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Abstract: Aim of study: To evaluate the effect of inoculating Pinus teocote Schiede ex Schltdl. & Cham. plants,
a neotropical pine species highly resilient to stress conditions, with two edible ectomycorrhizal mushrooms,
Laccaria proxima (Boud.) Pat. and Suillus pungens Thiers & A.H.Sm., on their growth and physiological quality. The
plants were grown in different environmentally friendly substrate combinations. Area of study: Bioassays were
conducted in the greenhouses of the Colegio de Postgraduados in Texcoco, Mexico. Material and methods: The
influence of L. proxima and S. pungens on P. teocote was assessed through growth and physiological parameters
using three distinct substrate formulations, two of which incorporated mixtures of sawdust and compost. The
evaluated variables included plant biomass, photosynthesis, transpiration, chlorophyll a, b, and total chlorophyll
content, as well as carotenoids and ectomycorrhizal colonization, measured 570 days after sowing. Main results:
High ectomycorrhizal colonization, exceeding 84%, was recorded in the plants grown in sawdust and compost
mixtures. Additionally, increases in biomass and physiological quality were observed in these plants compared
to non-inoculated plants. Depending on the substrate mixtures evaluated, the inoculation with S. pungens
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produced higher transpiration and chlorophyll a, b, total chlorophyll, and carotenoid content than that with L.
proxima. Research highlights: It was demonstrated that the production of ectomycorrhizal Pinus teocote plants
in greenhouse, with high morphophysiological quality and elevated mycorrhization rates, is feasible when using
environmentally friendly substrates.

Keywords: compost; Laccaria proxima; reforestation; resilience; sawdust; Suillus pungens; tree bark.

Resumen: Objetivo del estudio: Evaluar el efecto de la inoculacidon de plantas de Pinus teocote Schiede
ex Schltdl. & Cham., una especie de pino neotropical altamente resiliente a condiciones de estrés, con dos
hongos ectomicorrizicos comestibles, Laccaria proxima (Boud.) Pat. y Suillus pungens Thiers & A.H.Sm., sobre
su crecimiento y calidad fisioldgica. Las plantas fueron cultivadas en diferentes combinaciones de sustratos
ambientalmente sostenibles. Area del estudio: Los bioensayos se realizaron en los invernaderos del Colegio
de Postgraduados, en Texcoco, México. Material y métodos: La influencia de L. proxima y S. pungens sobre P.
teocote se evaludé mediante parametros de crecimiento y fisioldgicos, utilizando tres formulaciones distintas
de sustrato, dos de las cuales incorporaron mezclas de serrin y compost. Las variables evaluadas incluyeron
biomasa vegetal, fotosintesis, transpiracidon, contenido de clorofila a, b y total, asi como carotenoides y
colonizacion ectomicorrizica, medidos a los 570 dias después de la siembra. Resultados principales: Se registrd
una alta colonizacién ectomicorrizica, superior al 84%, en las plantas cultivadas en mezclas de serrin y compost.
Ademas, se observaron incrementos en la biomasa y la calidad fisioldgica de estas plantas en comparacién con
las plantas no inoculadas. Dependiendo de las mezclas de sustrato evaluadas, la inoculaciéon con S. pungens
produjo mayores valores de transpiracion y contenido de clorofila a, clorofila b, clorofila total y carotenoides en
comparacion con la inoculacidn con L. proxima. Aspectos destacados de la investigacion: Se demostré que es
factible producir plantas de Pinus teocote ectomicorrizadas en invernadero, con alta calidad morfofisioldgica y
elevadas tasas de micorrizacion, utilizando sustratos ambientalmente amigables.

Palabras clave: compost; Laccaria proxima; reforestacion; resiliencia; serrin; Suillus pungens; corteza de arbol.
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1. INTRODUCTION

Forests play a crucial role in food security and human nutrition, not only for the communities living
nearby but for humanity as a whole, by mitigating global climate change (FAO, 2025). Unfortunately,
75% of the planet’s land is degraded, directly affecting 3.2 billion people, and if this trend continues,
we are projected to reach 90% by 2050 (Cherlet et al., 2018). An urgent strategy to halt or reverse this
process is the promotion of successful plantations, reforestation, and afforestation, which presents
a significant challenge from social, cultural, economic, technical, and geopolitical perspectives at the
global level. A major limitation in the mass production of forest trees in Mexico is that historically,
foreign-sourced substrates, such as peat, vermiculite, or agrolite, have been used in forest production.
This has resulted in: i) a substantial increase in production costs (Martinez-Nevarez et al., 2023) and ii)
significant environmental damage due to the extraction of raw materials or the artificial manufacturing
of these materials (Atzoni et al., 2021). Therefore, there is a need for alternative use of environmentally
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friendly substrates, such as sawdust, which globally reached an annual production of approximately 38
billion tons in 2020 (Gang et al., 2023). In Mexico, 2.8 million m3 of sawdust, shavings, and bark, mainly
from pine, were produced in 2017 (Fregoso-Maduefio et al., 2017). Another promising alternative in
forest production is the use of compost, which has the potential to completely replace peat, according
to Calisti et al. (2023). Solid waste production worldwide is expected to increase from 2.1 billion tons
in 2023 to 3.8 billion tons by 2050 (UNEP, 2024), with Mexico generating approximately 42 million tons
of solid waste annually (SEMARNAT, 2025).

