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ABSTRACT
Mycorrhizae, i.e., symbiotic associations between fungi and plant roots, occur in
about 80% of land plant species and have been shown to benefit both the fungus
(carbon uptake) and plant (nutrient and water uptake, protection against
pathogenic fungi). We here provide a brief overview of the state of knowledge of
mycorrhization in ferns. Only about 62% of species studied to date have
mycorrhizae, with arbuscular mycorrhizal fungi (mainly Glomeromycta) being
the dominant partners, while other associations are made with ascomycetes and
the so-called Dark Septate Endophytes. There is no clear phylogenetic signal in
mycorrhization among ferns, with both basal (e.g., Anemiaceae, Gleicheniaceae,
Cyatheaceae) and derived families (e.g., non-grammitid Polypodiaceae,
Tectariaceae, Aspleniaceae) having <50% of species mycorrhizal. Ecologically,
epiphytes have lower degrees of mycorrhization than terrestrial species, with
aquatic taxa almost completely lacking mycorrhizae. This probably reflects the
requirements of the fungi. There are no experimental studies on the benefits of
mycorrhizae for ferns, but field experiments suggest that there is a fine balance
between positive and negative effects, so that many fern species have disposed
of the fungi either generally or facultatively. Much remains to be learnt about
mycorrhization in ferns, especially in an evolutionary context in comparison with
bryophytes and seed plants.

INTRODUCTION
The term mycorrhiza (pl. mycorrhizae) was introduced by Frank (1885) for structures in
angiosperm roots caused by fungi and translates as “fungus root”. Since then it has been
shown  that it is one of the most common and important symbioses in the land plants
(Brundrett, 2002; 2004; 2009), even in plants like bryophytes and Psilotaceae that lack
roots. It is estimated that ca. 80% of all land plants engage either in facultative or obligate
mycorrhizal associations (Trappe, 1987; Wang & Qiu, 2006; Brundrett, 2009). 

It is likely that the colonization of land by early land plants was facilitated by
mycorrhizae (Pyrozinski & Malloch, 1975; Remy et al., 1994; Blackwell, 2000; Selosse
et al. 2015), even before roots first arose (Taylor et al., 1995; Brundrett, 2002; Kenrick
& Strullu-Derrien, 2014). This assumption is based on the presence of structures very
similar to extant symbiotic Glomeromycota in the earliest tracheophyte fossils from the
Rhynie Chert (Remy et al., 1994; Strullu-Derrien & Strullu, 2007; Selosse et al., 2015)
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and supported by the conserved nature of the genes regulating mycorrhizal associations
across all land plant lineages (Wang et al., 2010).

Mycorrhizal fungi are known to provide numerous benefits to their plant hosts
(Selosse & Rousset, 2011). They enhance nutrient uptake, especially of phosphorous
(Siddiqui & Pichtel, 2008), increase drought tolerance by facilitating water uptake (Faber
et al., 1991; Warren et al., 2008), and compete with parasitic fungi thus protecting plants
from parasitic fungal infections (Newsham et al., 1995; Brundrett, 2002). In return, the
fungal partners receive carbohydrates from the host plant (Selosse & Rousset, 2011).
The intensity of this symbiosis may vary with external ecological factors (Allen et al.,
2003; Antunes et al., 2011) and apparently can be regulated more actively by the plant
host than by the fungal symbiont (Barker et al., 1998; Jones et al., 2004).

Most research on mycorrhizae has been conducted on seed plants because of their
dominance, diversity and economic importance (Brundrett, 2004; 2009). In recent years,
the scientific focus has shifted more to the origin of this symbiosis and hence to its
presence in old land plant lineages like extant bryophytes and lycophytes (Read et al.,
2000; Rimington et al., 2015). Mycorrhizae in ferns have been regularly screened for
but rarely been in the focus of physiological or synthetic studies combining ecology and
phylogeny (Wang & Qiu, 2006; Brundrett, 2009).

In the present paper, we provide a brief overview of the still incomplete knowledge
of mycorrhization in lycophytes and ferns (for simplicity called ferns in the following).

