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Abstract

Mycorrhizal symbiosis between plants and fungi is ubiquitous, and has been played key roles in plant terrestrialization and
diversification. Although arbuscular mycorrhizal (AM) symbioses with Glomeromycotina fungi have long been recognized as
both ancient and widespread symbionts, recent studies showed that Mucoromycotina fungi were also ancestral symbionts and
would thus be expected to co-exist with many land plants. To explore whether Mucoromycotina colonize fern gametophytes,
we subjected fungal associations with gametophytes of two distantly related ferns, Angiopteris lygodiifolia (Marattiales) and
Osmunda japonica (Osmundales), to molecular analysis. Direct PCR amplification from intracellular hyphal coils was also
performed. We detected Mucoromycotina sequences in the gametophytes of A. lygodiifolia and O. japonica at rates of 41%
(7/17) and 50% (49/98) of gametophytes, respectively, and assigned them to 10 operational taxonomic units of Endogonales
lineages. In addition, we used AM fungal-specific primers and detected Glomeromycotina sequences in all individuals
examined. The results suggest that Glomeromycotina and Mucoromycotina colonized fern gametophytes simultaneously.
We found that Mucoromycotina were present in fern gametophytes of Marratiales and Osmundales, which implies that a
variety of fern taxa have Mucoromycotina associations.

Keywords Arbuscular mycorrhiza - Fine root endophyte - Gametophyte - Mucoromycotina - Mycorrhizal association -
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Introduction

Mycorrhizal symbiosis between plants and fungi is ubiq-
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supplementary material, which is available to authorized users. trialization and diversification during evolution (Pirozyn-
ski and Malloch 1975; Strullu-Derrien et al. 2018). This
plant—fungal association involves the fungal phyla Mucoro-
mycota, Basidiomycota, and Ascomycota (Spatafora et al.
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However, recent studies suggest that symbiotic associa-
tions with members of the Mucoromycota subphylum Muco-
romycotina are also widespread among land plant lineages
(Hoysted et al. 2018). An endophytic Mucoromycotina asso-
ciation was first recognized in the basal liverwort Haplomi-
triopsida, which associated exclusively with Mucoromyco-
tina fungi (Bidartondo et al. 2011). The fossil evidence of
dual colonization by Glomeromycotina and Mucoromyco-
tina in the Rhynie Chert plant Horneophyton indicates that
Mucoromycotina were also the ancestral symbionts, and that
the associations between ancient plants and symbiotic fungi
were more diverse than previously assumed (Field and Pres-
sel 2018; Strullu-Derrien et al. 2014).

Although Mucoromycotina symbiosis was initially largely
considered to be restricted to early diverging non-vascular
plants, except for one occurrence in the fern Anogramma
leptophylla (Bidartondo et al. 2011), it was shown to be
widespread in non-Haplomitriopsida liverworts (Field et al.
2016), hornworts (Desiro et al. 2013), and lycophytes (Rim-
ington et al. 2015), which were often simultaneously colo-
nized with AM fungi. More recently, fine root endophytes
(FRE) that were previously thought to be Glomeromycotina
due to their arbuscule-forming feature were reclassified into
Mucoromycotina based on molecular phylogenetic analysis
(Orchard et al. 2017a). These fungi are distinguished from
AM fungi by small-diameter fungal hyphae and vesicles and
detected in many vascular plant families, including ferns and
flowering plants (Orchard et al. 2017b).

Ferns are of great interest to those studying symbiotic myc-
orrhizal evolution in vascular plants. Their life cycle typically
features two independent generations, the gametophyte and
sporophyte. Gametophytes grow independently of sporophytes

and must acquire nutrients in the absence of a root system,
indicating that fungal associations may play important roles in
nutrient and water uptake. Although both fern gametophytes
and sporophytes have long been recognized as AM plants
(Boullard 1957; Gemma et al. 1992; Kessler et al. 2010), the
sporophyte of several ferns in the Equisetales (Hodson et al.
2009) and Polypodiales (Cooper 1976; Hall 1977; Turnau et al.
1999) often had FRE in their roots. Molecular evidence of a
Mucoromycotina association was demonstrated in Anogramma
leptophylla (Polypodiales) (Rimington et al. 2015), while no
Mucoromycotina were detected in fern sporophytes of another
17 species using molecular and microscopic methods (Rim-
ington et al. 2015). In gametophytes, FRE was successfully
colonized in Pellaea viridis (Polypodiales) under cultivated
condition (Turnau et al. 2005), but little is understood of the
symbiotic relationships between fern gametophytes and Muco-
romycotina fungi (Pressel et al. 2016).

