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Species delimitation in the Podospora anserina/
P. pauciseta/P. comata species complex (Sordariales)
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Abstract — Podospora anserina is a model ascomycete that has been used for over a century
to study many biological phenomena including ageing, prions and sexual reproduction. Here,
through the molecular and phenotypic analyses of several strains, we delimit species that are
hidden behind the P. anserinal/P. pauciseta and P. comata denomination in culture collections.
Molecular analyses of several regions of the genome as well as growth characteristics show
that these strains form a species complex with at least seven members. None of the traditional
morphology-based characters such as ascospore and perithecium sizes or presence of setae at
the neck are able to differentiate all the species, unlike the ITS barcode, mycelium growth
characteristics and repartition of perithecia on the thallus. Interspecific crosses are nearly
sterile and most F1 progeny is female sterile. As a result of our analyses, the taxonomy of
the P. anserina complex is clarified by lecto- and epitypifications of the names P. anserina,
P. pauciseta and P. comata, as well as descriptions of the new species P. bellae-mahoneyi,
P. pseudoanserina, P. pseudocomata, and P. pseudopauciseta. We also report on the ability
of species from this complex to form a Cladorrhinum-like asexual morph and to produce tiny
sclerotium-like structures.

Podospora anserina | Podospora pauciseta | Podospora comata | Lasiosphaeriaceae /
Sordariales | Cladorrhinum-like / sclerotium-like / microsclerotium / spermatia

Résumé — Podospora anserina est un ascomycéte modele qui est utilisé depuis plus d’un
siécle pour étudier de nombreux phénomeénes biologiques incluant le vieillissement, les
prions ou la reproduction sexuée. Nous délimitons grice a une analyse moléculaire et
phénotypique les espéces cachées derriére les dénominations P. anserina/P. pauciseta
et P comata des souches de collections. Les analyses moléculaires de plusieurs régions
du génome ainsi que les caractéristiques de croissance montrent que ces especes forment
un complexe avec au moins sept membres. Aucun des caractéres utilisés usuellement tels que
la taille des ascospores et des périthéces, ou la présence de setae au col ne peut différencier
les espéces, au contraire des analyses du code-barres ITS, des caractéristiques de croissance
et de la répartition des périthéces sur le thalle. Les croisements interspécifiques sont trés peu
fertiles et la plupart de la descendance F1 est femelle stérile. Il en résulte une clarification
par lecto- et epitypifications des noms P. anserina, P. pauciseta and P. comata, ainsi que
la description de quatre espéces nouvelles: P. bellae-mahoneyi, P. pseudoanserina,
P. pseudocomata, and P. pseudopauciseta. Nous montrons aussi la capacité de ces especes a
former un anamophe de type Cladorrhinum ainsi que des microsclérotes.

Podospora anserina | Podospora pauciseta | Podospora comata | Lasiosphaeriaceae |
Sordariales | anamorphe de type Cladorrhinum / microsclérotes / spermaties
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INTRODUCTION

Podospora anserina, the “friendly mold”, is a model fungus that has been
widely used for over a century to analyze various biological processes ranging from
cell fusion, ageing, prions, sexual reproduction, differentiation and development to
plant biomass degradation (Silar 2013). This species is a common inhabitant of
herbivore dung and appears to have a cosmopolitan distribution (Table 1). In
addition, to dung there is one report of its isolation as a plant endophyte (Matasyoh
et al. 2011) and one strain deposited in the Westerdijk Institute Culture Collection
has been retrieved from soil (Table 1, CBS 415.72). Presently, only the teleomorph
is known as no asexual morph has been described. This species is pseudo-homothallic,
meaning that it is formally heterothallic, i.e., with two different mating types (mat+
and mat-), but it produces asci with four ascospores carrying mat+ and mat- nuclei.
The heterokaryotic thalli germinating from these ascospores are thus self-fertile.
Ascospores are obliquely uniseriate in the asci and measure about 20 um x 35 pum.
They have a typical cellular appendage (20 um x 5 um) located at the opposite of
the germination pore and two non-cellular appendages at the opposite ends of the
ascospore. The fruiting body produced is a perithecium with a diameter of about
0.3 mm with a well-defined neck ornamented with setae.