TYPES OF MYCORRHIZAE
Four major types of mycorrhiza have been distinguished (Barker et al., 1998; Smith &
Read, 2008; Siddiqui & Pichtel, 2008) with some characteristic deviations and
aberrations in some major clades of host plants (Figure 1; Brundrett, 2002; 2004).

Arbuscular mycorrhiza (AM) is an endosymbiosis, in which the fungi penetrate the
cell walls of the root cortex and form characteristic organs in the living cells for nutrient
exchange, the so-called arbuscules and vesicles (Figure 2a,b; Bonfante & Genre, 2008).
It is the most common, and  probably the ancestral form of mycorrhizae (Field et al.,
2015a), occurring in ca. 80% of extant land plants (Wang & Qiu, 2006; Brundrett, 2009).
The fungal partners are aseptate Eumycota, in the majority Glomeromycota (Schüßler
et al., 2001), which are asexual and obligate symbionts (Brundrett, 2004; 2009). In some
basal lineages of landplants (hornworts, some liverworts and lycophytes, a few ferns),
Mucoromycotina, which are either basal to or sister to Glomeromycota, may also form
a similar endomycorrhiza but without the presence of arbuscules (Desirò et al., 2013;
Strullu-Derrién et al., 2014; Field et al., 2015a, b). 

Ectomycorrhizae (ECM) are mainly formed by the more derived septate Ascomycota
and Basidiomycota (Taylor & Alexander, 2005; Taylor et al., 2010) but in a few cases
also  endogonalean fungi (Mucoromycotina, Hibbet et al., 2007). They build an internal
network of hyphae that surround the intact root cells (Hartig net) and an external hyphal
sheath around the root tips (Smith & Read, 2008; Brundrett, 2004). ECM occur in
2.0–4.7% of seed plants but dominate among tree species in temperate and boreal zones
families (Smith & Read, 2008; Brundrett, 2009). Until now, ECM have not been
confirmed for ferns. It has been suggested that ferns shift from AM to ECM in forests
where ectomycorrhizal tree species are dominant (Cooper, 1976; Iqbal et al., 1981), but
the claim that the investigated roots really belonged to ferns has been strongly contested
(Smith & Read, 2008; Brundrett, 2002). Fungal symbioses interpreted as derivations of
ECM are the Arbutoid mycorrhiza and the Monotropid mycorrhiza (Brundrett, 2004),
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but these are also not reported for ferns. 
Ericoid mycorrhizae are formed with septate Ascomycota, which all are primarily

decomposers and saprophytes (Hibbet et al., 2007). They are uncommon but typical of
Ericaceae (Cullings, 1996; Brundrett, 2004) and some other plant groups occurring on
nutrient-deficient substrates characterized by low primary production (Cairney &
Meharg, 2003). Typical of this symbiosis is that the hyphae enter through root hairs and
form hyphal coils in cortical cells (Read, 1996). ascomyceta infections of the Ericoid
type have been reported for tropical ferns, mainly epiphytes, such as Elaphoglossum,
grammitid ferns, Hymenophyllum and Trichomanes (Schmid et al., 1995; Lehnert et al.,
2009). Records of the so-called Dark Septate Endophytes (DSE) in ferns (Dhillion, 1993;
Jumpponen & Trappe, 1998; Fernández et al., 2008) may include still unrecognized
Ericoid mycorrhizae since the taxonomic identity of most of these fungi is unknown
(Jumpponen, 2001; Rains et al., 2003). Like the Ericoid mycorrhizal Ascomycota, DSE
are more common in epiphytic fern species (Kessler et al., 2010).

Orchid mycorrhizae involve a small group of Basidiomycota (Brundrett, 2002), and
are characterized by the initial carbon dependency of the host plant seedling  on the
saprophytic fungal partner; several orchid lineages have independently developed an
exploitative life-style from this condition (Brundrett, 2002; 2004). 