Here, we performed a molecular study of fungal associa-
tions within fern gametophytes to test whether fern game-
tophytes are associated with Mucoromycotina. We studied
gametophytes of Angiopteris lygodiifolia Rosenst. (Marat-
tiales) and Osmunda japonica Thunb. (Osmundales), both
of which we previously showed to have AM associations
(Ogura-Tsujita et al. 2013, 2016).

Materials and methods
Plant materials

The DNA samples of Angiopteris lygodiifolia gametophytes
that we used previously to detect AM fungi (Ogura-Tsujita

Table 1 Sampling sites, numbers of gametophytes evaluated, and numbers harboring Mucoromycotina and Glomeromycotina sequences

Taxa Population Locality No. of game-  No. of gametophytes harbor- No. of gametophytes
tophytes ing Mucoromycotina harboring Glomeromy-
cotina
Angiopteris lygodiifolia
ALl Ishigaki Island, Okinawa Pref., Japan 7 3 7/7*
AL2 Iriomote Island, Okinawa Pref., Japan 10 10/10
Osmunda japonica
0J1 Ishioka-shi, Ibaraki Pref., Japan 19 6 -
0J2 Oume-shi, Tokyo Pref., Japan 19 11 8/8b
0J3 Tsu-shi, Mie Pref., Japan 9 5 -
0J4 Yokkaichi-shi, Mie Pref., Japan 51 27 -
Pref Prefecture

“Number of gametophytes harboring Glomeromycotina/number of gametophytes used for fungal detection

PEight individuals hosting Mucoromycotina sequences were subjected to Glomeromycotina detection
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et al. 2013) were employed for the molecular identification
of Mucoromycotina (Table 1). Gametophytes of Osmunda
japonica were newly collected at four sites in Japan
(Table 1). Gametophytes were growing on exposed soil sur-
faces along forest road side. Collected gametophytes were
washed in water; the rhizoids were removed using tweezers
under a stereomicroscope to avoid contamination by surface-
inhabiting fungi.

DNA analysis

Osmunda gametophytes were crushed in a ball mill and
DNA was extracted using a DNeasy Plant Mini Kit (Qia-
gen, Valencia, California, USA). Fungal 18S ribosomal
DNA was amplified using the Mucoromycotina-specific
primers EndAD1f and EndAD2r (Desiro et al. 2013), Amp-
direct Plus (Shimadzu, Kyoto, Japan), and TaKaRa Ex Taq
DNA polymerase (Takara-Bio, Shiga, Japan) following the
manufacturers’ protocols. PCR initially proceeded at 94 °C
for 3 min, followed by 40 cycles of 94 °C for 30 s, 55 °C
for 30 s, 72 °C for 90 s, and a final extension at 72 °C for
7 min. For samples that had insufficient PCR amplification,
a second round of PCR was performed with 20 cycles under
the same conditions using 1 pL of first round PCR product.
PCR amplicons were purified using the ExoProStar system
(GE Healthcare, Buckinghamshire, UK) and sequenced on
an Applied Biosystems 3500XL genetic analyzer using a
BigDye Terminator v3.1 Cycle Sequencing Kit (Thermo
Fisher Scientific, Waltham, MA, USA). The samples whose
PCR products were difficult to sequence directly were ampli-
fied again from extracted DNA by using PrimeStar GXL
DNA Polymerase (Takara-Bio) and cloned into the pGEM-T
vector (Promega, Madison, WI, USA). Between 4 and 26
colonies were sequenced for each clone.

As shown by Ogura-Tsujita et al. (2013) mycorrhizal
fungi form intracellular hyphal coils in the inner tissues
of the thick midribs of Angiopteris and Osmunda game-
tophytes. Amplification of total plant DNA often yields
amplicons from non-symbiotic surface-inhabiting fungi. To
avoid this, the intracellular hyphal coils from 51 Osmunda
gametophytes obtained at site OJ4 were PCR-amplified. The
gametophytes were cut into pieces, and hyphal coils were
released into TE buffer. Single coils were collected using
a micropipette and 0.5 pL TE buffer under a stereomicro-
scope, transferred to 0.2-mL tubes containing PCR mix, and
PCR-amplified as detailed above. Residual gametophyte
tissues were subjected to DNA extraction using a DNeasy
Plant Mini Kit as described above, followed by routine PCR
amplification.

