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Abstract

The ascomycete Cenococcum geophilum is a cosmopolitan and ecologically significant
ectomycorrhizal (ECM) fungus that forms symbiotic associations with diverse host plants globally
across various ecosystems. As the only known ECM member of Dothideomycetes, C. geophilum
exhibits several distinctive characteristics that distinguish it from other ECM fungi. Its high genetic
diversity is particularly noteworthy considering its asexual reproduction mode. This genetic
variability may contribute to its adaptability and extensive distribution across habitats. As an early
colonizer of primary forest succession, C. geophilum significantly contributes to ecosystem stability
and development. Its ability to establish quickly in disturbed or newly formed habitats helps create
conditions favorable for the establishment of other plant species, thereby playing a crucial role in
ecological succession and ecosystem recovery. C. geophilum plays several key roles in forest and
other terrestrial ecosystems. It is particularly important in nutrient cycling as it facilitates the transfer
of nutrients, especially nitrogen and phosphorus, from the soil to its host plants. Additionally, C.
geophilum has been demonstrated to enhance the drought resistance of its host plants, a trait that is
becoming increasingly important in the context of climate change and frequent drought events.
Recent advances in molecular biology and genomics have revealed that C. geophilum is not a single
species but rather a species complex comprising multiple cryptic lineages. These lineages exhibit
potential host preferences, suggesting a degree of specialization within the complex. The genome of
C. geophilum has been sequenced and analyzed, providing valuable insights into its molecular
biology and symbiotic capabilities. Notably, this genome encodes a reduced repertoire of
carbohydrate-active enzymes and a large set of effector-like, small secreted proteins. These
molecular traits likely facilitate host colonization across diverse plant taxa by enabling the fungus to
interact with and modify plant cell walls, as well as to communicate with its host plants through
various signaling pathways. Therefore, C. geophilum is a compelling model system for research on
fungal ecology, evolution, and mycorrhizal symbiosis.

1 Introduction

Most land plants establish symbiotic relationships with mycorrhizal fungi, which play a critical role
in terrestrial ecosystems by regulating nutrient and carbon cycles, influencing soil structure, and
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contributing to ecosystem multifunctionality (Martin & van der Heijden, 2024). Approximately 80%
of plant N and P is provided by these mutualistic fungi, and the majority of plant species depend on
them for growth and survival. An estimated 20,000 fungal species, primarily belonging to the phyla
Basidiomycota and Ascomycota, establish ectomycorrhizal (ECM) associations with approximately
6,000 plant species, mostly trees and shrubs (van der Heijden et al., 2015). ECM fungi are present in
a diverse range of terrestrial ecosystems and are responsible for colonizing 60% of trees in temperate
and boreal forest ecosystems. These tree species, belonging to families including the Pinaceae,
Fagaceae, Betulaceae, Nothofagaceae, Myrtaceae and Dipterocarpaceae, play crucial ecological and
economic roles in both the northern and southern hemispheres.

During symbiosis development, ECM fungi differentiate the hyphal mantle, ensheating the rootlets,
and an intraradical Hartig net penetrating the host roots. In numerous ECM associations, an
extraradical mycelium permeating the soil environment extends from ECM roots. Mycelial networks
facilitate the acquisition of water and nutrients for plants and enhance their resistance to
environmental stress. ECM symbionts can secrete extracellular enzymes that degrade soil organic
matter (SOM) to facilitate nitrogen acquisition in their hosts (Ward et al., 2022). ECM from different
independently evolved lineages exhibits varying capacities to degrade SOM and transfer nitrogen to
their host (Nicolas et al., 2019). In boreal and temperate forests, ECM fungi provide 70% of N flux to
their hosts (Smith and Read, 2010). Consequently, ECM plays a crucial role in C and N cycles in
forest soils. In exchange for soil minerals, 10-20% of photoassimilates are allocated to fungal
partners by the host plant. Plant communities allocate 9.07 Gt of CO2e per year to their mycorrhizal
symbionts (Hawkins et al., 2023).

The ascomycetous fungus Cenococcum geophilum, previously known as C. graniforme
(Ferdinandsen and Winge, 1925), is a cosmopolitan ECM fungus and is one of the most prevalent
mutualistic species found in soil fungal communities worldwide (LoBuglio et al., 1999) (Figure 1). It
forms mycorrhizal associations with over 200 trees, shrubs, and herbaceous species in boreal,
temperate, and subtropical forests as well as in savannas and alpine meadows. As the only known
ECM member of Dothideomycetes, C. geophilum exhibits several distinctive characteristics that
distinguish it from other ECM fungi. Its high genetic diversity is particularly noteworthy considering
its asexual reproduction mode. This genetic variability may contribute to its adaptability and
extensive distribution across habitats. As an early colonizer of primary forest succession, C.
geophilum significantly contributes to ecosystem stability and development. It is particularly
important in nutrient cycling as it facilitates the transfer of nutrients, especially nitrogen and
phosphorus, from the soil to its host plants. Additionally, C. geophilum has been demonstrated to
enhance the drought resistance of its host plants, a trait that is becoming increasingly important in the
context of climate change and frequent drought events. C. geophilum is therefore a compelling model
system for research on fungal ecology, evolution, and mycorrhizal symbiosis.

The biological and ecological attributes of C. geophilum have been extensively documented in
multiple reviews (LoBuglio, 1999; Obase et al., 2017). In recent years, genomics has emerged as a
crucial tool for investigating the biology, evolution, and ecology of mutualistic symbionts. This
approach not only provides essential mechanistic insights, but also identifies key traits, such as
drought resistance, which can be prioritized for the application of this mycorrhizal symbiont in
forestry. This review offers a brief overview of the current understanding of C. geophilum biology
and ecology, followed by an examination of recent studies that demonstrate the impact of genomics
and related techniques (e.g., DNA metabarcoding and transcriptomics) on our understanding of this
enigmatic mycorrhizal fungus. Additionally, we briefly explore the potential applications of C.
geophilum in sustainable forestry and ecosystem restoration, highlighting the significance of
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understanding the functional traits and ecological roles of this ECM fungi in adapting to
environmental changes. By consolidating the latest research findings, this review aims to identify
knowledge gaps and suggest future research directions for this ubiquitous symbiont to address the
global challenges in forestry and environmental sustainability.

2 Morphological features and Life Cycle

The black fungus C. geophilum is distinguished by its septate dematiaceous hyphae, which contain
high concentrations of melanin in their cell walls (Fernandez and Koide, 2013). This pigmentation
enables mycelia to endure various environmental challenges, including UV exposure, dehydration,
temperature extremes, enzymatic breakdown, antimicrobial agents, and heavy metal exposure (Pal et
al., 2014). This hardiness allows C. geophilum to flourish under harsh conditions where other
mycorrhizal species might struggle. Furthermore, the fungus produces melanized sclerotia that resist
decomposition by soil microorganisms (Fernandez and Koide, 2014). The ECM of C. geophilum can
persist in the soil for 2.7 years (McCormack et al., 2017), whereas its sclerotia can remain viable for
up to 40 years (Nyamsanjaa et al., 2021). C. geophilum utilizes the 3,4-dihydroxyphenylalanine
(DOPA) and 1,8-dihydroxynaphthalene (DHN) pathways to produce melanin (Peter et al., 2016). In
ECM roots, the DOPA pathway shows higher upregulation than the DHN pathway (Peter et al.,
2016).

Dark septate root endophyte (DSE) fungi (e.g., Piceirhiza bicolorata and Cadophora finlandia) share
the same soil habitats and many morphological features as C. geophilum (Rosling et al., 2003;
Vralstad et al., 2002). Thus, identification of C. geophilum relies on a combination of morphological
and molecular methods (Rosling et al., 2003; Vrélstad et al., 2002). C. geophilum isolates can be
cultured on modified MMN medium containing biotin and hydrolyzed casein (Trappe, 1962). Its
hyphae show various shapes according to the growth medium and the age of the mycelial colony
(Trappe, 1962; Flores et al., 1997; LoBuglio, 1999). Chlamydospores-like structures have been
observed in both solid and liquid media (Massicotte et al. 1992). These chlamydospores-like
structures are always intercalary and rarely terminal in the mycelia (Mikola, 1948). This structure
also exists in the taxonomically related species Glonium spp. (Amano, 1983), and
Pseudocenococcum floridanum (Obase et al., 2016).

C. geophilum can differentiate sclerotium, which is a compact mass of hardened fungal mycelium
containing food reserves. One role of sclerotia is to survive extreme environmental conditions. They
constitute an underestimated source of polysaccharides in forest soils, accounting for 3.6% of the
total carbohydrates in subalpine forest soils (Murayama & Sugiura, 2021). The carbohydrate
composition of these storage structures is dominated by glucose (80%), followed by a small
proportion of mannose and galactose. Sclerotia hosts a specific fungal and bacterial community
(Obase et al. 2014; Narisawa et al. 2021, Massicotte et al. 1992).

Although molecular evidence, such as recombination and diploidy (see below), suggests the presence
of unknown sexual stages in the life cycle of C. geophilum, no sexual structures have been observed
under laboratory or field conditions (Bourne et al., 2014; Dauphin et al., 2021). The number of nuclei
per cell remains unknown because of the difficulty in nuclear staining in the presence of melanin.
During the co-culture of mycelia, different isolates failed to fuse, indicating the presence of
vegetative incompatibility genes.
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The only ECM fossil related to C. geophilum is Eomelanomyces cenococcoides gen. spec. nov.,
discovered in a 52-million-year-old amber specimen from a lignite mine in Gujarat State, India. This
amber was produced by representatives of Dipterocarpaceae trees in the early tropical broadleaf
forests. The fossil is similar to the extant Cenococcum,; however, it is distinguished by the high
variability in the branching of ECM systems and by the regular formation of microsclerotia and
chlamydospore-like structures (Beimforde et al., 2011).

3 An ecologically important ectomycorrhizal symbiont

C. geophilum plays a key role in nutrient cycling in forests and other terrestrial ecosystems, such as
alpine meadows. Additionally, C. geophilum has been demonstrated to enhance the drought
resistance of its host plants, a trait that is becoming increasingly important in the context of climate
change and frequent drought events. As an early colonizer in primary succession, C. geophilum
significantly contributes to ecosystem stability and development. Its ability to establish quickly in
disturbed or newly formed habitats helps create conditions favorable for the establishment of other
plant species, thereby playing a crucial role in ecological succession and ecosystem recovery.