Furthermore, the vast majority of trees in temperate and boreal forests form obligatory mutualistic
associations with ectomycorrhizal fungi (EMF). This relationship is crucial for the structure, function,
and conservation of these forests (Pérez-Moreno et al., 2021). From an ecological perspective,
ectomycorrhizal symbiosis provides various beneficial effects to the associated plants, including
enhanced nutrient absorption, such as nitrogen and phosphorus (Smith & Read, 2008; Pickles &
Simard, 2017), protection against pathogens, and tolerance to stress conditions such as transplant
shock, drought, high temperatures, and potentially toxic elements (Smith & Read, 2008; Carrillo-
Saucedo et al., 2022). Climate change mitigation may be achieved through the reforestation of
degraded and deforested lands using native or endemic pine species inoculated with specific
EMF. This strategy facilitates seedling establishment and survival in nutrient-deficient or drought-
prone soils (Kothe et al., 2025). Ectomycorrhizal symbiosis serves as a significant driver of carbon
sequestration within terrestrial ecosystems. This relationship functions not merely as a conduit
for transferring plant-derived carbon into the soil but as a fundamental regulator of its long-term
stability. Through the production of recalcitrant fungal necromass (primarily consisting of chitin and
melanin), the promotion of soil aggregation, and, most critically, the suppression of decomposition
rates via competitive interactions, EMF transition the carbon cycle from a rapid, plant-litter-based
loop to a slower, soil-based storage system (Clemmensen et al., 2017; Dick et al., 2022; Yu et al.,,
2025). Consequently, understanding and managing these symbiotic relationships represents a critical
frontier in the development of strategies for climate change mitigation. In Mexico, Pinus species are
of primary importance in the country’s timber production, both in terms of volume and economic
value. Between 2002 and 2016, the value of pine timber production accounted for an average of 85.1%
of the total forest species under management (Moctezuma-Lépez & Flores, 2020). More recently, it
has been recorded that the average pine timber production accounted for 72.5% (SEMARNAT, 2021).
However, the country lacks a mass production program for ecologically important pines inoculated
with ectomycorrhizal fungi, which has led to low field survival rates, ranging from 0% to 43% (Prieto
& Goche, 2016), with the potential for drastic reductions in survival due to current climate change.

Therefore, the biotechnological development of inoculating forest species with native ectomycorrhizal
fungi represents an urgent need in forest production. Likewise, the search for locally produced
substrates also represents a priority. Furthermore, one criterion for selecting EMF that has gained
significant global attention is their edibility. Inoculating with edible ectomycorrhizal fungi provides dual
benefits by not only enhancing tree growth and survival through improved nutrient and water uptake
but also by generating an additional source of nutrition and income through the harvest of valuable
fungal fruiting bodies. In contrast, while non-edible species may offer similar ecological benefits, they
lack this supplementary socioeconomic advantage, thereby missing an opportunity to integrate food
production and economic incentives into reforestation programs (Pérez-Moreno et al., 2021). In Mexico,
Laccaria proxima (Boud.) Pat. (Lp) and Suillus pungens Thiers & A.H. Sm. (Sp) are two edible mushroom
species of great social, economic, and environmental importance (Carrasco-Hernandez et al., 2010;
Garibay-Orijel et al., 2013; Pérez-Moreno et al., 2020, 2021). Species of the genera Laccaria and Suillus
are considered cosmopolitan and pioneer fungi, colonizing plants in the early phenological stages and
forming ectomycorrhizae with a wide range of hosts (Carrasco-Hernandez et al., 2010; Pérez-Moreno
et al., 2020). Pinus teocote Schiede ex Schlechtendal & Chamisso is an endemic species to Mexico and
the gymnosperm with the widest distribution in the country, also having significant commercial timber
value (Escobar-Alonso & Rodriguez-Trejo, 2021). It is characterized by its growth in dry, stony soils and
its tolerance to long periods of drought, making it a key species in reforestation programs under current
climate change conditions (CONAFOR, 2023). Against this backdrop, the aim of the present study was to
evaluate the effect of inoculating Pinus teocote with Lp and Sp on the growth and physiological quality
of the species, grown in environmentally friendly substrate combinations. As a comparative reference,
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a substrate named “Colpos,” previously used in research to evaluate the successful ectomycorrhizal
colonization of native Mexican pines (Pérez-Moreno et al., 2021), was also employed.

2. MATERIALS AND METHODS
2.1. Plant material and inoculum

The experiment was conducted in the greenhouses Colegio de Postgraduados, Campus Montecillo,
Texcoco, State of Mexico. The germplasm of P. teocote was collected from the Iztaccihuatl-Popocatépetl
National Park, State of Mexico. Prior to sowing, the seeds were submerged in water for 24 hours to
eliminate sterile or empty seeds, preparing them for germination. Subsequently, they were sterilized
with 30% H,0, for 20 minutes and rinsed with sterile water. The basidiomes used for the preparation of
ectomycorrhizal inoculum were collected from the same region than the P. teocote seeds. The inoculum
was prepared according to the methodology established by Martinez-Reyes et al. (2012). The fruiting
bodies were collected in June 2019. Subsequently, the pilei were excised from the stipes, and the
hymenial tissues were separated for Lp and Sp, respectively. The pileal tissue of Lp and the hymenial
tissue of Sp were desiccated at 35 °C in an industrial fruit-drying oven. Taxonomic identification of Lp
and Sp was performed based on the morphological criteria described by Carrasco-Hernandez et al.
(2010) and Garibay-Origel et al. (2013). The dried pilei and hymenial tissues were weighed using an
analytical balance (ESNOVA TH-Il) and homogenized in a blender (Oster) with sterile distilled water at
a 1:1 (w/v) ratio. The resulting inoculum was stored in amber glass containers at 5 °C until use three
months after preparation. Spore concentration in the inoculant suspensions was quantified using a
Neubauer hemocytometer chamber. A dosage of 10° to 108 spores was applied per plant.

