation increased pepper plant total DW by 197%, whereas with +Zn application, the total
DW growth rate was 77%. Under sterilized soil conditions, total DW increased by 191% and
84%, respectively. For tomato and eggplant, the contribution was lower than that for pepper
plants (Table 4). In previous studies on the same Sultandoni soil, Yilmaz et al. (1997) reported
that Zn application increased wheat grain yield by about 260%, whereas the dry weight of above-
ground parts increased by up to 109%. For non-sterilized soil conditions without Zn0 application,
mycorrhizal inoculation increased eggplant plant growth by 55%, whereas under +Znl, the
increase was 48%. However, under sterilized conditions, the increase was 25% and 27%, respect-
ively. The results show that indigenous mycorrhizae play a major role in plant growth under
non-sterile soil conditions.

From the present results (Table 4), it seems that mycorrhizal dependency (MD) was less
affected by Zn supply and MD was higher in sterilized soil than in non-sterilized soil. Similarly,
Solis-Rodriguez et al. (2024) reported that the addition of Zn considerably decreased mycorrhizal
dependency. In general, MD and its contribution to pepper and eggplant growth were higher
than those of tomato plant. Ortas et al. (2013) and Pereira et al. (2024) reported that tomato
plants have lower MD, whereas pepper plants have high MD. Similarly, Ortas (2012a) found that
pepper plants are highly dependent on mycorrhizae. Under non-sterile soil conditions, the differ-
ences in MD between the —Zn0 and +Zn1 treatments were 23% for pepper plants, 11% for pep-
per, and tomato, and 3% for eggplant plants. In sterile soil, these differences were 20%, 18%, and
1%, respectively. This indicates that mycorrhizal inoculation responses to+Zn application vary
among plant species in terms of MD. Husna, Tuheteru, and Wigati (2017) reported that indigen-
ous mycorrhizae significantly contribute to plants that are dependent on mycorrhizae. Given the
importance of MD in plants, high responses to mycorrhiza inoculation are crucial for future plant
management systems.

Without zinc, plants exhibit high mycorrhizal dependency, but with Zn application, plants
grow larger, reducing their dependency compared to -Zn application. Differences are smaller
under sterile conditions than under non-sterile conditions because of competition among indi-
genous soil microorganisms. Compared with non-mycorrhizal plants, inoculated plants
responded significantly to Zn treatment. In this context, mycorrhiza itself, along with other
microorganisms that are developing in the rhizosphere, may enhance Zn uptake, particularly
in non-sterile soils. Alternatively, under non-sterile soil conditions, external mycorrhizal inocu-
lation may create complex soil-root-microbe interactions beneficial to mycorrhizal plants
(Ujvari et al. 2023).

The effect of mycorrhizal application alone on Zn and P concentrations was significantly
higher in plants that did not receive Zn treatment than in plants that received Zn treatment.
Overall, Zn fertilization alone has a significant effect on soil with low Zn and P content (Ova
et al. 2015). However, the contribution of mycorrhiza is higher than that of Zn alone and can
compensate for Zn deficiencies. This effect is particularly pronounced in fumigated and sterilized
environments where mycorrhiza greatly enhances mineral nutrition. Although mycorrhizal inocu-
lation increased Zn and P concentrations in all three plants, the plants were more dependent on
mycorrhizae than Zn (Ortas and Akpinar 2006). Similar results were consistently observed in
other experiments (Yu et al. 2024).

With mycorrhizal inoculation, the differences between —Zn0 and+Zn applications were
smaller. Mycorrhizae-inoculated plants had higher Zn concentrations than non-inoculated
plants. Sharif et al. (2011) reported that mycorrhizal inoculation increased P and Zn uptake
by 166% and 186% in mash beans and by 186% in maize. This is particularly critical in
semiarid regions where zinc deficiency occurs, as women and children are particularly vulner-
able to severe zinc deficiency due to the soil-to-food and human food chains (Gomez-
Coronado et al. 2016).
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In mycorrhizae-inoculated plants grown in sterilized and non-sterilized soils with Zn0
application, the plant Zn concentration was higher than that in Znl-treated soils. In unsteril-
ized, non-Zn-applied soil, pepper plants inoculated with mycorrhiza retained 6mg Zn kg™’
DW more than non-inoculated and untreated plants. Similarly, tomato and eggplant plants
retained 17 and 11 mg of Zn, respectively. In sterilized soil, tomato plants had 13mg of Zn,
eggplants had 17mg, and peppers had 3 mg more Zn. In Znl-treated and non-sterilized soils,
less Zn was taken by the plant than in -Zn-treated soil. In general, in control plants (—Zn),
mycorrhizal inoculation contributed more to Zn uptake than Zn application. Similarly, mycor-
rhizal inoculation led to higher Zn concentrations under -Zn0 conditions than under Znl
conditions. It was found that, in comparison to unsterilized soil, plant development was more
favorable in sterilized soil.

Because horticultural plants are typically more vulnerable to soil-borne pathogens, sterilization
is likely to improve plant development. Nonetheless, 30% of root infections of plant roots which
were grown in unsterilized control soils may also contribute. Figure 2 illustrates that the P con-
centration in the plant tissues of the unsterilized control plants was higher than that of the steri-
lized environment. This demonstrates that even though indigenous mycorrhiza spore infection
has a low root infection rate, it still promotes plant growth, particularly P uptake. In this context,
the results demonstrate the value of further research into enhancing the presence of native
mycorrhiza in soils through soil-plant management.

Ortas et al. (2018) conducted field and greenhouse studies to demonstrate the influence and
existence of natural mycorrhiza on plant growth. Fu. mosseae inoculation increased the growth of
the three plants and the uptake of nutrients in both sterile and unsterilized soil environments,
according to research findings.

Mycorrhizae-inoculated horticultural seedlings are particularly suitable for zinc-deficient soils.
In addition, zinc application alone promotes plant growth; however, mycorrhiza inoculation
improves plant development and P and Zn uptake. The results of this study indicate that the
interactive effects of AMF and Zn fertilizer application increased mycorrhizae-dependent horticul-
tural plant growth, Zn, and P uptake. The results validate our hypothesis and demonstrate the
long-term benefits of mycorrhiza inoculation for optimal plant growth in soils deficient in zinc
and phosphorus.

Conclusions

In addition, mycorrhiza inoculation significantly affects mycorrhizal dependency. Pepper and egg-
plant plants have higher MD than tomato plants.

In the absence of mycorrhizae, Zn addition significantly increased plant growth and Zn
uptake. In addition, the results show that the effect of mycorrhizal application on the Zn and P
uptake of plants grown in -Zn0 soil is stronger than that in 4+ Znl soil. Under non-sterilized soil
conditions, indigenous mycorrhiza alone increased plant Zn and P concentrations more than Zn
fertilizer application. Under non-sterile soil conditions, indigenous mycorrhizae spores infect
plant roots and significantly increase plant Zn and P concentrations.

The contribution of Zn addition and Fu. mosseae mycorrhiza inoculation to Zn and P concen-
trations were higher than when both Zn and mycorrhiza were applied together in the absence of
Zn. The improved growth, yield, and Zn and P uptake of plants demonstrated the potential
of mycorrhizal inoculation to reduce the effects of zinc fertilization, especially under Zn- and
P-deficient conditions. Therefore, mycorrhiza alone can compensate for Zn uptake by the soil.
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