Such exploitative mycorrhizae are not known from the sporophytes of lycophytes
and ferns, but gametophytes of Lycopodiaceae (Duckett & Ligrone, 1992; Winther &
Friedmann, 2008), Ophioglossaceae (Schmid & Oberwinkler, 1994; Field et al., 2015c)
and Psilotaceae (Duckett & Ligrone, 2005; Winther & Friedmann, 2009) are well known
for being mycoheterotropic. These mostly involve AMF but recently Horn et al. (2013)
reported the steady prevalence of basidiomycetes of the order Sebacinales (as found in
orchid mycorrhiza and ECM) in gametophytes of Diphasiastrum alpinum (L.) Holub.
This had been anticipated because basidiomycetes had already been documented as
mycorrhizal endophytes for bryophytes (Pressel et al., 2010)

Mycorrhizae are species-specific regarding their phenotype (i.e., one fungus and one
plant always engage in a specific type of interaction) but not regarding the taxa involved:
Ferns can host a mixture of up to five different mycorrhizal fungi at the same time but
with one usually dominating (Jansa et al., 2008), and one fungus can colonize different
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Figure 2a. Internal structures of arbuscular mycorrhiza (vesicles and arbuscules,
lower ones partially released from cell due to preparation) in the root cortex of the
tree fern Cyathea tortuosa R.C.Moran from Ecuador (Prov. Napo, 500 m) (20 x).
Figure 2b. The roots of a typical non-mycorrhizal plant with pronounced root hair
formation, represented by Elaphoglossum castaneum (Baker) Diels from Ecuador
(Prov. Napo, 2000 m). (10 x) Photos Ramona Güdel.



plant species (Gemma et al., 1992; van der Heijden et al., 2015). 
The true symbiotic nature of a fungal association can only be confirmed by

physiological experiments aiming at the flow of nutrients (e.g., Jurkiewicz et al., 2010).
As this has not been done for any fern yet, it is uncertain whether most observed
associations are really symbiotic or functionally neutral (Brundrett, 2004; 2009). As
Glomeromycota are fully dependent on the symbiosis and only known to occur
independently from a host plant when they are dormant spores (Brundrett, 2009), it seems
likely that a symbiotic relationship is involved in most cases but not necessarily with the
roots in which they are found. Under high inoculum pressure in the substrate, typical
non-mycorrhizal taxa may harbor AMF as neutral endophytes while the same mycelium
probably forms a true mycorrhiza with a typical host plant nearby (Lekberg et al., 2015).
Similarly, some typical non-mycorrhizal taxa have been found to be able to host AMF
under nutrient deficiency (Brundrett, 2009).  Furthermore, a low presence of fungi in the
roots must not necessarily imply a low physiological activity between both partners. The
categorization into obligate and facultative mycorrhizal plant species can only be
evaluated in controlled experiments, e.g., by establishing sterile cultures of both partners
and later re-inoculation (Pearson & Read, 1973), and not by visual estimation alone.

TAXONOMIC DISTRIBUTION OF MYCORRHIZAE
The mycorrhizal status is regarded to be ancestral among ferns (Zhao, 2000; Wang &
Qiu, 2006), as is likely for all land plants (Pirozynski & Malloch, 1975; Strullu-Derrién
et al., 2014; Field et al., 2015a).

The scant reviews of fern mycorrhizae have focused on the sporophyte and have
come up with highly diverging results regarding the general presence of fungal symbionts
as well as the distribution among the different groups. Newman and Reddell (1987) found
87% to be always mycorrhizal, 7% facultative, and 6% not mycorrhizal (based on 180
fern species), which is within the range of the values found for angiosperms (Brundrett,
2009). Others reported 75% of the studied fern species to have AM (Gemma et al., 1992).
Zhao (2000) found only 33% of 256 species from China to be mycorrhizal (17% obligate
+ 16% facultative), and similarly Moteetee et al. (1996) reported 36% of the species to
be mycorrhizal. Cooper (1976) found 100% of the investigated ferns to harbour
mycorrhiza, but the sampling included only terrestrials and low epiphytes from humid
subtropical to southern temperate forest, i.e., conditions that foster fungal growth. On
the other extreme, Lesica & Antibus (1990) focused on epiphytes and found no
mycorrhiza in the 12 investigated species. Wang & Qiu (2006) found 52% of all species
and 92% of all families to harbour AMF. Brundrett (2009) summarized only more recent
reports on mycorrhizae that he could trust, but contrary to his detailed summary on
spermatophytes, he could not give an exact evaluation for ferns.

Lehnert (2007) used all available data on fern mycorrhiza worldwide starting from
Boullard (1958, 1979), and evaluated simple presence/absence of mycorrhizal
colonisations in three classes (aseptate fungi = AMF; septate fungi = DSE/ascomycetes;
unspecified mycorrhiza) in 675 taxa (ca. 6% of the global diversity; Smith et al., 2006).
The observed average of 62% for fungal colonisation lies in the middle of the range of
previous reports for ferns but is lower than the values for seed plants (Brundrett, 2009).
AMF are dominant among the fungal symbionts with 66%, whereas the remaining 34%
are made up of ascomycetes, DSE and unspecified mycorrhizations. Across the
phylogeny at the family level (sensu Smith et al., 2006), below average mycorrhization
(≤62%) was found among several families of derived Polypods (non-grammitid
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Polypodiaceae 23%, Tectariaceae 25%, Aspleniaceae 45%) but other families of the
Polypods such as Davalliaceae and Onocleaceae had 100% mycorrhization. Vice versa,
among the other leptosporangiate ferns, several families had below average
mycorrhization rates (Anemiaceae 50%, Gleicheniaceae 48%, Cyatheaceae 53%).
Among the eusporangiate lineages, only the Equisetaceae showed low mycorrhization
(22%) whereas the remainder had average to high values (Psilotacae 67%, Marattiaceae
91%). Families largely restricted to aquatic habitats showed low (Isoetaceae; one of two
samples) or no (Marsileaceae, Salviniaceae) fungal colonization. Mycorrhizal epiphytes
were found mainly among grammitid ferns (84% of epiphytes and 74% of all species
mycorrhizal), Hymenophyllaceae (76% of epiphytes and 76% of all species mycorrhizal)
and Dryopteridaceae (63% of epiphytes [mainly Elaphoglossum] and 62% of all species
mycorrhizal). Interestingly, only 42% of the investigated sporophytes of Lycopodiaceae
had mycorrhizae despite their predominantly mycoheterotrophic gametophytes (Winther
& Friedmann, 2008). 

Later substantial additions to the survey (Kessler et al., 2009; 2010b; 2014a; Zubek
et al., 2010; Ogura Tsujita et al., 2013; Muthukumar & Prabha, 2012; 2013; Lara-Pérez
et al., 2015) have increased the species count but have not significantly changed the
originally found total average and ratios between the substrates (Lehnert et al.,
unpublished data).

A caveat to bear in mind when comparing many different reports is the often uneven
approaches regarding evaluation and quantification of the presence of fungi, as has been
pointed out for AMF by Brundrett (2009). However, considering that it is more likely
that fungi present have been over-interpreted as symbionts rather than that true,
functioning mycorrhizas have been overlooked, these numbers are more likely to drop
than to rise after a thorough re-evaluation. Thus, the observed pattern that lycophytes
and ferns have a below-average colonization rate compared with seed plants or land
plants in general is expected to hold true.

A similar but even stronger uncertainty lies in the data supporting the mutualistic
nature of these colonizations, which would allow them to be addressed undisputedly  as
mycorrhizae (Brundrett, 2002; 2009). Most reports used only light microscopical
preparation techniques to investigate the presence of fungi, which render the sample
unsuitable for futher ultrastructural and molecular studies (pers. obs. for ferns, but see
Ishii & Loynachan, 2004). Even if obligately mycorrrhizal fungi abound in the roots,
this does not necessarily mean that the partners interact physiologically (Lekberg et al.,
2015). Electron microscopy may allow the larger classification of the fungus and could
reveal whether the host cell responded more in a symbiotic way or if it just tried to reject
and contain the penetrating fungus (e.g. Schmid & Oberwinkler, 1994; Schmid et al.,
1995). So far such ultrastructural and/or genetic investigations of mycorrhizae in the
sporophyte generation covered only 12 species of lycophytes (Duckett & Ligrone, 1992;
Winther & Friedmann, 2007a; Rimington et al., 2015) and 35 species of ferns (Schmid
et al., 1995; Schmid & Oberwinkler, 1996; Pazmiño, 2006; Winther & Friedmann, 2007b;
2009; Lehnert et al., 2009; Field et al., 2015c; Rimington et al., 2015), which represents
only a small fraction (3.7 %) of the 1,287 species of lycophytes and ferns for which
reports are available (ca. 11 % of the global diversity; Lehnert et al., unpubl. data) 