2.2. Establishment of the experiment

Three substrates were used: S1) sand-bark-forest soil (40:40:20, v/v/v); S2) sawdust-bark-compost
(50:30:20, v/v/v); and S3) sawdust-bark-compost (55:35:10, v/v/v). The bark and sawdust components
were sourced from a local sawmill and comprised a mixture of native Mexican pine species,
including Pinus pseudostrobus Lindl., Pinus ayacahuite Ehrenb. ex Schltdl., P. teocote, and Pinus
hartwegii Lindl. All substrate components were sieved through a 1 cm mesh to achieve a uniform
particle size prior to mixing. Substrate sterilization was performed using steam in a pressure cooker
at 125 °C and 127 kPa (18.5 PSI) for a duration of four hours. Following sterilization, substrates were
allowed to rest for 48 hours at ambient conditions before undergoing a second identical sterilization
cycle. This protocol, established in prior studies, was implemented to ensure the complete elimination
of pre-existing microbial inocula within the constituent materials.

For sowing, black plastic tubes of 130 cm?, disinfected with 96% alcohol, were used. Three seeds were
sown per tube at a depth of 1 cm. Two inoculations were performed: one during sowing and another
180 days after sowing, with the spores of the edible ectomycorrhizal mushrooms corresponding to
each treatment. The plants were watered with sterile distilled water every three days, alternating with
a fungicide solution (Captan) at a concentration of 2 g:-L! as a preventive measure to avoid “damping
off” during the initial growth stage until the plant stem became lignified. Although the experiment was
conducted under greenhouse conditions, purpose-built experimental devices were utilized to control
spore dispersal between treatments, based on prior experiences (see description and illustration in
Carrasco-Hernandez et al. 2010). These apparatuses consisted of seedling trays placed within wooden
cubic frames. The frames were enclosed with transparent plastic sheeting on all sides, while the top was
sealed with a mesh screen (< 1 mm) to permit gaseous exchange. A collection tray was placed at the
base to capture irrigation leachate. One wall of the enclosure was designed to be removable to facilitate
watering. This experimental setup effectively prevented cross-contamination between treatments.

2.3. Experimental design

A completely randomized 3x3 factorial design was used, with two factors: substrate (three levels: S1,
S2, and S3) and fungal species [three levels: plants inoculated with Lp or Sp, and non-inoculated plants

Forest Systems, 35 (1), 21041 https://doi.org/10.5424/fs/2026351-21041




Edible ectomycorrhizal mushrooms enhance pine morphophysiology on sustainable substrates

(Nip)]. Each treatment had ten replications, resulting in a total of 90 experimental units. Five randomly
selected plants were used to assess dry biomass, and the remaining five were divided into aerial
and root parts. The aerial part of these later plants was used to evaluate chlorophyll and carotenoid
content, while the root part was used for ectomycorrhizal colonization.

2.4. Evaluated variables

2.4.1. Dry biomass and plant growth

To determine plant growth and dry biomass (shoot, root, and total), five randomly selected plants per
treatment were destructively sampled. The height and diameter of the plants were measured using a
graduated ruler and a digital caliper at 120, 360, and 510 days after sowing. At 570 days after sowing,
the shoot and root parts of the plants were separated, and the roots were washed with running water
through a 0.18 mm mesh sieve to remove the substrate and prevent root loss. The shoot and root parts
were then dehydrated in a drying oven (Santorius AC210S, Germany) at 70 °C for three days until a
constant weight was achieved and subsequently weighed on an analytical balance.

2.4.2. Photosynthesis, transpiration, chlorophyll, and carotenoids content

Five plants per treatment were used for each variable. The photosynthetic rate was determined at 510,
540, and 570 days after sowing using a portable CO, meter (Model telaire7001, Spectrum Technologies).
Transpiration was quantified gravimetrically 570 days after sowing, with measurements conducted at
12-hour intervals according to the following protocol:

i) Light irrigation was applied at 7:00 pm to each plant selected for evaluation; ii) At 07:00 am the
following day, the substrate was watered to field capacity. Excess water was drained, and the base of
each plant was sealed at the root collar using a transparent plastic bag. The initial weight (P;) was then
recorded using an analytical balance; iii) The plant weight (P,) was recorded again at 7:00 pm; iv) A final
weight measurement (Ps) was taken at 07:00 am the next day, after which the plastic bag was removed.
Transpiration was calculated using the following formula:

Day and night transpiration = P1 - P2 - P3.

Chlorophyll a, b, total content, and carotenoids were determined 570 days after sowing using the
acetone method (Zhang, 1986). Absorbance readings were made at wavelengths of 470, 646, and 663
nm according to the equations of Lichtenthaler (1987).

2.5. Ectomycorrhizal colonizationand micro-andmacromorphologicalcharacterization
of morphotypes

Ectomycorrhizal colonization was evaluated by destructively sampling five plants per treatment 570
days after sowing. The root system was separated from the shoot part and washed with running water
to remove the substrate, then passed through three sieves of different diameters (1.19, 0.180, and 0.085
mm) to collect as many roots as possible. The roots were quantified using a stereoscopic microscope
(LEICA EZ4) to count live ectomycorrhizal short roots, non-mycorrhizal roots, and dead roots. The
percentage of colonization was calculated by determining the proportion of live ectomycorrhizal
short roots relative to the total number of short roots of each plant (Martinez-Reyes et al., 2012).
The micro- and macromorphological characterization of the L. proxima and S. pungens morphotypes
was performed through histological sections and semi-permanent preparations. The ectomycorrhizas
selected were cleaned with water and a brush to remove substrate aggregates. Morphoanatomical
characterization and measurement were carried out using the methodology proposed by DEEMY
(2020) through stereoscopic microscopy to observe the color of various sections of the ectomycorrhizal
tips, the branching pattern, and the presence or absence of rhizomorphs and external mycelium, and
with light-field optical microscopy to record the arrangement of hyphae in the mantle, Hartig net, and
external hyphae.
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2.6. Statistical analysis

Data analysis for all variables was conducted using analysis of variance and Tukey’s mean comparison
test (a < 0.05) using the SAS® statistical package, version 9.0. When the assumptions of normality were
not met, the data were transformed to their logarithmic values before performing the statistical tests.
For those data of colonization rates expressed as percentages, they were always log-transformed.

3. RESULTS

3.1. Dry biomass and plant growth

For plants grown in S1 and S2, differences were observed between inoculated and non-inoculated
plants in terms of dry weight of the shoot, root, and total compartments, regardless of the inoculated
fungus. Among plants inoculated with S1, those inoculated with Lp exhibited higher dry weight in
the root and total compartments compared to those inoculated with Sp. A contrasting trend was
observed in plants grown in S3, where differences were only observed in the dry weight of the root
between inoculated and non-inoculated plants (Table 1). The highest total dry biomass production
was recorded in plants inoculated with Lp and grown in S1. The effect was 11.6, 8.7, and 8.7 times
greater compared to non-inoculated plants across the various substrates (Table 1). Overall, the height
of the inoculated plants was greater than the non-inoculated plants, irrespective of the inoculated
fungus and substrate, particularly at 360 and 510 days after sowing. Differences in height between
inoculated plants were observed 510 days after sowing. Plants inoculated with Sp exhibited greater
height than those inoculated with Lp grown in S1, while the opposite trend was seen in plants grown in
S3, 510 days after sowing (Figure 1). At 510 days after sowing, greater stem diameters were recorded
in inoculated plants compared to non-inoculated plants, particularly in plants grown in S1 and S2. A
different trend was observed in S3, where plants inoculated with Sp showed stem diameters equal to
those of non-inoculated plants (Figure 2). No differences were observed in stem diameters between
plants inoculated with Sp or Lp at any of the three evaluation times.

Table 1. Dry weight of the shoot, root and total of non-inoculated Pinus teocote plants or inoculated
with Laccaria proxima and Suillus pungens, grown in three substrates, 570 days after sowing

Treatment 9| Dry weight (g)
Shoot Root Total

S1

Ip with Lp 1.52+0.05a 1.28+0.05a 2.80+0.07 a
Ip with Sp 1.10 £ 0.04 ab 0.76 £0.07 b 1.86+0.07b
Nip 0.14+0.02e 0.10+0.00c 0.24+0.02d
S2

Ip with Lp 0.74 £ 0.12 bc 0.70+0.13 b 1.44+0.22b
Ip with Sp 0.86 £ 0.21 bc 0.82+0.05b 1.68+0.25b
Nip 0.14+0.02e 0.18+0.02c 0.32+0.02cd
S3

Ip with Lp 0.54 £ 0.02 ced 0.58+0.04b 1.12 £ 0.05 bc
Ip with Sp 0.68 £ 0.21 bcd 0.72+£0.16 b 1.40+0.37b
Nip 0.16 £ 0.02 de 0.16+0.02c 0.32+0.03 cd

The data are means * Standard deviation, n = 5. Values in the same column with the same letter are not different according to the Tukey
test at (p < 0.05). Ip = Inoculated plants; Nip = Non-inoculated plants; Lp = Laccaria proxima; Sp = Suillus pungens; Substrates: S1 = sand,
pine bark, and forest soil (2:2:1); S2 = sawdust, bark, and compost (50:30:20); S3 = sawdust, bark, and compost (55:35:10).
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Figure 1. Height of Pinus teocote plants at 120, 360, and 510 days after sowing (das), inoculated or non-
inoculated with two ectomycorrhizal fungi, grown in three substrates. Values represent the mean * standard
error of the mean (n = 5). Bars sharing the same letter within each date are statistically equivalent, according to
Tukey’s test (p < 0.05). Ip = Inoculated plants; Nip = Non-inoculated plants; Lp = Laccaria proxima; Sp = Suillus
pungens; Substrates: S1 = sand, pine bark, and forest soil (2:2:1); S2 = sawdust, bark, and compost (50:30:20);
S3 = sawdust, bark, and compost (55:35:10).
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Figure 2. Diameter of Pinus teocote plants at 120, 360, and 510 days after sowing (das), inoculated or non-
inoculated with two ectomycorrhizal fungi, grown in three substrates. Values represent the mean # standard
error of the mean (n = 5). Bars sharing the same letter within each date are statistically equivalent, according to
Tukey’s test (p < 0.05). Ip = Inoculated plants; Nip = Non-inoculated plants; Lp = Laccaria proxima; Sp = Suillus
pungens; Substrates: S1 = sand, pine bark, and forest soil (2:2:1); S2 = sawdust, bark, and compost (50:30:20);
S3 = sawdust, bark, and compost (55:35:10).

3.2. Photosynthetic rate and transpiration

In general, the photosynthetic rate was higher in inoculated plants compared to non-inoculated plants,
regardless of the substrate and inoculated fungus. The greatest increase in the photosynthetic rate was
recorded at 570 days after sowing in plants inoculated with Lp and grown in S3, which was 4.9 times
greater than in non-inoculated plants. A similar trend was observed in transpiration. In plants grown in
S1, higher transpiration was recorded in those inoculated with Lp compared to those inoculated with
Sp, which did not occur in plants grown in S2 and S3 (Table 2).
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Table 2. Photosynthetic rate and transpiration in Pinus teocote plants at 510, 540, and 570 days after
sowing, inoculated or non-inoculated with Laccaria proxima and Suillus pungens, grown in three substrates

Photosynthetic rate (g CO2:m2-h)

Transpiration

Treatmentq]
510 days 540 days 570 days (8)

s1

Ip with Lp 1.15+0.131 ab 1.19 £ 0.116 bc 1.24 +0.112 ab 0.05+0.010 b
Ip with Sp 1.17 +0.101 ab 1.34+0.212b 1.67+0.277 a 0.08 +0.005 a
Nip 0.20 +0.014 d 0.38+0.054d 0.48 +0.042 b 0.01+0.003 ¢
S2

Ip with Lp 1.17 +0.174 ab 1.65+0.213 ab 2.02+0.201a 0.05 +0.005 b
Ip with Sp 1.43+0.248 ab 1.34+0.174 b 1.92+0.253 a 0.04 +0.005 b
Nip 0.36 +0.112 cd 0.52 +0.041 cd 0.45+0.060 b 0.01 +0.003 ¢
S3

Ip with Lp 1.65+0.117 a 2.16+0.130 a 1.88+0.177 a 0.05 +0.002 b
Ip with Sp 0.96 + 0.087 bc 1.69 £ 0.202 ab 2.02+0.249 a 0.03 +0.005 bc
Nip 0.41 + 0.063 cd 0.44 +0.030d 0.44+0.033 b 0.01 +0.007 ¢

The data are means * Standard deviation, n = 5 for photosynthetic rate and transpiration, Values in the same column with the same letter
are not different according to the Tukey test at (p < 0.05). Ip=Inoculated plants; Nip = Non-inoculated plants; Lp = Laccaria proxima; Sp =

Suillus pungens; Substrates: S1 = sand, pine bark, and forest soil (2:2:1); S2 = sawdust, bark, and compost (50:30:20); S3 = sawdust, bark, and
compost (55:35:10).

Table 3. Chlorophyll a, b, total and carotene content of non-inoculated Pinus teocote plants or
inoculated with Laccaria proxima and Suillus pungens, grown in three substrates, 570 days after sowing

Chlorophyll (mg-g?)

Carotene
Treatments a b Total (mg-g?)

Substrate 1

Ip with Lp 73204 ab 291+0.21a 10.24 £ 0.61 ab 2.14+0.11ab
Ip with Sp 6.22 £ 0.69 abc 2.31+0.25ab 8.53+0.95 abc 1.75 +£0.16 abc
Nip 5.90 £ 0.65 abcd 2.10+£0.23 ab 8.01 £ 0.89 abc 1.83 £0.18 abc
Substrate 2

Ip with Lp 4.65+0.70 cd 2.07+0.21ab 6.72+0.73 c 1.18+0.35¢
Ip with Sp 8.12+0.39a 2.861+0.26a 10.99+0.43 a 2.24+0.21a
Nip 3.64+0.32d 1.67+0.22b 5.32+0.32c 0.99+0.17 ¢
Substrate 3

Ip with Lp 5.32 £0.38 bcd 2.00+0.13 ab 7.32+0.51 bc 1.50 £ 0.09 abc
Ip with Sp 7.73£0.59 ab 2.80+0.24a 10.53+0.82 ab 2.09+0.12ab
Nip 3.99+0.51 cd 1.45+0.17 b 5.45+0.69c 1.32+0.13 bc

The data are means + Standard deviation, n = 5. Values in the same column with the same letter are not different according to the Tukey
test at (p < 0.05). Ip = Inoculated plants; Nip = Non-inoculated plants; Lp = Laccaria proxima; Sp = Suillus pungens; Substrates: S1 = sand,
pine bark, and forest soil (2:2:1); S2 = sawdust, bark, and compost (50:30:20); S3 = sawdust, bark, and compost (55:35:10).
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3.3. Chlorophyll a, b, total chlorophyll, and carotenoid content

Substantial differences were observed in the concentrations of chlorophylls and carotenoids depending
on the substrates in which the plants grew. In plants grown in S1, no differences were found between
inoculated and non-inoculated plants regarding chlorophyll and carotenoid content, regardless of
the inoculated fungus. In contrast, in plants grown in S2, those inoculated with Sp exhibited higher
concentrations of chlorophyll a, b, total chlorophyll, and carotenoids compared to plants inoculated with
Lp or non-inoculated plants. Similarly, in plants grown in S3, those inoculated with Sp showed higher
concentrations of chlorophyll b and total chlorophyll compared to non-inoculated plants (Table 3).

3.4. Mycorrhizal colonization and morphoanatomical characterization of morphotypes

The percentages of colonization in inoculated plants were high regardless of the inoculated fungi
and the substrates in which the plants grew, ranging from 84.7% to 98.8%. Although no differences
were found between the two inoculated fungi, the highest recorded value was observed in plants
inoculated with Sp in S2, which was higher than the values recorded for plants inoculated with Sp in
S1 and those inoculated with Lp in S3 (Table 4).

