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Abstract We present a review of the documented fungal col-
onizations of presumably symbiotic nature in lycophytes and
ferns (Bpteridophytes^). The sampling covers ca. 11 % (1287
spp.) of the estimated global diversity of these taxa (ca. 12,000
spp.) and shows an average presence of fungal endophytes of
68 %, which is significantly lower than the average presence
of mycorrhiza of 80–85 % for the remaining tracheophytes.
Above-average colonization rates up to 100 % among ferns
are mainly found in phylogenetically old lineages, whereas
below-average mycorrhization characterizes the Polypod I
clade and the Aspleniaceae of the derived leptosporangiate
ferns. Arbuscular Mycorrhizal Fungi (AMF) are found in
54 % of the species, to which 6 % of unspecified records of
mycorrhizae should probably be added. Dark Septate
Endophytes (DSE) are found in 13 % of the species, in about
half the cases (6 %) together with AMF. Ectomycorrhizae
have not been confirmed for pteridophytes so far, and basid-
iomycetes are found very rarely in mycoheterotropic gameto-
phytes. Fungal endophytes are unevenly distributed across the
life forms and most frequent with 75 % in the terrestrial spe-
cies, followed with 69 % in saxicolous and with 58 % in
epiphytic species. Although AMF have a low dispersal poten-
tial and thus are considered unreliable symbiotic partners for

epiphytes, they are still present in 27 % of the investigated
epiphytic pteridophytes. The occurrence of mycorrhizae
across the taxa of pteridophytes bears a phylogenetic signal,
as the derived ferns show a notable trend towards a growing
independence from AM, in epiphytes more pronouncedly so
than in terrestrial taxa.
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1 Introduction

Mycorrhizae represent the most important symbiosis that land
plants partake in (Brundrett 2009). Estimates vary between
80 % and 85 % of all land plants being mycorrhizal
(Brundrett 2002; Wang and Qiu 2006; Parniske 2008), rang-
ing from 100 % in gymnosperms (Brundrett 2002, 2009) to
0 % in mosses (Bryopsida), for which occasional colonisa-
tions but no true fungal symbioses are confirmed (Brundrett
2002; Pressel et al. 2010). The prevalent fungal partners of
land plants are the aseptate Glomeromycota (Schüßler et al.
2001), which have grown dependent on the green plants in the
symbiosis called Arbuscular Mycorrhiza (AM) (Parniske
2008). Its origin lies in the era when plants first conquered
the land some 400 Mya and thus predates the evolution of
roots (Taylor et al. 1995, Brundrett 2002, Kenrick and
Strullu-Derrien 2014). The oldest structures similar to extant
AM in the earliest tracheophyte fossils from the Rhynie Chert
(Remy et al. 1994) likely involved not only Glomeromycota,
which are the prevalent symbionts today, but also
Mucoromycotina, which are either sister to the rest of the
Eumycota or to the Glomeromycota (Strullu-Derrien and
Strullu 2007, Field et al. 2015a, Selosse et al. 2015). Recent
ana tomic a l and mo lecu l a r s t ud i e s have found
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Mucoromycotina as symbionts in the earliest diverging liver-
worts Treubia and Haplomitrium (Bidartondo and Duckett
2010; Pressel et al. 2010; Field et al. 2015) as well as in
hornworts (Desirò et al. 2013) and some ferns (Rimington
et al. 2015). Other important types of mycorrhizae involve
mainly more derived Basidiomycota and Ascomycota, like
the Ectomycorrhiaze (ECM), ericoid mycorrhizae, and orchid
mycorrhizae (Brundrett 2002).

Plant genes controlling the mycorrhizal symbiosis can be
traced back to the common ancestor of all land plants (Wang
et al. 2010). This means the genes have retained their func-
tionality during the switch from the gametophyte to the spo-
rophyte as the generation involved in the symbiosis, in a com-
parable way as the genes coding for rhizoids and roots hairs
(Jones and Dolan 2012). This is not surprising in the light of
the many benefits mycorrhizae hold for the plant (Abbott and
Robson 1984; van der Heijden 2015). In exchange for provid-
ing assimilates to its heterotrophic fungal partner, the plant
normally receives an improved supply of phosphorus, nitro-
gen, micronutrients, and water, resistance against pathogens,
and also a higher recovery rate from herbivory due to a higher
productivity (Willis et al. 2013). However, in the course of
evolution some plants have disposed of the mycorrhiza or
changed the fungal partner for various reasons (Wilkinson
2001; Brundrett 2002). An independence from mycorrhizae
can be seen as a response to abiotic conditions when the costs
outweigh the benefits to the plant (Wang and Qiu 2006), either
when photosynthetic rates are low (e.g. under CO2 limitation)
or when micronutrients are available in surplus. Changes of
the fungal partners have also occurred several times in con-
nection with the conquest of the epiphytic habitat (Brundrett
2009; Kottke and Nebel 2005). Spores and other propagules
of glomeromycota do not disperse through air (Willis et al.
2013) and their uncommon establishment on high branches
necessitates the presence of potentially mycorrhizal plant spe-
cies combined with the transfer of inoculum from the soil by a
vector (Janos 1993), like ants or birds. This makes AM a priori
unsuitable for epiphytes, which instead have often recruited
Basidiomycota and Ascomycota, ubiquitous and original de-
composers, as fungal partners (Fröhlich-Nowoisky et al.
2012). This has been documented for liverworts (Hepaticae;
see Kottke and Nebel 2005, and references therein), Ericaceae
(Cullings 1996; Brundrett 2002; Selosse et al. 2007) and
Orchidaceae (Yukawa et al. 2009).