3.1 Global and Local Distributions

C. geophilum is a cosmopolitan ECM fungus and one of the most prevalent ECM fungi found in soil
fungal communities worldwide (LoBuglio et al., 1999) (Figurel). It forms ECM or
ectendomycorrhizal associations with over 200 trees, shrubs, and herbaceous species in boreal,
temperate, and subtropical forests as well as in savannas. In Alpine and Arctic biomes, C. geophilum
establishes ectendomycorrhizas or ECM with herbaceous plants such as sedges or shrubs (Obase et
al., 2017). Its abundance in tropical ecosystems is relatively low (Tedersoo et al., 2010; Bakray et al.,
2024), although high colonization and genetic diversity have been reported in the dry deciduous
forests of Thailand (Phosri et al., 2012). However, ECM of C. geophilum ECM are rare in African
and South American tropical forests (Ba et al., 2012; Becerra & Zak, 2011). C. geophilum has also
been recorded at the edge of deserts (Massicotte et al., 1992) and sandy forests of Picea mongolica
(Qiuli, 2005).

C. geophilum ECM is abundant in the 0—5 cm soil layer (Rosling et al., 2003; Genney et al., 2006;
Scattolin et al., 2008), but can be found in much deeper soil layers, such as the mineral layer at a
depth of 20 cm (Genney et al., 2006). C. geophilum is known as a pioneer species because of its
propensity to partner with pioneer host trees, such as those colonizing newly exposed glacier
moraines (Trappe, 1988). Root samples collected from trees located above 2700 m exhibited a high
rate of colonization by C. geophilum (90%), whereas in the lower areas, the colonization rate
decreased to less than half (Trappe, 1988). Moreover, the symbiont is recognized as a "multi-stage"
fungus in secondary forest succession, meaning that it forms ECM associations in both seedlings and
adult host plants (Visser, 1995; Danielson, 1991). In the volcanic desert of Fuji Mountain, C.
geophilum is present in both the early and later stages of vegetation development, colonizing young
and old pioneer shrubs such as Salix reinii, as well as herbaceous species such as Polygonum
cuspidatum (Nara, 2006). Interestingly, C. geophilum has been found in old growth forests (Peter,
2003), although it is known to primarily colonize young trees in alpine regions near tree lines
(Hasselquist et al., 2005). In particular, C. geophilum is associated with seedlings and juvenile trees
of Picea engelmannii and Abies lasiocarpa, with colonization rates 20 times greater for juveniles
than for seedlings. These findings suggest that C. geophilum plays an important role in the early
stages of forest succession, and that this symbiont may be necessary for survival in certain areas.
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However, C. geophilum is not replaced by late-stage ECM species in older forest stands. The high
prevalence of C. geophilum in mature alpine forest ecosystems, which are known for their cold
climate, slow litter breakdown, and organic matter buildup in the soil, is believed to be a
consequence of the substantial presence of sclerotia (approximately 3600 kg ha™') and
synchronization of rootlet growth surge with sclerotia germination in autumn (Vogt et al. 1981).
Furthermore, C. geophilum is among the most frequent ECM symbionts following a short fire return
interval (Buscardo et al., 2010).

3.2 Drought tolerance

C. geophilum exhibits drought tolerance and is prevalent in water-stressed environments (Pigott,
1982; McCormack et al., 2017). Several surveys of soil fungal communities have shown that the
proportions of C. geophilum ECM and extramatrical mycelia increase under water stress conditions
and are often higher during summer in natural settings (Pigott, 1982; Querejeta et al., 2009). This
tolerance has been further verified through in vitro culture experiments using osmotically adjusted
media (Mexal and Reid, 1973; Coleman et al., 1989), cell damage tests following desiccation (Di
Pietro et al., 2007), and respiration measurements under water stress (Jany et al., 2003). The level of
tolerance varies among geographical isolates (Coleman et al., 1989; Jany et al., 2003). However, the
physiological mechanisms responsible for the success of this species under water stress remain
largely unknown. Multiple factors likely contribute to this trait, such as the accumulation of
compatible osmolytes (e.g., polyols), heat shock proteins, hydrophobic proteins (e.g., hydrophobins),
and melanin in cell walls. It has also been suggested that drought resistance in C. geophilum may be
associated with the increased expression of aquaporin water channels (see below, Peter et al., 2016).
Although C. geophilum is widely recognized as a drought-tolerant symbiont, this assertion has
recently been debated. A study utilizing Pinus seedlings colonized by C. geophilum and subjected to
drought stress demonstrated that the drought resistance of mycorrhizal plantlets was not directly
correlated with that of C. geophilum isolates cultivated in liquid medium (Zhang et al., 2024). Xie et
al. (2024) used inoculated Quercus mongolica and Tilia amurensis to investigate the response of
ECM fungal communities and their exploration types under drought conditions in a pot system. The
relative abundance of C. geophilum in both hosts decreased. Nickel et al. (2017) examined ECM
fungal community diversity changes of European beech and Norway spruce forests under drought
conditions by utilizing retractable roofs to exclude rain for three years. The results indicated that the
abundance of C. geophilum decreased irrespective of the depth, year, or host. Pellitier et al. (2024)
investigated ECM-fungal communities inhabiting Populus trichocarpa roots distributed across a
precipitation gradient in the Pacific Northwest USA. These communities were profiled using
taxonomic (metabarcoding) and functional (metagenomic) approaches. Their findings revealed that
genes involved in fungal drought-stress tolerance and fungal-mediated plant water uptake (including
genes of melanin synthesis, hydrophobins, aquaporins, trehalose synthases, and other gene families)
were not the most abundant in drier soils, and fungal communities in dry soils were composed of
distinct aquaporin and hydrophobin gene sequences.