As noted by Atkinson in a footnote of a paper by Wolf (Wolf 1912) as early
as the beginning of the 20t century, the name of this species is somewhat uncertain.
Indeed, it is mostly known in scientific publications dealing with genetics, molecular
biology biochemistry and genomics as Podospora anserina (Rahb.) Winter (Wolf
1912) or Podospora anserina (Ces.) Rehm (as for example in Rizet & Engelmann
(1949) or in Esser (1956). Another infrequently used synonym is Pleurage anserina
(Ces.) Kuntze (e.g., Hodgkiss & Harvey 1971; Moreau & Moreau 1951). However,
strains of this species are preserved under the name of Podospora pauciseta (Ces.)
Trav. in many culture collections including that of the Westerdijk Institute, and many
taxonomists use this epithet in their publications. The species appears to have been
described first as Sphaeria pauciseta by Cesati (see Botanische Zeitung 1852 vol. 10,
pp 285-288) and later a second time as Malinvernia anserina also by Cesati and
reported by Rabenhorst (1857). Traverso validated the combination in Podospora,
P pauciseta (Ces.) Trav. (Traverso 1907), but some authors continued to call it
P. anserina, as initiated by Niessl (1883) and Winter (1887). To confuse the matter,
it is possible that P. anserina and P. pauciseta are two different species, a fact hinted
at by Mirza and Cain (1969). Original syntype materials of both P. pauciseta (as
Sphaeria pauciseta Ces. under n° 1642 in the “Klotzschii herbarium vivum
mycologicum sistens fungorum per totam germaniam crescentium collectionem
perfectam — Centuria XVII”) and P. anserina (as Malinvernia anserina Ces. under
n° 526 in the “Klotzschii herbarium vivum mycologicum sistens fungorum per
totam germaniam crescentium collectionem perfectam — Editio nova Series Prima
Centuria VI”) are available as dried dung. However, Lundqvist (1972) stated that he
could not find the fungus on these authentic types. Moreover, at the time of its first
descriptions the fungus was collected directly from the wild and not cultivated in
pure culture. Hence, the original types, including those of Cesati deposited in Rome’s
herbarium, may contain additional species and unfortunately cannot anymore be
used as reference for the fungus. To complicate further the situation, a second
supposedly closely-related species, Podospora comata, has been described
(Milovtzova 1937). It differed from typical P. anserina by smaller spores, slender
perithecia and lack of setae decorating the neck (as deduced from the drawing of
Milovtzova). It is not clear whether this species is a true species or a minute form
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of P. anserina (Krug & Khan 1989). Note that the long awaited revision of the
species related to P. anserina is unlikely to improve the matter. The genus Podospora
is polyphyletic (Miller & Huhndorf 2005) and belongs to the Lasiosphaericeae, a
paraphyletic family from which stem the mostly monophyletic Chaetomiaceae and
Sordariaceae (Cai et al. 2006; Kruys et al. 2015; Madrid et al. 2011; Miller &
Huhndorf 2005). Although, the type species of the genus is Podospora fimiseda, an
eight-spored species (Niessl 1883) and a close relative in molecular phylogeny to
Podospora pauciseta (Kruys et al. 2015), a formal taxonomic revision of the family
will likely result in a change of genus name for most species, including possibly that
of P. anserina, P. pauciseta and P. comata. Here, as a start, we have undertaken the
analysis of most available strains of P. pauciseta, P. anserina and P. comata present
in culture collections and show that they belong to a species complex with not three,
but at least seven members.

MATERIALS AND METHODS

Strain sampling

Strains A to Z (Table 1), including S (big S), s (small s) and T, were from
the collection of Georges Rizet and have been used for many early studies on
P. anserina (see for example Bernet 1965 and Marcou 1961). Both mat+ and mat-
isolates were already available for all these strains. They were crossed and fresh
mat+ and mat- homokaryotic progeny for each strain was selected for phenotypic
analysis. The S (= big S) strain is the reference strain for which the genomes of the
mat+ (Espagne et al. 2008) and mat- (Grognet et al. 2014) nuclei have been
sequenced. The origin of some of these strains (date and location of sampling) is
unfortunately not known. Moreover, they were kept in the lab for over 60 years and
some may have acquired mutation(s), possibly accounting for some of the deviation
seen for a few characters. Nonetheless, most of them look exactly like the newer
isolates, indicating that phenotypically-relevant mutations have not accumulated at
high level. The newer strains, PSN14, Pscjl4, PSN42 and CBI1 to CB7, were
obtained from dung sampled from various French regions and at different dates
(Table 1). Ascospores ejected from perithecia present on the dung were collected and
germinated. Thalli produced from these ascospores were immediately stocked at
—80°C to prevent any mutation accumulation. These self-fertile thalli were incubated
for the production of perithecia. Homokaryotic mat+ and mat- ascospores, recognized
by their small sizes, were collected and selected for phenotypic analysis. The
remaining strains were purchased from the Westerdijk Institute. Like for the previous
strains, homokaryotic progeny for all Westerdijk Institute strains were used for
phenotypic analysis. Note that for some strain of the Westerdijk Institute Culture
Collection, “incolore” mutations that frequently occur in P. anserina (Rizet 1939)
were detected. Only progenies devoid of this mutation were selected for analysis.

Phenotypic analysis
Standard culture conditions, media and genetic methods for P. anserina

have been described (Rizet & Engelmann 1949; Silar 2013) and can be accessed at
http://podospora.i2bc.paris-saclay.fr. MO minimal base medium has the following



Species delimitation in Podospora 489

composition KH2PO4 0.25 g/L, K2HPO4 0.3 g/L, MgS04/7H20 0.25 g/L, Urea
0.5 g/L, Thiamine 0.05 mg/L, Biotine 0.25 pg/L, Citric Acid 2.5 mg/L, ZnSO4
2.5 mg/L, CuSO4 0.5 mg/L, MnSO4 125 pg/L, Boric Acid 25 pg/L, Sodium
Molybdate 25 pg/L, Iron Alum 25 ug/L, Agar 12,5 g/L. It can be supplemented with
Dextrins at 4 g/L or 6 g/L to yield the M2 minimal medium, crystalline cellulose (cat
n° CC41 from Whatman) at 5 g/L to yield M4 medium or 1 g of Guiboursia deumeusi
wood shavings. Importantly, when cultivated on these media, all strains yielded in 7
to 10 days matured perithecia typical of the species. These looked alike perithecia
obtained on sterile horse dung, a more natural growth medium for the fungus.
Germination medium was ammonium acetate 4.4 g/L, bactopeptone 15 g/L and Agar
13 g/L. Perithecium formation was assayed as in (Tangthirasunun et al. 2016).
Ascospore and perithecium sizes were the average + SD of 10 different samples.
Hyphal Interference was assayed as in (Silar 2005). Crippled Growth as in (Haedens
et al. 2005). Microsclerotia developed on plates with wood shavings and the
Cladorrhinum-like anamorphic structures were obtained by incubating homokaryotic
strains on M2 medium overlaid with a cellophane sheet for three weeks at 18°C.

