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Abstract

This study evaluated ectomycorrhizal compatibility, functional effects, and the inoculum-dose response of Lactarius
quieticolor and Tuber floridanum in Pinus elliottii and Pinus taeda, aiming to understand the role of fungus-host
specificity in the expression of growth and physiological responses. Basidiomes of Lactarius spp. used as the inoculum
source were identified through morphological and molecular analyses, confirming the identity as L. quieticolor.
The symbiont L. quieticolor formed ectomycorrhizae on both Pinus species, whereas T. floridanum established an
association only with P. elliottii, representing the first experimental record of this interaction. In P. elliottii, both fungi
elicited integrated responses regardless of dose, with increases in growth, root biomass and electron transport rate,
while L. quieticolor also increased root length, phosphorus content and modulated initial chlorophyll fluorescence.
In P. taeda, effects were more limited and dose-dependent: increases in shoot nitrogen content, electron transport
rate and root colonization were observed only at the highest inoculum concentrations. Multivariate analyses
revealed a clear separation between control and inoculated plants even as the fungal treatments, indicating specific
functional signatures. Altogether, the results demonstrate that ectomycorrhizal compatibility is not universal among
congeneric Pinus species and highlight the potential of L. quieticolor and T. floridanum as functional ectomycorrhizal
symbionts, with implications for seedling production and the ecology of forest systems.
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Resumo

Este estudo avaliou a compatibilidade ectomicorrizica, os efeitos funcionais e a resposta a dose de indculo de
Lactarius quieticolor e Tuber floridanum em Pinus elliottii e Pinus taeda, visando compreender o papel da especificidade
fungo-hospedeiro na expressao do crescimento e do desempenho fisiolégico. Basidiomas de Lactarius spp. utilizados
como fonte de in6culo foram identificados por analises morfol6gicas e moleculares, confirmando a identidade
de L. quieticolor. O simbionte L. quieticolor formou ectomicorrizas em ambas as espécies de Pinus, enquanto
T. floridanum estabeleceu associagdo apenas com P. elliottii, constituindo o primeiro registro experimental dessa
interacdo. Em P. elliottii, ambos os fungos promoveram respostas integradas, independentemente da dose, com
incrementos no crescimento, na biomassa radicular e na taxa de transporte de elétrons, enquanto L. quieticolor
também aumentou o comprimento radicular, o teor de fésforo e modulou a fluorescéncia inicial da clorofila.
Em P. taeda, os efeitos foram mais restritos e dependentes da dose, sendo observados aumentos no teor de nitrogénio
da parte aérea, na taxa de transporte de elétrons e na colonizagdo radicular apenas nas maiores concentragdes de
in6culo. As andlises multivariadas evidenciaram clara separacdo entre plantas controle e inoculadas e discriminaram
os tratamentos flingicos, indicando assinaturas funcionais especificas. Em conjunto, os resultados demonstram
que a compatibilidade ectomicorrizica ndo é universal entre espécies congéneres de Pinus e destacam o potencial
de L. quieticolor e T. floridanum como simbiontes ectomicorrizicos funcionais, com implica¢des para a produc¢do
de mudas e para a ecologia de sistemas florestais.

Palavras-chave: ectomicorriza, compatibilidade fungo-hospedeiro, Pinaceae, crescimento de plantas, fungos
comestiveis.
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1. Introduction

In forest ecosystems, primary productivity and
functional stability are strongly conditioned by soil nutrient
availability and genetic material, especially in environments
characterized by imbalances in the relationships between
carbon and other essential elements such as nitrogen (N)
and phosphorus (P) (Simon et al., 2022; Sardans et al.,
2023). Under these conditions, ectomycorrhizal (ECM)
associations constitute a key mechanism for nutrient
acquisition and allocation, enhancing the adaptive
capacity of tree species in nutritionally restrictive
environments. However, the establishment and efficiency
of these associations are not random, being modulated by
biochemical, physiological and evolutionary filters imposed
by the host. Thus, ectomycorrhizal compatibility emerges
as a selective process in which only certain fungi become
functionally integrated into the plant’s metabolism.

For Pinus cultivation, recent evidence shows that
ectomycorrhizal association promotes increased plant
biomass and greater carbon allocation and fixation
(Zhou et al., 2022; Delard et al., 2024). Subsequent
studies have shown that ectomycorrhizae contribute
to plant protection against pathogens through physical
barriers, resource competition and induction of host
defense responses (Wang et al., 2022; Ramos et al., 2023).
Under water deficit conditions, the symbiosis has been
associated with improved water-use efficiency, enhanced
plant water status and maintenance of physiological activity
(Sebastiana et al., 2019). Additionally, evidence indicates
that ectomycorrhizae directly modulate the photosynthetic
apparatus, promoting higher photochemical efficiency
(Zhou et al., 2022). Together, these effects can translate into
higher survival rates, improved early growth and better
seedling quality following field planting. The utilization of
specific mycorrhizal inoculants as a strategy to optimize
the initial development and morphological parameters
of tree species is a growing trend in sustainable forestry
practices, particularly in southern Brazil (Trovato et al.,
2024; Santos et al., 2024).

Alongside advances in the eco-physiological understanding
of mycorrhizae, contemporary forestry has incorporated
approaches focused on valuing ecosystem services and the
circular bioeconomy (Fuentealba et al., 2025; Ramos, 2026).
In this context, mycosilviculture, defined as the integration
of commercial tree species with edible ectomycorrhizal
fungi, emerges as a promising alternative for diversifying
forest production. Fungal genera such as Lactarius and
Tuber stand out not only for their ecological relevance
but also for their high gastronomic value, contributing to
the transformation of monocultures into multifunctional
productive systems (Xu et al., 2023).

In Brazil, the predominance of highly weathered and
chemically restrictive soils increases Pinus dependence
on ectomycorrhizal associations (Simon et al., 2022).
Although the functionality of these symbioses is widely
supported by the presence of specialized structures for
active nutrient exchange between plants and fungus
(Gross et al., 2004), taxonomic identification of mycobionts
remains challenging. In commercial plantations, the
high occurrence of morphologically similar species and
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infraspecific varieties of fungus difficult precise distinction
based solely on morphological characters (Wartchow et al.,
2013). In this context, molecular characterization becomes
indispensable to overcome the limitations of classical
taxonomy and ensure correct identification of isolates.
Accurate identification is crucial for mapping the expansion
of exotic mycobiota, since the ectomycorrhizal niche in the
Southern Hemisphere has been progressively occupied by
true truffles, such as Tuber borchii Vittad., a species that
shows high ecological plasticity and success in establishing
functional ectomycorrhizae (Loewe-Mufioz et al., 2024).

The record of Tuber floridanum Grupe, Sulzbacher and M.
E. Smith in pecan orchards in southern Brazil (Grupe et al.,
2018) represents a unique opportunity to understand
its ecological plasticity. Unlike assisted introductions,
this fungus is already acclimated to the subtropical
environment. The ability of this truffle to colonize exotic
gymnosperms such as Pinus elliottii Engelm. and P. taeda
L., thereby crossing the barrier of its original host niche
associated with angiosperms, constitutes a relevant gap
in our understanding of ectomycorrhizal community
dynamics in novel environments (Rudawska et al., 2025).
Accordingly, based on the hypothesis that, although
ectomycorrhizal associations are common in Pinus, the
degree of compatibility and the resulting functional and
morphophysiological effects may vary among congeneric
Pinus species depending on the ectomycorrhizal fungal
partner, this study aimed to evaluate the symbiotic
association and morphophysiological effects of inoculating
Tuber floridanum and Lactarius quieticolor Romagn. in
seedlings of P. taeda and P. elliottii.

2. Materials and Methods

The experiment was conducted in a greenhouse at
the Soil Department of the Universidade Federal de
Santa Maria (UFSM), located in Santa Maria, Rio Grande
do Sul, Brazil, under mean temperature of 25 °C and a
relative humidity of 70%. Seeds of Pinus elliottii and P.
taeda were donated by the Departamento de Diagndstico
e Pesquisa Agropecudria (DDPA), linked to the Secretaria
da Agricultura, Pecudria, Producdo Sustentavel e Irrigacdo
(SEAPI), Rio Grande do Sul, Brazil, and by company Smurfit
Westrock Brazil. To overcome dormancy, seeds were
surface-sterilized with 70% ethanol for 1 min, rinsed
and soaked in distilled water for 24 h. Afterwards, seeds
were sown in boxes of sterilized sand (three autoclave
cycles at 121 °C for 30 min) and stratified at 5 °C for 30
days (Delard et al., 2024).

2.1. Fungal material

Fungal inocula were obtained from fresh sporocarps
collected in the central region of Rio Grande do Sul
(RS), Brazil (Figure 1). Basidiomes of Lactarius spp. were
collected in commercial Pinus spp. Plantations located in
the municipality of Sdo Pedro do Sul, RS (Figures 2A-C).
Ascomata of Tuber floridanum Grupe, Sulzbacher and M.E.
Sm. were collected in January of 2025 from a 15-year-old
pecan (Carya illinoinensis) orchard, located in Cachoeira do
Sul/RS (Figures 2E and 2F). The orchard is managed under
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Figure 1. Graphic representation of the collection sites used to obtain the inocula.

sprinkler irrigation and receives regular applications of
organic manure and dolomitic limestone. Ground cover
plants are maintained using forage turnip (Raphanus
sativus) and white oat (Avena sativa). The inocula were
kept at =20 °C until use.

2.2. Morphological, molecular and phylogenetic
characterization of Lactarius

Taxonomic identification of Lactarius was initially
performed based on macroscopic characters of fresh
specimens, recording pileus and stipe coloration, concentric
zonation and the presence/color of latex. Identification
followed the taxonomic key and morphological descriptions
proposed by Nuytinck and Verbeken (2005). The color
standardization and nomenclature used the catalog of
Kornerup and Wanscher (1978). Exsiccates of L. quieticolor
were deposited in the Herbarium of the Department of
Biology, Federal University of Santa Maria (SMDB), under
accession SMDB 25541.

For taxonomic confirmation, genomic DNA was extracted
from tissue of the pileus of the Lactarius basidiomes used
as the inoculum source. Pileus fragments were previously
macerated in liquid nitrogen until a fine powder was
obtained. DNA extraction followed the protocol of the
commercial Quick-DNA Fungal/Bacterial Miniprep
kit (Zymo Research), according to the manufacturer’s
instructions. DNA integrity and quality were assessed
by electrophoresis on 0.8% (w/v) agarose gel prepared in
0.5x TBE buffer. Electrophoresis was run under a constant
voltage of 80-120 V using a 1 kb molecular weight marker
(Ludwig Biotecnologia, Alvorada, Rio Grande do Sul, Brazil)
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The internal transcribed spacer (ITS) region of
the rDNA, including the 5.8S gene, was amplified by
polymerase chain reaction (PCR) using the universal
primers ITS1 (5'-TCCGTAGGTGAACCTGCGG-3') and
ITS4 (5'-TCCTCCGCTTATTGATATGC-3") (White et al.,
1990). Reactions were prepared in a final volume of 25 L,
containing: 2.5 pL 10x PCR buffer, 2.5 pL dNTPs, 1.5 pL
MgCl,, 0.5 uL Tag DNA polymerase, 1 pL of each primer
and 13 pL Milli-Q water, totaling 22 pL of reaction mix,
to which 3 pL of template DNA were added. Reactions
were performed in triplicate, including a negative control
without template DNA.

Thermocycling conditions consisted of an initial
denaturation at 95 °C for 3 min, followed by 35 cycles of:
denaturation at 95 °C for 30 s, annealing at 55 °C for 30 s
and extension at 72 °C for 1 min, with a final extension
at 72 °C for 10 min. PCR products were visualized by
electrophoresis on 0.8% agarose gel prepared in 0.5x
TBE buffer. For visualization, 10 pL of each sample were
mixed with 1 uL of Loading Dye® (Sinapse Biotecnologia)
and 3 pL of the fluorescent dye GelRed® Nucleic Acid
Gel Stain (Biotium). Remaining amplified products
were enzymatically purified using ExoSAP-IT (Applied
Biosystems). Bidirectional Sanger sequencing was
performed by ACTGene (Alvorada, Rio Grande do Sul, Brazil)
using an ABI 3500 Genetic Analyzer (Applied Biosystems).

Obtained sequences (forward and reverse) were
inspected and manually edited in UGENE v.53 to generate
consensus sequences. Taxonomic identity was verified
via BLASTn (Basic Local Alignment Search Tool) against
the NCBI GenBank database. Sequences showing >99%
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Figure 2. Basidiomes and ectomycorrhizal structures of Lactarius quieticolor and Tuber floridanum collected in forest systems. (A-D)
Lactarius quieticolor collected in a commercial Pinus plantation. (A) Young basidiome showing a convex pileus and well developed
lamellae; (B) More mature basidiomes with pileus plano-to slightly depressed; (C) Top view of the pileus highlighting orange coloration
and concentric zonation; (D) Ectomycorrhiza formed on roots of Pinus elliottii and P. taeda; (E-H) Tuber floridanum collected in a pecan
orchard (Caryad llinoinensis); (E) Recently collected ascocarps showing size variation, shown alongside pecan nuts for scale; (F) Transverse
section of a T. floridanum ascocarp showing the gleba; ruler in centimeters; (G) Typical Tuber ectomycorrhizal structure formed on
P. elliottii, with arrows indicating ectomycorrhizae; (H) Microscopic detail showing the presence of cystidia in the ectomycorrhiza, a

feature typical of ascomycetes. Scale bars as indicated in the images.

similarity and E-value close to zero relative to reference
(voucher) specimens were considered for identification.
The generated sequences were deposited in GenBank
under accession numbers GenBank PX901894 to PX901897.

For phylogenetic analysis, the sequences were aligned
with reference sequences of the genus Lactarius (Section
Deliciosi) retrieved from GenBank using the MUSCLE
algorithm implemented in MEGA 11 (Tamura et al., 2021).
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Lactarius indigo was used as the outgroup. The phylogenetic
tree was constructed by the Maximum Likelihood method
based on the Kimura 2-parameter substitution model with
Gamma distribution (K2P+G), determined as the best fit
for the data. Clade robustness was assessed by bootstrap
analysis with 1,000 replicates. Treatment of gaps and
missing data followed partial deletion with a 70% site
coverage cutoff.
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2.3. Preparation of the inoculum and experimental design

The spore aqueous solution was prepared according
to the methodology described by Marozzi et al. (2017).
Two independent trials were carried out, one for each
tree species (P. taeda and P. elliottii), under a completely
randomized design (CRD). Treatments were arranged in a
factorial scheme (2 x 3) + 1, consisting of two fungal species
(Lactarius spp. and Tuber floridanum) and three inoculum
doses (2,4 and 6 g L' of spore aqueous solution per unit
of substrate), plus an additional uninoculated control for
each Pinus species. The experiment was conducted with five
replicates per treatment (single seedling plot), using flexible
polyethylene (PE) pots with a capacity of 1.7 L (Nutriplan®).

The substrate used (Carolina Soil® internal class LXXXVI)
consisted primarily of sphagnum peat, expanded vermiculite,
and charred rice husk, supplemented with mineral fertilizer
(NPK), with pH adjusted to 6.5 by the addition of dolomitic
limestone and electrical conductivity of 0.7 mS cm™. Prior to
use, the substrate was sterilized by autoclaving at 121 °C for
2 h. Irrigation was applied manually once daily, as needed
to maintain adequate moisture.

Due to asynchrony in seed emergence, sowing
of P. elliottii occurred 60 days before P. taeda.
Consequently, transplanting and inoculation were
performed simultaneously, but on seedlings of different
chronological ages: 90 days for P. elliottii and 30 days
for P. taeda. Thus, the total plant ages at the end of the
experiment differed between species (270 and 210 days,
respectively). However, the effective experimental period
was standardized and synchronized, with both species
cultivated for 180 days after inoculation until harvest.
Statistical comparisons were performed exclusively within
each Pinus species, ensuring that possible ontogenetic
differences did not affect the interpretation of the
ectomycorrhizal inoculation effects.

2.4. Morphological assessments and ectomorrhizal
association

At the end of the experimental period (180 days
after inoculation), plants were harvested and the root
system was carefully washed under running water to
remove substrate. Shoot height (H) was measured with a
graduated ruler and collar diameter (DC) was measured
with a digital caliper. Dry biomass of shoots and roots
was determined by gravimetry after drying in a forced-
air circulation oven at 65 °C until constant mass. For
assessment of ectomycorrhizal colonization, root fragments
of 1.5-2.0 cm were randomly selected and examined under
a stereomicroscope. Percentage colonization was estimated
using the gridline intersect method (Brundrett et al.,
1996), counting mycorrhizal and non-mycorrhizal root tips
until a total of at least 200 apices per plant was reached.
Morphological identification of ectomycorrhizae was
based on the characteristics described by Agerer (1991),
distinguishing the morphotypes formed by the inoculated
isolates from possible contaminants.

2.5. Physiological and nutritional analyses

Fluorescence of chlorophyll a was measured on
needles from the upper third of the pine needles between
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08:00 and 11:00 h using a modulated light fluorometer
(Junior-PAM, Walz, Germany). Needles were dark-adapted
for 30 min prior to measurement. Minimum fluorescence
(F,), maximum fluorescence (F,), the maximum quantum
efficiency of photosystem II (F,/F..), and the relative electron
transport rate (ETR) were determined using saturating light
pulses of 10,000 pmol photons m2s™' (Rangel et al., 2023).
For nutritional analysis, the dried shoot tissue of each
sample was ground in a Wiley-type mill. Determination
of nitrogen (N) and phosphorus (P) contents followed
Tedesco et al. (1995), consisting of sulfuric acid digestion
with hydrogen peroxide (H,0,), followed by N quantification
by Kjeldahl distillation and P quantification by colorimetry
(molybdenum-blue method).

2.6. Statistical analyzes

The morphological, physiological and nutritional
data were initially evaluated for residual normality
and homogeneity of variances using the Shapiro-Wilk
and Levene tests, respectively. When necessary, data
were transformed using the bestNormalize package.
After meeting the assumptions, data were submitted to
analysis of variance (ANOVA). First, the effect of fungal
inoculation was assessed through simple comparisons
between Control vs. Lactarius quieticolor and Control vs.
Tuber floridanum for P. elliottii (Table 1S) and P. taeda
(Table 2S) (Supplementary Material). Subsequently,
the effect of fungal dose on the response variables was
investigated. When significant effects were detected,
means were compared by Tukey’s test (P < 0.05), using
the ExpDes.pt package. To evaluate the overall effect
of treatments on the set of variables, a permutational
multivariate analysis of variance (PERMANOVA) based on
Euclidean distance with 9,999 permutations was performed
(Table 3S). Additionally, a principal component analysis
(PCA) was applied to visualize treatment dispersion.
All analyses were conducted in the R statistical environment
(R Development Core Team, 2024), using the ExpDes.pt,
bestNormalize, vegan and ggplot2 packages.

3. Results

The identity of the fungus used as the inoculum source
for the Lactarius treatment was initially inferred from
macroscopic characters of basidiomes collected in the field,
which indicated affinity with the genus Lactarius, showing
orange coloration, presence of latex and morphology
typical of species of section Deliciosi (Figures 2A-C).
These characteristics are similar among taxa such as
Lactarius deliciousus and L. quieticolor (Silva-Filho et al.,
2020). The collected basidiomes (n = 13) had total heights
ranging from 40 to 120 mm, pileus diameters from 50 to
80 mm, stipe diameters from 5 to 20 mm, and individual
fresh masses between 11.2 and 68.5 g. The pileus was
convex to planoconvex, sometimes slightly depressed
centrally, orange to orange-brown in color, with a smooth
to slightly fibrillose surface and frequently concentric zones
(Figures 2A-C). Lamellae were subdecurrent to decurrent
and densely arranged, and the stipe was central, cylindrical
and similar in color to the pileus. The context was firm
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and exuded orange latex, features consistent with the
Lactarius sect. Deliciosi complex. Sequencing of the 18S
rDNA gene and phylogenetic analysis showed high similarity
with Lactarius quieticolor sequences deposited in public
databases (GenBank: PX901894 to PX901897), with the
isolates grouping in the same clade as that species in the
dendrogram, thus confirming the taxonomic identification
of the material used (Figure 3).

Inoculation of L. quieticolor (Figure 2D) and T. floridanum
(Figure 2G) in Pinus elliottii resulted in the formation of
ectomycorrhizae, whereas in Pinus taeda only L. quieticolor
(Figure 2D) established a mycorrhizal association.
In P. elliottii, residual colonization was recorded in
the control treatment (~1.0%), attributed to other
ectomycorrhizal morphotypes. Nevertheless, colonization
levels were higher in the inoculated treatments (11.62% for
Lactarius and 8.92% for Tuber, Figure 4A). In P. elliottii, both
fungal species significantly influenced plant height, root
dry mass and the electron transport rate (ETR) (Table 1S,
Figure 4). Root length (Figure 4B), P content (Figure 41) and
initial chlorophyll fluorescence (F)) (Figure 4K) responded
exclusively to inoculation with L. quieticolor, whereas collar
diameter (Figure 4G) and shoot dry mass (Figure 4F) were
influenced only by T. floridanum. For P. taeda, inoculation
with T. floridanum did not produce a significant effect
(Table 2S), while L. quieticolor increased shoot nitrogen
content (Figure 5H) and ETR (Figure 5]).

For P. elliottii, collar diameter and F, showed only a
simple effect of the fungus factor (Table 1S). Collar diameter
was greater in plants inoculated with T. floridanum

(3.73 mm) compared to those inoculated with L. quieticolor
(3.09 mm) (Figure 4G), whereas F; values were lower
in plants inoculated with L. quieticolor (Figure 4K).
For P. elliottii, some variables showed a significant
interaction between fungal species and inoculum dose
(Table 1S, Table 1). The greatest heights were observed at
doses of 2 and 6 g L for T. floridanum. Root length was
maximized at 4 g L' for L. quieticolor and at 2 g L™ for
T. floridanum: at 2 g L' T. floridanum promoted greater
root length, while at 4 and 6 g L™ L. quieticolor produced
the highest values (Table 1). Root and shoot dry masses
were higher at 2 g L' for T. floridanum. Ectomycorrhizal
colonization in P. elliottii was not influenced by inoculum
dose (P = 0.4497, Table 1S). In P. taeda, only L. quieticolor
formed ectomycorrhizae, with higher colonization
percentages (Figure 6A) and higher shoot nitrogen contents
(Figure 6B) observed at dosesof 4and 6 g L.
Multivariate analysis indicated a significant effect of
inoculation on the set of evaluated variables (Table 3S).
For P. elliottii, PERMANOVA revealed a significant global
model (P < 0.001), with differences between control and
L. quieticolor (P<0.001), control and T. floridanum (P=0.002),
and between the fungi (P = 0.0109). These results were
corroborated by principal component analysis, in which
the first two axes explained 48.6% of the total variation
(PC1=33.9% and PC2 = 14.7%), showing separation between
control and inoculated plants and discrimination among
fungal treatments (Figure 7A). For P. taeda, the global model
(Table 3S) was also significant (P=0.0025), with a difference
between control and L. quieticolor (P=0.0303). No difference
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Lactarius quieticolor 2AB10 (PX901895)

Lactarius quielicolor 4AEF10 (PX901897)
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|: Lactarius quieticolor DG0D5-18 (JQB88185)
Lactarius quieticolor CONC-F 0810 (MT335833)

99
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|7 Lactarius quieticolor IK-00481 (KX610696)
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[7 Lactarius deliciosus A. Verbeken 2000-104 (DQ922489)
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Figure 3. Phylogenetic tree inferred by the Maximum Likelihood method using the Kimura 2-parameter model with Gamma distribution
(K2P+G). Isolates obtained in this study clustered with Lactarius quieticolor (bootstrap support 99%). Values at nodes indicate bootstrap
support (%) above 50% (1,000 replicates). The scale bar (0.02) represents the number of nucleotide substitutions per site. The tree was
rooted with Lactarius indigo as the outgroup. Codes in parentheses refer to GenBank accession numbers.
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Figure 4. Effect of ectomycorrhizal inoculation on morphological, nutritional and physiological variables of Pinus elliottii. (A) Colonization;
(B) root length; (C) root volume; (D) plant height; (E) root dry mass; (F) shoot dry mass; (G) stem diameter; (H) shoot nitrogen content;
(I) shoot phosphorus content; (J) electron transport rate (ETR); (K) minimum fluorescence (F,); (L) maximum quantum efficiency of
photosystem II (F,/F.). Treatments correspond to control plants (C) and plants inoculated with Lactarius quieticolor (Lq) and Tuber
floridanum (Tf). Bars represent means (n = 5 for the control and n = 15 for each fungal species) + standard error, and black dots show
individual values. Comparisons were made between the control and each fungus. ns = not significant; * P<0.05; ** P<0.01; *** P<0.001.

between control and T. floridanum (P = 0.9277) was found,
and a distinction between the fungi (P<0.001), in agreement
with the PCA (Figure 7B), whose first two axes explained
40.8% of the total variation (PC1 = 21.3% and PC2 = 19.5%).

4. Discussion

4.1. Morphology and molecular identification of Lactarius

Identification based exclusively on morphological
characters has proven insufficient to discriminate species

Braz. ]. Biol., 2026, vol. 86, €305139

within the Lactarius sect. Deliciosi complex, where
taxonomic errors are frequently reported (Lee et al.,
2019; Kaewgrajang et al., 2020). In this context, molecular
confirmation of Lactarius quieticolor through phylogenetic
analyses using DNA markers (Figure 3) was essential to
ensure the correct identity of the fungus used as the
inoculum source in this study, distinguishing it from
cryptic and morphologically similar taxa. In southern
Brazil, Silva-Filho et al. (2020) first confirmed the
occurrence of L. quieticolor in 12 sites distributed across
four municipalities in the state of Rio Grande do Sul (Itaara,
Sdo Francisco de Paula, Santa Maria and S3o Gabriel) and in
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Figure 5. Effect of ectomycorrhizal inoculation on morphological, nutritional and physiological variables of Pinus taeda. (A) colonization;
(B) root length; (C) root volume; (D) plant height; (E) root dry mass; (F) shoot dry mass; (G) stem diameter; (H) shoot nitrogen content;
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floridanum (Tf). Bars represent means (n = 5 for the control and n = 15 for each fungal species) + standard error, and black dots show
individual values. Comparisons were made between the control and each fungus. ns = not significant; * P<0.05; ** P<0.01; *** P<0.001.

three sites within a single municipality in Santa Catarina  reported, thus extending the known distribution of the
(Urupema), all associated with Pinus stands. The collection ~ species in the southern region of the country. This result
site used in the present study corresponds to an additional  reinforces the broad adaptation of L. quieticolor to pine
locality (Sdo Pedro do Sul, RS), distinct from those previously ~ plantations in Brazil and the importance of using molecular
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Ectomycorrhizal compatibility in Pinus species

Table 1. Mean values of plant height (cm), root length (cm), root dry mass (g), and shoot dry mass (g) in Pinus elliottii as a function of
the interaction between fungal species (Lactarius quieticolor and Tuber floridanum) and inoculant dose (2, 4, and 6 g L™! of basidioma).

Plant height (cm)
2gLl? 4glt 6gL!

Lactarius 25.04B 25.50 2478 B

Tuber 29.38 Aa 23.96 b 29.34 Aa
Root length (cm)

Lactarius 52.70 Bb 67.30 Aa 47.72 Ab

Tuber 76.82 Aa 47.2 Bb 44.21 Bb
Root Dry Mass (g)

Lactarius 0.77B 0.87 0.57
Tuber 1.28 Aa 0.56 b 0.77b
Shoot Dry Mass (g)

Lactarius 1.55B 1.93 1.59
Tuber 292 Aa 131b 191b

Means followed by different letters differ from each other by the Tukey test (P < 0.05). Capital letters compare fungal species within each dose,

and lowercase letters compare doses within each fungal species.
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Figure 6. Effect of different Lactarius quieticolor doses on ectomycorrhizal colonization and nutritional status of Pinus taeda. (A) Percentage
of ectomycorrhizal root colonization as a function of basidiomata doses (2,4, and 6 gL™"); (B) Shoot nitrogen content (g kg™') in response
to the same doses. Bars represent means * standard deviation, and dots indicate individual replicates.

tools for the accurate characterization of ectomycorrhizal
fungi in introduced forest systems (Drewinski et al., 2024).

4.2. Ectomycorrhizal formation and host compatibility
between Tuber, Lactarius and Pinus

The formation of ectomycorrhizae in P. elliottii after
inoculation with L. quieticolor and T. floridanum confirms
the compatibility of these symbionts with this host
under controlled conditions, whereas in P. taeda only
L. quieticolor established a mycorrhizal association,
suggesting specificity or differential preferences between
the fungi and pine species. Lactarius is widely reported
as an ectomycorrhizal partner of Pinus species, including
in plantations in the Southern Hemisphere, and is

Braz. ]. Biol., 2026, vol. 86, 305139

commonly observed in roots of P. elliottii and P. taeda across
diverse localities and edaphoclimatic conditions, which
underscores its adaptability and compatibility with these
tree hosts (Daniel Chavez et al., 2015; Silva-Filho et al.,
2020). In contrast, the evidence of T. floridanum forming
ectomycorrhizae in P. elliottii in the present study represents
the first experimental documentation of this species as
a pine symbiont, expanding knowledge of the ecology
of T. floridanum.

4.3. Host response to inoculum concentration

Increasing the inoculation dose of Lactarius quieticolor
and Tuber floridanum in P. elliottii did not result in an
increase in associative capacity, indicating that the
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lowest tested dose (2 g L™') was sufficient to promote
ectomycorrhiza formation in this species. On the other
hand, in P. taeda an increase in root colonization by
L. quieticolor was observed with higher doses (4 and
6 g L), suggesting a positive response to greater inoculum
presence (Figure 6A). These results may reflect differences
in symbiotic receptivity between the two pine species, with
P. taeda possibly requiring a higher initial inoculum amount
to reach equivalent colonization levels, as previously
reported in studies highlighting dose-dependent responses
in mycorrhizal interactions (Smith and Read, 2010).

In the present study, relatively high inoculum doses were
used, corresponding to 2, 4 and 6 g of fresh mushrooms
or truffles per liter of substrate, totaling 4, 8 and 12 g of
fresh material per pot (2 L). The relatively high inoculum
doses used are knowingly higher than those that would
be economically viable for operational application,
especially in the case of Tuber truffles, which have high
commercial value. This strategy was deliberately adopted
to maximize the presence of viable propagules and ensure
establishment of the ectomycorrhizal symbiosis in the
effective combinations observed in this study. A similar
approach was discussed by Geng et al. (2009), who used
approximately 3 g of fresh ascocarps of T. indicum per
seedling (in 1 L pots) and emphasized that this amount
does not represent an economically viable rate, highlighting
the need to define minimum effective doses.

4.4. Growth, nutrition and ectomycorriza-mediated
physiological responses

The beneficial effects of ectomycorrhizae on growth,
mineral nutrition and physiology of conifers are widely
documented, from classical studies that demonstrated
greater biomass accumulation, root morphological
changes and improved nutritional status (Melin and
Nilsson, 1957; Marx, 1969; Rwizi et al., 2025), to more
recent work that integrates physiological and molecular
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responses (Heller et al., 2008; Liao et al., 2016; Martin and
van der Heijden, 2024). In Pinus species, inoculation with
ectomycorrhizal fungi has consistently been associated
with increased N and P uptake, greater root development,
increases in height and stem diameter, as well as changes in
photosynthetic efficiency and antioxidant enzyme activity
(Rwizi et al., 2025; Zhang et al., 2025). In broader terms,
the functional responsiveness of roots to mycorrhizal
inoculation, reflecting increases in root volume, dry mass,
and physiological status, is a key determinant for successful
plant establishment even under diverse environmental
pressures (Santos et al., 2023; Barros et al., 2024).
Within this context, Lactarius species are frequently
reported as effective conifer symbionts, with records of
improved early growth, higher biomass production and
modulation of physiological parameters in Pinus seedlings
(Guerin-Laguette et al., 2003; Wei et al., 2024). Such effects
are commonly attributed to enhanced soil exploration by
the extraradical mycelium, expansion of the absorption
zone for low-mobility nutrients, and regulation of host
physiological activity, mechanisms consistent with the
growth, nutritional, and physiological responses observed
in P. elliottii in the present study. Consistent with this
framework, our results show that inoculation with L.
quieticolor elicited broad responses in P. elliottii, reflected
in consistent growth gains (greater root length, height and
root dry mass), mineral nutrition (greater P accumulation
in shoots) and physiological performance (higher electron
transport rate and lower initial chlorophyll fluorescence). In
contrast, in P. taeda the effects were more restricted, limited
toincreases in shoot N content and ETR, indicating a lower
functional responsiveness to the symbiosis. These results
are supported by the fact that, in P. taeda, only the highest
inoculum doses (4 and 6 g) led to increases in shoot N
content, coinciding with higher levels of root colonization.
This pattern reinforces the hypothesis that the nutritional
benefits observed depend on effective establishment of the
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symbiosis and suggests that P. taeda requires a higher initial
inoculum pressure to express measurable physiological and
nutritional responses. Together, these findings show that,
although both species are susceptible to ectomycorrhizal
association, P. elliottii exhibits greater responsiveness to
inoculation with L. quieticolor, highlighting the importance
of host-symbiont specificity and initial inoculum pressure
for the functional success of the symbiosis.

