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Abstract The white leaf smut is one of the recently
reported and apparently spreading diseases of the garden
cosmos (Cosmos bipinnatus) causing necrosis and wilting
of the leaves and leading to reduction of its ornamental
value. The occurrence of this fungal disease was first
observed in Japan (Hokkaido Island) in 1996, and later
in Germany (Saxony-Anhalt) in 2002, and the causative
agent was described as new species, Entyloma cosmi, in
2005. This smut was subsequently reported from Canada,
Switzerland, and Korea. Here it is reported for the first time
from Austria, France, Italy, Poland, and Slovenia. This
indicates the rapid spread of Entyloma cosmi on Cosmus
bipinnatus in temperate climate gardens. The phylogenetic
position of Entyloma cosmi is analyzed using ITS
rDNA sequences, the phenotypic characters are critically
re-evaluated, and the species is characterized using the
Consolidated Species Concept, including morphology,
ecology (host plant), and rDNA sequences (ITS and
LSU). Selected ITS sequences and one LSU sequence
generated in this work are deposited on the BarCode of
Life website in GenBank (www.ncbi.nlm.nih.gov/
genbank/barcode/) and Fungal Barcoding Database
(www.fungalbarcoding.org), and could serve as DNA
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barcodes to facilitate rapid identification of this
economically important species. The ITS sequence from
the holotype of Entyloma cosmi, sequenced here, is
recommended to be deposited in the RefSeq Targeted
Loci database.
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Introduction

The garden cosmos, Cosmos bipinnatus, an annual, mod-
erately tall asteracean plant, originates from Mexico and
the south-western U.S.A. (Kiger 2006), and is widely
planted in the gardens of the temperate climatic zone for
its decorative leaves and flowers. Additionally, it escaped
cultivation, and naturalized along roadsides and in dis-
turbed places, especially in North America (Kiger 2006).
The garden cosmos suffers from a number of fungal
diseases, including those caused by Alternaria cosmosa
(Deng et al. 2015), Cercospora fagopyri (Groenewald
et al. 2013), Colletotrichum acutatum (Kwon et al.
1999), Diaporthe stewartii (Udayanga et al. 2012),
Golovinomyces cichoracearum, and Podosphaera fusca
s.l. (Jage et al. 2010; Takamatsu et al. 2010), and
Verticillium dahliae (Carlucci et al. 2009; Blomquist
et al. 2011), which affect its health and ornamental value
in a number of garden plantations. The USDA Fungal
Databases (http://nt.ars-grin.gov/fungaldatabases/) lists
more than 60 fungal names reported from seeds or plants
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of Cosmos bipinnatus though with different levels of
identification reliability.

The white leaf smut is one of the recently reported and
apparently spreading diseases of Cosmos bipinnatus caus-
ing necrosis and wilting of the leaves, and leading to
reduction of its ornamental value. In 1996, this fungal
disease was first observed in Japan on Hokkaido Island,
but the causative agent was identified as Entyloma sp.
(Horita and Haga 1998; Horita 2001). In August 2002, a
similar disease of Cosmos bipinnatus was observed in
Germany (Saxony-Anhalt) and the causative agent was
assigned to Entyloma holwayi, a species previously known
on Cosmos caudatus and C. sulphureus in Mexico and the
U.S.A. (Vanky et al. 2005b). Subsequent detailed compar-
ative morphological study of Entyloma specimens on Cos-
mos bipinnatus, C. caudatus, and C. sulphureus resulted in
the description of the distinct species Entyloma cosmi on
C. bipinnatus differing from E. holwayi on C. caudatus
and C. sulphureus mainly by having larger spores, thicker
spore walls, and the production of an anamorphic stage
(Vanky et al. 2005a). In the original description, Entyloma
cosmi has been reported from Germany and Japan (Vanky
et al. 2005a), and later the species was also found in Korea
(Park et al. 2012), Switzerland (Vanky 2012; Bolay 2013),
and Canada (Vanky 2012), and again in Germany (Scholz
and Scholz 2012; Kruse 2014). Entyloma cosmi was one
of the most devastating pathogens of Cosmos bipinnatus in
Japan (Horita 2001) and Korea (Park et al. 2012). The
disease may be controlled using systemic ergosterol-
biosynthesis-inhibiting (EBI) fungicides like
imibenconazole, cyproconazole, and difenoconazole
(Horita 2001).

Since 2008, we observed Entyloma cosmi in other
European countries, in some years causing heavy infection
of Cosmos bipinnatus in cultivated gardens, but these
accumulated data were not published so far. Furthermore,
in spite of the progress with sequencing of Entyloma
species (Begerow et al. 2002; Boekhout et al. 2006;
Matheny et al. 2006, 2007; Kemler et al. 2007; Glawe
et al. 2010; Koike et al. 2010; Vanky and Lutz 2010;
Henricot et al. 2013; Savchenko et al. 2014), E. cosmi
has not been subjected to molecular analyses as yet, and its
phylogenetic relation to other Entyloma species and espe-
cially to E. holwayi (the second Entyloma species attacking
Cosmos) is unknown.