DNA extraction, PCR amplification and sequencing

Genomic DNA was extracted as described by Lecellier & Silar (1994). The
ITS locus was amplified using primers ITS1 and ITS4 primers (White et al. 1990).
The amplified three intergenic loci were (1) a region between Pa 3 1380 and
Pa 3 1390 on chromosome 3 (Rchr3) using primers 1380F (acgcgcacatacacagg)
1380R (tggatgccattgggctat), (2) a region on chromosome 4 between Pa 4 7610 and
Pa 4 7620 (or Rchr4) with primers 7610F (tcctggtgagctgtatgtaggctggacacg) and
7610-2R (accaggcagtagagtgaaaaggtcgaagge) and (3) a region on chromosome 6
between Pa 6 5500 and Pa 6 5510 (or Rchr6) with primers 5500F
(agatgggttcttgtcatgagagggctggttt) and 5500R (tgggcttgatategtgctatattggeggec). The
sequencing was performed by Genewiz UK (Takeley, UK), with primers ITS1, ITS4,
1380F, 7610F and 5500F. Sequences were manually assembled.

Phylogenetic analyses

DNA sequences were compared using Mafft with the default parameters
(Katoh & Standley, 2014) and transferred to Jalview for visualization (Waterhouse
et al., 2009). Alignments were used to construct phylogenetic trees using the
maximum likelihood method (PhyML software) with the GTR model (Guindon &
Gascuel, 2003; Guindon et al., 2005). The optimized trees were transferred to the
iToL server for visualization (Letunic & Bork, 2007). Bootstrap values are expressed
as percentages of 100 replicates.

RESULTS AND DISCUSSION

Molecular phylogeny

To delimit potential species, we sequenced four genomic regions (Table 1):
(1) the nucITS rRNA (ITS1-5.8S-ITS2) located on chromosome3, (2) an intergenic
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region (called Rchr3) also situated on chromosome 3 and closely linked to a locus
under balanced selection, the Het-s/het-S incompatibility locus (Debets e al. 2012),
(3) an intergenic region situated on chromosome 4 (Rchr4) and an intergenic region
on chromosome 6 (Rchr6). The last three regions were chosen because, being
intergenic, they likely accumulated more differences than the elongation factor 1-a
or tubulin genes used frequently for phylogenetic analysis. Moreover, Rchr3 being
associated with a locus under balanced selection should exhibit more polymorphisms
than Rchr4 and Rchro6.

All three intergenic regions differentiated the same seven sets (Fig. 1).
Moreover, these sets were identical to those defined by the ITS sequence (Fig. 2).
We find no evidence of recombination between the four regions between the species
sets, suggesting that the seven sets represented in fact seven species. The largest set
contained all strains from the Rizet collection except strain T, all the strains newly
collected from France (i.e., Pscj14, PSN14, PSN42 and CB1 to CB7) and strain CBS
433.50. They all had the same ITS, Rchr4 and Rchr6. They could only be differentiated
by Rchr3, which clustered them into two subgroups (Fig. 2). As expected, this
clustering reflected the one obtained when the Het-s/Het-S region was analyzed
(Debets et al. 2012), with the S (big S) strain belonging to one subgroup and the s
(= small s) strain to the other. The six additional sets were (1) strain T, (2) strain
CBS 112042, (3) strain CBS 411.78, (4) strains CBS 237.71, CBS 451.62 and CBS
333.63, (5) strain CBS 415.72 and (6) strains CBS 253.71 and CBS 124.78. As
expected when combined, phylogeny with the four sequences gave seven statistically-
well-supported sets (Fig. 3). Although individual branches for each set are statistically
well supported, the branching order is poorly defined by the present data (Fig. 2
and 3). Most strains are equally distant from each other, except groups (5) and (6)
that seem to be more closely related to each other than to the other strains (Fig. 3
and Table 2). Note that the percentage of similarity of the sequences between the
sets was ten times greater than those within sets (Table 2) in the range of 1-3%,
which are typical of differences between species rather than those of different strains
from the same species. Fertility of interspecific crosses was very low (few hundreds
of ascospores obtained per Petri plate, instead of the hundreds of thousands obtained
in most intraspecific crosses). F1 progeny from interspecific crosses often had poor
growth and most of them were female sterile. This showed that the seven sets were
in fact seven species, a conclusion supported by morphological and cultural properties
of the strains (see below). Names for these species are indicated in Figs 1, 2, 3, 5
and 7 as well as in Table 1 and 2.

Table 2. Percentage of nucleotide sequence identity between the indicated species

P anserina  P. pauciseta  P. comata zal;;]’l;; P, pseudoanserina  P. pseudopauciseta  P. pseudocomata
P. anserina <0.1%*
P. pauciseta 1.8% <0.1%
P. comata 2.2% 24% NA
P. bellae-mahoneyi 2.7% 3.2% 3.1% NA
P. pseudoanserina 2.0% 2.3% 2.6% 3.1% 0%
P. pseudopauciseta 2.3% 2.5% 2.8% 34% 0.7% NA
P. pseudocomata 1.7% 21% 2.1% 2.7% 2.1% 2.3% NA

 This number is obtained when the Rchr3 region is omitted; when this region under balanced selection is included, the percentage of
identity reached 0.3%.
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P. belloe-mahoneyi
(Australia) o
P. pauciseta
(Israél, Argentina)

P. pseudopauciseta
(Venezuela)

Cs,
g
Tr
.7£

P. anserina
[France, Ontario)

Fig. 3. Species tree inferred from the concatenated dataset (ITS + Rchr3 + Rchr4 +Rchro6).
Bootstrap support values (> 80%; 100 replicas) are indicated by the dots. Known regions where strains
from the relevant species were collected are indicated.

Taxonomy

Podospora pauciseta Traverso, Flora Italica Cryptogama Pars I: Fungi Pyrenomycetae,
p. 431 (1907) Fig. 7B

= Sphaeria pauciseta Ces., Botanische Zeitung vol. 10, p. 285 (1852)

Lectotypification: ITALY, Vercelli, on pig dung, Cesati, Rabenh. Herb. Viv.
Mycol.,, Cent. XVII, 1642 (HAL, lectotypus hic designatus, Mycobank:
MBT#249597).

