
Page 1/19

Discovery and epitypi�cation of the sexual stage of
Cadophora fallopiae on Fallopia spp. in Japan.
Hiyori Itagaki  (  itagaki@kahaku.go.jp )

National Museum of Nature and Science: Kokuritsu Kagaku Hakubutsukan https://orcid.org/0000-
0001-8678-0826
Tsuyoshi Hosoya 

National Museum of Nature and Science: Kokuritsu Kagaku Hakubutsukan

Research Article

Keywords: Heterothallic, mollisioid fungi, Pyrenopeziza, Taxonomy

Posted Date: October 6th, 2023

DOI: https://doi.org/10.21203/rs.3.rs-3271029/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-3271029/v1
mailto:itagaki@kahaku.go.jp
https://orcid.org/0000-0001-8678-0826
https://doi.org/10.21203/rs.3.rs-3271029/v1
https://creativecommons.org/licenses/by/4.0/


Page 2/19

Abstract
The genus Cadophora was established as a dematiaceous asexual fungi characterized by solitary
phialides with distinct collarettes, and phylogenetically suggested to be the asexual stage of the family
Pyrenopezizaceae (Helotiales, Ascomycetes). However, the sexual stage is unknown except in a few
species. Cadophora fallopiae which occurs on the overwintered stems of Fallopia in Europe, has only
been described for its conidiomatous asexual stage. In Japan, C. fallopiae-like conidiomata were
discovered associated with the apothecia of Pyrenopeziza sp. on the same substrate (the stem of
Fallopia spp). Therefore, conspeci�cities of the apothecia and conidiomata were suspected. A detailed
comparison of morphology and ITS-5.8S sequences con�rmed that this fungus is identical to C. fallopiae
known in Europe, and that the sexual stage was connected with its asexual stage for the �rst time. Based
on the genetic diversity of single ascosporous isolates derived from a single apothecium, we
hypothesized that the reason the sexual stage has not been discovered in Europe is the lack of a
compatible mating type.

Introduction
The genus Cadophora Lagerb. & Melin 1927 was established with C. fastigiata as a type species
(Lagerberg et al. 1927). Most species of Cadophora are dematiaceous asexual fungi that produce solitary
phialides with distinct pale to hyaline collarettes. Due to thier similar phialide morphology, Cadophora
was once synonymized with Phialophora Medlar (Conant 1937) (currently, Phialophora is placed in the
order Chaetothyriales M.E. Barr). Later, Gams (2000) reinstated Cadophora and incorporated species
morphologically similar to the asexual stage of Mollisia and its allies.

Ecologically, members of Cadophora normally have multiple trophic modes, and are found in extremely
diverse habitats, including soil, plant residues, living plants, seawater, and marine glaciers (Mandyam and
Jumpponen 2005; Navarrete et al. 2011mä et al. 2017; Nagano et al. 2017; Durán et al. 2019; Maciá-
Vicente et al. 2020; Zhang et al. 2022). Root-inhabiting Cadophora are characterized by melanized
hyphae in plant tissues and known as dark septate endophytes (DSEs) (Jumpponen and Trappe 1998;
Sieber 2002, 2007; Addy et al. 2005), which affect host plant growth or provide tolerance to
environmental stress (Mandyam and Jumpponen 2005). Several species of Cadophora are also
commonly known as important pathogens in agriculture causing stem rot of soybean (Allington and
Chamberlain 1948) and wood decay of cultivated fruits (Di Marco and Osti 2008; Gramaje et al. 2011;
Travadon et al. 2015).

Phylogenetic analysis based on multi-gene sequences revealed that Cadophora belongs to the family
Pyrenopezizaceae, and its close relationships with sexual genera, such as Pirottaea Sacc. and
Pyrenopeziza Fuckel, have been suggested (Harrington and McNew 2003; Carmody et al. 2020;
Ekanayaka et al. 2019). DNA-based analyses have also resulted in the incorporation of other fungi into
Cadophora [C. orchidicola (Sigler & Currah) M.J. Day & Currah (formerly Leptodontidium orchidicola
Sigler & Currah)] or their transfer to other genera [Coniochaeta lignicola (Nannf.) Z.U. Khan (= Cadophora
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lignicola (Nannf.) J.F.H. Beyma) and Hyaloscypha �nlandica (C.J.K. Wang & H.E. Wilcox) Vohník, Fehrer &
Réblová (= Cadophora �nlandica (C.J.K. Wang & H.E. Wilcox) T.C. Harr. & McNew)].