The sequences were compared to GenBank data using
BLAST (http://www.ncbi.nlm.nih.gov/BLAST) to discover
taxonomic affinities and then clustered into operational taxo-
nomic units (OTUs) at the 97% sequence similarity level.
The Mucoromycotina sequences determined were deposited
in the DNA Data Bank of Japan (DDBJ) under accession
numbers LC429228 to LC429294. For phylogenetic anal-
ysis, these sequences and GenBank reference sequences
were aligned using the MUSCLE program (Edgar 2004) of
MEGA ver. 6.06 software (Tamura et al. 2013), followed by
manual adjustment. Alignment gaps were treated as miss-
ing data. Maximum likelihood analysis was performed with
raxmlGUI ver. 1.31 software (Silvestro and Michalak 2012)
using the GTR +G model. Support values were estimated
via 1,000 bootstrap replicates using the rapid bootstrap
option. Mortierella chlamydospora and Basidiobolus rana-
rum served as the outgroup taxa.

To confirm co-symbiosis with AM and Mucoromyco-
tina, PCR amplification using the AM-specific primer pair
NS31/AML2 (Lee et al. 2008; Simon et al. 1992) was also
performed on DNA from eight Osmunda gametophytes con-
taining Mucoromycotina sequences (Table S1). All PCR
products were cloned and sequenced as described above.
Between 2 and 17 colonies of each clone were sequenced,
and the sequences were assigned to virtual taxa (VTX)
defined by >97% sequence similarities using the MaarjAM
database (Opik et al. 2010) that includes published AM fun-
gal sequences and creates virtual taxa at roughly the level
of species.

All collected gametophytes were identified by reference
to their chloroplast rbcL sequences; gametophytes are dif-
ficult to distinguish morphologically. PCR amplification
was performed as described by Ebihara et al. (2008) using
the primer pair rbcL1-1 (Hasebe et al. 1995) and rbcLHIR1
(Ebihara et al. 2002). The sequences were compared to those
from sporophytes of A. lygodiifolia and O. japonica.

Results

We detected Mucoromycotina sequences in the gameto-
phytes of A. lygodiifolia and O. japonica at rates of 41%
(7/17) and 50% (49/98), respectively (Tables 1, S1). Direct
PCR amplification from fungal coils also detected Muco-
romycotina sequences in Osmunda gametophytes from 15
of 51 individuals sampled at site OJ4. The Mucoromyco-
tina sequences were assigned to 10 OTUs using the 97%
sequence similarity criterion (Fig. 1). OTU6 was the most
common (22%; 15 sequences), and OTU10 was widely
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Fig. 1 The operational
taxonomic units (OTUs) of
Mucoromycotina fungi and
the frequencies thereof in fern
gametophytes. The numbers

are those of gametophytes
with the same OTU sequences.
Phylogenetic analysis revealed
that OTU1 was not a member
of any known family of the
Endogonales

Endogonaceae Densosporaceae
— N on < el O o~ 0 N 2
Plant species Pf)pula No. of 2l2l2l2|2|2(2|2|2]2
-tion plants | O |O |O O | [0 O[O |O |O
Angiopteris lygodiifolia ALl 3 1 1 1
AL2 4 3 2
Osmunda japonica 0J1 6 2 4 2 1
0J2 11 6 [ 1 3 (2
0J3 5 1 1 3
0J4 27 1|7 9 8 8

distributed in Osmunda gametophytes from all collection
sites. Fungal infection of a single gametophyte by two or
three OTUs was observed in nine individuals, either via
cloning or combined analysis of normal and fungal coil
PCR-amplified products (Table S1).

Phylogenetic analysis indicated that the 10 OTUs
belonged to several Endogonales lineages, including
the Endogonaceae and Densosporaceae (Fig. 2). OTU1
was distantly related to these two families and clustered
with Mucoromycotina group I of Desiro et al. (2013).
OTUS clustered with Mucoromycotina sequences from
Lycopodiella inundata (Rimington et al. 2015) (98-99%
sequence identity). The sequence from Anogramma lep-
tophylla (KJ952232) was the sister group of OTU7 (98%
sequence similarity). OTU1, OTU6, and OTU9 included
Mucoromycotina from liverworts (Bidartondo et al. 2011)
and hornworts (Desiro et al. 2013) (98-99% sequence
similarity).