Epitypification: Mycobank: MBT#121083: ISRAEL, Northern Region,
between Moledet and Jubla, isolated from Antelope dung, Apr. 1970, J.C. Krug
(PC0735081 epitypus hic designatus; duplicate deposited at HAL sub nr. 3208 F,;
ex-epitype culture: CBS 237.71).

Notes: The three strains available for this species produce perithecia all
over the culture on M2 medium and on a ring similar to that of P. anserina on M4.
They fructify abundantly on wood shavings. Their ITS sequence differs at one
position from the P. anserina reference ITS: ITS2 — C insertion after nucl. n° 11.
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0.3mm
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B dextrin crystalline cellulose
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S:60% CBS 237.71: 1%

Fig. 4. (A) Variation of the size of the perithecia. Arrows point towards ascospores that originated from
small perithecia, showing that these were matured. (B) Perithecia of strain CBS 411.78 on two different
media containing either dextrin or crystalline cellulose as carbon source. (C) Strain CBS 237.71 has
very low percentage (1%) of perithecia with setae (arrows), while strain S has 60%.
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P. anserina P. pauciseta P. pseudopauciseta
PSN14 CBS 237.71 CBS 333.63 CBS 411.78
= - =y e =

>

P. bellae-mahoneyi  P. pseudocomata P. pseudoanserina
CBS 112042 CBS 415.72 CBS 124.78 BS 253.71

Fig. 5. Perithecium differentiation patterns on various carbon sources. Only representative strains
are illustrated. MO + WS= MO supplemented with wood shavings as carbon source. Arrowheads on the
M2 plate of CBS 253.71 point towards sectors of altered growth.
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P. pseudopauciseta

P. anserina

P. pauciseta

P. comata
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Fig. 7. For each species on the left are the perithecia obtained on sterile dung and on the right squash
mount of perithecia obtained on M2 showing perithecial wall, neck and centrum with asci. Left panel,
white bar = 0.3 mm, right panel black bar = 0.25 mm.

Podospora anserina Niessl Ueber die Theilung der Gattung Sordaria. Hedwigia 22:
156. (1883)

= Malinvernia anserina Ces., Rabenhorst, Erkldrung der Taf. XV.
Hedwigia 1: 116 — pl. 115 fig. 114 (1857)

Lectotypification: 1ITALY, Vercelli, on goose dung, Cesati, Rabenh., Herb.
Viv. Mycol.,, Ed. Nov., Cent. VI, 526 (HAL, Lectotypus hic designatus,
MBT#183160).

Epitypification: FRANCE. Normandie, isolated from dung. Date of
collection unknown but around 1940 (PC0735082 & HAL 3205 F; Epitypus hic
designatus, Mycobank: MBT#100818); ex-epitype culture: Strain S deposited at the
Museum National d’Histoire Naturelle, Paris n® 6597; Fig. 7A).

Notes: Many strains are available for this species. Diagnostic features are
the presence of a ring of perithecia on M2 for mat+/mat- heterokaryotic cultures and
the ability to undergo Crippled Growth. Perithecia form a larger and more diffuse
ring on M4 medium and are produced all over wood shavings. Sequence of its ITS,
the first sequenced, is a defining feature and is used as reference for all the other
strains of the species complex. This species seems to be prevalent in Western Europe.

Podospora comata Milovtz., Trav. Inst. Bot. Kharkov 2: 20 (1937) Fig. 7C

Lectotypification (Mycobank MBT#261400): UKRAINE, on horse dung,
Trav. Inst. Bot. Kharkov vol. 2: 20 fig. 2 (1937), lectotypus hic designatus.
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Epitypification (Mycobank MBT#261400): FRANCE. Isolated from dung.
(PC0735083, epitypus hic designatus, duplicate deposited at HAL sub nr. 3207 F;
ex-epitype culture: Strain T deposited at the Mycotheque du Museum National
d’Histoire Naturelle de Paris, n°® 6598).

Notes: Type material of P. comata could not be traced and is not preserved
in the herbarium of the Kharkov National University (Dr. A. Akulov, pers. comm.).
Therefore, the original illustration published in Milovtzova (1937), which is part of
the original material (Art. 9.3), is designated as lectotype (Art. 9.2), and the current
application of P. comata is clarified by epitypification. The only strain available for
this redefined species was collected in France. It has smaller ascospores (32 + 1 x
17 + 1 pm) and perithecia on M2 (diam. = 228 + 16 um) than strains of the other
species. This strain requires at least 6g/L of dextrin in M2 for abundant pigmentation
and fructification. It is poorly able to utilize the crystalline cellulose present in the
M4 medium. It is however very fertile on wood shavings. Its ITS sequence differs
at three positions from the P. anserina reference ITS: ITS1 — nucl. n° 12 G to A,
ITS1 — nucl. n° 26 G to A and ITS2 — CC insertion after nucl. n° 141.

Podospora bellae-mahoneyi C. Boucher, TS Nguyen & P Silar, sp. nov.  Fig. 7D

Mycobank: MB821832.

Etymology. Refers to Ann Bell and David Mahoney who isolated and
deposited the strain.

Type: Western Australia. Isolated from kangaroo dung, Feb. 2001, leg. A.
Bell & D.P. Mahoney (PC0735079 holotypus; HAL 3206 F isotypus; ex-type
culture: CBS 112042).

Description: Perithecium diameter 397 + 31 mm, pyriform, membranous,
semitransparent, pale brown, covered with numerous hyphoid hairs. Neck blackish,
coriaceous, often with a tuft of dark, rigid, agglutinated hairs, sometimes with a few
scattered hairs too. Asci 4-spored, clavate-lageniform. Spores spoon-shaped in the
early stages. Mature spores obliquely uniseriate: spore head 38 + 1 x 23 + 1 mm,
ellipsoidal sometimes slightly asymmetrical, flattened at the base, smooth, thick-
walled, with a central germ pore. Presence of a primary appendage (pedicel) 20-22 x
5-6 mm (exceptionally longer), cylindrical, slightly tapering towards the apex. Upper
secondary appendage (cauda) lash-shaped, not covering the germ pore; lower cauda
solid, filiform, ephemeral, arising from the pedicel apex and with three additional
short, quite coiled appendages at the pedicel base, near the septum.

Notes: The only strain available for this species makes bigger spores (39 +
1 x 23 + 1 pm) and perithecia on M2 (diam. = 397 + 31 um) than all the strains
from the other species. It produces few perithecia on M2 and none on M4. It
produces many perithecia on wood shavings. Its ITS sequence differs at one position
from the P. anserina reference ITS: ITS1 — A insertion after nucl. n° 146.

Podospora pseudoanserina C. Boucher, TS Nguyen & P Silar sp. nov. Fig. 7G

Mycobank: MB821835.

Etymology: Refers to its relatedness to P. anserina.

Type: Central Africa. Isolated from dung of Cobus defassa, leg, R. Cailleux
(PC0735075 holotypus; HAL 3209 F isotypus; ex-type culture: CBS 253.71).

Description: Perithecium diameter 200-400 mm, pyriform, membranous,
semitransparent, pale brown, covered with numerous hyphoid hairs. Neck blackish,
coriaceous, often with a tuft of dark, rigid, agglutinated hairs, sometimes with a few
scattered hairs too. Asci 4-spored, clavate-lageniform. Spores spoon-shaped in the
early stages. Mature spores obliquely uniseriate: spore head 34 + 1 x 19 + 1 mm,
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ellipsoidal sometimes slightly asymmetrical, flattened at the base, smooth, thick-
walled, with a central germ pore. Presence of a primary appendage (pedicel), 20-22
x 5-6 mm (exceptionally longer), cylindrical, slightly tapering towards the apex.
Upper secondary appendage (cauda) lash-shaped, not covering the germ pore; lower
cauda solid, filiform, ephemeral, arising from the pedicel apex and with three
additional short, quite coiled appendages at the pedicel base, near the septum.

Notes: The two strains available for this species produce perithecia with
very different size. Moreover, sizes differ on M2 and M4 but in opposite directions
for both strains. Diagnostic feature of both strains appears to be the production of
perithecia as a disk of 2 cm of diameter on M2. Their ITS sequence differs at one
position from the P. anserina reference ITS: ITS2 — nucl. n® 144 C to A.

Podospora pseudocomata C. Boucher, TS Nguyen & P Silar, sp. nov. Fig. 7F

Mycobank: MB821833.

Etymology: refers to its relatedness to P. comata.

Type: PAKISTAN. Lahore, Jamrud-Landi Kotal Road, isolated from soil,
leg. S. Ahmed (PC0735078 holotypus; HAL 3210 F isotypus; ex-type culture: CBS
415.72).

Description: Perithecium diameter 277 + 17 mm, pyriform, membranous,
semitransparent, pale brown, covered with numerous hyphoid hairs. Neck blackish,
coriaceous, often with a tuft of dark, rigid, agglutinated hairs, sometimes with a few
scattered hairs too. Asci 4-spored, clavate-lageniform. Spores spoon-shaped in the
early stages. Mature spores obliquely uniseriate: spore head 33 + 1 x 19 + 1 mm,
ellipsoidal sometimes slightly asymmetrical, flattened at the base, smooth, thick-
walled, with a central germ pore. Presence of a primary appendage (pedlcel) 20-22 x
5-6 mm (exceptionally longer), cylindrical, slightly tapering towards the apex. Upper
secondary appendage (cauda) lash-shaped, not covering the germ pore; lower cauda
solid, filiform, ephemeral, arising from the pedicel apex and with three additional
short, quite coiled appendages at the pedicel base, near the septum.

The only strain available for this species was isolated from soil. This strain
undergoes senescence rapidly on M2 and produces abundant and large perithecia on
M4. Its ITS sequence differs at one position from the P. anserina reference ITS:
ITS2 — C insertion after nucl. n® 141. Point of insertion is the same as CC insertion
in P. comata.

Podospora pseudopauciseta C. Boucher, TS Nguyen & P Silar, sp. nov.  Fig. 7E

Mycobank: MB821834.

Etymology: refers to its relatedness to P. pauciseta.

Type: VENEZUELA. Edo Anzoategui, West of Barcelona, isolated from
cow dung, July 1972, J.C. Krug. (PC0735080 holotypus; HAL 3211 F isotypus;
ex-type culture: CBS 411.78)

Diagnosis: differs from other Podospora in its ability to produce perithecia
ten times more voluminous on M4 than on M2. Its ITS sequence differs at two
positions from the P. anserina reference ITS: ITS1 — nucl. n® 109 C to A and ITS2
— nucl. n° 144 C to A. Change in ITS2 — nucl. n® 144 C to A is also present in
P. pseudoanserina.

Description: Perithecium diameter 372 + 18 mm, pyriform, membranous,
semitransparent, pale brown, covered with numerous hyphoid hairs. Neck blackish,
coriaceous, often with a tuft of dark, rigid, agglutinated hairs, sometimes with a few
scattered hairs too. Asci 4-spored, clavate-lageniform. Spores spoon-shaped in the
early stages. Mature spores obliquely uniseriate: spore head 32 + 1 x 19 + 1 mm,
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ellipsoidal sometimes slightly asymmetrical, flattened at the base, smooth, thick-
walled, with a central germ pore. Presence of a primary appendage (pedicel) 20-22 x
5-6 mm (exceptionally longer), cylindrical, slightly tapering towards the apex. Upper
secondary appendage (cauda) lash-shaped, not covering the germ pore; lower cauda
solid, filiform, ephemeral, arising from the pedicel apex and with three additional
short, quite coiled appendages at the pedicel base, near the septum.