Presently, 48 epithets in Cadophora are listed in Index Fungorm (https://www.indexfungorum.org/ as of
August 8, 2023); however, the known sexual stages are limited. All sexual stages are similar to those of
mollisioid fungi (e.g. Cadophora dextrinospora (Korf) Koukol & Maciá-Vicente and C. lacriformis
Ekanayaka & K. D. Hyde. The latter has not yet found an asexual stage) (Greenleaf and Korf 1980;
Ekanayaka et al. 2019; Maciá-Vicente et al. 2020).

Maciá-Vicente et al. (2020) indicated that some Cadophora species have an asexual stage that is quite
different from the original morphological circumscription of the genus. For example, C. orchidicola (Sigler
& Currah) M.J. Day & Currah produces indehiscent conidia on undifferentiated hyphae or slightly swollen
conidiogenous cells (Currah et al. 1987). Cadophora antarctica Rodr.-Andr., Stchigel, Mac Corm. & Cano,
C. fascicularis Koukol & Maciá-Vicente, and C. variabilis Koukol & Maciá-Vicente produce two types of
conidia (acropetal chains of ramoconidia and holoblastic conidia) (Crous et al. 2017; Maciá-Vicente et al.
2020). Cadophora obovata Koukol & Maciá-Vicente produces putatively monoblastic conidiogenous cells
(Maciá-Vicente et al. 2020). Cadophora echinata Koukol & Maciá-Vicente, C. gamsii Koukol & Maciá-
Vicente, and C. in�ata Q.M. Wang, B.Q. Zhang & M.M. Wang form chains or microsclerotia-like in�ated
cells (Maciá-Vicente et al. 2020; Zhang et al. 2022).

Cadophora fallopiae Crous & Akulov is a species with multiform morphological characteristics, and has
only been described as a conidiomatous asexual stage with conidiophores lined along the internal cavity
of the conidioma and sympodially producing conidiogenous cells (Crous et al. 2020). Cadophora
fallopiae is found from the overwintered stems of Fallopia japonica (Houtt.) Ronse Decr. in Germany, and
F. sachalinensis (F. Schmidt) Ronse Decr. in Poland (Crous et al. 2020). Crous et al. (2020) classi�ed this
fungus in Cadophora by phylogenetic analysis based on the partial 28S nuclear ribosomal large subunit
rRNA gene.

In Japan, an undescribed mollisioid fungus circumscribed in Pyrenopeziza was found from the
overwintered stems of Fallopia spp. Conidiomata were also discovered near the apothecia of this fungus,
and their morphology was very similar to C. fallopiae. Therefore, we suspected conspeci�city of this
undescribed Pyrenopeziza sp. and conidiomata. The objective of this study was to elucidate the
relationship between Pyrenopeziza sp. and conidiomata by a detailed comparison of morphology and
internal transcribed spacer (ITS) sequences and to reconsider the genus-level classi�cation based on
phylogenetic relationships with C. fallopiae and other related genera. We also hypothesized that the
sexual stage has not been discovered in Europe, based on the possible mating system elucidated by the
genetic diversity of single ascosporous isolates derived from an apothecium.

Material and Methods

Sample collection and isolation
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Multiple specimens of Pyrenopeziza-like apothecia from Fallopia were collected from spring to early
summer (May to July) in Hokkaido and high-altitude areas of Honshu (altitude of 1,598 m at Mt. Amari in
Yamanashi Pref. and 1,320 m at the Sugadaira Research Station in Nagano Pref.) following the
occurrence of apothecia on the stems of F. japonica and F. sachalinensis that accumulated on damp,
shaded ground (Table 1). Isolates were obtained from fresh apothecia by discharging ascospores on a
potato dextrose agar (PDA; Nissui, Tokyo, Japan), according to the procedure described by Itagaki et al.
(2019).

Voucher specimens were dried at 60 ºC overnight and deposited in the mycological herbarium of the
National Museum of Nature and Science (TNS; specimens were numbered with a pre�x TNS-F-). The
isolates were also deposited at the Biological Resource Center, National Institute of Technology and
Evaluation (NBRC). For a detailed analysis of genetic diversity, 20 single ascospores and conidia were
isolated from one of the apothecia (TNS-F-86753) and conidioma (TNS-F-86412), respectively, using
Skerman’s micromanipulator (Skerman 1968).

To induce the asexual stage under culture, mycelia derived from ascosporous isolates were cut from the
developed colony on PDA slants and inoculated on 9 cm Petri dishes containing synthetic low-nutrient
agar (SNA without �lter paper: KH2PO4 1 g, KNO3 1 g, MgSO4•7H2O 0.5 g, KCl 0.5 g, glucose 0.2 g,
sucrose 0.2 g, agar 15 g, and water 1 L,) (Gerlach and Nirenberg 1982), cornmeal agar (CMA; Nissui), and
PDA. The inoculated plates were sealed with Para�lm and incubated for 2–3 months at 20 ºC under
black light (FL15BLB, peak wavelength 352 nm, Toshiba, Tokyo, Japan).

Morphological observations
The overall appearance of the apothecia was observed under a stereomicroscope (SZ61; Olympus, Tokyo,
Japan) and photographed with a digital camera (DS-L4, Olympus). The colonies on PDA were
photographed using a digital camera (D40; Nikon Inc., Tokyo, Japan). To observe the pigment dissolution
and discoloration of the apothecia in potassium hydroxide (KOH) solution, the apothecia were immersed
in 3% KOH droplets and observed under a stereomicroscope. To observe the microstructures of the
apothecium (such as asci, ascospores, and paraphyses), hyphal, and conidia-producing structures, fungal
structures were picked from the substrates or colonies, mounted in cotton blue in lactic acid (CB/LA) or
water on a slide glass, and gently squashed with a cover glass. Cross-sections of the rehydrated
apothecium and fresh conidioma were prepared using a freezing microtome, as described by Itagaki et al.
(2019). These sections were examined under an optical microscope (Olympus BX51 microscope
equipped with Nomarski phase interference; Olympus) and photographed using a digital camera (DS-L3;
Nikon).

The lengths and widths of 20 ascospores and asci were measured in CB/LA preparations using an ocular
micrometer. Measurements of ascospores, asci, and paraphyses were performed using rehydrated
specimens. The mean ± standard deviation of each measured value with outliers is shown in
parentheses. Illustrations were prepared using line-drawing attachments (U-DA; Olympus). The colors of
the apothecia and colonies were described by citing the codes in the CMYK system using a color chart
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(DIC Corp., Tokyo). Morphological observations of apothecium microstructures were conducted using
both dried and fresh materials.

DNA extraction, PCR, and sequencing
DNA extraction and ITS sequencing were conducted as described by Itagaki et al. (2019). To examine the
conspeci�city of the Japanese specimens and C. fallopiae (including the holotype and paratype), an ITS
sequence identity matrix was generated using BioEdit ver. 7.0.5.2 (Hall 1999).

To check the polymorphisms within RPB2, sequences were obtained from each DNA sample extracted
from single-ascosporous isolates using the forward primer RPB2-6F (5’–TGG GGK WTG GTY TGY CCT
GC–3’) and reverse primer RPB2-7R (5’–CCC ATW GCY TGC TTM CCC AT–3’) (Liu et al. 1999). PCR and
sequencing were carried out under the same program used for ITS analysis. The aligned sequences were
observed using BioEdit, and different nucleotides within ITS and RPB2 were manually inspected.

Taxon sampling
In TNS, nine specimens (including the specimens collected in this study) with high ITS sequence
similarity (≥ 98.5%) to TNS-F-86411 were available. ITS sequences of C. fallopiae [including ex-holotype
culture, CPC 38013 (CBS 146083)] and other species belonging to the following genera currently
classi�ed in Pyrenopezizaceae by Baral (2016) and Wijayawardene et al. (2020) were obtained from
GenBank: Cadophora, Collembolispora Marvan ová & Pascoal, Dennisiodiscus Svrček, Graphium Corda,
Helgardiomyces Crous, Mastigosporium Riess, Neospermospora Crous & U. Braun, Oculimacula Crous &
W. Gams, Pirottaea Sacc., Pyrenopeziza, Rhexocercosporidium U. Braun, Rhynchobrunnera B.A.
McDonald, U. Braun & Crous, Rhynchosporium Heinsen ex A.B. Frank, Spermospora R. Sprague, Ypsilina
J. Webster, Descals & Marvanová (Table 1). As the outgroup, Mollisia cf. cinerea (DAOMC 252029) and
Phialocephala dimorphospora W.B. Kendr. (ex-type culture, CBS 200.62) in Mollisiaceae were selected.