The aim of this study is to resolve the phylo-
genetic position of Entyloma cosmi using ITS
rDNA sequences, to provide its detailed descrip-
tion and illustration as well as ITS barcodes for

@ Springer

both morphological and molecular identification,
and to provide evidence and discuss the spread
of E. cosmi in particularly European gardens.

Materials and methods
Specimen sampling and documentation

This study is based on phylogenetical and/or morpho-
logical analyses of Entyloma cosmi specimens originat-
ing from seven countries. Nine specimens were selected
for molecular phylogenetic analyses, including the ho-
lotype and paratype specimen. The voucher specimens
are deposited in GZU, KR-M, KRAM F, and BRIP
(HUV refers to the personal collection of Kalman
Vanky, “Herbarium Ustilaginales Vanky” which was
transferred to BRIP) (Table 1, and section Specimens
examined). To provide LSU sequences additionally the
following specimens were used: Entyloma bidentis on
Bidens pilosa, Costa Rica, Prov. San José, Sabanilla,
UCR, 15 Dec. 1993, leg. M. Piepenbring (TUB 12576);
Entyloma browalliae on Browallia americana, Costa
Rica, Prov. San José, above Santa Ana, El Curio,
5 Nov. 1995, leg. M. Piepenbring & G. Sancho (TUB
12577); Entyloma dahliae on Dahlia x hortensis, Swit-
zerland, Grisons, junction of Hinter- and Vorderrhein,
10 Oct. 1993, leg. M. Piepenbring (TUB 12574);
Entyloma diastateae on Diastatea micrantha, El Salva-
dor, Dept. La Libertad, Ciudad Merliot, Finca del
Espino, 12 Aug. 1995, leg. M. Piepenbring & O. Molina
1691 (TUB 12579); Entyloma holwayi on Cosmos
caudatus, El Salvador, Dept. Sonsonate, Juayua, La
Calera, 27 Aug. 1995, leg. M. Piepenbring 1769 (USJ).

Morphological examination

Dried fungal spores of the investigated specimens
were mounted in lactic acid, heated to boiling
point, and then examined under a Nikon Eclipse
801 light microscope at a magnification of x 1000,
using Nomarski optics (DIC). 30 spores per inves-
tigated specimen were measured using NIS-
Elements BR 3.0 imaging software. The extreme
measurements were adjusted to the nearest 0.5 pm.
The species description includes combined values
from all measured specimens. LM micrographs
were taken with a Nikon DS-Fil camera.
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Table 1 List of Entyloma cosmi specimens from Cosmos bipinnatus for which sequences were obtained in the course of this study with

GenBank accession numbers, and reference specimens

Species GenBank acc. no. (ITS/LSU) Specimen®

E. cosmi KJ728765/- Austria, Villach, Faak am See, garden, 46°34'16.56"N, 13°54'32.10"E, 6 Aug. 2011,
leg. M. Lutz 2377, KR-M-29450

E. cosmi KJ728766/- Austria, Villach, Oberschiitt, garden, 46°33'57.59"N, 13°45'19.50"E, 18 Aug. 2012,
leg. M. Lutz 2431, KR-M-0042145

E. cosmi KJ728760/- Germany, Baden-Wiirttemberg, Tiibingen, Hagelloch, Heuberger-Tor-Weg, garden,
48°32'33.05"N, 09°01'11.75"E, 12 Sept. 2010, leg. M. Lutz 2290, KR-M-26154

E. cosmi KJ728761/- Germany, Baden-Wiirttemberg, Tiibingen, Zwehrenbiihlstrale, garden, 48°31'40.66"N,
09°02'10.38"E, 8 Sept. 2010, leg. M. Lutz 2292, KR-M-26155

E. cosmi KJ728762%/- Germany, Saxony-Anhalt, Kreis Wittenberg, Kemberg, Neumiihlenweg comer
Windmiihlenweg, 3 Aug. 2004, leg. H. Jage, BRIP: HUV 20948 (paratype)

E. cosmi KJ728759*/KP668988* Japan, Hokkaido, Takikawa, Higashi-takikawa, 30 Sept. 2004, leg. H. Horita, BRIP:
HUV 20935 (holotype)

E. cosmi KJ728763%*/- Poland, Matopolska Province: Krakow—Nowa Huta, Osiedle Wandy housing estate,
garden, 29 Sept. 2010, leg. M. Pigtek, KRAM F-48753

E. cosmi KJ728764/- Poland, