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Abstract: Three novel ectomycorrhizal (ECM) morphotypes — Pinirhiza aureabrunneis, P. bacatoramum, and P. brunnescentia
— were recovered from Pinus wallichiana roots in the Swat region of northern Pakistan, and are described here based on detailed
morphological and anatomical criteria. Distinct features included dichotomous branching, pigmentation gradients, lack of
rhizomorphs and cystidia, and pseudoparenchymatous mantles differing in cell dimensions and organization. Anatomical
features of the outer and inner mantle layers provide robust diagnostic traits for distinguishing these morphotypes within ECM
communities. These descriptions augment understanding of ECM diversity associated with Himalayan pines and underscore the
value of morpho-anatomical characterization in ECM taxonomy and ecology.
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INTRODUCTION

Ectomycorrhizal (ECM) associations are widespread mutualistic relationships between soil-borne fungi and the
fine roots of forest trees, where the fungal partner enhances nutrient and water acquisition for the host plant in
exchange for carbon resources (Smith and Read, 2008). In addition to improving host nutrition, ECM symbioses
influence soil structure, plant stress tolerance, and carbon and nutrient cycling in forest ecosystems worldwide
(Smith and Read, 2008).

Morpho-anatomical features of ECM roots, including mantle organization and branching architecture, remain
fundamental for identification and characterization of ECM morphotypes (Agerer et al., 1995; Brundrett et al.,
1996). The ECM structure is composed of a hyphal sheath (the mantle), the Hartig net (interfacial hyphae between
host root cells), and extraradical hyphae that extend into the soil matrix (Smith and Read, 2008). Mantle types such
as plectenchymatous or pseudoparenchymatous provide critical characters for distinguishing fungal genera and
ecological functional types (Agerer et al., 1995).

Recent research has documented complex ECM communities on various Pinus species across geographic
regions, with morphotyping and molecular techniques revealing high diversity and distinct community compositions
affected by soil, climate, and host factors (Egerton-Warburton et al., 2007; Zhang et al., 2024; Da Silva et al., 2024).
However, comprehensive morphological descriptions of ECM morphotypes from the Himalayas are limited despite
the ecological importance of these forests and their symbiotic fungi.

Studies combining morphotyping with sequencing approaches have shown that Pinus and other conifers host
rich ECM communities with numerous operational taxonomic units (OTUs) and morphotypes, including many that
are poorly characterized morphologically (Teasdale et al., 2013; De la Varga et al., 2013). Detailed anatomical
descriptions are essential to bridge the gap between sequence-based diversity and functional morphology.

In this study, we describe three previously undocumented ECM morphotypes from P. wallichiana stands in
northern Pakistan, focusing on macro- and micro-morphological traits. These descriptions will expand the baseline
knowledge of Himalayan ECM diversity and inform future molecular and ecological research.

MATERIALS AND METHODS
Study Area and Sampling Design

Field sampling was conducted on 18 August 2023 in Miandam (34.82°N, 72.52°E; 1320 m a.s.l.), Swat District,
Khyber Pakhtunkhwa, Pakistan. The study area consists of mixed coniferous forest dominated by Pinus wallichiana.
Around five mature P. wallichiana trees (DBH > 25 cm) spaced at least 10 m apart were selected.

Fine root systems were manually excavated to a depth of 5-20 cm within a 50 cm radius from the base of each
tree. Excavated roots were placed in moist chambers and transported to the laboratory within 6 hours of collection.
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Sorting and Selection of ECM Morphotypes

Fine roots were washed with distilled water to remove adhering soil, and ECM tips were sorted using a Leica
S9D stereomicroscope at 10x—90x magnification. Initial classification was based on the criteria of Agerer et al.
(1995) and Brundrett et al. (1996).

Approximately 45 ECM tips were screened, from which three morphologically distinct Pinirhiza morphotypes
were consistently recognized. For each morphotype, 05-10 representative ECM tips were selected for anatomical
examination to ensure within-morphotype consistency.