Phylogenetic analysis
The sequences were aligned using MAFFT v. 7 (Katoh and Standley 2013). The resulting alignments were
divided into ITS1, 5.8S, and ITS2, and all insertions/deletions were manually deleted using BioEdit. To
evaluate the phylogenetic relationships among the sampled taxa, a phylogenetic analysis of the ITS
sequence was conducted using Ultrafast Maximum Likelihood (IQ-Tree) and Bayesian inference
(MrBayes). The automatic substitution model setting, 1,000 ultrafast bootstrap (BS) replications, and the
Shimodaira-Hasegawa approximate likelihood ratio test (SH-aLRT) with 1,000 replicates were conducted
using ModelFinder (Anisimova et al. 2011; Kalyaanamoorthy et al. 2017) under the Bayesian information
criterion (BIC) for ML. The most suitable substitution model for the divided ITS sequences was estimated
using Kakusan4 (Tanabe 2011) based on the corrected BIC (Schwarz 1978) for Bayesian inference and
the Akaike information criterion (AICc) (Sugiura 1978) for ML analysis.

The ML tree was constructed using IQ-Tree (Nguyen et al. 2015) based on the suitable substitution
models TIM2e + G4 for ITS1, K2P + G4 for 5.8S, and TIM3e + R2 for ITS2. Bayesian phylogenetic analysis
was performed using MrBayes v. 3.2.7 (Ronquist et al. 2012) with substitution models containing the
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BIC4 parameter (proportional models ITS1 and ITS2 for SYM + Gamma and K80 + Gamma for 5.8S). Two
independent Markov chain Monte Carlo (MCMC) chains were run for four million generations, and every
1,000 generations were sampled. After each run, Tracer v.1.6 (Rambaut et al. 2014) was used to verify
that the standard deviation of split frequencies (ASDSF) was less than 0.01 and the estimated sample
size of all parameters was over 100 as an indication of convergence. The �rst 25% of the trees were
discarded as burn-in, and the remaining trees were used to construct a consensus tree with a 50%
majority-rule and determine the Bayesian posterior probabilities (BPP) for individual branches. The
consensus trees were visualized using FigTree v. 1.4.4 (Rambaut 2018). Branches with SH-aLRT ≥ 80%,
ultrafast BS ≥ 95%, and BPP ≥ 0.95 were regarded as strongly supported.

Results and Discussion

Morphological and genetic comparison
The collected fungus showed typical characteristics of the genus Pyrenopeziza, such as erumpent
apothecia (Figs. 1A, B), ectal excipulum consisting of brown-walled textura angularis (Fig. 1H), margin
composed of elongated, colorless cells (Figs. 1D, 3A), and paraphyses lacking re�ective vacuoles
(Fig. 1K) (Gremmen 1958; Baral 1992; Nauta and Spooner 1999c; Baral 2016).

The coexistence of asexual structure (conidiomata) and apothecia was observed on the same substrate
(Fig. 2A), and the asexual stage is described as follows: Conidiomata spherical, 150–500 µm diam., with
moderately developed parietal tissue, without ostioles, and subepidermal to erumpent; vertical section of
conidiomata showing a wall composed of 3–5 layers of pale brown cells (5–15 µm across) with dark
brown hyphae interwoven at the base (Fig. 2E). Conidiophores short, hyaline, arising around the cavity of
the conidioma (Figs. 2C, E). Conidiogenous cells inconspicuous, subcylindrical, hyaline, branching
sympodially, and 5–15(18) × 1.5–2.5(3.5) µm (Figs. 2F, 3E). Conidia acicular-�liform to subcylindrical,
hyaline, straight to slightly curved, aseptate, (7)10–55 × 1.5–2 µm, gelatinous, released by a crack of
parietal tissue (Fig. 2D), becoming waxy when dried. These morphologies and measurements of the
conidia-producing structures agreed well with the original description of C. fallopiae (Crous et al. 2020).