Lycophytes and ferns (monilophytes; Pryer et al. 2004;
Smith et al. 2006), a paraphylum also commonly known as
pteridophytes (Kubitzki 1990), are especially interesting in
mycorrhizal research because they combine two interesting
aspects. First, they are the only extant tracheophytes whose
gametophytes and sporophytes are living independently, with
stark anatomical and ecological differences, but ultimately
confined to the same spots (Page 2002). With the exception
of the relatively well-studied mycoheterotrophic prothallia of

Lycopodiaceae (Schmid and Oberwinkler 1993, 1994;
Winther and Friedman 2007a) and some eusporangiate ferns
(Ophioglossaceae, Psilotaceae; Winther and Friedman 2007b,
Winther and Friedman 2009), information on the mycorrhizae
of green pteridophyte gametophytes is scant (e.g., Schmid and
Oberwinkler 1995; Turnau et al. 2005; Ogura-Tsujita et al.
2012) and their influence on the ecological and evolutionary
fitness of the species hardly understood. However, there is
evidence that both generations usually share the same type
of mycorrhiza, but that the fungal symbiont has to colonize
each generation consecutively, thus allowing for a change of
the fungal taxa involved (Schmid and Oberwinkler 1995;
Turnau et al. 2005; Reyes-Jaramillo et al. 2008).

Furthermore, pteridophytes boast a high percentage of epi-
phytes (24 % of ca. 12,000 species vs. 9 % of ca. 275,000
species of angiosperms) (Zotz 2013). Several phylogenetic
studies have focused on the evolution of epiphytism in pteri-
dophytes in connection with the advent of angiosperm-
dominated forests (e.g., Schuettpelz and Pryer 2009;
Hennequin et al. 2008), but have not included mycorrhizae
as modulating factor in the adaptation of ferns to this stressful
ecological niche. Studies on other epiphytic lineages have
revealed significant impact of mycorrhizae: Among liverworts
(Kottke and Nebel 2005), the presence or absence of mycor-
rhiza conditions which lineage radiated into the epiphytic hab-
itat and which not; comparative studies between terrestrial and
epiphytic orchids (Martos et al. 2012) have shown that epi-
phytes are more conservative in their mycorrhizal partner,
which indicates a more pronounced parallel evolution be-
tween plant and fungus than in the terrestrial species.

We here compile the current information about the fungal
endophytes in lycophytes and ferns with the aim to retrieve
general patterns across taxa and substrates for the use in com-
parative phylogenetic studies and as a basis for developing
evolutionary and ecological hypothesis that can then be tested.

2 Materials and methods

Records on mycorrhizae in lycophytes and ferns were gleaned
from the literature (Berch and Kendrick 1982; Bhat and
Kaveriappa 2003; Boullard 1958; Cooper 1976; Dhillion
1993; Fernández et al. 2010; Gemma et al. 1992; Gemma and
Koske 1995; Iqbal et al. 1981; Lara-Pérez et al. 2015; Lesica
and Antibus 1990; Moteetee et al. 1996; Muthukumar and
Udaiyan 2000; Muthukumar and Prabha 2012, 2013;
Ragupathy and Mahadevan 1993; Schmid et al. 1995; Sudha
and Ammani 2010; Wäckers 1998; Zhang et al. 2004; Zhao
2000; Zubek et al. 2010) and included our own accounts
(Kessler et al. 2010a, 2010b, 2014; Lehnert et al. 2009).

In the summary of the different records of mycorrhization,
we distinguished simply between presence/absence in the fol-
lowing categories: Fungal colonisation, Arbuscular
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Mycorrhizal Fungi (AMF), unspecified colonisation, Dark
Septate Endophytes (DSE), and mixed colonisation (aseptate
and septate endophytes). Unspecified colonisations are from
studies that did not specify which phenotype of fungal colo-
nisation they regarded as mycorrhiza (e.g. Cooper 1976), but
may be attributed entirely to AM because no other type was
recognized in pteridophytes as mycorrhiza back then. The
unequal approaches of the incorporated studies in the quanti-
fication of the colonisations precluded a distinction between
obligate and facultative mycorrhizae.

All taxa were classified according to their substrate affinity
(epiphyte, terrestrial, saxicolous, aquatic). We allowed multi-
ple assignments per species in order to be able to interpret
contradictory reports of mycorrhization in the light of sub-
strate specifity. When possible, epiphytes were further divided
into low and high epiphytes. Hemiepiphytes were included in
low epiphytes; climbers were included in the terrestrial species
because they at least start their life rooting in the soil, which is
the key aspect for this study. If the information of the substrate
was not provided in the original sources, it was obtained from
literature (Jones and Clemensha 1976; Brownsey and Smith-
Dodsworth 2000; Krömer and Kessler 2006), online specimen
databases (www.tropicos.org), and personal experience.
Percentages of fungal colonisation are given without
decimals in the text because they would invoke a false
sense of resolution that is not innate to the data pool.

The species were sorted into families following currently
accepted classifications (Smith et al. 2006, amended with
Christenhusz et al. 2011 and Rothfels et al. 2012; but see
Christenhusz and Chase 2014), then grouped according to
their phylogenetic position (Schuettpelz and Pryer 2007,
2009; Knie et al. 2015) and numbered consecutively. The
Polypodiaceae were split into grammitid and non-grammitid
ferns (Schneider et al. 2004b) to open the possibility to exam-
ine these ecologically distinct groups separately.

3 Results

Our sampling covers 1287 taxa of lycophytes and ferns, in-
cluding true species as well as some hybrids and distinct va-
rieties. This represents about 11 % of the estimated global
diversity of lycophytes and ferns (ca. 12,000 species).
Terrestrial species form the largest group (71 %) followed by
epiphytic (24%), saxicolous (12%) and aquatic species (3%);
a considerable percentage of species occurred on more than
one substrate (16 %). A further comparison of high and low
epiphytes across all pteridophyte lineages was not possible
because available data allowed this distinction only for a frac-
tion of the epiphytic records.