Morphological Characterization

Fresh ECM systems were characterized following the descriptive framework of Agerer et al. (1995).
Pigmentation gradients were noted for young and mature tips. The presence or absence of rhizomorphs, cystidia,
emanating hyphae, and sclerotia was recorded for each morphotype.

Microscopic and Anatomical Analysis

Mantle tissue was examined in water and lactophenol mounts using an Olympus BX53 compound microscope.
Observations were made at 200x, 400%, and 1000x (oil immersion) magnification. Measurements were calibrated
using an ocular micrometer aligned with a stage micrometer (0.01 mm scale).

Digital micrographs were taken using an Olympus DP74 camera system and Olympus CellSens imaging
software. Image calibration was applied prior to morphometric analysis.

Criteria for Morphotype Recognition

Morphotypes were defined as distinct when they differed consistently in at least three diagnostic characters,
including pigmentation, mantle surface texture, branching pattern, or mantle anatomical structure. Morphotypes
were compared internally across sampled trees to ensure reproducibility.

Voucher Preparation and Deposition

Representative ECM root systems from each morphotype were dehydrated at ambient room temperature for 48
hours, packed in herbarium envelopes with descriptive labels, and deposited in the GCMH Herbarium (Department
of Botany, GC University Lahore) under accession numbers:

e Pinirhiza aureabrunneis — GCMH 102

e  Pinirhiza bacatoramum — GCMH 103

e  Pinirhiza brunnescentia — GCMH 104

RESULTS

Morpho-anatomic Descriptions of Ectomycorrhizae:

1. Pinirhiza aureabrunneis PLATE 1 (A-D)
Etymology: Named due to golden brown colour of ECM system.

Morphological description of ectomycorrhizal system: (A, B)

ECTOMYCORRHIZAL SYSTEM dichotomous, main axis 3.5mm long, axis 0.5mm in diameter. UNRAMIFIED
ENDS straight or beaded, 2mm long and 0.5mm in diameter, younger unramified ends, older ends and apices golden
(reddish) brown. TEXTURE of the system was smooth, mantle surface beaded, luster shiny, RHIZOMORPHS
absent, EMANATING HYPHAE and SCLEROTIA not observed, CYSTIDIA absent.

Anatomical description of mantle surface in plain view: (C-D)

outer mantle layer (C) pseudoparenchymatous (Agerer 1991), with solitary cells, septate hyphae with epidermoid
cells with roundish lobes, hyphae size ranges 5-100x3-5um, cell content clear, matrix material absent, cells closely
packed and overlapped, no space between cells, septa present and clamp connections were absent.

Inner mantle layer (D) pseudoparenchymatous (Agerer 1991), with solitary cells, septate hyphae with epidermoid
cells with roundish lobes, hyphae size ranges 10-35x2-5um, cell content clear, matrix material absent, cells closely
packed and overlapped, no space between cells, septa present and clamp connections were absent.

Material examined: Pakistan, Swat Khyber Pakhtunkhwa, Miandam, 1320 m a.s.l., ectomycorrhizal under Pinus
wallichiana, 18th August 2023, Hanif MH # 2.212 ECM (GCMH102).
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Plate 1. A, ECM (habit) showing important features; B, psuedoparenchymatous outer mantle; C,
psuedoparenchymatous inner mantle. Scale Bar: for A =0.7cm; B =0.52 pm; C= 6.9 pm; D = 5.5 pum.

Pinirhiza bacatoramum PLATE 2 (A-D)
Etymology: Named due to beaded branches of ECM system.
Morphological description of ectomycorrhizal system: (A, B)

ECTOMYCORRHIZAL SYSTEM simple or dichotomous like, main axis 7mm long, axis 0.5mm in diameter.
UNRAMIFIED ENDS straight, 1.5mm long and 0.5mm in diameter, younger unramified ends violet brown, older
ends grayish brown and apices dark brown. TEXTURE of the system was beaded, branches beaded, mantle surface
beaded, luster matte, RHIZOMORPHS absent, EMANATING HYPHAE and SCLEROTIA not observed,
CYSTIDIA absent.