LIFE-STAGE DISTRIBUTION OF MYCORRHIZAE
Mycorrhizal interactions with fern gametophytes are not as uniform as often stated
(Mehltreter, 2010). With a few exceptions (Duckett & Ligrone, 1992), gametophytes of
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Lycopodiaceae, Psilotaceae (Duckett & Ligrone, 2005) and Ophioglossaceae are
achlorophyllous and mycoheterotrophic, meaning not only do they receive water and
minerals but also carbohydrates from the fungi (Schmid & Oberwinkler, 1994). By this
means, the gametophytes may tap into the carbon source of another, photoautotrophic
host of the fungus (Harley & Harley, 1987; Horn et al., 2013), possibly even the parental
sporophyte (Winther & Friedmann, 2008). The anatomy of these mycoheterotrophic
gametophytes, which are tuberous and relatively thick textured (Winther & Friedmann,
2007; 2008; 2009), allows an easy colonisation by fungi, whereas across fern lineages
with photoautotrophic gametophytes, we see a gradual reduction of size (especially
thickness) and longevity along the phyletic sequence (Smith et al., 2006). Mycorrhization
rates seem to follow this pattern. 

The eusporangiate Marrattiaceae (Bower, 1923; Ogura-Tsuijita et al., 2013) and the
basal leptosporangiate Osmundaceae, Plagiogyriaceae, Gleicheniaceae and Cyatheaceae
(Ogura-Tsuijita et al., 2015) show relatively constant and high presence of AM fungi
(58–97%) in the thick centre of the gametophytes. However, most leptosporangiate
families have the common heart-shaped Polypodium-prothallium and offer only restricted
space for fungal symbionts; accordingly fungal colonization is observed infrequently
(e.g., Reyes-Jaramillo et al., 2005; Turnau et al., 2005; Muthukumar & Prabha, 2012)
and most taxa are considered to be only facultatively mycorrhizal (Read et al., 2000). In
leptosporangiate lineages with strongly dissected to filiform prothallia (e.g., some
Hymenophyllaceae, grammitid Polypodiaceae), AM are not observed (Boullard, 1979). 

Even if both generations in the life cycle are mycorrhizal, the sporophyte does not
directly inherit the fungal partner from the gametophyte but has to acquire it anew from
the substrate (Schmid & Oberwinkler, 1995), so that each generation can have a different
assortment of fungal partners, although usually with a strong overlap (Winther &
Friedmann, 2008).

HABITAT DISTRIBUTION OF MYCORRHIZAE
Among ferns, most studies have only considered selected species; whole fern
communities have been studied only in Canada (Berch & Kendrick, 1982), China (Zhao,
2000), La Réunion (Kessler et al., 2010), and Ecuador (Kessler et al., 2014a). In general,
the mycorrhization rate of soil-growing fern species is typically higher than that of
epiphytic species (Gemma et al., 1992; Kessler et al., 2010). Thus, Lehnert (2007)
reported putative mycorrhizal fungi mainly in terrestrial and saxicolous species (67%
and 59%, repectively) but only in 53% of epiphytic species and in 9% of aquatic species.
The percentage in epiphytes included a high presence of ascomycetes + DSE (67% of
colonisations), whereas the remaining 33% of epiphytic mycorrhiza represented only
8% of the total of AMF colonisations in all lycophytes and ferns. 

The low rate of mycorrhizal infections among epiphytes may be caused by either the
fungi or the ferns. Glomeromycetes, in particular, are expected to have a lower
colonization potential than fungi with air-borne spores (e.g., ascomycetes,
basidiomycetes) because they produce spores subterraneously and require stable substrate
conditions for growth and development (Zubek et al., 2010), thus being hardly suited for
the dynamic canopy habitat (Janos, 1993). It has also been suggested that epiphytic ferns
may be less dependent on mycorrhizae because they have special adaptations (e.g.,
drought resistance, leaf litter traps, thick storage rhizomes) that limit requirements for
mycorrhizae (Mehltreter, 2010).

Among the ferns growing on the ground, there are also slight differences between
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substrates, with those on well-developed soil and rocks having high levels of
mycorrhization than those on sand – again a habitat that is unsuitable for fungal growth
(Brundrett, 2009) – having fewer mycorrhizal fern species (Gemma et al., 1992). 

A special case is provided by raw volcanic soils, especially on islands such as
Hawai’i. It has been suggested that such soils are more easily colonized by
nonmycotrophic or facultatively mycorrhizal fern species due to the paucity of fungal
innoculum, perhaps facilitating later colonization of obligate mycotrophic ferns and
angiosperms (Gemma & Koske, 1990; Gemma et al., 1992). This contrasts, however,
with the regular presence of mycoheterotrophic gametophytes of Psilotum in volcanic
soils (Holloway, 1938; Duckett & Ligrone, 2005) and observations on La Réunion, where
the percentage of terrestrial fern individuals with mycorrhizae was higher on shallow,
raw soils with high pH values, high base-saturation and low nutrient availability (Kessler
et al., 2010). These contrasting results may be due partly to the fact that the Hawai’i
studies were based on the species level, whereas the results from La Réunion are based
on numbers of individuals.

Mycorrhization is absent to very rare in aquatic environments (Boullard, 1958; 1979;
Lehnert et al., 2007; Brundrett, 2009), presumably reflecting the paucity of fungi in such
environments. Furthermore, the benefits mycorrhiza could bring are no longer
advantageous in a medium in which water and most nutrients are freely available and
often in surplus, but – at least in the case of fully submerged plants – assimilation is
hampered by lower CO2 partial pressure and decreased light intensity. In some cases,
amphibious species that grow both inundated and on dried-out soils are facultatively
mycorrhizal, as found in some Isoetes (Beck-Nielsen & Madsen, 2001; Radhinka &
Rodrigues, 2007). Likewise, species of Equisetum are non-mycorrhizal in wetlands, but
commonly mycorrhizal in dry environments (Harley & Harley, 1987; Marsh et al., 2000;
Read et al., 2000; Brundrett, 2002).

Focussing on climatic gradients, the degree of mycorrhization has been documented
to decrease with elevation in Ecuador (Kessler et al., 2010). In addition to the commonly
proposed fungus-oriented explanations based on reduced fungal growth at low
temperatures (Read & Haselwandter, 1981; Olsson et al., 2004; Schmidt et al., 2008),
these authors also proposed a fern-oriented one in that mycorrhization might decrease
because the relative costs of allocating carbon to the fungal partner increase with
elevation (where photosynthesis decreases: Kessler et al., 2014b) and possibly exceed
the benefits of the fungal nutrient supply.

ECOLOGICAL EFFECTS OF MYCORRHIZATION IN FERNS
Based on work on seed plants, it is known that fungi provide plants with soil nutrients
(especially PO4), water, and other benefits (Blackwell, 2000; Wilkinson, 2001). In
exchange, the fungi obtain organic C from the photosynthetic host plants (Smith & Read,
2008; Olsson et al., 2010), which allocate up to 20% of their net photosynthetic C to
their fungal partners (Allen et al., 2003). The relative costs of this fungal C use have to
be assessed in relation to the benefits derived from increased nutrient uptake, and
presumably can be offset partly by higher rates of photosynthesis, if the plants are not
light limited (Smith & Smith, 2011). In greenhouse experiments with potted plants,
mycorrhizal fungi have been shown to increase leaf tissue nutrient concentrations, most
importantly those of P (Stribley et al., 1980; Smith & Smith, 2011). 