The summary shows an average presence of putative my-
corrhizal fungi in 67 % of the taxa. Terrestrial and saxicolous
species are frequently colonized by fungi (75 % and 69 %,

respectively), epiphytes notably less (55 %) and aquatics rath-
er occasionally (18 %). Among the colonisations, AMF dom-
inates in all cases (terrestrial 85 %; saxicolous 72%; epiphytic
47 %; aquatic 100 %); within the non-aquatic species, unspec-
ified records make up 11–14 % of the colonisations (Table 1).
Only in 6–8 % of the colonized species per substrate category,
AMF occur mixed with DSE. As pure colonisations, DSE are
most frequent in epiphytes (40 %) but rather scarce in terres-
trial and saxicolous species (5 % and 14 %, respectively) and
absent in aquatics (Table 1).

At the family level (Table 2), almost all 48 pteridophyte
families are represented in the data pool except for three
species-poor leptosporangiate fern families (Matoniaceae,
Thyrsopteridaceae, Rhachidosoraceae). Below-average
mycorrhization is found in the lycophytes (14–66%) andmost
families of the Polypod I-group (families 43, 45–48 with 40–
62 %; Table 2) whereas the rest of the leptosporangiate and
eusporangiate ferns predominantly have an average or above-
average mycorrhization rate (≥ 67 %). Exceptions are the
aquatic families Salviniaceae (0 %) and Marsileaceae (6 %),
as well as the terrestrial-saxicolous Gleicheniaceae (65 %),
Plagiogyriaceae (50 %), Diplaziopsidaceae (0 %),
Woodsiaceae (0 %), and two diverse families with epiphytic
radiations, the Pteridaceae (63 %) and Aspleniaceae (43 %).
Families retrieved as fully mycorrhizal (100 %) are mostly
represented with few taxa (1–5 spp.) but in the cases of
Anemiaceae (18 of ca. 100 spp.), Schizeaceae (13 of ca. 30
spp.) and Nephrolepidaceae (10 of ca. 19 spp.) with a higher

Table 1 Distribution and frequency of fungal colonisations in
pteridophyte species (lycophytes and monilophytes) across different
substrates. Some of the 1287 taxa have been attributed to more than
one substrate, so the second column sums up to a value higher than
this. % of subst. = percentage from the absolute number of species
found on the substrate; % of col. = percentage from the absolute
number of colonised species found on the substrate

total colonised AMF unspecified mixed DSE

epiphytic 318 183 86 23 11 74

% of subst. 57.55 27.04 7.23 3.46 23.27

% of col. 46.99 12.57 6.01 40.44

terrestrial 912 684 579 73 55 35

% of subst. 75.00 63.49 8.00 6.03 3.84

% of col. 84.65 10.67 8.04 5.12

saxicolous 157 108 78 15 9 15

% of subst. 68.79 49.68 9.55 5.73 9.55

% of inf. 72.22 13.89 8.33 13.89

aquatic 40 7 7 0 0 0

% of subst. 17.50 17.50 0 0 0

% of col. 100 0 0 0

all substrates 1287 883 700 83 71 97

% of subst. 68.61 54.39 6.45 5.52 7.54

% of col. 79.28 9.40 8.04 10.99
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number of taxa; fully recovered as mycorrhizal are also small
families comprising just 1–2 species each (Culcitaceae,
Loxsomataceae, Hemidictyaceae).

4 Discussion

Representativeness of sampling The sampling covers ca.
11 % of the extant diversity of the lycophytes and ferns, which
seems substantial but the question remains if it is equally
representative of all included groups. It is estimated that ca.
2865 spp. or 24% of pteridophytes grow at least potentially as
epiphytes (Zotz 2013), which matches the percentage of 24 %
epiphytes in the sampling of this study. Similarly, aquatic spe-
cies sum up to ca. 220 species (Smith et al. 2006) or ca. 2 % of
the total diversity, and make up 3 % of our sample size. Thus,
the spreading of the surveyed taxa does not show any over-
emphasis of one particular substrate type.

Regarding the phylogenetic groups, our sampling is
skewed towards basal lineages: While the proportion of
lycophytes (8 %) in our sampling comes near to the estimated
9 % among all pteridophytes, polypods (64 %) are slightly
underrepresented against the remaining ferns and horsetails
(28 %) compared to the estimated proportions (75 % and
16 %, respectively).

The way of gathering and processing of samples may have
an impact on the evaluation of mycorrhizae as well.
Mycorrhizal colonisations can change in the course of the year
(Iqbal et al. 1981), and may be undetectable if the roots are not
sampled at the right time. Also, AM have a restricted lifespan
in a given part of a root and have to be formed anew as the
roots grow (Brundrett 2002). Standard procedures for sam-
pling and screening of roots usually guarantee to get these
informative parts (e.g., Grace and Stribley 1991). However,
in some cases, most mycorrhizal roots of a plant are probably
not retrievable from the substrate. Studies on angiosperms
with AM (Tisserant et al. 1996) have shown that mostly finer
roots of higher branching order are developed for fungal col-
onization but that at the same time root growth and mass is
reduced compared to non-mycorrhizal species (Brundrett
2002). A plant highly dependent on mycorrhizae can thus be
expected to have few roots that are infected only in a small
percentage of their length. Fine roots are hard to preserve
during sampling if the plants grow in compact mineral soil,
like most Gleicheniaceae, or develop dense root systems as
many tree ferns (Cyatheaceae, Dicksoniaceae), which may
account for the relatively low mycorrhization rates in these
families compared to their next relatives (Table 2). Several
repetitions of a species are desirable in order to avoid sam-
pling bias (Brundrett 2009), and a low percentage of fungal
colonisations in a sample does not necessarily mean a low
dependence of the plant on the symbiosis. A distinction be-
tween facultative and obligate mycorrhizae is not detectable

by visual screening but only in comparative case studies using
ecophysiological methods on the species level (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). It seems that under high inoculum pressure in the sub-
strate, typical non-host (or non-mycorrhizal) species may ac-
tually present colonized roots but without noteworthy symbi-
otic interaction (Lekberg et al. 2015).