Crous et al. (2020) observed the immature and infertile conidiomata of C. fallopiae and a
cladophialophora-like asexual stage on SNA. The conidiophores arose directly from the super�cial
hyphae of the colony, and the conidia are similar in morphology to the conidia produced in the �eld,
except that they were disarticulated at the septa into phragmospores (Crous et al. 2020). However, in this
study, mature and fertile conidiomata were successfully induced in ascosporous isolates on CMA and
SNA, with abundant conidial production (Fig. 2B). Most conidia were aseptate in both the �eld and
culture. No morphological differences in conidia and sympodial conidia-producing structure between
those in the culture and those in the �eld, except for the width of the conidia (slightly wider in culture, up
to 3 µm).
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The ITS sequence similarities among the isolates from Pyrenopeziza-like apothecia, conidia (TNS-F-
86412), and C. fallopiae (CPC 38011, 38013, and 35742) were 98.8–100%. Based on morphological and
genetic comparisons, the conidiomata collected in Japan were identi�ed as C. fallopiae, and their
correlation with Pyrenopeziza-like sexual stage was con�rmed.

Taxonomy
To add the sexual stage to C. fallopiae, we choose TNS-F-86411 as an epitype according to International
Code of Nomenclature for Algae, Fungi, and Plants (McNeill et al. 2012). Below we provide the description
for the sexual stage.

Cadophora fallopiae Crous & Akulov, Fungal Systematics and Evolution 6: 180. 2020.

MycoBank: MB835069

Epitype

TNS-F-86411, Sugadaira Montane Research Center, Ueda City, Nagano Pref., JAPAN, 5 June 2021, on
overwintered stems of F. japonica; culture ex-epitype NBRC 115372 (= FC-8871).

Apothecia scattered to gregarious, sessile, subglobose then cup-shaped under epidermis when immature,
erumpent and saucer-shaped when mature, subepidermal when dried, 0.1–0.25 mm high; disc entire to
sinuate, 0.3–1.5 mm diam., dark grey (K40–70) or olive grey (C0M0Y10–40K60) when fresh, shrunk and
turned darker when dried; margin pruinose with elongated hairs, white. Ectal excipulum textura globulosa
to angularis at basal receptacle, becoming textura prismatica at the upper �ank, 50–60 µm thick at base,
20–40 µm thick at the upper �ank, without crystals or exudates, composed of thick-walled cells, entirely
dark gray (K60–80); cortical cells polylateral, 5–15 µm across, smooth, thick-walled, dark brown; marginal
hair (15)21–35(40) × 2.5–3 µm, cylindrical clavate with blunt head, smooth, thin-walled, hyaline.
Medullary excipulum textura prismatica, 35–80 µm thick, hyaline. Asci (35)46–60(65) × 5–7.5 µm,
cylindrical clavate, 8-spored, base arising from croziers, with apical pore amyloid in Melzer’s solution with
3% KOH pretreatment. Ascospores (6.5)8–10(12.5) × 2–2.5 µm, ellipsoid to fusiform with obtuse to
subacute extremes, sometimes contain 2–3 small guttles, thin-walled, aseptate, hyaline. Paraphyses
�liform, straight to waving, smooth, rarely branching at base, 1–3 septate below, thin-walled, hyaline, tip
cells not containing refractive vacuoles in fresh mounted on water.

Colony of NBRC 115372 on PDA with entire margin, �at to slightly convex at the center with aerial
hyphae, dense, cottony to velvety, beige (C10–20M20Y20K10) to dark grey (K50–70), white to pale grey
(K10–20) at the edge, darker from the reverse, with indistinct sectors, without soluble pigment and
crystals. Chlamydospore-like cells in the aerial hyphae of the colony after two months, dark brown, lobe-
shaped to irregular, solitary or in 2–3 series of cells, smooth, containing several oil globules in the
cytoplasm. Clumps of cells attached to the bottom of the Petri dish containing CMA, dark brown, thick-
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walled, scallop-shaped to irregular, 10–30 µm across, solitary to aggregated, smooth, and containing
several oil globules.