For ferns, very few data are available, and contrary to seed plants there are no
greenhouse experiments. In an early study, Cooper (1976) showed that mycorrhizal plants

108                                                                               FERN GAZ. 20(3):101-116. 2016



of the facultatively mycorrhizal Pteridium aquilinum (L.) Kuhn in New Zealand had
stronger growth than non-mycorrhizal individuals. More recently, it has been shown both
on La Réunion and in Ecuador that terrestrial mycorrhizal fern species are locally more
abundant than those lacking mycorrhizae (Kessler et al., 2010; 2014a). For example, on
La Réunion, the 78% mycorrhizal species made up 98% of all fern individuals. This
suggests a clear ecological advantage provided by mycorrhizae to ferns.

On the other hand, a study in Ecuador found that fern species with mycorrhizae had
lower relative biomass increment per year than those without mycorrhizae (Kessler et
al., 2010), suggesting a high C cost of mycorrhization. Even more surprisingly, non-
mycorrhizal fern species had significantly higher concentrations of N, P, Mg, and Ca in
their leaves. Negative growth effects of mycorrhization have previously been documented
in a number of cases among seed plants (e.g., Johnson et al., 1992; Smith & Read, 2008;
Veiga et al., 2011). These often reflect the parasitic nature of mycorrhizal fungi in
situations in which the nutritional benefits for the plant do not outweigh the C loss to the
fungi (Johnson et al., 1992; Karst et al., 2008). 

The very sparse data available until now thus provide evidence for benefits of
mycorrhization in ferns as well as for negative effects. While this may initially be
surprising, in fact it makes sense if we consider that not all plant species have
mycorrhizae (Brundrett, 2009), even if they do not grow under special habitat conditions
that limit fungal growth such as aquatic or epiphytic environments. If we further bear in
mind that the ancestral state is most likely the presence of mycorrhization, then the 33%
of terrestrial and 47% of epiphytic fern species lacking mycorrhizae (Lehnert, 2007)
must have lost them over evolutionary times, suggesting that there must be a benefit of
losing mycorrhiza. It thus appears that there is a fine balance between positive and
negative effects of mycorrhization among land plants in general and ferns in particular.
It is much too early to speculate under which conditions this balance switches either way,
especially considering that the balance is likely to be not simply determined by a nutrient-
carbon trade-off but also by water relations and the influence of symbiotic fungi on
parasitic or pathogenic fungi and other biotic interactions.

OPEN QUESTIONS
We conclude this overview of what is known about mycorrhizae in ferns with a series of
questions that readily develop from the above text. This list is certainly incomplete, but
it may offer some guidelines as to what we would like to know to better understand the
role of mycorrhization in ferns and lycophytes:

Are all visually detectable fungal associations of ferns truly mutualistic? Most of the•
records are based on light microscopical screenings only and await further
microstructural and molecular conformation. Until now, true mycorrhizae with mutual
benefits have been confirmed only for lycophytes and basal fern lineages and involve
only Glomeromycota and Mucoromycotina.
Why is the overall degree of mycorrhization lower among lycophytes and ferns (and•
liverworts) than among seed plants? Does this reflect some basic physiological
difference between spore-bearing and seed-bearing vascular plants, e.g., in water use
efficiency (Brodribb et al., 2009; Watkins et al., 2010) that tips the balance more in
the direction of non-mycorrhization in ferns?
What is the role of mycorrhization in ferns that are very difficult to cultivate or•
transplant, such as Gleicheniaceae, Lycopodiaceae and grammitids (Page, 2002)?
For ferns with facultative or variable mycorrhization, does the degree of•

LEHNERT&KESSLER: MYCORRHIZAL RELATIONSHIPS 109



mycorrhization vary with ecological conditions? 
Are there implications of mycorrhizal associations in ferns for insect herbivory or•
other ecological interactions?
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