Table 4. Mycorrhizal colonization of inoculated Pinus teocote plants with Laccaria proxima and Suillus
pungens; or not inoculated, grown in three substrates, 570 days after sowing

Living short-roots Dead short-roots %

Treatmentsq| : : - - o .
Mycorrhizal  Non- mycorrhizal Mycorrhizal Non- mycorrhizal Colonization

Substrate 1

Ip with Lp 546.0+163.1b 15.3+6.6b 217.6+107.5a 22.316.7c 97.5ab
Ip with Sp 275.3%95.1b 51.6+£19.9ab 131.3£19.5ab 24.614.1c 84.7b
Nip 0.0+0.0b 69.616.3a 0.0+0.0b 324.6142.9a 0.0c

Substrate 2

Ip with Lp 638.0+£224.9ab 38.0+16.6ab 233.0+£36.7a 10.0+5.2¢ 91.2ab
Ip with Sp 1361.3+201.5a 15.6+0.8b 84.6x5.0ab 8.0+4.3c 98.8a
Nip 0.0+0.0b 56.0+8.1ab 0.0+0.0b 214.3+£27.0b 0.0c

Substrate 3

Ip with Lp 328.6181.4b 54.0+2.0ab 153.0+£20.5ab 25.6+12.9c 84.8b
Ip with Sp 594.0+£250.3b 56.0+2.5ab 76.6122.9ab 34.6%2.1c 88.6ab
Nip 0.0+0.0b 81.3%8.2a 0.0£0.0b 226.6+34.4ab 0.0c

The data are means + Standard deviation, n = 3. Values in the same column with the same letter not different according to the Tukey test at
(p £0.05). Ip = Inoculated plants; Nip = Non-inoculated plants; Lp = Laccaria proxima; Sp = Suillus pungens; Substrates: S1 = sand, pine bark,
and forest soil (2:2:1); S2 = sawdust, bark, and compost (50:30:20); S3 = sawdust, bark, and compost (55:35:10).

The morphoanatomical characteristics of the ectomycorrhizas of Lp and Sp in P. teocote were as
follows: a) Lp: The hyphal branching was simple or dichotomous, with lengths ranging from 0.9 to
2.5 mm. The shape of the non-branching apex was sinuous. In the juvenile stage, the surface was
light brown with a brown apex (Figure 3a), and in the adult stage, it turned brown with yellow to
golden brown apices and a cylindrical end (Figure 3c). Occasionally, transparent to white hyphae
were observed at the apex. The external mantle had a smooth, slightly shiny, and gelatinous surface.
No rhizomorphs or sclerotia were observed. The internal and external mantle organization was
plectenchymatous, with the Hartig net extending inside the root, penetrating two to three layers
of cortical cells (Figure 3b). Additionally, a senescent primordium of Lp was found at the base of
the tubes 570 days after sowing, evidencing the establishment of the ectomycorrhizal symbiosis
with the inoculated ECM species (Figure 3c); and b) Sp: The hyphal branching was dichotomous and
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coraloid, with lengths ranging from 2 to 4.5 mm (Figure 3d). The shape of the non-branching apex
was straight in the juvenile stage, with a light ochre surface, and yellow ochre when mature, with a
cylindrical end. In both stages, the fungal mantle was clearly visible, with a cottony white surface,
often covered by substrate mineral particles. A plentiful presence of rhizomorphs with emanating
white hyphae was observed, with long-distance exploration (Figure 3e). The presence of oxalate
crystals was observed, and no sclerotia were found. The internal and external mantle organization
was plectenchymatous, with the emanating hyphae intertwined, irregularly shaped, with slightly
thickened walls and simple septa. The Hartig net extended inside the root, penetrating two to three
layers of cortical cells (Figure 3f).

™

2000 pm

Figure 3. Ectomycorrhizae between Pinus teocote and Laccaria proxima (Lp); and Suillus pungens (Sp). a)
Dichotomous ectomycorrhiza of Lp; b) Cross-section view of the Lp ectomycorrhiza showing the Hartig net (rH)
and fungal mantle (M); c) Senescent primordium of L. proxima growing between the roots of P. teocote; d)
Coraloid ectomycorrhiza of P. teocote with Sp; e) Abundant rhizomorphs (Rz) associated with the ectomycorrhiza
of Sp; f) Cross-section view of the Sp ectomycorrhiza showing the Hartig net (rH) and emanating hyphae (HE).
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4. DISCUSSION

This is the first study to evaluate the effect of ectomycorrhizal inoculation of Lp and Sp on
morphophysiological traits of P. teocote grown in different substrates, including environmentally
friendly combinations without chemical fertilization. Due to the low survival rates in pine forest
plantations, the production of high-quality seedlings becomes increasingly important (Vicente-
Arbona et al., 2019). Traditionally, the standards for seedling production in nurseries have been
based solely on the morphological and physiological characteristics of the plants (Sdnchez et
al., 2014; Vicente-Arbona et al., 2019), without considering the importance of ectomycorrhizal
inoculation. However, one of the most important criteria for the adaptation of forest species in
the field is the appropriate selection of mycobionts (Pérez-Moreno & Martinez-Reyes, 2014) for
ectomycorrhiza formation. The promotion of plant growth and biomass production in conifers has
been reported as a consequence of ectomycorrhizal inoculation. Among the ectomycorrhizal fungi
still used as inoculum sources, species from the Laccaria and Suillus genera have been previously
included (Pera & Parlade, 2005; Erlandson et al., 2022; Salazar-Aleman et al., 2023).

In the present study, an increase in biomass was recorded, regardless of the ectomycorrhizal
inoculum source. Plants grown in substrate S1 (sand-bark and forest soil) showed higher dry
biomass and plant growth compared to those grown in different ratios of sawdust-bark-compost
(52 and S3). Previous studies have found the efficiency of substrate S1, with favorable results in
the growth of various forest species inoculated with a wide range of ectomycorrhizal fungi. For
example, Carrasco-Hernandez et al. (2011) obtained greater dry weight of the aerial, root, and
total parts of Pinus patula Schl. et Cham and P. pseudostrobus plants when inoculated with Laccaria
bicolor (Maire) P.D. Orton., L laccata (Scop.) Cooke, and Lp. Similarly, Lopez-Gutiérrez et al. (2018)
used the same substrate in Pinus pringleii Shaw plants inoculated with Lp and recorded greater
height, stem diameter, and dry weight compared to non-inoculated plants. However, two of the
substrates used in these studies, sand and forest soil, are non-renewable forest resources since
they take thousands of years to naturally regenerate. In contrast to the results found in this study,
Rincon et al. (2005) stated that the substrate does not influence the development of Pinus pinea
L. plants inoculated with Pisolithus tinctorius (Pers.) Coker & Couch, Rhizopogon luteolus Fr., R.
roseolus (Corda) Th. M. Fr., and Scleroderma verrucosum (Bull.) Pers.; rather, the effect on plant
growth is mainly attributed to the mycobiont.