Notes: The only available strain for this species was isolated from dung
from Venezuela. It produced perithecia all over the thallus on M2 in a manner
similar to P. pauciseta. Diagnostic feature exhibited by the strain is its ability to
produce perithecia ten times more voluminous on M4 than on M2. Its ITS sequence
differs at two positions from the P. anserina reference ITS: ITS1 — nucl. n° 109 C
to A and ITS2 — nucl. n° 144 C to A. Change in ITS2 — nucl. n°® 144 C to A is also
present in P. pseudoanserina.

Ascospore, perithecium size and setae are not able to differentiate species

Measure of ascospore sizes showed that only two strains statistically
differed from all the others (p < 5%). CBS 112042 had significantly larger ascospores
(both in length and width) and strain T had significantly narrower ascospores
(Table 1). However, the differences were small. All the other strains had ascospores
of about the same size, including the two strains labelled as P. comata in the
Westerdijk Institute Culture Collection (CBS 411.78 and CBS 237.71). Regarding
the size of the perithecium, we observed variation in their diameter even for mature
perithecia (Fig. 4A). Moreover, for some strains, perithecium diameter depended
greatly upon the medium they were cultivated on. For example, strain CBS 411.78
produced perithecia nearly ten times more voluminous when fed with crystalline
cellulose than when fed with dextrins (Fig. 4B). Interestingly, strains from
P. pseudoanserina (group 6) behaved in opposite direction with respected to their
perithecium size: CBS 124.78 produced larger perithecia on crystalline cellulose
than on dextrin (413 + 48 vs 326 + 18), while CBS 253.71 produced smaller ones
(185 + 32 vs 253 + 71). Note that neck size depends upon lighting, because
perithecium necks orient towards light and perithecia grown under low light radiating
from the side have longer necks than those illuminated from above with an intense
light. Perithecium height cannot thus be used for differentiating strains. Consequently,
Table 1 gives only the diameter of the largest mature perithecia when cultivated on
M2 medium with 4g/L of dextrin as carbon source. While strain T and CBS 112042
had perithecia with the smallest and largest diameters, respectively, these were not
statistically different from those of strains having similar sized perithecia (e.g., strain
N for small perithecia and strain CB3 for large ones).

Presence of setae at the neck is also often used to differentiate P. comata
from P. pauciseta/anserina. However, analysis of setae in the various strains showed
that they were not present on all perithecia (Fig. 4C). Moreover, the proportion of
perithecia with setae as well as the length of the setae varied with the medium. For
example for strain S, setaec were short and not clearly visible on M2 medium in
which dextrin was present at 4 g/L; they decorated 60% of the perithecia (n = 100).
On M2 medium with 6 g/L, setae were more readily observed, but only in 25% of
the perithecia (n = 100). On medium with wood shavings as carbon source, they
were clearly observed and present in 55% of the perithecia (n = 100) (Fig. 4C) and
on medium with crystalline cellulose, they were shorter and present in 30% of the
perithecia (n = 100). Finally, on horse dung, a natural substrate of the fungus, they
were easily seen and present in 60% of the perithecia (n = 100). Table 1 gives the
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proportion of setae when the strains were grown on wood shaving medium, as setae
were the most clearly counted on this medium (Fig. 4C). Percentage of setae was
very low in CBS 237.71 (1%), identified as a P. comata strain in the Westerdijk
Institute Culture Collection (now a P. pauciseta strain), but also in CB1 a newly-
isolated strain of P. anserina. All the other strains had setaec on more than 15% of
their perithecia, typically in around 50% of them (Table 1). Note that variation in
setae was previously reported (Griffiths 1901).

Overall, these data showed that the characters traditionally used to
differentiate P. comata from P. pauciseta/anserina were not reliable in differentiating
most species of the complex. Nevertheless, based on the small sizes of its ascospore
and perithecia, strain T appears to be the closest to the one described by Milovtzova.
At the other end, strain CBS 112042 has larger spore and perithecia than all the other
strains. These morphological differences confirmed the fact that these two strains
belong to two different species having specific intergenic and ITS sequences different
from all the other strains.

Perithecium repartition pattern in different culture conditions can
discriminate between species

While morphological attributes of ascospores and perithecia were often
poor discriminators for the species, we notice that perithecium formation patterns
delimitated the various species fairly well, especially when different carbon sources
were assayed (Fig. 5). This confirmed that the seven species defined by sequence
analysis were bona fide species. On the M2 minimal medium containing 4 g/L of
dextrin as carbon source, all the strains of P. anserina formed a ring of small
perithecia with an inner diameter of about 1 ¢cm and a width of about 1 cm, with
little strain-dependent variations. Some additional perithecia appeared later following
a larger and more diffuse ring. On M4 that contained 5.5 g/L of crystalline cellulose,
all P. anserina strains formed larger rings of small perithecia with inner diameters
of about 2 cm and widths of about 2 cm. On wood shaving medium, they formed
small perithecia on most of the wood shavings. None of the other strains had a
similar pattern. On M2, strains of P. pauciseta formed perithecia on most of the
thallus as did strains of P. pseudopauciseta. Yet strains of P. pauciseta also formed
a ring on M4 similar to P. anserina, while P. pseudopauciseta produced fewer, but
much enlarged perithecia (Fig. 4), at the center of the plate. On wood shavings both
strains produced more perithecia than P. anserina. P. comata produced few small
perithecia at the center of the plate on M2 containing 4 g/L of dextrin, while it was
much more fertile on M2 with 6 g/L of dextrin (i.e., it produced more and larger
perithecia; data not shown). Differences on perithecium production between 4 g/L
and 6 g/L of dextrin were not as pronounced in the other species as in P. comata.
Fertility of P. comata on M4 was also poor, but important on wood shaving, where
perithecia concentrated at the periphery of the plates. P. bellae-mahoneyi produced
few perithecia at the center of M2 plates, none on M4 and a medium amount of large
perithecia mostly at the periphery of the plate on wood shavings. P. pseudocomata
differs in having many perithecia on M2 mostly along a ring similar to that of
P anserina. It formed large perithecia on M4 and smaller ones on wood shaving.
The two strains of P. pseudoanserina both formed a disk of perithecia on M2, a more
diffuse ring on M4 and numerous ones on wood shavings. However, because CBS
124.78 produced fewer but larger perithecia than CBS 253.71, especially on M4, the
figures for these two strains appeared different.
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Species from the complex can form microsclerotia and cladorrhinum like-
anamorphs