Arbuscular mycorrhizal colonization was confirmed in
both fern species using an AM-specific primer set. Previ-
ously, we showed that seven Angiopteris gametophytes con-
taining Mucoromycotina sequences (Tables 1, S1) host AM
fungi (Ogura-Tsujita et al. 2013). Of the Osmunda game-
tophytes, all eight individuals that harbored Mucoromyco-
tina sequences yielded AM sequences that were grouped
into 12 VTXs based on the MaarjAM database (Opik et al.
2010); all were members of the orders in Glomeromyco-
tina, the Glomerales, Archaeosporales, and Paraglomerales
(Table S1).

Discussion
Our results clearly demonstrated that Mucoromycotina fungi

form associations with fern gametophytes. Mucoromycotina
sequences were detected in 41-50% of the gametophytes
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of two fern species (Table 1), and direct PCR amplifica-
tion from intracellular fungal coils also detected the fun-
gal sequences (Table S1). All examined gametophytes of
A. lygodiifolia and O. japonica hosting Mucoromycotina
also yielded AM sequences (Table S1), which indicates that
Mucoromycotina are mostly associated with gametophytes
in combination with Glomeromycotina.

A comprehensive survey of Mucoromycotina in 199
hornwort samples (more than 20 species in 10 genera from
six continents) revealed that 40% of the samples harbored
Mucoromycotina sequences, and 25% harbored both Glom-
eromycotina and Mucoromycotina (Desiro et al. 2013).
Molecular and cytological analyses of 20 lycophyte and
18 fern species showed that Mucoromycotina were present
in 13% and 3% of sporophyte samples, respectively, but
only a single fern sample (1 of 17 roots of Anogramma
leptophylla) contained both fungal sequences (Rimington
et al. 2015). Our detection rates were considerably higher
for both Angiopteris and Osmunda gametophytes. We
previously showed that 92% (48/52) of Angiopteris and
92% (35/38) of Osmunda gametophytes contained AM
sequences (Ogura-Tsujita et al. 2013); 41-50% of game-
tophytes generated Mucoromycotina sequences in the
present study. These results imply that gametophytes of
A. lygodiifolia and O. japonica are associated principally
with Glomeromycotina, but nearly half are also associated
with Mucoromycotina, often co-existing with Glomeromy-
cotina. In a pot-culture experiment using the fern Pellaea
viridis, when the gametophytes and sporophytes were inoc-
ulated with both Glomeromycotina (Rhizophagus intrara-
dices) and Mucoromycotina (Planticonsortium tenue; i.e.,
FRE; Walker et al. 2018), almost 90% of the gametophytes
were colonized by Mucoromycotina, but the sporophyte
roots mainly hosted Glomeromycotina in up to 90% of the
entire root length (Turnau et al. 2005). Considering the
high Mucoromycotina detection rates of the present study,
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it is possible that fern gametophytes prefer Mucoromyco-
tina symbionts to a greater extent than do sporophytes.
Indeed, all fern sporophytes analyzed by Rimington et al.
(2015) were exclusively colonized by Glomeromycotina
fungi, with one exception of Anogramma. The frequent
association with Mucoromycotina in gametophytes may
be attributed to the difference in the plant organ that hosts
the mycorrhizal fungi. While the root is the host organ in
sporophytes, mycorrhizal fungi mainly colonize a multi-
layered portion called the cushion in cordate gametophytes
(Ogura-Tsujita et al. 2013, 2016); this is similar to mycor-
rhizal hornworts and liverworts in that fungal hyphae are
mainly observed in the central parts of thalli (Desird et al.
2013; Field et al. 2015). However, a difference in environ-
ment or stress conditions may also affect the frequency
of Mucoromycotina associations. FRE are often domi-
nant under extreme environmental conditions, such as low
temperature and waterlogging (Orchard et al. 2017b). The
fern sporophyte of Dryopteris carthusiana, liverworts, and
Oxalis growing on the banks of a stream ravine were highly
colonized by FRE (Turnau et al. 1999). Small fern gameto-
phytes are frequently exposed to strong physical stresses,
which may result in high Mucoromycotina colonization in
gametophytes. Further research comparing gametophytes
and sporophytes is required.