A further drawback is the different approaches in determin-
ing the mycorrhizal associations and the inconsistent defini-
tions for describing the types over the decades (Brundrett
2002). The same fungus may play different roles (neutral en-
dophyte, symbiont, or necrophyte) in different species or at
different life stages of the same plant (Brundrett 2002). This
makes a direct critical comparison of the studies impossible
and is the reason why we resorted to report only presence/
absence of fungal endophytes that might represent a kind of
symbiosis.

In most of the surveys focussing on pteridophytes used in
our study, it becomes clear from the context that only AMF
were considered. Colonizations by Mucoromycota, which
quite recently have been recognized as true symbionts
(Bidartondo et al. 2011; Field et al. 2015) are very similar in
structure to Glomeromycota, having aseptate hyphae that may
form coils and vesicle-like swellings but no arbuscules (Field
et al. 2015). Consequently, they may have been mistaken for
older Glomeromycota AM (Brundrett 2009; Strullu-Derrien
et al. 2014) and may actually be more common functioning
symbionts among ferns than currently recognized (Rimington
et al. 2015). Colonisations of other fungal types like DSE
(Jumpponen 2001) and Ascomycetes (Schmid et al. 1995)
were mostly ignored and not reported. This is unfortunate,
because Boullard (1979) already pointed out a high frequency
of septate endophytes in epiphytic Hymenophyllum species
without formally classifying them, although he did consider
them to be symbionts. This dismissal probably explains for
many accounts of non-mycorrhizal epiphytic ferns (Lesica
and Antibus 1990; Schmid et al. 1995). However, there is
limited, yet growing evidence that ascomycetes of the
Hymenoscyphus/Rhizoscyphus alliance, which form the
Ericoid mycorrhizae, can also be found in epiphytic liverworts
(Kottke and Nebel 2005; Pressel et al. 2008) and ferns
(Lehnert et al. 2009). The first report of ectomycorrhiza in
ferns by Cooper (1976) was never reconfirmed and was
dismissed by Brundrett (2002) as a likely contamination be-
cause the illustrated root resembled that of an angiosperm tree
of the genus Fagus, presumably belonging to a member of the
New Zealand native Nothofagus.

In summary, most reports on the mycorrhization of pteri-
dophytes, especially of ferns, need reconfirmation using up-
dated procedures and standards, and until then should be con-
sidered potential mycorrhizal fungal infections only. The
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Table 2 Fungal colonisation distributed across the families of lycophytes (1–3) and ferns (moniliophytes; 4–48) arranged in decreasing order
according to their phylogenetic sequence (see Materials and Methods)

% of total sample per family

Phylogenetic
sequence

family Number of investigated taxa Percentage (%)
of total sampling

colonised AMF unspecified Mixed DSE

48b Polypodiaceae
(grammitids)

48 3.74 73 17 8 6 48

48a Polypodiaceae (rest) 76 5.92 28 16 7 0 5

48 Polypodicaeae complete 124 9.66 45 16 7 2 22

47 Oleandraceae 5 0.39 40 40 0 0 0

46 Davalliaceae 9 0.70 44 33 0 11 11

45 Tectariaceae 21 1.64 62 57 5 5 0

44 Nephrolepidaceae 10 0.78 100 100 0 10 0

43 Lomariopsidaceae 2 0.16 50 50 0 0 0

42 Dryopteridaceae 162 12.63 73 60 5 11 8

41 Hypodematiaceae 2 0.16 100 100 0 0 0

39 Onocleaceae 3 0.23 100 100 0 0 0

38 Blechnaceae 43 3.35 86 60 26 14 0

37 Athyriaceae 64 4.99 80 78 0 8 2

36 Woodsiaceae 4 0.31 0 0 0 0 0

35 Thelypteridaceae 63 4.91 73 71 2 6 0

34 Aspleniaceae 89 6.94 43 27 9 3 7

33 Hemidictyaceae 1 0.08 100 100 0 0 0

32 Diplaziopsidaceae 1 0.08 0 0 0 0 0

31 Rhachidosoraceae — — — — — — —

30 Cystopteridaceae 8 0.62 88 88 0 13 0

29 Pteridaceae 135 10.52 63 57 6 5 0

28 Dennstaedtiaceae 31 2.42 90 67 23 3 0

27 Lonchitidaceae 1 0.08 100 100 0 0 0

26 Lindsaeaceae 38 2.96 95 92 3 8 0

25 Saccolomataceae 3 0.23 100 100 0 0 0

24 Metaxyaceae 1 0.08 100 100 0 0 0

23 Dicksoniaceae 5 0.39 100 80 20 20 0

22 Cyatheaceae 38 2.96 82 71 11 3 0

21 Cibotiaceae 4 0.31 100 100 0 0 0

20 Plagiogyraceae 2 0.16 50 50 0 0 0

19 Culcitaceae 2 0.16 100 100 0 0 0

18 Loxsomataceae 2 0.16 100 100 0 0 0

17 Thyrsopteridaceae — — — — — — —

16 Salviniaceae 4 0.31 0 0 0 0 0

15 Marsileaceae 17 1.33 6 6 0 0 0

14 Schizaeaceae 13 1.01 100 92 8 0 0

14 Anemiaceae 18 1.40 100 100 0 6 0

13 Lygodiaceae 5 0.39 100 100 0 0 0

12 Matoniaceae — — — — — — —

11 Dipteridaceae 2 0.16 100 100 0 50 0

10 Gleicheniaceae 37 2.88 65 60 5 8 0

9 Hymenophyllaceae 134 10.44 76 30 11 3 35

8 Osmundaceae 5 0.39 80 40 40 0 0

7 Marattiaceae 18 1.40 94 94 0 6 0

6 Psilotaceae 3 0.23 67 67 0 0 0

5 Ophioglossaceae 30 2.34 97 97 0 0 0
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patterns revealed by our compilation are rough estimates
at best, but they already point to the ecological and
taxonomic groups that most promise interesting results
in more detailed studies.