The highest transpiration was recorded in plants inoculated with Sp in S1, being 8.0 times higher
compared to non-inoculated plants. This beneficial effect could be linked to the presence of
rhizomorphsintheroots of Sp, which are structures with high water mobilization capacity. Therefore,
these structures are considered an extension of the plant’s root system to tolerate water-stress
environments (Pérez-Moreno & Read, 2004). Other studies have demonstrated that colonization
by ectomycorrhizal fungi enhances photosynthetic rate and water-use efficiency. Xu et al. (2015),
when inoculating L. bicolor in Picea glauca (Moench) Voss, showed that fungal hyphae promote
higher transpiration and an increase in photosynthetic rate. Li et al. (2021) mentioned that under
drought stress, Pinus massoniana Lamb. plants inoculated with Suillus placidus (Bonord.) Singer
showed greater growth and photosynthetic performance compared to non-inoculated plants.

Increases in the concentrations of chlorophylls a, b, total chlorophyll, and carotenoids in plants
inoculated with some species of ectomycorrhizal fungi have been reported. In this study, plants
inoculated with Sp in S2 showed significant differences in chlorophyll and carotenoid content.
Likewise, plants grown in S1 and S3, inoculated with Lp and Sp, respectively, showed significant
differences in chlorophyll a content compared to non-inoculated plants. Some authors have
mentioned that at the beginning of symbiosis, the pigment content in non-inoculated plants may
be higher than in inoculated plants (Vodnik & Gogala, 1994; Kraj & Grad, 2013). For instance, Picea
abies (L.) Karsten plants inoculated with Laccaria laccata, P. tinctorius, and Lactarius piperatus
(L.) Pers. showed a notably lower pigment content compared to non-inoculated plants in spring.
However, this effect changed during autumn (Vodnik & Gogala, 1994). Among the possible causes
attributed to this effect, hormonal modifications during plant growth have been considered, as
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mycorrhizal plants contain more cytokinins, and the increasing concentrations of these hormones
may influence chlorophyll synthesis (Kuraishi et al., 1992). Several studies have been conducted
on the influence of inoculation with various species of Suillus and Laccaria in Pinus species, and
in all cases, a significant increase in chlorophyll a, b, and carotenoid concentrations was observed
compared to the control group (Yin et al., 2016; Chu et al., 2019; Barragan-Soriano et al., 2022).

In different regions of central and southern Mexico, Lp and Sp are of great importance as edible
species. Particularly, Lp is associated with a wide range of hosts such as Abies, Eucalyptus, Larix,
Fagaceae, Picea, Pinus, Quercus, and Tsuga (Pérez-Moreno et al., 2008). Meanwhile, Sp is associated
with species of the Pinus, Larix, and Tsuga genera. It has been demonstrated that inoculation with
species from these ectomycorrhizal genera increases growth and nutritional content, particularly
in Pinus species (Barroetavefia et al., 2012; Galindo-Flores et al., 2015; Lopez-Gutiérrez et al., 2018).
However, these effects had not been reported for P. teocote until now. Regarding ectomycorrhizal
colonization, it ranged from 84.7% to 98.8% in inoculated plants and across different substrates,
with the highest value observed in plants inoculated with Sp in S2. The percentages obtained in
this study are considered high, as they exceed the 25% threshold, which is the minimum acceptable
for determining the vigor and quality of ectomycorrhizal plants (Wang & Hall, 2004; Smith & Read,
2008). These results are consistent with several inoculation studies with the mycobionts and
phytobionts described here, obtaining mycorrhization percentages ranging from 90% to 98.5%
with Laccaria species (Zong et al., 2015; Lopez-Gutiérrez et al., 2018; Rodriguez-Gutiérrez et al.,
2019). However, for the Suillus genus, the colonization percentages reported in other studies have
been lower than those observed in this study, ranging from 35% to 71% at most (Barroetavefia et
al., 2012; Castrillén et al., 2015; Yin et al., 2016). Regarding the relationship between the increase
in mycorrhization percentage and physiological variables such as photosynthesis, authors like Choi
et al. (2005) suggest that inoculated seedlings have higher nutrient and water absorption, which
leads to better nutritional status and results in a more vigorous physiological response, particularly
in photosynthetic activity.

The diagnostic characters of ectomycorrhizae (Table 5) align with those previously described for
both mycobiont genera by various authors (Carrasco-Hernandez et al., 2010; Barroetaveia et al.,
2012; Garibay-Orijel et al., 2013; Lépez-Gutiérrez et al., 2018; Rodriguez-Gutiérrez et al., 2019). To
date, few studies have reported the production of sporocarps or fruiting bodies of Lp in nurseries
or greenhouses as a result of mycorrhizal inoculation. However, this study found sporocarps at the
bottom of the tubes in plants inoculated with this mycobiont. Previous reports in conifers have
documented sporocarp formation in greenhouses, such as Hebeloma leucosarx P.D. Orton with
Pinus montezumae Lamb. (Villegas-Olivera et al., 2017), Hebeloma mesophaeum (Pers.) Quél. with
Pinus greggii Engelm. ex Parl. (Martinez-Reyes et al., 2012), and L. laccata with Pinus sylvestris L.
and Pinus resinosa Aiton (Massicotte et al., 2005).