Additional specimens examined: TNS-F-16835 (FC-2357) and 16836 (FC-2347), Sugadaira Research
Station, Ueda City, Nagano Pref., 10 June 2007; TNS-F-86044 (FC-8547), Sugadaira Research Station,
Ueda City, Nagano Pref., 22 June 2018; TNS-F-86112 [NBRC 115363 (= FC-8614, derived from conidia)]
and 86130 (FC-8613), Morappu Campsite, Chitose City, Hokkaido, 19 June 2018; TNS-F-86197 (FC-8671),
Sugadaira Research Station, Ueda City, Nagano Pref., 8 June 2019; TNS-F-86411 (FC-8871) and 86412
(FC-8872), Sugadaira Research Station, Ueda City, Nagano Pref., 5 June 2021; TNS-F-86413 (FC-8873),
Mt. Amari, Asahi Town, Nirasaki City, Yamanashi Pref., 14 June 202; TNS-F-86753 (FC-9202), Sugadaira
Research Station, Ueda City, Nagano Pref., 31 May 2022; TNS-F-86764 (FC-9213), Obora, Sugadaira
plateau, Ueda City, Nagano Pref., 1 July 2022, on overwintered stem of F. japonica.

Notes: In addition to a detailed morphological description of the sexual stage, chlamydospore-like cells
(Figs. 1L, 3F) and clumps of cells similar to appressoria were newly observed (Figs. 2M, 3G). Both
structures were abundantly formed in poor-nutrient agar (SNA and CMA).

Phylogenetic analysis
Molecular phylogenetic analyses were performed based on 98 ITS sequences (Table 1). In the ML
analysis, a best-scored tree was yielded with loglikelihood − 2590.607. In the Bayesian phylogenetic
analysis, a 50% majority rule consensus tree was constructed based on the remaining 3,000 trees.
Because no topological con�ict occurred between the phylogenetic trees of ML and Bayesian analyses,
only the ML tree is shown (Fig. 4).

ITS-based Phylogenetic analysis showed that the TNS specimens and C. fallopiae (CPC 38011, 38013,
and 35742) formed a single cluster with high support; hence, no speciation trend between the Japanese
and European specimens was observed (Fig. 4). The ITS phylogeny generated many heterogeneous
clades with weak support within the lineage. A few genera, such as Rhynchobrunnera, Rhyncosporium,
and Mastigosporium were strongly supported. However, many genera, including Cadophora and
Pyrenopeziza were polyphyletic and dispersed throughout the lineage. Pyrenopeziza revincta (P. Karst.)
Gremmen (ARON3150.P) was positioned in the outgroup apart from the type species of Pyrenopeziza, P.
chailletii (Pers.) Fuckel. Some Cadophora species, including the type species C. fastigiata, tended to form
a large clade with weak support at the base of Pyrenopezizaceae, reconstructing a robust phylogenetic
tree inferred from multiple genes is desirable. Because the phylogenetic relationship between C. fallopiae
and other genera was not revealed, any taxonomic treatment of C. fallopiae was withheld.

Multi-gene phylogenetic analysis of Cadophora species conducted by Zhang et al. (2022) showed that
the genus was divided into two clades: one contained most of Cadophora species (including the type, C.
fastigiata) with phialidic asexual stage (referred to as “Cadophora s. str.”). The other group included the
rest of Cadophora species (including C. fallopia) with multiform conidiogenesis and members of other
asexual genera in Pyrenopezizaceae. A comprehensive phylogenetic analysis based on multiple genes
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would reveal the proper position of Cadophora species with multiform asexual stages in
Pyrenopezizaceae.

Possibility of immigration from Japan to Europe with Fallopia spp.

While Fallopia spp. are important pioneering and traditional plants in Japan, F. japonica, in particular, is
recognized as one of the worst invasive alien plants on European and global scales (Nentwig et al. 2018;
Lowe et al. 2000). After the introduction of female F. japonica from Japan to Europe by Phillip von
Siebold in the early 19th century (Bailey 2012), F. japonica rapidly expanded its distribution and seriously
impacted local biodiversity and ecosystems (Gerber et al. 2008). Therefore, new approaches for the
biological control of F. japonica using parasitic arthropods and pathogenic fungi are urgently required
(Kurose et al. 2006; Djeddour and Shaw 2011). Further examinations are needed to reveal the biological
interaction between C. fallopiae and Fallopia spp., but the high host speci�city and presence of
appressorium-like cells (Figs. 1M, 3G) of C. fallopiae suggest that this fungus may inhabit living Fallopia
spp. as an endophyte or pathogen. The strong host speci�city of saprophyte suggests a potential
endophytic lifestyle as part of its lifecycle (Itagaki and Hosoya, 2021).