3.3 Heat stress

Although laboratory experiments have shown that temperatures of 26°C can inhibit the growth of
several C. geophilum isolates (Yan et al., 2022), this species is still capable of forming mycorrhizal
associations after exposure to heat stress at approximately 70°C for a short time or 5°C higher than
the environment. However, double stress, consisting of drought and heat stress, with a temperature
5°C higher than the environment and 50% precipitation, can be fatal to C. geophilum (Gehring et al.,
2020; Kipfer et al., 2010). Herzog et al. (2013) showed that increases in temperature and drought can
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differentially affect the relative ECM abundance and exoenzyme activities of C. geophilum
associated with various oak species, that is Q. robur, Q. petraea and Q. pubescens.

3.4 Cold stress

Furthermore, because of its abundance as a symbiont in Arctic and Alpine ecosystems, C. geophilum
mycelia and ECM are likely to possess high tolerance to cold stress. Corbery and Le Tacon (1997)
indicated that the mycelium of C. geophilum remains viable even when subjected to freezing
temperatures of -80°C for a short duration, displaying a greater resistance to cold than other selected
ECM fungi. Moreover, reports have suggested that C. geophilum can thrive at temperatures below
1°C (Vogt et al., 1982). This cold stress resistance in C. geophilum may be related to its high
mannitol synthesis rate (Martin et al., 1985; Table 5). Mannitol is known to play a protective role
under drought conditions and can be used to safeguard fungi from harsh cryoenvironments
(Weinstein et al., 1997).

3.5 Heavy metal tolerance

C. geophilum isolates have shown patterns of local adaptation to serpentine soils, with a significant
effect of nickel concentrations on fitness-related traits (Gongalves et al., 2009; Bazzicalupo et al.,
2020).

3.6 Phosphorus acquisition

Lussenhop and Fogel (1999) investigated phosphorus (P) dynamics in the ECM sheath of C.
geophilum associated with Pinus strobus. Seasonal shifts in sheath P content were observed: a
decline in spring during tree growth, stabilization in summer and fall when only fungal growth
occurred, and an increase in early spring. Their findings suggested three phases of P dynamics: early
spring uptake, translocation during tree growth, and depletion during fungal growth. These cycles
indicate that P in ECM sheaths is shared between the fungus and the host tree.

4 Host Preferences

C. geophilum is recognized as a mycorrhizal generalist species. This symbiont can form ecto- or
ectendomycorrhizal associations with a broad range of host plants. It does not form specialized
structures such as cellular arbuscules or coils; however, it can penetrate cortical cells in certain plants
to form ectendomycorrhizae. Based on the morphology and anatomy of the mycorrhizal roots
sampled in natural settings, three groups of host plants were identified (Trappe 1962; LoBuglio 1999)
(Figure 2. Photos of C. geophilum):

Group 1 hosts include members of the Salicaceae and Betulaceae families (excluding Corylus spp.)
as well as ectotrophic genera within the Rosaceae family. The ECM root tips of these hosts are
typically monopodial or occasionally branched, with the mantle covering only the root tip and
measuring approximately 15 um thick. The Hartig net in these hosts never extends deeper than the
third layer of cortical cells, and intracellular penetration is sparse and limited to occasional cells.

The group 2 hosts were Pinus species. ECM root tips are monopodial, dichotomous, or occasionally
irregularly branched. Mantles typically cover all short roots and have a thickness ranging between 8-
60um, with a median thickness of 20-30um. The diameter of the shortest roots ranges from 0.35-1.0
mm, with an average of approximately 0.5 mm. The Hartig net extends inward to the innermost layer

. . . 6
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of cortical cells, and the cortex experiences strong intracellular infection. It is rare for these trees to
form endotrophic mycorrhizal fungi.

The host species that formed ECM associations in Group 3 were predominantly found in Fagaceae,
such as the Corylus and Pinaceae families, with the exception of Pinus spp. The root tips of these
associations display a range of morphologies, including monopodial, racemose, irregularly branched,
long, or short structures. The mantle typically covers a significant portion or all of the short roots,
and its thickness ranges from to 8-60 um, typically falling within the range of to 20-30 um. The
diameter of the short roots varies depending on the host species, with values ranging from 0.2 to 1.0
mm, and generally falling within the range of 0.30.6 mm. The Hartig net extends to the innermost
layer of the cortical cells, and intracellular infection is prevalent throughout the cortex. Although
some host species form endotrophic mycorrhizae, ectotrophic associations are more common.

Additionally, many shrubs and herbaceous plants can form mycorrhizae with C. geophilum. The
shrubs and herbaceous plants involved are Pedicularis capitata (Kohn & Stasovski, 1990), Cistus
spp. (Massicotte et al., 2010), Helianthemum spp. (Read et al., 1977), Dryas octopetala (Bjorbeekmo
et al., 2010), Bistorta vivipara (Massicotte et al., 1998), Carex myosuroides (Massicotte et al., 1998),
Pulsatilla patens (Hoeksema et al., 2018), Pyrola spp. (Jia et al., 2017), Potentilla hyparctica
(Gardes & Dahlberg, 1996), Vaccinium spp. ( Largent et al., 1980; Vohnik et al., 2007) and
Rhododendron spp. (Largent et al., 1980; Vohnik et al., 2007). Helianthemum and Cistus species in
the Cistaceae family exhibit distinct patterns of mycorrhizal associations and Hartig net development.
Helianthemum forms ectendomycorrhiza and establishes the inner-most Hartig net (Group 3),
whereas Cistus forms ECM associations with hyphae confined to the radially elongated epidermal
cells (Group 1). These differences make Cistaceae an ideal model for investigating the molecular
mechanisms underlying the establishment of either ECM or ectendomycorrhiza (Giovannetti and
Fontana 1982; Massicotte et al. 2010). Unusual for an ECM symbiont, C. geophilum can also
establish ectendomycorrhizal associations with shrubs and herbaceous plants, sharing mycelial
networks with woody plants such as oak and Helianthemum bicknellii (Dickie et al., 2005), or the
Dryas octopetala-Bistorta vivipara-Salix herbacea association (Mithlmann et al., 2008). Symbiosis
with herbaceous plants appears to enhance the colonization of woody plants (Dickie et al., 2005;
Hoeksema et al., 2018).

C. geophilum forms ECM and ectendomycorrhizae with shrubs and herbaceous plants in the
Ericaceae family, including Monotropoideae, Arbutoideae, Pyroloideae, and Vaccinioideae, as well
as herbaceous plant species (as detailed in section 4). A single C. geophilum hyphae can extend up to
2 m from a mycorrhizal root tip and differentiate up to 43 hyphal branches that connect with other
mycorrhizal root tips (Trappe & Fogel, 1982). Although there is no evidence of nutrient transfer
between herbaceous and woody plants sharing a C. geophilum common mycorrhizal networks
(CMN), this structure could possibly act as a physical link between roots of herbaceous and woody
plants, thereby enhancing C. geophilum colonization in sharing plants. CMN may also alter the
bacterial communities of the hyphosphere (Vik et al., 2013). This CMN can also translocate nutrients
to different regions of the soil (Frac et al., 2018).

Strains from diverse geographical origins can exhibit widely different mycorrhizal rates for the same
host species. In a comprehensive mycorrhizal inoculation assay, over 200 C. geophilum isolates from
North America, Asia, and Europe were assessed for their colonization rates on Pinus densiflora and
Betula platyphylla (Wang et al., 2021). These results indicated that C. geophilum had a relatively
higher colonization rate with Pinus densiflora. In addition, some isolates formed ectomycorrhizae
with both host trees, while other isolates colonized only a single host. A similar experiment has been
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conducted using an in vitro system in a controlled laboratory environment (Lian et al. 2022).
Although some isolates displayed varying colonization rates with Betula platyphylla and Pinus
densiflora, a small subset of C. geophilum strains was unable to colonize one or both hosts.
Comparable findings have been reported in a Salix rotundifola inoculation experiment involving
three C. geophilum isolates, one of which was unable to form ECM (Antibus et al. 1981). It is
noteworthy that field observations may differ from laboratory experimental results (Trappe 1962).
The inability of certain isolates to colonize host plants suggests that several C. geophilum strains
possess host preferences or host specificity. Variations in colonization rates and/or host preferences
can be attributed to genetic factors in both partners, as well as environmental factors, such as soil
organic matter content, total N, and available P (Wurentaoges et al., 2012). For example, initial root
ingress and subsequent Hartig net formation may be affected by the polysaccharide composition of
the host plant cell walls and their depolymerization by secreted fungal enzymes. Mannans are the
main component of gymnosperm wood, whereas xylans are the major polysaccharides in angiosperm
wood (Godin et al., 2013); the types, proportions, and distributions of hemicellulose, especially -1,4
mannan and -1,4 xylan, and polygalacturonans may affect the loosening of the apoplastic space
during penetration of ECM fungi, and thus, determine the Hartig net depth. Colonization of the root
middle lamella by ECM hyphae relies on both the mechanical force generated by hydrostatic pressure
at the tip of the growing hyphae (Massicotte et al., 1986; Cairney & Burke, 1994) and the activity of
fungal plant cell-wall-degrading enzymes (PCWDEs) (Veneault-Fourrey et al., 2014; Zhang et al.,
2018). Using comprehensive microarray polymer profiling technology, Sillo et al. (2016) showed
that a localized degradation of pectin occurs during root colonization in Tuber melanosporum—
Coryllus avellana ECM. Zhang et al. (2018, 2021) reported that the symbiosis-induced b-1,4-
endoglucanase LbGH5-CBM1 and polygalacturonase LbGH28A act on poplar cell walls and that
these enzymes are key factors for successful symbiotic fungal colonization. Symbiosis-induced GHS
and GH28 have been found in the C. geophilum genome (Peter et al., 2016), and their expression is
upregulated in ECM roots.

The melanin content in C. geophilum cell walls may play a role in host recognition and root
penetration (Paris et al., 1993). As the mycelium of C. geophilum shifts from a saprophytic free-
living to a symbiotic state, its cell wall structure becomes less complex. The outer hyphal wall layer,
which is highly reactive to the Gomori-Swift test that detects cysteine-rich proteins during the
saprophytic phase, becomes less reactive and indistinguishable from the inner wall layer in Hartig net
hyphae. This intensely stained outer wall layer was also not observed in pure C. geophilum cultures
grown in low-sugar media. This alteration in cell wall composition may result from a decrease in
melanin or a combination of melanin and cystine-rich proteins. Such changes could be essential for
host colonization and/or improved nutrient exchange between symbiotic partners through the hyphal
walls.

5 Molecular Biology, Genomics and Population Genetics

5.1 Genomics

As mentioned above, C. geophilum is a widely distributed ECM fungus, known for its resilience and
broad ecological amplitude. It is one of the most ubiquitous ECM fungi, forming symbiotic
associations with a wide variety of host plants, particularly with trees and shrubs. Its unique ability to
thrive under diverse and often harsh environmental conditions such as drought and poor soils is likely
related to its genomic blueprint. Recent studies have shown that C. geophilum is characterized by
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several distinctive molecular features that contribute to its survival and adaptability. As reported by
Peter et al. (2016), ECM ecology is imprinted in the C. geophilum genome. The genome of the
sequenced strain, 1.58, is notably large, approximately 178 Mb, and is one of the largest ECM-fungal
genomes sequenced to date. This large genome size is primarily due to the high content of repetitive
sequences, particularly transposable elements, which make up 81% of the genome. This is in contrast
to its close saprotrophic relatives, Glonium stellatum and Lepidopterella palustris, which have
significantly smaller genomes of 41 Mb and 46 Mb, respectively. Despite its close taxonomic
relationship with these saprotrophs, C. geophilum exhibits unique genomic features that are
consistent with its ECM lifestyle. C. geophilum contains 14,748 gene models, with 2,176 of these
genes being unique to the species. Many of these unique genes are involved in protein-protein
interactions and defense mechanisms, which are likely crucial for their symbiotic relationships with
plants. Additionally, the fungus showed a reduction in plant cell wall-degrading enzymes compared
to saprotrophic fungi, aligning with its symbiotic rather than decomposer role.

5.2 Gene Expression and Regulation

Peter et al. (2016) revealed that 3% of C. geophilum genes were upregulated during symbiosis, as
determined by comparing RNA sequences from mycorrhizal roots and free-living mycelia. The most
highly expressed and upregulated genes in symbiosis include transporters and small secreted proteins
(SSPs), which are proteins of less than 300 amino acids with a predicted signal peptide. Notably, 18—
23% of the upregulated genes were specific to C. geophilum, with SSPs being overrepresented in
these taxon-specific orphan genes compared to their proportion in the overall gene repertoire. These
SSPs may function as novel symbiosis-related effectors, similar to the mycorrhiza-induced protein
MiSSPs in Laccaria bicolor, which regulate the defense-related pathway in host roots (Martin et al.,
2016).

Pereira et al. (2018) compared the secretome of C. geophilum interacting with pine and poplar trees,
and found that the levels of transcripts encoding carbohydrate-active enzymes (CAZymes) and
mycorrhiza-induced small secreted proteins (MiSSPs) were strikingly different. This may be related
to the different cell wall compositions of the pine and poplar roots (Sarkar et al. 2009). Colonizing C.
geophilum hyphae may require different cell wall-loosening enzymes to penetrate the roots and
effectors to dampen the host immune system.

Gene expression analysis also revealed changes in aquaporin (AQP) gene expression, which codes
for water channels during symbiosis. The high expression of two highly water-permeable AQPs in
the ECM may be triggered by plant water and/or nutrient requirements during interaction. Expression
studies have indicated the precise regulation of AQP genes under drought conditions. However, Peter
et al. (2016) were unable to demonstrate a significant effect of C. geophilum mycorrhization on the
plant physiological parameters during drought. In contrast, Zhang et al. (2024) investigated the effect
of C. geophilum on the drought resistance of Pinus massoniana seedlings in arid regions. They found
that inoculation with various strains of C. geophilum improved the drought resistance of seedlings by
affecting the water content, photosynthesis, osmotic adjustment substances, and antioxidant enzyme
activities. Transcriptome analysis revealed that seedlings primarily regulated energy metabolism and
redox reactions to cope with early drought stress. The effectiveness of the inoculation did not depend
on the drought tolerance level of the C. geophilum strains; that is, the drought resistance of
mycorrhizal seedlings did not correlate with the inherent drought resistance of the C. geophilum
strain itself.
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The survival of C. geophilum in various environments depends on its capacity to regulate the
expression of stress-related genes. Transcriptome profiling has shown that C. geophilum can enhance
the expression of numerous genes associated with stress resistance, including those associated with
osmotic/drought stress (Li et al., 2022), salt stress (Li et al., 2022b), oxidative stress, heat shock
responses (Yan et al., 2022), and heavy metal tolerance (Shi et al., 2022). These genes, which are
involved in processes such as organic acid secretion, antioxidant activity (e.g., peroxidase and
superoxide dismutase), membrane transport, and sphingolipid metabolism, are regulated in a
synchronized manner. This suggests that their expression is controlled by transcription factors that
react to environmental changes, such as heat shock factors (HSFs) and elements responsive to
osmotic stress.

5.3 Population Genomics

For additional requirements for specific article types and further information please refer to “Article
types” on every Frontiers journal page. Dauphin et al. (2021) conducted a study of 16 European
isolates of C. geophilum using whole-genome re-sequencing. Their findings revealed divergent
lineages in geographically confined sampling locations, without strong geographic structuring.
Genome-wide polymorphism analyses indicated species subdivisions and suggested two primary
genetic groups: clonal and recombinant. The lineage phylogeny and groupings were largely
corroborated by the numerous copy number variations (CNVs) discovered among the genomes.
Although the clonal cluster contained nearly twice as many strains, gene diversity analyses showed
higher genetic diversity in the recombinant group. The top candidate genes potentially under positive
selection, based on Tajima's D statistics, differed between the two groups. The recombinant cluster
exhibited more genes from lineage-specific expanded gene families involved in self/non-self-
recognition, while the more clonal cluster showed genes related to secondary metabolism.
Additionally, this study confirmed C. geophilum heterothallism through chromosomal synteny
analysis of MATI1-1 and MAT1-2 idiomorphs. It also revealed significant genetic rearrangements in
the surrounding coding and non-coding regions for strains carrying both the same and opposite
MAT]1 idiomorphs. These results highlight the complex genome architecture of C. geophilum,
possibly due to cryptic sex-and/or transposon-related mechanisms.

Li C et al. (2022) assembled five C. geophilum genomes representing different geographical regions
and generated a pan-genome comprising 7,556 core gene families and 12,686 dispensable gene
families. Genome re-sequencing of 304 isolates was performed to estimate the genetic diversity,
structure, and demographic history of C. geophilum isolates. Millions of SNPs and 0.04%—0.2%
structural variations were identified, suggesting the occurrence of several ecotypes (Zhang et al.,
2024), which are isolates with different drought resilience levels.

5.4 Population Structure

Population genetic studies have revealed a complex population structure in C. geophilum, even at the
soil core sample level, with evidence of both local adaptation and limited gene flow between
populations (Jany et al. 2002; Douhan and Rizzo, 2005; Matsuda et al. 2015; Obase et al. 2016).
Population structure is influenced by several factors, including geographic distance, environmental
gradients, and host-plant associations. C. geophilum populations are often structured according to
environmental conditions, such as soil type, moisture levels, and temperature. For example,
populations from dry nutrient-poor soils tend to be genetically distinct from those in more fertile
environments, suggesting a local adaptation to specific ecological niches (Douhan and Rizzo 2005,
Lian et al. 2006, Bahram et al., 2011). A subtle geographic structure with long-distance disjunction
suggests (Obase et al., 2016) a complex alternation of sexual and asexual reproduction over space
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and time (Obase et al., 2017). However, gene flow between populations can occur through sclerotia
dispersal, leading to a combination of local adaptation and genetic exchange. The presence of cryptic
species within C. geophilum has also been suggested, with distinct genetic lineages corresponding to
different ecological and geographic regions (Obase et al., 2017; Vélez et al., 2021). These cryptic
species may represent locally adapted forms of C. geophilum, which have evolved in response to
specific environmental conditions.

The genetic diversity of angiosperm-associated C. geophilum populations is higher than that of
gymnosperm-associated populations, suggesting that angiosperm and gymnosperm hosts exert
different selective pressures on their symbionts (Field et al. 2018). Furthermore, the population
genetic diversity and structure of Cg were analyzed based on the ITS2 sequences of 219 root samples
collected from three plant families (Betulaceae, Fagaceae, and Pinaceae) from 10 Chinese forest sites
using high-throughput sequencing techniques (Guo et al., 2021). Analysis of molecular variance
(AMOVA) showed that genetic differentiation was evident within each geographical population and
population in each host plant family. The Fagaceae population was distant from the Betulaceae and
Pinaceae populations, and the haplotype composition was conspicuously different among the three
plant families.

6 Applications in forestry and conservation

Through the utilization of genomics and other -omics techniques to examine the mycorrhizal
symbiosis formed by C. geophilum, we have acquired a more comprehensive understanding of the
molecular, physiological, and ecological mechanisms underlying this mutually beneficial
relationship. DNA metabarcoding surveys can foster applications and predict the conditions under
which C. geophilum inoculation is beneficial to foresters and land managers. These genotyping
approaches can also be used to identify whether specific isolates are characteristic of well-performing
systems. This enhanced knowledge should be leveraged to develop practical applications that
enhance ecosystem function and preservation, aid in the overall reduction of climate change impacts,
and maintain the long-term viability of arable lands. C. geophilum is a highly adaptable ECM fungus
that demonstrates significant potential for ecological restoration and environmental remediation. Its
extensive distribution, broad host range, and high stress tolerance make it particularly valuable for
addressing desertification and adapting to climate change (Zhai et al. 2023). This fungus is found in
diverse ecosystems worldwide, from boreal forests to tropical regions, and can thrive in a wide range
of soil conditions, including extreme pH levels and nutrient deficiencies. C. geophilum establishes
symbiotic relationships with diverse tree species, including poplars and pines, thereby enhancing
drought resistance and growth in arid regions (Wang et al., 2020). The fungus forms a dense network
of melanized hyphae around the roots of host plants, creating a protective sheath that improves water
and nutrient uptake. This symbiotic association is particularly beneficial in water-limited
environments, where Cg helps trees to maintain hydraulic conductivity and photosynthetic activity
under drought stress. Additionally, the fungus has been shown to enhance salt tolerance of host
plants, making it valuable for reclaiming saline soils.

Furthermore, the fungus colonizes herbaceous plants, potentially fostering a balanced ecosystem that
supports forest stability and mitigates desertification. By forming associations with both woody and
non-woody plants, Cg can contribute to the development of diverse plant communities in challenging
environments. The ability to support multiple plant species can lead to increased soil stability,
reduced erosion, and improved nutrient cycling in degraded ecosystems. In arid regions, C.
geophilum colonizes both ECM and Cistaceae plants. The physical connection of C. geophilum
mycelial networks with both tree roots and herbaceous plants could redistribute water from the
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deeper roots of the tree, retain a portion of the water in the upper soil layers, and facilitate enhanced
nutrient acquisition by the host plant. This Cistaceae- C. geophilum -ECM tree symbiotic community
is likely to contribute to forest stability, mitigate soil desertification, and promote afforestation.
Furthermore, Carex myosuroides can be incorporated into the community when implemented in
northern regions (e.g., northern China, Huebner, and Al-Quraishi). Environmental changes are a
problem for plants in which the area is located between two climate regions, the bounder and the
savanna. For example, vulnerable areas in China in the forest—grassland ecotone suffer from an
increasing frequency or severity of drought because of global climate change (Piao et al., 2010).
Because C. geophilum has a wide distribution, host range, and high resistance to stresses (such as
drought stress), it could help these plants adapt to climate change.

