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Abstract

Quercus macranthera, as one of the important forest species in Iran, requires special attention in forest restoration
and development programs due to its ecological and economic characteristics .The present study examined the effect
of the ectomycorrhizal symbiosis between the summer black truffle fungus, T. aestivum, and Quercus macranthera
seedlings over a period of 16 months (March 2020 to September 2021) at the Shast Kalateh Forest Educational and
Research Nursery in Gorgan. One-year-old seedlings were divided into two groups: a control group and a treatment
group inoculated with fungal spores. The spore suspension was applied to the potting substrate, followed by manual
watering. Formation of mycorrhizal symbiosis was assessed microscopically using both visual inspection and the
gridline intersect method. Evaluation of growth parameters, including stem height, collar diameter, and number of
leaves, after two inoculation stages, revealed a highly significant difference (p < 0.01) between the treatment groups.
Seedlings inoculated with the fungus exhibited marked improvements in growth indices alongside the development of
extensive mycorrhizal networks on their roots. Microscopic observations showed that the roots of inoculated
seedlings were more robust and better organized, enhancing water and nutrient uptake efficiency .The findings of this
study demonstrated that inoculation of Q. macranthera seedlings with the ectomycorrhizal fungus T .aestivum
significantly enhanced vegetative growth parameters and markedly increased the development of extensive
mycorrhizal networks in the roots. This growth enhancement plays a crucial role in improving plant resilience against
environmental stresses, particularly drought and salinity. From an ecological standpoint, ectomycorrhizal symbiosis
has the potential to augment biodiversity and accelerate the sustainable restoration of oak forest ecosystems.
Furthermore, sustainable cultivation of T. aestivum can contribute to local economic development and generate
sustainable employment opportunities in rural communities. The results indicate that inoculation of Q. macranthera
seedlings with T. aestivum constitutes an effective, sustainable, and environmentally friendly strategy for promoting
growth, enhancing productivity, and increasing seedling survival in reforestation projects. For the widespread
application of this technology, it is essential to conduct interdisciplinary and long-term field studies to assess seedling
persistence and survival in natural habitats, as well as to evaluate the environmental and ecological effects of this
symbiosis on diverse plant species. Furthermore, sustainable cultivation of T. aestivum can contribute to local
economic development and generate sustainable employment opportunities in rural communities. The results indicate
that inoculation of Q. macranthera seedlings with T. aestivum constitutes an effective, sustainable, and
environmentally friendly strategy for promoting growth, enhancing productivity, and increasing seedling survival in
reforestation projects. For the widespread application of this technology, it is essential to conduct interdisciplinary
and long-term field studies to assess seedling persistence and survival in natural habitats, as well as to evaluate the
environmental and ecological effects of this symbiosis on diverse plant species.
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Introduction

The widespread application of chemical fertilizers has a detrimental effect on soil ecosystems, including the
proliferation of pathogenic fungi. By contrast, organic and biofertilizers, particularly mycorrhizal fungi, play a
pivotal role in enhancing soil quality by forming symbiotic associations with plant roots, thereby improving
nutrient and water uptake efficiency. Mycorrhizal symbiosis, which occurs in over 80% of vascular plants,
significantly contributes to biodiversity, ecosystem resilience, and the restoration of degraded habitats. There are
two main types of mycorrhizae: ectomycorrhizae, which form hyphal sheaths around root epidermal cells and are
primarily found in temperate tree species, and endomycorrhizae, which penetrate the cortical cells of roots and
include subtypes such as arbuscular, ericoid, and arbutoid mycorrhizae. Ectomycorrhizal fungi enhance nutrient
acquisition by their host plants by forming extensive extraradical mycelial networks that access soil microsites
beyond the reach of plant roots. These symbiotic networks can interconnect multiple plants, facilitating the
exchange of nutrients and water across the soil matrix, and improving overall soil health and plant community
dynamics. Truffle fungi of the genus Tuber are significant ectomycorrhizal symbionts both from an ecological
and economic perspective, forming mutualistic associations with various host plant genera, including Quercus.
The summer black truffle (Tuber aestivum), which is widely distributed across Europe and parts of Asia, is
particularly important ecologically and commercially in Iran. The endemic oak species Quercus macranthera
adapted to the Hyrcanian-Caucasian region, exhibits remarkable tolerance to drought and cold, occupying diverse
ecological niches across elevations ranging from 800 to 2700 meters. Although truffle-oak symbioses are well
documented in Europe, the specific interaction between T. aestivum and Q. macranthera has not been studied in
Iran. Given the critical role of this symbiosis in forest health, nutrient cycling and stress resilience, investigating
this relationship could provide valuable insights into sustainable forest restoration and management. The aim of
this study is to evaluate the feasibility of, and the physiological effects of, ectomycorrhizal colonization by T.
aestivum on the vegetative growth of Q. macranthera seedlings under controlled nursery conditions. The findings
will provide foundational data to inform conservation strategies in Hyrcanian forests, significantly contributing to
reforestation efforts and supporting ecological preservation.