In Japan, both the sexual and asexual stages of C. fallopiae have been found on the same substrate
during the same season, whereas only the asexual stage has been reported in Europe (Crous et al. 2020).
The absence of apothecia in European specimens can be explained by the hypothesis that C. fallopiae is
heterothallic and that only one mating type has been introduced from Japan to Europe with the host
plant, resulting in asexual reproduction. The heterothallism of C. fallopiae distributed in Japan was
strongly suggested in this study because genetic polymorphisms were found from 19 single-spored
isolates from a single apothecium (Table 2). Six and two haplotypes were detected in RPB2 and ITS,
respectively. This genetic diversity indicated that C. fallopiae is not homothallic, suggesting C. fallopiae
has a complex mating system. However, details of this mating system require further investigation.

The absence of sexual stage for several years after its introduction has been reported in several
heterothallic pathogenic fungi, such as Phytophthora infestans (Mont.) de Bary in Japan (Akino et al.
2005), powdery mildew in Europe (Yarwood 1957; Seko et al. 2008; Gross et al. 2021), and Ophiostoma
novo-ulmi (Buisman) Nannfeldt in Europe (Paoletti et al. 2006). If C. fallopiae is heterothallic, and both
mating types have already been introduced, mating and/or apothecia formation may be inhibited by
environmental factors. Future studies are expected to characterize the mating types locus of C. fallopiae
and its geographic origin and migration routes.
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Figure 1

Sexual stage and colony morphology of Cadophora fallopiae. A, B fresh apothecia on Fallopia japonica
(TNS-F-86411). Ccolony derived from multi-spores on PDA (NBRC 115372). D vertical section of the
apothecium mounted in CB/LA. E ascospores mounted in CB/LA. F crozier at the base of ascus mounted
in LA. Gblue-stained apical pore of asci with Melzer’s reagent after 3% KOH pretreatment. H outer most
layer of ectal excipulum mounted in LA. Iasci mounted in CB/LA. J paraphysis mounted in CB/LA. K fresh
paraphysis mounted in water. L chlamydospores in aerial hyphae mounted in water. M appressorium-like
hyphal structures mounted in water. Scale bars: 0.5 mm (A); 0.25 mm (B); 50 µm (D); 20 µm (H); 10 µm
(E–G, I–M).
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Figure 2

Asexual stage of Cadophora fallopiae. A conidiomata with conidia (arrows) on Fallopia japonica. B
conidioma produced on CMA. Note that a conidioma covered with opal drop of conidia. C vertical section
of conidiomata mounted in LA. D �lamentous conidia released from a crack of conidioma mounted in
water. E vertical section of basal part of conidioma showing brown hyphae, globose cells, and
conidiophores arising around the cavity mounted in LA. F conidiophores produced on CMA mounted in
LA. Scale bars: 0.5 mm (A, B); 50 µm (C, D); 20 µm (E); 10 µm (F).
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Figure 3

Line-drawings of Cadophora fallopiae. A vertical section of apothecia. B ascospores. C asci. D
paraphysis. Econidiophores and conidia. F chlamydospore-like cells. G appressorium-like hyphal
structures. Scale bar: 10 µm.
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Figure 4

Maximum likelihood tree inferred from ITS sequences containing Cadophora fallopiae and its allies in
Pyrenopezizaceae. Signi�cant branch supported by SH-aLRT (≥80%)/ultrafast bootstrap
(≥95%)/Bayesian posterior probabilities (≥0.95) are indicated. Type species are in red. GenBank and
culture collection numbers are shown at the beginning and end of the species name, respectively (type
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strains are in boldface). The tree is rooted with Mollisia cf. cinerea and Phialocephala dimorphospora.
Black arrow points to Cadophora, and white arrow points to Pyrenopeziza.
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