Mycorrhizae related to phylogenetic position Mycorrhizae
are very old (Strullu-Derrien and Strullu 2007, Strullu-Derrien
et al. 2014) and evidently primordial to all groups of land
plants (Wang and Qiu 2006; Field et al. 2015). Evolutionary
novelties would consequently encompass either independence
from mycorrhizae, including the loss of the symbiosis, or the
change to a different type of fungus (Brundrett 2002). Several
changes of the mycorrhizal type can be retraced in the phy-
logeny of the spermatophytes (Wang and Qiu 2006). Within
the gymnosperms, several independent changes from the an-
cestral AM to ectomycorrhizae occurred, most notably in the
Pinaceae and Gnetaceae (Wang and Qiu 2006). Similarly, in
the angiosperms several switches were made independently
(Brundrett 2002, 2009) to basidiomycetes (e.g. orchid-
mycorrhizae in Orchidaceae; ectomycorrhizae in arborescent
taxa of temperate zones and some Ericaceae) and ascomycetes
(e.g., ericoid mycorrhizae in Diapensiaceae and Ericaceae).
These changes apparently occurred once in each lineage and
triggered further diversification (Wang and Qiu 2006; Selosse
et al. 2007; Yukawa et al. 2009).

However, there seems to be no clearly detectable general
evolutionary trend among spermatophytes towards a
diminishing importance or loss of mycorrhizae (Wang and
Qiu 2006). Low percentages or absence of the symbiosis can
be related to the aquatic (e.g., Butomaceae, Limnocharitaceae,
Menyanthaceae) or parasitic (Loranthaceae) life form (Wang
and Qiu 2006; Brundrett 2009). Other non-mycorrhizal fam-
ilies have been studied only with one or few species so far
(e.g., Cyclanthaceae, Bataceae, Erythroxylaceae), so their
sampling may not be representative (Wang and Qiu 2006).
Proteaceae, Cyperaceae and Brassicaceae have long been
quoted as examples for plants that generally lack mycorrhizae
(Brundrett 2009), but there is an increasing body of evidence
that the majority of plant species can simply modulate the
mycorrhizal colonization depending on their needs
(Cornwell et al. 2001; Bonfante and Genre 2008; Genre and
Bonfante 2010), which may change with the substrate.
Contrary to this, there appears to be a general trend in the
more derived lineages of liverworts (Kottke and Nebel

2005) to reduce the influence of mycorrhizae, and we see
similar tendencies among pteridophytes.

The colonisation rate of lycophytes is surprisingly low
(58 %). However, their ancient looks belie the fact that the
extant diversity had more time to evolve as any other tracheo-
phyte lineage (Pryer et al. 2004; Qiu et al. 2007). The almost
exclusively aquatic Isoetaceae mostly lack mycorrhiza be-
cause of their restriction to aquatic habitats, as outlined below.
Lycopodiaceae are rated as 63 % mycorrhizal but this account
is based on sporophytes only. With a few exceptions, their
gametophytes are non-chlorophyllous andmycoheterophic in-
volving AMF;Winther and Friedman (2007a) and Leake et al.
(2008) also hypothesized that the sporophytes may nourish
their gametophytes via the fungal mycelium. Considering
both generations, the family should probably be treated as
fully dependent on mycorrhizae, even if the sporophytes
may be independent from the symbiosis under sufficient nu-
trient supply. Similarly, the relatively low colonisation rates of
Selaginellaceae (Table 2) by may be explained the preference
of most species for the deep shade of angiosperm dominated
tropical forests, especially in spots like gorges and ravines
where nutrients are accumulated (Wilcke et al. 2001).

Within ferns, we can observe most examples of above-
average presence of endophytic fungi in the basal grade from
the eusporangiate ferns up to the dennstaedtioid ferns (fami-
lies 4–28; Table 2), and a below-average percentage mainly in
the more derived Pteridaceae and eupolypods (families 30–48;
Table 2). Exceptions are again the aquatic lineages
(Azollaceae, Salviniaceae) in the basal leptosporangiates,
which show only occasional colonisations by AMF. A large
proportion of non-mycorrhizal species can be attributed to the
epiphytic radiations, which have mainly occurred in the
Pteridaceae (vittarioid ferns; Schuettpelz et al. 2007) and
eupolypods (Polypodiaceae, Dryopteridaceae, Aspleniaceae)
and only once in the basal leptosporangiate ferns
(Hymenophyllaceae). Here, the species probably followed
the same steps as the liverworts (Kottke and Nebel 2005),
and first became independent from the symbiosis before being
able to conquer the epiphytic habitat and eventually switching
to a different fungal partner.

Mycorrhizae related to substrate This study is the first at-
tempt to correlate the substrate preference of lycophytes and
ferns with their mycorrhizal status in a phylogenetic context.