Materials and Methods

This study was conducted over a 16-month period from March 2020 to September 2021 in an open-air nursery at
the Shast Kalateh Educational and Research Forest, which is affiliated with the Gorgan University of Agricultural
Sciences and Natural Resources. The forest is located within the Hyrcanian forest ecosystem, between 36°41’ and
36°45' N and 54°20' to 54°24' E at an elevation of 100 to 1000 m a.s.l. The region’s temperate climate, with an
average annual precipitation of around 650 mm and favorable soil physicochemical properties, provides suitable
ecological conditions for the establishment of Quercus macranthera and its potential symbiont T .aestivum.
Twelve physiologically uniform, one-year-old Q. macranthera seedlings were randomly assigned to two treatment
groups: a mycorrhizal-inoculated group and a non-inoculated control group. The growth substrate was a 1:9 (v/v)
mixture of pristine forest soil and leaf litter, collected from the top 0—-30 cm of soil. This mixture was designed to
preserve the native microbial communities and simulate natural edaphic conditions. Seedlings were cultivated in 5
kg plastic pots under ambient environmental conditions, with manual irrigation and without the application of
chemical fertilizers or pesticides, to avoid interference with ectomycorrhizal colonization. The inoculum consisted
of a commercially sourced spore suspension of T .aestivum at a concentration of 108 spores per gram. This was
applied manually at four equidistant points around the root zone, at a depth of 3-8 cm, with two successive
applications in early spring. The maximized contact between the fungal propagules and actively growing root tips,
thereby enhancing the efficiency of colonization and the development of the mycelial network. Five months after
the second inoculation, vegetative growth parameters were assessed, including stem height, which was measured
in centimeters using a flexible measuring tape; stem diameter, which was recorded in millimeters using a digital
caliper with an accuracy of 0.02 mm, and leaf count, which was determined by direct enumeration per seedling.
Root colonization was quantified using a combined microscopic and grid-based approach, whereby the roots were
cleared and stained to enable visual estimation of colonization frequency. This was supplemented by the gridline
intersect method to enable precise quantification of colonized root length. The experimental design followed a
completely randomized layout, with six biological replicates per treatment. Statistical analyses were performed
using SPSS version 26. Data normality was verified using the Kolmogorov—Smirnov test, and treatment means
were compared using an independent-samples t-test at a 95 % confidence level to determine the significance of the
observed differences.
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Discussion of Results and Conclusions

The ectomycorrhizal colonization of Quercus macranthera seedlings inoculated with T .aestivum was
quantitatively estimated at 61% through stereomicroscopic visual assessment and 52% via the gridline intersect
method with microscopic analyses revealing well-developed fungal mantles and Hartig nets enveloping the root
apices of inoculated seedlings. Statistical analyses confirmed a significant enhancement at p < 0.01 in key
vegetative growth parameters, including stem height, root collar diameter and leaf number, in inoculated seedlings
compared to uninoculated controls. Observed increases of approximately 30%, 44% and 34%, respectively, were
recorded, thereby substantiating the positive influence of ectomycorrhizal symbiosis on seedling vigor. The
discrepancy between colonization estimates obtained by visual versus gridline methods highlights the importance
of employing multi-modal quantification approaches to reduce observer bias and enhance measurement accuracy.
The significant enhancement of growth observed in seedlings inoculated seedlings can be explained by the
presence of extensive extraradical mycelial networks in T. aestivum. These networks increase the surface area
available for root absorption by forming fungal mantles and Hartig nets. This process optimizes the uptake of
immobile nutrients, such as phosphate and essential macronutrients, including nitrogen. It has been demonstrated
that these symbiotic networks have the capacity to simultaneously improve rhizosphere soil structure and
permeability. Furthermore, it has been shown that they are able to modulate phytohormonal pathways in order to
stimulate root and shoot development. In addition to this, they enhance the host plant’s tolerance to abiotic
stressors such as drought and cold. The observed symbiotic efficacy is consistent with the documented benefits of
growth and stress resilience in other Quercus species associated with ectomycorrhizal truffle fungi. This further
corroborates the ecological compatibility of Q. macranthera and T. aestivum within montane temperate
ecosystems. Recent studies have indicated that climate change trends are contributing to an expansion in the
elevational distribution of T. aestivum. This phenomenon has the potential to increase host-fungus phenological
synchrony, thereby enhancing the establishment and persistence of the symbiosis. It is imperative to acknowledge
the obligate ectomycorrhizal nature of T. aestivum, as this is pivotal to its fruiting body formation. This
underscores the strategic value of inoculation, which is not only crucial for forest restoration but also for
sustainable truffle cultivation. In addition to nutritional facilitation, ectomycorrhizal fungi enhance the host's
antioxidant capacity, improve osmotic regulation and significantly reduce seedling mortality under environmental
stress. Inoculating Q. macranthera seedlings with T. aestivum is a robust, ecologically sustainable
phytotechnological strategy that improves seedling performance, reduces dependency on chemical inputs, and
elevates nursery stock quality. This low-impact biological intervention shows great potential for advancing
conservation and sustainable forestry initiatives in Iran’s Hyrcanian forests. Future long-term interdisciplinary
field studies are essential in order to fully characterize fungal biodiversity, host specificity and environmental
interaction dynamics, and to refine inoculation protocols at the ecosystem level. This will ensure the effective
integration of these protocols into adaptive forest management frameworks in the context of ongoing global
climate change.
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Figure 1- Observation roots of Q. macranthera inoculated and uninoculated with fungus under the microscope. (a):
Unstained roots without symbiosis with the fungus T. aestivum. (b, c): Unstained ectomycorrhizal roots with the fungus with
red arrows. (d, e): Stained ectomycorrhizal roots with red arrow. (f): Stained roots without symbiosis with the fungus T.

aestivum x100.
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