We detected a range of Mucoromycotina fungi (of
10 OTUs) within two families of the Endogonales and
Glomeromycotina (of 12 VTXs) across three fungal
orders, implying that Angiopteris and Osmunda game-
tophytes are associated with a phylogenetically diverse
group of fungi. The presence of several Mucoromyco-
tina and Glomeromycotina taxa within single gameto-
phytes implies that individual gametophytes host phy-
logenetically distant fungi of the Mucoromycotina and
Glomeromycotina. The Mucoromycotina sequences
detected in this study were closely related to those of
the liverworts, hornworts, and lycophytes of Asia to
Oceania, Africa, and Europe (Fig. 2). This implies that
plant-symbiotic Mucoromycotina are distributed world-
wide and are minimally specific for host plants. Plant-
symbiotic Mucoromycotina belong to the Endogonales,
which consists of two families (Endogonaceae and
Densosporaceae) (Desiro et al. 2017); we detected both
families. Although the fungal sequences of OTU2 and
OTU9 were closely related to those of fungal sporocarps
of known Endogone and Densospora species, other
OTUs clustered with plant symbionts; in particular,

OTU1 contained only plant symbionts distinct from all
other known species. Our results imply that only a few
Endogonales species are currently recognized based on
the fungal sporocarps and that many symbiotic line-
ages remain undescribed, probably because they infre-
quently engage in sporocarp formation (Walker et al.
2018). The growing number of DNA sequences avail-
able from plants will reveal the phylogenetic diversity
of the Mucoromycotina.

We also attempted the morphological identifica-
tion of fungal hyphae in plant tissues. Mucoromyco-
tina forms characteristic coarse intercellular hyphae
in Haplomitriopsida liverworts (Duckett et al. 2006;
Field et al. 2015), hornworts (Desiro et al. 2013) and
the gametophytes of lycophytes (Duckett and Ligrone
1992; Schmid and Oberwinkler 1993), but such distinc-
tive intercellular colonization was absent in fern roots
(Rimington et al. 2015). FRE are distinguished from AM
fungi by having much finer hyphae (0.5-4 pm diam-
eter) in both non-vascular and vascular plants (Walker
et al. 2018). Our earlier microscopic analysis of Angi-
opteris and Osmunda gametophytes revealed intracel-
lular hyphal coils with arbuscules, which is typical of
Glomeromycotina (Ogura-Tsujita et al. 2013), and the
absence of intercellular Mucoromycotina colonization.
However, our microscopic analysis found intracellular
colonization by fine fungal hyphae (0.8-2.4 pm diam-
eter) in Osmunda gametophytes (Fig. S1: Individual no.
MOsmGO0S5). This suggests that Mucoromycotina are pre-
sent as FRE in fern gametophytes. Since FRE were also
detected in the sporophyte roots of Equisetales (Hodson
et al. 2009) and Pteridaceae and Dennstaedtiaceae of
Polypodiales (Cooper 1976; Hall 1977; Turnau et al.
1999, 2005), Mucoromycotina associations may occur
in a wide range of fern lineages.

In conclusion, our results demonstrate, for the first time
using a molecular approach, that fern gametophytes can
associate with both Glomeromycotina and Mucoromyco-
tina. The detected Mucoromycotina fungi were closely
related to those from other plant lineages. This study sup-
ports recent findings that Mucoromycotina associations
are not restricted to non-vascular plants, but also occur in
early diverging vascular plants (Rimington et al. 2015).
Considering that FRE were detected in a wide range of
vascular plant families (Orchard et al. 2017b), this asso-
ciation may well be widespread across the land plant

phylogeny.
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«Fig.2 A maximum likelihood tree constructed using the 18S ribo-
somal DNA sequences of Mucoromycotina fungi derived from fern
gametophytes and GenBank. Bootstrap values>50% are shown on
the branches, and those >70% are indicated by thick lines. Mortiere-
lla chlamydospora and Basidiobolus ranarum served as the outgroup
taxa. The fungal sequences obtained in this study are shown by filled
squares (Angiopteris lygodiifolia) or filled circles (Osmunda japon-
ica). Open squares denote symbionts of liverworts or hornworts; open
circles those of lycophytes; triangles those of ferns; and diamonds
ectomycorrhiza. Country and GenBank accession number are shown
in parentheses. AS Ascension Island, AU Australia, CA Canada, CL
Chile, CN China, EN England, FR France, IT lItaly, JP Japan, MX
Mexico, MY Malaysia, NZ New Zealand, SA South Africa, SC Scot-
land, US United States
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