Table 2 (continued)

% of total sample per family

4 Equisetaceae 21 1.64 71 71 0 5 0

3 Isoetaceae 14 1.09 14 14 0 0 0

2 Selaginellaceae 50 3.90 66 66 0 6 0

1 Lycopodiaceae 43 3.35 63 47 12 2 5
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There is the general notion stemming from a multitude of
practical physiological experiments that mycorrhizae are of
advantage (Brundrett 2002; Cairney 2000). The aquatic hab-
itat is apparently not well suited for mycorrhizae, although
AMF have been found in the roots of water-lilies
(Nymphaea; Wang and Qiu 2006). The advantages of the
symbiosis are levelled here because there is no shortage of
water and soluble minerals are easily accessible, but produc-
tivity of photosynthesis underwater is limited (e.g. Nielsen
1993) due the low partial pressure of CO2 (e.g. Raven et al.
1985) and the extinction of light (Kirk 1994). So it is plausible
to find no mycorrhizae in floating Salviniaceae, and sub-
merged taxa of Pteridaceae (Ceratopteris) and Isoetaceae.
The few AM colonisations in Isoetaceae (Beck-Nielsen and
Madsen 2001; Radhinka and Rodrigues 2007) and
Marsileaceae (e.g. Bhat and Kaveriappa 2003; Sudha and
Ammani 2010) are accounted for by individuals that root in
soil that has fallen dry. Their ability to form mycorrhizae
shows how deeply this symbiosis is embedded genetically
among embryophytes (Wang et al. 2010). Similarly, all
Equisetaceae with the exception of Equisetum arvense L.,
can be regarded as at least potentially growing in water-
logged soils, with some species growing partially submerged
along the shores of lakes (E. fluviatile L., E. palustre L.) while
others prefer seepage areas in gravelly gorges and ravines
(E. ramosissimum Desf., E. bogotense Kunth) or wet
meadows (E. sylvaticum L., E. pratense L.). Consequently,
there are diverging reports of the mycorrhization in this family
on the species level, with samples from relatively well-drained
soils being regularly and sometimes highly infected by AMF
while those from water-logged soils and the littoral always
show lower colonisation rates (Dhillion 1993).

Of the ca. 12,000 species of ferns (Smith et al. 2006), a
proportion of 2865 sp. (Zotz 2013) or ca. 24 % (maybe up to
29 %; Dubuisson et al. 2009) grow either potentially or obli-
gately as epiphytes. This number is contrasted by 24,748 sp.
(Zotz 2013) or ca. 9 % of the estimated total diversity of
angiosperms (ca. 275,000 sp.; Zotz 2013). Several phyloge-
netic studies have focused on the evolution of epiphytism in
pteridophytes in connection with the advent of angiosperm-
dominated forests (Hennequin et al. 2008; Schuettpelz and
Pryer 2009; Sundue et al. 2015), but have not included my-
corrhizae as modulating factor in the evolution of ferns within
this stressful ecological niche. Comparative studies between
terrestrial and epiphytic orchids (Martos et al. 2012) have
shown that epiphytes are more conservative in their mycorrhi-
zal partner, which indicates a more pronounced parallel evo-
lution between plant and fungus than in the terrestrial species.
With this in mind, we took a closer look at the epiphytic
radiations in ferns.

First, the definition of the epiphytic habitat is important. As
AMF are mostly soil-bound (i.e., every stage from germina-
tion to sporulation happens below the ground) and their spores

and propagules retain no or very low viability once
transported through the air (Willis et al. 2013), they are not
reliable fungal partners in the high canopy. The establishment
of documented occurrences of AM on canopy branches is
hypothesized to require the presence of a facultatively mycor-
rhizal host plant prior to the establishment of the symbiosis
(Janos 1993). However, the bases of the trunks of tress are
often connected to the soil by a layer of dead and living or-
ganic matter through which the AMF can spread vegetatively;
this is especially true for the fibrous root mantle that tree ferns
and many palms develop. From a mycorrhizal point of view,
these low-epiphytic habitats (Fig.1) are more similar to the
terrestrial substrate than to the upper trunk and branches
(Janos 1993). A categorization into different zones of the
chorophyte as done in ecological studies (Johansson 1974;
Hietz and Hietz-Seifert 2009; Zotz 2013) must be considered
in order be able to distinguish between substrates with high
and low presence of AMF (Fig.1). Similarly, the inclusion of
the saxicolous habitat in the epiphytic category as done by
some authors (Hennequin et al. 2008) seems flawed in the
context of mycorrhization, too, because this habitat is also
directly connected to the soil. Furthermore, saxicolous tra-
cheophyte species grow either in cracks or in moss cushions,
which basically represent two different substrate types (one
more mineral based, the other more organic). From our expe-
rience, saxicolous fern species growing in stone fissures are
more likely to thrive also as terrestrials, whereas we observed
many species growing inmoss cushions irrespectively of them
being located on a rock or on a tree branch. Due to this am-
bivalence, recognition of the saxicolous habitat at least as one
category seems important (as done here), and a further split-
ting may be sensible in future studies.

Having considered this, several exceptions from the rule
that AM do not prevail in epiphytes can be corrected. The
Psilotaceae, for example, are rootless eusporangiate ferns
comprising two genera, Psilotum and Tmesipteris, that are
100 % associated with AMF as gametophytes and sporo-
phytes, yet they are almost exclusively epiphytic. The expla-
nation is that Tmesipteris is found typically in the root-mantle
of tree ferns and Psilotum often in pockets of soil that accu-
mulated in the axils of dead palm fronds at relatively low
heights, so that a spread of AMF though a continuous sub-
strate layer from the soil is ensured.