In contaminated environments, C. geophilum has shown promising results in the remediation of soils
affected by heavy metals and petroleum (Danielson and Visser, 2019; Danielson and Visser, 1989).
The fungus has demonstrated the ability to accumulate and sequester various heavy metals, including
Pb, Cd, and Zn, in melanized cell walls (Huang et al. 2014, Azaiez et al. 2018, Shi et al. 2022, Zhang
et al. 2023,). This characteristic makes Cg a potential candidate for mycoremediation in polluted
soils. Moreover, its association with host plants can enhance phytoremediation efforts by improving
plant survival and growth at contaminated sites.

C. geophilum thrives in urban ecosystems and enhances the vitality of urban trees, such as Tilia
tomentosa, further underscoring its adaptability and ecological significance (Garbaye et al., 1996;
Van Geel et al., 2018). Urban environments often present challenging conditions for plant growth,
such as soil compaction, elevated temperatures, and air pollution. C. geophilum is often the most
abundant ECM symbiont in urban trees (Hui et al. 2017, Van Geel et al. 2018, Olchowik et al. 2021),
and the ability to form symbiotic relationships can improve resilience to these stressors, potentially
leading to increased tree longevity and enhanced ecosystem services in cities.

The genetic and physiological adaptations that allow C. geophilum to flourish in diverse and
challenging environments are the subject of ongoing research. Understanding these mechanisms
could provide insight into fungal stress tolerance and adaptation strategies, potentially leading to the
development of novel biotechnological applications. For instance, genes or compounds derived from
C. geophilum can be used to enhance the stress tolerance of agricultural crops or improve the
efficiency of bioremediation processes. In the context of climate change, the role of C. geophilum in
ecosystem resilience has become increasingly important. As extreme weather events and
environmental stressors become more frequent, the ability of fungi to support plant growth and
survival under adverse conditions could be crucial for maintaining ecosystem stability and
biodiversity. Furthermore, its potential to enhance carbon sequestration through increased plant
growth and soil organic matter accumulation may contribute to climate change mitigation.

7 Future directions

Several enduring challenges persist in utilizing genomics and other -omics approaches, such as
metabarcoding and metatranscriptomics, to enhance our understanding of mycorrhizal symbioses in
C. geophilum, encompassing their evolutionary history, developmental processes, functional aspects,
and ecological roles. We identified ten critical areas that warrant further investigation.

e In what ways does the genetic diversity of C. geophilum facilitates its wide distribution.

e  Which gene families are crucial for C. geophilum to tolerate stress?

.. . . . 12
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e How does the mutualistic association between C. geophilum and its plant partners fluctuate
across various environmental settings?

e What is the significance of horizontal gene transfer (if any) in the evolutionary trajectory of
C. geophilum?

e How does C. geophilum modulate gene expression in response to drought and other abiotic
stressors?

e What patterns have emerged in the population genomics of C. geophilum across different
geographical areas?

e How do the secondary metabolites produced by C. geophilum, such as melanin, influence its
interactions with soil microbial communities such as soil and litter decomposers?

e What role do epigenetic modifications play in the ability of C. geophilum to adapt to different
environments?

e How do the genomic functions of C. geophilum affect nutrient cycling processes within forest
ecosystems?

e What molecular mechanisms underlie the resilience of C. geophilum to extreme
environmental conditions, including heavy metal contamination or high salinity?
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887  Figure 1. The worldwide abundance and distribution of Cenococcum geophilum (A) and distribution
888  (in % per site) among biomes and continents (B) were assessed using the GlobalFungi database

889  (https://globalfungi.com) (Vétrovsky et al., 2020) Scientific Data 7, 228).
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895  Figure 2. The (A) Melanized mycelium, (B) colony, (C) ectomycorrhizas, and (D) sclerotia of

896  Cenococcum geophilum.
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Figure 3. The phylogenetic tree

of Cenococcum geophilum and the distribution (CA: California,

USA, FL: Florida, USA, FR; France, NL: Netherland, OR: Oregon, USA, SP: Spain, SW:

Switzerland) of each clade. A copy from Obase (2017). The phylogenetic tree of C. geophilum based
on maximum likelihood analysis of seven concatenated loci (ITS, SSU, LSU, TEF, RPB1, RPB2 and

GAPDH). Isolates of Pseudocenococcum floridanum are outgroups.
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Fig. 14.2 The optimum phylogenetic tree of C. geophilum based on maximum likelihood analysis
of seven concatenated loci (ITS, SSU, LSU, TEF, RPB1, RPB2 and GAPDH). The placement of
each lineage is highlighted and clades 1-6 are named according to Obase et al. (2016a). Inset in the
upper left corner shows the known global distribution of each lineage based on multi-gene data
(although vast areas of the globe have not been sampled). Isolates of P. floridanum are included as
outgroups. CA: California, USA, FL: Florida, USA, FR; France, NL: Netherland, OR: Oregon,
USA, SP: Spain, SW: Switzerland
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