Although Tuber species are more frequently associated
with angiosperms (Bonito et al., 2010; Grupe et al., 2018),
there is consistent evidence that different taxa of this genus
can form ectomycorrhizae with conifers, including Pinus
species. Natural fruiting of T. aestivum has been documented in
association with P. nigra in Spain, indicating that pines can act
as effective hosts under field conditions (Garcia-Montero et al.,
2014). Under controlled conditions, T. indicum formed
ectomycorrhizae with P. armandii (Geng et al., 2009), and
mycorrhizal synthesis of T. melanosporum with P. halepensis has
also been reported (Dominguez-Ntfiez et al., 2012). In other
controlled experiments, T. indicum and T. panzhihuanense
were able to form ectomycorrhizae in P. armandii(Zhang et al.,
2025), while T. borchii formed mycorrhizae in P. sylvestris
seedlings (Mrak et al., 2024). Additionally, surveys in
Pinus forests in North America have recorded the natural
occurrence of T. eburneum and T. mujicii associated with
pines (Lemmond et al., 2022). Collectively, these studies
reinforce that associations between Tuber species and Pinus
occur both in natural and experimental settings.

Nevertheless, our results demonstrate the existence
of specificity in the host-symbiont interaction. Although
T. floridanum was able to form ectomycorrhizae with
P. elliottii, resulting in direct benefits to plants such
as greater root growth and plant height, higher shoot
P concentration, increased root and shoot dry mass,
larger collar diameter and higher electron transport
rate, the same was not observed in P. taeda, despite both
belonging to the same genus. These findings indicate that
mycorrhizal compatibility is not universal among Pinus
and Tuber species, underscoring the need to investigate
the host physiological, biochemical and molecular
mechanisms that regulate symbiont recognition and
establishment.

4.5. Multivariate integration of responses to inoculation

The significance observed in the PERMANOVA
(Table 3S) and the consistent separation of treatments
in the PCA (Figure 7) indicate that ectomycorrhizal
inoculation triggered integrated changes across the set
of morphological, nutritional and physiological variables
evaluated, rather than isolated responses. In P. elliottii, the
distinction among control plants, inoculated plants and
between the two fungal species shows that L. quieticolor
and T. floridanum induced distinct functional patterns,
reinforcing the notion of fungus-host specificity at the
multivariate level. In P. taeda, the lack of differentiation
between the control and T. floridanum and the clear
separation of the Lactarius treatment (Figure 7) corroborate
the univariate results and indicate that only association
was functionally relevant for this species. Multivariate
approaches have been widely used in mycorrhizal studies
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to demonstrate that inoculation simultaneously reorganizes
plant growth, nutrition and physiological apparatus,
allowing identification of global response patterns not fully
captured by isolated analyses (Corréa et al., 2008; van der
Heijden et al., 2015; Lamit et al., 2016). In conifers, PCA
and PERMANOVA analyses have been employed to show
that different ectomycorrhizal fungi generate specific
“functional signatures” in their hosts by integrating
biomass, nutritional status and physiological parameters
(Jonesetal., 2012; Lietal,, 2021; Valdés et al., 2025). In this
context, the multivariate separation observed in the present
study reinforces that the established ectomycorrhizae
coordinately modified plant performance, supporting the
interpretation that inoculation effects reflect systemic
changes in host functioning.

5. Conclusions

This study records, for the first time, the occurrence
of Lactarius quieticolor in new sites in the extreme
southern region of Brazil, with confirmation based on
morphological and molecular characterization, thereby
expanding current knowledge of the distribution of this
species in Pinus plantations. The results demonstrate that
ectomycorrhizal compatibility and its functional effects
are not automatically transferable among congeneric
Pinus species and are strongly modulated by host identity.

Lactarius quieticolor established functional associations
with both evaluated species, but with contrasting
responsiveness. In P. elliottii, the lowest tested dose (2 g L™)
was sufficient to promote broad growth, nutritional, and
physiological responses, whereas in P. taeda functional
benefits were more limited and only evident at higher
inoculum doses (4-6 g L™'). In contrast, Tuber floridanum
showed compatibility only with P. elliottii, with effective
ectomycorrhiza formation and associated plant benefits
observed at the tested inoculum doses, constituting the
first experimental evidence of ectomycorrhiza formation
between this truffle species and a member of the genus
Pinus.

The dose-dependent responses observed, particularly
in P. taeda, and the effectiveness of the lowest inoculum
dose in P. elliottii underscore the relevance of inoculum
pressure for the expression of ectomycorrhizal benefits.
Together, these results advance the understanding of the
functional ecology of ectomycorrhizae and provide a solid
conceptual basis for future field-based and applied studies.
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Table 1S. P-values and coefficients of variation (CV, %) obtained for ectomycorrhizal colonization, growth, mineral
nutrition and chlorophyll fluorescence variables in Pinus elliottii.

Table 2S. P-values and coefficients of variation (CV, %) obtained for ectomycorrhizal colonization, growth, mineral
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biomass, mineral nutrition and chlorophyll fluorescence variables of Pinus elliottii and Pinus taeda.
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