In filmy ferns (Hymenophyllaceae), we observe besides
terrestrial and saxicolous species both high and low epiphytes
(Krömer and Kessler 2006; Dubuisson et al. 2009), and cor-
respondingly a mixture of species with AMF, DSE or non-
mycorrhizal species (Fig.2). AMF are mostly present in the
Trichomanes-clade, which not only contains many terrestrial
and saxicolous species (mainly the genera Callistopteris,
Cephalomanes, Abrodictyum and Trichomanes s.s.) but also
low epiphytes, hemiepiphytes and climbers (Fig. 1). These
non-terrestrials are quite specialized: Just as the above
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mentioned Tmesipteris, the genus Polyphlebium is primarily
found in the root mantle of tree ferns; the genus
Didymoglossum is found either on wet rocks or on smooth
t ree bark a t low he igh t s . Opposed to th i s , the
Hymenophyllum-clade is characterized by many epiphytic
species that can be found also (but not exclusively) in the
canopy (Krömer and Kessler 2006). These species either have
been found to largely lack mycorrhizae or to be colonized by
DSE. AMF are rare in this clade and found in the few terres-
trial taxa and some ecologically potent species that occur in
diverse habitats. Not surprisingly, these taxa include the
early diverging lineages of the Hymenophyllum clade,
e.g. Hymenophyllum nephrophyllum Ebihara & K.Iwats.
(= Cardiomanes reniforme (Forst.) C.Presl) (Hennequin
et al. 2008).

The change of mycorrhiza and substrate in the
Hymenophyllaceae as indicated here is further correlated with
changes of the body plan, from a monopodial rosette in ter-
restrial plants to colonial growth and diminishing size as ad-
aptations to the epiphytic habitat (Dubuisson et al. 2013).
These anatomical changes, decreasing the space in the roots
for potentially symbiotic fungi, chronologically coincide with
the other documented epiphytic radiations in the
leptosporangiate ferns (Schuettpelz and Pryer 2009), which
followed the radiation of angiosperms in the late Cretaceous/
early Tertiary (Schneider et al. 2004a).

The derived Polypodiaceae are probably an even better
example for this pattern of concerted evolution. They are
interpreted as being primordially epiphytic (Schuettpelz and
Pryer 2009; Sundue et al. 2015) and concordantly have a

below-average mycorrhization rate (45 %) and an even lower
occurrence of confirmed AMF (16 %; Table 2). The
Polypodiaeae show many anatomical features that can be
interpreted as adaptations that compensate for the loss of the
symbiotic partner: The root hairs are well developed and long-
lived; most species have thick, long-lasting rhizomes that store
carbohydrates; species can be very drought resistant, with
thick fronds, strong cuticles and dense indument of scales on
the laminae; niche-forming leaves that act as leaf litter collec-
tors have developed several t imes independently
(Aglaomorpha, Drynaria, Platycerium) (Watkins and
Cardelús 2012); domatia for ants, which not only defend their
host plant but also fertilize it with their faeces, occur among
pteridophytes only in this family (Lecanopteris, Solanopteris)
(Kramer et al. 1995; Dubuisson et al. 2009). In few words,
most Polypodiaceae can be characterized as non-mycorrhizal
nutrient savers. The exception is the grammitid ferns, a
monophylum that was long treated as distinct family because
of many anatomical features that diverge from the remainder
of the Polypodiaceae, e.g., small plant size and green spores
(Schneider et al. 2004b; Dubuisson et al. 2009). In our survey,
we further found grammitid Polypodiaceae to have a much
higher fungal colonization rate (73 %) and occurrence of
DSE (48 %) than the rest of the family (28 % and 5 %, respec-
tively; Fig. 2). The evolutionary pressure of the common an-
cestor towards the grammitid habitus probably was forced
onto the size of the plants. The saving-and-storing strategy
leads to relatively large plants that are not able to colonize thin
branches, thus putting the light-endowed outer canopy out of
reach. In order to colonize this favourable niche, the ancestor

Fig. 1 Diagram of the substrates available to lycophytes and ferns. The
terrestrial and saxicolous habitat was available prior to the advent of the
angiosperms, as well as the root buttresses and lower trunks of tree ferns
and gymnosperms, which are usually scored as epiphytic in the zones 1 &
2a (i.e., trunk base and lower part of the trunk) according to Johansson

(1974) and its modifications (e.g. Zotz 2013). These zones are contiguous
with the soil and so more easily colonized by AMF than the structured
angiosperm crowns (zones 3–5, i.e. inner, middle and outer crown,
respectively), which harbour most of the extant diversity of vascular
epiphytes
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of the grammitid ferns presumably formed mycorrhiza anew
with easily available wind-dispersed ascomycetes (Lehnert
et al. 2009), which are primordially free-living decomposers
but also potential symbiotic partners, with more than 40 % of
the named species also being lichenized (Schoch et al. 2009).
With a symbiotic partner functioning as an extended root sys-
tem (compare Allen et al. 2003), the grammitid ferns could
reduce the size of their whole body plan, including the root

mass, while ensuring a constant supply of water and nutrients.
It appears that grammtid ferns have become highly depen-
dence on their mycorrhizae, as they are one of the few fern
groups that are almost impossible to cultivate (Hoshizaki and
Moran 2001) and even to transplant in situ (Lehnert 2013).
While direct evidence is lacking, we suspect that the intoler-
ance of grammitids to displacement is due to their tight asso-
ciation with fungal partners.