Anatomical description of mantle surface in plain view: (C-D)

Outer mantle layer (C) pseudoparenchymatous (type M Agerer 1995), with considerable inflated cells, epidermoid
cells with roundish lobes, hyphae size ranges 1-5%1-5um, cell content clear, matrix material absent, cells closely
packed and overlapped, no space between cells, septa and clamp connections were absent.

Inner mantle layer (D) pseudoparenchymatous (type M Agerer 1995), with considerable inflated cells, epidermoid
cells with roundish lobes, no gelatinous matrix material visible, hyphae size ranges 1-5x1-4um, cells closely packed,
cells was same in shape and size as the outer mantle, septa and clamp connection absent.

Material examined: Pakistan, Swat Khyber Pakhtunkhwa, Miandam, 1320 m a.s.l., ectomycorrhizal under Pinus
wallichiana, 18th August 2023, Hanif MH # 3.00 ECM (GCMH 103).
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Plate 2. A, ECM (habit) showing important features; B, pseudoparenchymatous (type M) outer mantle; C,
pseudoparenchymatous (type M) inner mantle. Scale Bar: for A = 1cm; B=0.26pum; C =1.43 um; D = 0.93 um.

Pinirhiza brunnescentia PLATE 3 (A-D)
Etymology: Named due to chocolate brown colour of ECM system.
Morphological description of ectomycorrhizal system: (A, B)

ECTOMYCORRHIZAL SYSTEM dichotomous, main axis 4.6mm long, axis 0.5mm in diameter. UNRAMIFIED
ENDS bent, 2.5mm long and 0.5mm in diameter, younger unramified ends brown, older ends and apices were
chocolate brown. TEXTURE of the system was beaded, mantle surface beaded, luster shiny, RHIZOMORPHS
absent, EMANATING HYPHAE and SCLEROTIA not observed, CYSTIDIA absent.

Anatomical description of mantle surface in plain view: (C-D)

Outer mantle layer pseudoparenchymatous (type M Agerer 1995), with considerable inflated cells, epidermoid cells
with roundish lobes, hyphae size ranges 5-16x4-16um, cell content clear, matrix material absent, cells closely
packed and overlapped, no space between cells, septa and clamp connections were absent.

Inner mantle layer pseudoparenchymatous (type M Agerer 1995), with considerable inflated cells, epidermoid cells
with roundish lobes, no gelatinous matrix material visible, hyphae size ranges 5-15x4-12um, cells closely packed,
cells was same in shape and size as the outer mantle, septa and clamp connection absent.

Material examined: Pakistan, Swat Khyber Pakhtunkhwa, Miandam, 1320 m a.s.l., ectomycorrhizal under Pinus
wallichiana, 18th August 2023, Hanif MH # 4.180A ECM (GCMH 104)
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Plate 3. A, ECM (habit) showing important features; B, pseudoparenchymatous (typeM) outer mantle; C,
pseudoparenchymatous (type M) inner mantle. Scale Bar: for A = 0.69cm; B= 0.54um; C =5.9um; D = 4.6um.

Comparative Morphotype Features
All three morphotypes shared:
e dichotomous branching (occasionally simple in P. bacatoramum)
e pseudoparenchymatous mantle tissue
o absence of rhizomorphs, cystidia, emanating hyphae, and sclerotia
Distinctive traits included mantle texture, pigmentation gradients, unramified tip morphology, and epidermoid cell
dimensions, which enabled consistent differentiation.
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Table 1. Diagnostic morphological and anatomical characters of Pinirhiza morphotypes from Pinus
wallichiana.

Character P. aureabrunneis P. bacatoramum P. brunnescentia
Branching Dichotomous Simple to dichotomous Dichotomous

Tip pigmentation Golden — reddish-brown  Violet-brown — grayish-brown  Brown — chocolate-brown
Mantle texture Smooth Strongly beaded Beaded

Luster Shiny Matte Shiny

Outer mantle cells 5-10 x 3-5 um 1-5x 1-5 um 5-16 x 4-16 um

Inner mantle cells 10-35 x 2-5 um 1-5x 1-4 pm 5-15 x 4-12 pm
Rhizomorphs Absent Absent Absent

Clamp connections Absent Absent Absent

DISCUSSION

The three Pinirhiza morphotypes documented in this study demonstrate that Pinus wallichiana forests in the
Swat Himalayan region support notable ECM diversity that has not previously been characterized morphologically.
The presence of multiple distinct morphotypes on a single host species aligns with global patterns in ECM
community structure, where conifers often associate with diverse fungal partners varying in mantle traits,
exploration strategies, and functional roles (Egerton-Warburton et al., 2007; Peay et al., 2016). These findings
contribute baseline data for ECM assemblages in a biogeographically underexplored Himalayan region.

Across all morphotypes, pseudoparenchymatous mantle organization was a unifying characteristic, although
pigmentation, mantle surface texture, and cellular dimensions allowed for clear differentiation.
Pseudoparenchymatous mantles with rounded epidermoid cells are a common feature in ECM belonging to
Pinirhiza and other ascomycetous and basidiomycetous lineages (Agerer et al., 1995). The absence of rhizomorphs,
cystidia, and emergent hyphae in the examined morphotypes suggests an ECM exploration strategy with reduced
extraradical networking, possibly reflecting specific edaphic conditions such as moisture regimes or nutrient
availability within these Himalayan forests. Similar relationships between exploration type and soil environment
have been demonstrated in ECM communities of temperate pine forests elsewhere (Ning et al., 2024; Zhang et al.,
2024).

Comparisons with previously reported ECM associated with Pinus spp. reveal both parallels and distinctions.
For example, ECM on P. massoniana and P. sylvestris commonly exhibit beaded mantle textures and dark
pigmentation similar to P. bacatoramum and P. brunnescentia, whereas smooth, golden-brown mantles such as
those of P. aureabrunneis appear less frequently reported (De la Varga et al., 2013; Ning et al., 2024). The clear
pigmentation gradients observed in all three morphotypes—from lighter tones in younger tips to darker apical
regions—may reflect hyphal aging and melanization processes that are associated with protection against oxidative
and environmental stresses. Such traits have functional implications for ECM resilience under fluctuating climatic
conditions in montane ecosystems.

Although diagnostic characters in this study support recognition of distinct morphotypes, further taxonomic
conclusions remain tentative due to the absence of molecular sequence data. ECM morphotyping alone cannot
reliably resolve fungal identity at the species or even genus level, especially within genera that contain
morphologically convergent ECM structures. Sequence-based studies have shown that morphologically similar
ECM systems can correspond to phylogenetically distant taxa, while a single fungal lineage can generate multiple
morphotypes under different environmental conditions (Nilsson et al., 2019). For these reasons, and in accordance
with taxonomic best practices, morphotype designations used here are restricted to descriptive names without formal
taxonomic rank.

The primary limitation of this study is the lack of ITS-based molecular identification, which restricts
phylogenetic placement and prevents comparison with global ECM reference databases such as UNITE. Integrating
metabarcoding or ITS Sanger sequencing with morphotyping would enable confirmation of fungal lineages,
functional guilds, and biogeographic affinities, and would help determine whether the observed morphotypes
represent novel taxa, regionally restricted variants, or widespread ECM species. Additional ecological data such as
soil chemistry and stand structure would further improve interpretation of ECM diversity patterns.

Despite these limitations, the present study provides the first detailed morpho-anatomical characterization of
Pinirhiza ECM associated with P. wallichiana in northern Pakistan. By establishing morphological baselines and
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clarifying diagnostic features, these findings facilitate future molecular surveys and ecological studies aimed at
assessing ECM diversity, host specificity, and functional significance in Western Himalayan forests. As climate
change and land-use pressures increasingly impact montane ecosystems, understanding ECM community
composition may prove critical for forest restoration and conservation strategies involving Pinus species.
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