All strains from the P anserina species complex were able to produce
microsclerotium-like structures (Fig. 6, Table 3) when cultivated with wood shavings
as carbon source. These structures measured up to about 50 pm in diameter and
started as an orange material deposited at discrete region of the mycelium. Upon
aging the material turned blackish (Fig. 6).

One-celled uni-nucleated “conidia” have been reported for P. anserina as
early as 1916 (Satina 1916). Because they do not germinate readily on all tested
media, they were thought to serve only as male gametes during fertilization and thus
renamed spermatia (Dodge 1936). They are carried by small peg-like hyphae called
phialides (if one thinks that they are actual conidia) or spermogonia (if one sees
them only as male gametes) that look like a typical cladorrhinum anamorph.
Although accumulation of phialides/spermogonia into branched conidiophores has
been described (Dodge 1936), the available descriptions never mention them as
visible to the naked eye. Interestingly, at low temperature (18°C) in the dark on M2
overlaid with cellophane, most strains from the P. anserina species complex were
able to form anamorphic structures visible with the naked eye (Fig. 6, Table 3).
However, production of these structures was rather unreliable even when the strains
were tested in standardized conditions, making it a poor discriminating criterion to
characterize the species. Table 3 lists the species for which we were able to see
clearly some anamorphic structures. Lack of detection in our experiments does not
preclude the formation of Cladorrhinum-like anamorphs by the strains when
additional experiments will be carried out. These were composed of numerous
branched hyphae carrying phialides interspersed with long sterile hyphae, as
described for Bahupaathra samala (Subramanian & Lodha 1964), syn. Cladorrhinum
samala (Mouchacca & Gams 1993). The phialides thus observed carry several

Table 3. Main phenotypic features of the various species of the Podospora anserina species
complex

P. anserina P, pauciseta P. comata P bellae—. Ep sezfdo— P pseudo- k pseAudo—
mahoneyi anserina comata paucistea
. . CBS 333.63:-
ﬂ‘;‘fﬁ: ;h’}’:”'"'l'ke + CBS 237.71:+ + + - + +
P CBS 451.62:-
Microsclerotia yes yes yes yes yes yes yes
Appressorium-like yes yes yes yes yes yes yes
63+
Hyphal Interference CBS 333 63. CBS 253.71: +
(oxidative burst) ++ CBS 237.71:++ N * CBS 124.78: ++ ot *
CBS 451.62:- o
H)./p.h al Interference efficient inefficient inefficient  inefficient inefficient inefficient inefficient
(killing)
Crippled Growth yes no no 1o no no 1o
Other sector-like 0 0 o 0 CBS 253.71: yes o o
phenomenon ¥ CBS 124.78: no ¥
Senescence yes yes yes yes yes yes yes

! Cladorrhinum-like anamorphs were detected for all strains except for Psjcl4.
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dozens of uninucleated cells of 3 to 5 um in some mucilage, tentatively suggesting
that they are actual conidia used for dispersal. Low level of germination of spermatia
in the range of one out of 10? to 10% has been described to occur on medium with
sorbose and yeast extract (Esser & Prillinger 1972). Attempts to reproduce these
data with typical spermatia obtained on M2 medium or with the uninucleated cells
from the Cladorrhinum-like morph have so far failed; only about one out of
109 typically germinates. Media tested for their germination included sorbose +
yeast extract, M2, potato dextrose, V8 and malt + yeast extract media. A 30 minutes
heat shock at 65°C does not improve germination rate. The low percentage of
germination of these cells may be due to the fact that we have yet to find the proper
trigger.

Additional features common to all species and features unique to some species

Strain S (Big S) of P. anserina is known to exhibit several biological
features that can easily be evaluated. We thus assayed whether these were conserved
in the other strains. Firstly, strain S is able to form appressorium-like structures to
penetrate cellophane (Brun et al. 2009). All the strains investigated here were also
able to form these structures in a few days (Table 3). It is known that their production
is controlled by the same pathways as the ones involved in germination of the
ascospores (Lambou et al. 2008). Accordingly, all the strains had the same pattern
for ascospore germination. Their ascospores germinated with nearly 100% efficiency
on G medium and sterile dung, but failed to germinated with good efficiency on M2
medium (i.e., typical less than 1% germination was observed), unless a heat shock
(65°C for 30 min.) was applied in which case germination occurred for about 80%
of the ascospores. As previously described (Geydan et al. 2012; Marcou 1961), all
strains of all species underwent senescence (Table 3).

Strain S is able to present a hyphal interference defense mechanism when
encountering other filamentous fungi (Silar 2005). This phenomenon is associated
with an oxidative burst at the contact point with the contestant and may result in
the hyphal death of the contestant upon contact with the S strain hyphae. Both the
burst and the cell death can be assayed by colorimetric tests and are not correlated
(i.e., mutant strains with the highest burst may not be the best killers (Silar 2005).
We evaluated whether the other strains exhibited such phenomenon when
confronted with Penicillium chrysogenum, a species readily killed by the S strain
(Table 3). All P. anserina strains were efficient at generating a burst and good at
killing P. chrysogenum. On the contrary, strains from the other species were not
efficient at killing, although some of them generated an important oxidative burst
(Table 3).