Fig. 2 Diagram of the phylogeny
of tracheophytes, families of
lycophytes (1–3) and ferns
(monilophytes, 4–48) shown in
detail (after Smith et al. 2006;
Rothfels et al. 2012; Knie et al.
2015) arranged in the same
sequence as in Table 2. Some
formal and commonly recognized
informal groups are boxed: 1)
lycophytes; 2) eusporangiate
ferns; 3) basal leptosporangiate
ferns; 4) water ferns; 5) tree fern
alliance; 6) dennstaedtioid ferns;
7) Pteridaceae; 8) Eupolypods II;
9) Eupolypods I. Bars behind
families represent total sampling;
green = percentage without fungi;
black boxes = percentage of
fungal colonization (mycorrhizae
& endophytes); light grey =
percentage of AMF
(Glomeromycota &
Mucoromycota); yellow =
undefined mycorrhizae; dark grey
= septate endophytes including
DSE and Ascomycota. Red
dotted line marks average
mycorrhization/colonization of
67 %
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The influence of angiosperms on ecological niche evolution
in ferns is not restricted to providing room for epiphytes in their
open-structured canopy; it can also be seen in the fast nutrient
turnover. Compared to extant gymnosperms, deciduous angio-
sperm trees produce leaf litter that is easily decomposed and has
a high nutrient release (Klemmedson 1992) even in comparison
to that of other broad-leafed, non-angiosperm taxa, as it is found
e.g. in forests dominated by ferns (Allison and Vitousek 2004;
Amatangelo and Vitousek 2008). As ferns and lycophytes orig-
inated in an angiosperm-free world (Schuettpelz and Pryer
2007), it may be hypothesized that these taxa today find an
abundance of freely accessible nutrients in the soils under most
angiosperm-dominated vegetation types, whose exploitation
triggered the evolution of other key innovations, e.g. the new
photoreceptor in derived ferns that allow them to grow under
the deeply shading angiosperm canopies (Schneider et al.
2004a). Under such conditions, mycorrhizae may have become
optional or dispensable for terrestrial taxa (Allen et al. 2003;
Kessler et al. 2014), providing the prerequisite for the evolution
of high epiphytes, as postulated for liverworts (Kottke and
Nebel 2005).

Among the derived leptosporangiate ferns, the Pteridaceae
(Schuettpelz et al. 2007) provide a good example that supports
this assumption. The genus Adiantum is predominantly terrestrial
and mycorrhizal (88 % of the species with AMF). Field studies
have shown that the species can be ecologically separated along a
soil nutrient gradient, but that they avoid soils that are categorized
as nutrient deficient (Tuomisto et al. 1998). This suggests a low
reliance of the genus on mycorrhiza for improved nutrient supply.
The species of its sister clade, the vittarioid ferns, aremostly found
on trees, from the roots to the upper branches. Accordingly, only
28 % of the vittarioid ferns are mycorrhizal (Table 2), with low
epiphytes like the generaAnetium andAntrophyum often showing
strong fungal colonization and high epiphytes being non-
mycorrhizal (e.g. Radiovittaria stipitata (Kunze) E.H.Crane). In
both Adiantum and the vittarioid ferns, only AMF have been
recorded. Although vittarioid ferns can be abundant epiphytes in
a community, they are less diverse than syntopic epiphytic
Hymenophyllaceae and grammitid ferns (Polypodiaceae), which
often are associated with DSE (Table 2; Fig. 2).

5 Conclusions and outlook

The occurrence of mycorrhizae across the taxa of pterido-
phytes seems to show a phylogenetic signal, as phylogeneti-
cally derived ferns show a notable trend towards a growing
independence from AM, in epiphytes more pronouncedly so
than in terrestrial taxa. As the independence is rated here
mainly as the absence of mycorrhizal fungi and not as a func-
tion over time in relation to external factors, it is assumed that
this pattern will come out clearer once a closer look has been
taken into the mutual functionality of this symbiosis across a

larger set of taxa. We recognize four groups that offer them-
selves as study objects for a more detailed molecular study
focussing on the evolutionary change of fungal symbionts
with substrate, i.e. Hymenophyllacae, vittarioid ferns of the
Pteridaceae, the genus Elaphoglossum within the
Dryopteridaceae, and Polypodiaceae.

In the last two decades the understanding of the evolution
of fungi has experienced major advances, with great reverber-
ations on the taxonomy of the Mycobionta (e.g., Schüßler
et al. 2001; Kroon et al. 2004; Fitzpatrick et al. 2006;
Rossman and Palm 2006; Hibbett et al. 2007; Tian et al.
2015; Wijayawardene et al. 2016). However, the molecular
characterization of endophytic fungi from lycophytes and
ferns is still in its infancy (Rimington et al. 2015) and has so
far focused on lineages with mycoheterotropic life stages,
such as Lycopodiaceae (Winther and Friedman 2007a),
Ophioglossaceae (Winther and Friedman 2007b), and
Psilotaceae (Winther and Friedman 2009). With the latest ad-
vances in Next Generation Sequencing (Wei et al. 2014), it
may be possible to simultaneously retrieve multiple copies of
targeted genome regions from several fungal lineages with
one analytical step. The greatest hindrance to overcome is still
the extraction of endophyte DNA from fern roots, which are
usually thin, tough, and darkened by largely unknown second-
ary metabolites. These factors diminish the yield and quality
of the isolated DNA, as we know from first-hand experience.

The survey of pteridophytes under floristic, ecological and
phylogenetic aspects (Lehtonen 2011, and references therein)
has seen a surge in recent years, and the impact of mycorrhizae
on pteridophytes at the community level is just emerging
(Kessler et al. 2010b, 2014). With the fast increasing body of
data on the diversely adapted taxa, especially ferns, which show
a manageable absolute diversity, will certainly be the first large
land plant group for which pattern of niche evolution can be
retraced convincingly. Indeed, a recent ecological study in
Ecuador found that while mycorrhizal fern species are more
abundant, non-mycorrhizal fern species have higher growth
rates, perhaps because they lose fewer carbohydrates to the
fungi (Kessler et al. 2014). There thus appears to be a balance
in ferns between the benefits and costs of having mycorrhizal
partners, which so far has been little studied. Whether this bal-
ance differs between ferns and angiosperms based on their dif-
ferent physiological adaptations remains to be explored.
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