The results of this study demonstrate that substrates composed solely of compost and sawdust
can not only effectively support the growth of Pinus seedlings but are also exceptionally
conducive to achieving high rates of ectomycorrhizal colonization, consistently exceeding 80%.
This finding is of significant relevance for sustainable forest nursery practices, as it provides
a robust, environmentally friendly alternative to conventional fertilized substrates. Previous
research has established that substrates based on pine sawdust and bark can produce quality
plants of P. pseudostrobus and P. montezumae (Aguilera-Rodriguez et al., 2016a, b), and that P.
greggii can be cultivated in fertilized sawdust-based substrates (Vicente-Arbona et al., 2019). It
is well-documented that chemical fertilization often inhibits the mycorrhization process (Smaill &
Walbert, 2013). However, the present study is, to the best of our knowledge, the first successful
report of controlled ectomycorrhization with native fungi in a greenhouse setting using unfertilized
sawdust and compost substrates, and its subsequent positive impact on both the morphological
and physiological traits of the plants. This contrasts sharply with most other studies reporting
positive effects from inoculation with Laccaria or Suillus genera, which typically rely on mixtures
of commercial substrates like peat moss, vermiculite, or agrolite, supplemented with chemical
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fertilization (Chu et al., 2019; Rodriguez-Gutiérrez et al., 2019). The avoidance of such fertilizers in
our protocol is a critical factor, as it prevents the nutrient saturation that suppresses host-fungus
signaling and symbiotic establishment, thereby creating the low-nutrient conditions that select for
and promote a robust mycorrhizal partnership.

The consistently high colonization rates (> 80%) achieved are interpreted as a result of the synergistic
interplay between: i) the aggressivity of the compatible ectomycorrhizal fungal symbionts, ii) an
extended developmental period of 570 days that facilitated extensive colonization, and iii) the
optimized methodological conditions employed in this study. The compost and sawdust substrate
provide a physical structure and a complex organic nutrient base that favors fungal development
over rapid, fertilizer-driven plant biomass accumulation. This partnership, once established,
becomes a powerful biological substitute for chemical inputs. The significant enhancement in
photosynthetic rate, observed between 510 and 570 days after sowing and representing increases
of 4.4 and 4.5 times in plants inoculated with Lp and Sp, respectively, can be attributed to the
establishment of an effective symbiotic relationship. These findings are consistent with those
reported by Barragan-Soriano et al. (2018), who documented a 4.0-fold increase in photosynthetic
rate in P. montezumae seedlings co-inoculated with Hebeloma mesophaeum and Azospirillum
brasilense Tarrand, Krieg y Dobereiner. The comparative magnitude of the physiological response
observed in the present study corroborates the beneficial impact of ectomycorrhizal symbiosis on
host plant photosynthesis. This physiological enhancement is likely mediated by the ectomycorrhizal
fungi’s extensive extraradical mycelium, which dramatically expands the functional root area. This
network potentially may act as a highly efficient auxiliary absorption system, not only for water
(Smith & Read, 2008), mitigating plant drought stress and facilitating higher stomatal conductance,
but also for mobilizing essential nutrients like nitrogen and phosphorus from organic matter in the
compost, directly fueling photosynthetic processes. The importance of this friendly-environmental
technology in forestry cannot be overstated. Firstly, it valorizes local organic waste streams
(sawdust, bark and compost), promoting a circular economy and reducing the nursery’s dependency
on external, expensive, and carbon-intensive inputs like peat (whose harvest raises ecological
concerns) and synthetic fertilizers. Secondly, it eliminates the environmental risks associated with
fertilizer runoff, such as soil and water eutrophication. Most importantly, it produces seedlings
that are not merely larger but are ecologically primed for success in reforestation sites. A seedling
entering the field with a pre-established, high-rate mycorrhizal symbiont is already adapted to
nutrient-limited conditions and possesses a sophisticated network for resource acquisition.
This translates to superior resilience to transplantation shock, water stress, and soil pathogens,
ultimately leading to higher survival rates and more successful, cost-effective forest restoration
programs. Therefore, the use of unfertilized compost and sawdust substrates is a cornerstone of
a sustainable forestry paradigm, leveraging biological synergy to produce hardy, ectomycorrhized
trees while minimizing the environmental footprint of nursery operations.

5. CONCLUSIONS

To the best of our knowledge, this study is the first to demonstrate the feasibility of producing
Pinus plants with high ectomycorrhizal colonization, exceeding 84%, and good morphological
and physiological quality, using environmentally friendly substrate mixtures. Additionally, for the
first time, ectomycorrhizal colonization of Lp and Sp with P. teocote, a neotropical forest species
highly tolerant to environmental stress and, therefore, of significant importance for reforestation
efforts in the current context of climate change, is reported. In general terms, the inoculation of
Lp and Sp improved plant growth, particularly when plants were grown in substrate S1. Moreover,
Sp demonstrated greater efficiency with respect to transpiration in S1 and chlorophyll a, b, total
chlorophyll content, and carotenoids in S2. These results highlight the considerable potential of
producing ectomycorrhizal P. teocote plants grown with organic material combinations and inoculated
with ectomycorrhizal mushrooms, Lp and Sp. These edible mushrooms are of great sociocultural and
economic importance in Mexico and hold substantial potential for reforestation or afforestation
projects within the current context of climate change.
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