P anserina strain S is known to produce sectors of “Crippled Growth”
when cultivated on M2 medium supplemented with 5g/L of yeast extract (M2 + YE;
Haedens et al. 2005; Silar et al. 1999). Crippled Growth can readily be assayed by
inoculating explants taken from stationary phase culture onto fresh M2 + YE
medium; thalli initiated from such explants exhibit large sectors of Crippled Growth
(Haedens et al. 2005; Silar et al. 1999). All strains of P. anserina presented this cell
degeneration when explants were taken from stationary phase (Table 3). On the
contrary, none of the strains for the six other species were able to undergo Crippled
Growth (Table 3), indicating that this cell degeneration is specific to P. anserina.
However, we noticed that strains T, CBS 411.78 and CBS 253.71 (visible for
this strain on the M2 plates of Fig. 5) also produced sectors of abnormal growth,
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although of a different morphology than Crippled Growth and appearing with
different modalities since they were not induced by passage into stationary phase.
These sectors had thus a genetic or epigenetic basis that was different from that of
Crippled Growth.

CONCLUSION

Overall, the data showed that strains identified as P. pauciseta/P. anserina
or P. comata belong to a species complex that contains at least seven bona fide
species sharing many features. All these species are pseudo-homothallics that
produce similarly-shaped perithecia, asci and ascospores after seven days of
incubation on M2 medium or dung, and ten days on M4 and wood shavings media.
Descriptions for the morphology of these structures are available in (Lundqvist
1972) under the name P. pauciseta and in (Doveri 2004) under the name P. anserina.
They are illustrated for the seven species in Fig. 7. All strains produce on M2 a
mycelium growing at about 7 mm/d and that accumulates a green pigment at the
center of the thallus. All strains senesce after 10 to 20 cm of growth on M2.
Modalities of ascospore germination are conserved for all strains. They can however
be distinguished by the sequence of their Rchr3, Rchr4 and Rchr6 regions as well
as their ITS, some mycelium characteristics (Table 3) and their perithecium formation
patterns on various media (Fig. 5). Two species also differ from all the others by the
size of their ascospores and fruiting bodies. We thus redefine three species and
propose four new ones (Figs 2, 3, 4, 7 and in Table 1). We propose to retain
P pauciseta for two strains known under this name in the Westerdijk Institute
Culture Collection: CBS 451.62 and CBS 333.63, as well as for CBS 237.71 that is
referenced as a P. comata in the Westerdijk Institute Culture Collection. We attribute
the name P. anserina for the strains that has been used in most studies under this
name, including strain S used for genome sequencing. We propose to keep P. comata
for strain T of the G. Rizet collection, as this strain seems to be the closest to the
one described by Milovtzova, based on its ascospore and perithecium size. Moreover,
most sequences for P comata present in Genbank, including the ITS region, were
obtained from this strain. Additionally, strain T has been used under the name of
P comata in a few scientific publications (e.g., (Belcour et al. 1997; Deleu et al.
1993; Koll et al. 1996). New species are P. bellae-mahoneyi (CBS 110242),
P. pseudoanserina (CBS 124.78 and CBS 253.71), P. pseudocomata (CBS 411.78)
and P. pseudopauciseta (CBS 415.72).

Podospora pauciseta/anserina is a widespread and frequent coprophilous
fungus that has been reported from all continents and climates. Like its Sordariales
relatives in the genera Neurospora (e.g., N. crassa) and Sordaria (e.g., S. macrospora
and S. fimicola), it has been used for over a century in many genetical and biochemical
studies thanks to the ease in obtaining its complete lifecycle under artificial
conditions. Yet, little is known about its genetic diversity. Importantly, P. comata, a
second closely related species has been described and several strains have been
deposited under this name in culture collections. Phenotypic analyses of P. comata,
P anserina and P. pauciseta strains showed that the characters traditionally used to
differentiate these species, i.e., ascospore and perithecium sizes as well as presence
of erect setae at the base of the neck, were often not reliable. Importantly, molecular
analyses of four regions of the genome located on three different chromosomes
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showed that seven species could be recognized. Further phenotypic analyses
confirmed the molecular data and were able to differentiate the seven species mostly
based on their growth and fertility behavior on various media differing by their
carbon sources. Finally, fertility of interspecific crosses was very low. Key diagnostic
feature is the sequence of the ITS region, which is specific for each species.
Regrettably, strains deposited under different names in the culture collection may
belong to the same species and strains deposited under the same name may belong
to different ones (Table 1).

Although specimens of the morpho-species have been described from all
continents, our results tentatively suggest that the seven bona fide species may
present some geographical structure (Table 3, Fig. 3). Indeed, all strains of P. anserina
now redefined have been obtained from Western Europe with one exception from
Ontario. Another strain (CBS 455.64) likely belonging to this species (as deduced
from its ITS sequence), present in the Westerdijk Institute Culture Collection but not
analyzed here, has been isolated from Switzerland. All the strains from the other
species come from different geographic locations, except strain T which has also
been found in France. Unfortunately, the sample size from the six other species is
too small to draw any definitive conclusions. Moreover, transport of domesticated
animals by human to various regions of the world as well as natural migration may
obscure geographical structure. Only analyses of large samples should be able to
decide on the matter. However, it is noteworthy that the different species show
different abilities to exploit various carbon sources. This may be related to the
differences in the floras and faunas present in the different regions of the world. It
is thus possible that each species is better suited for particular dung produced in
relation to the major floras and faunas present in the different parts of the world.
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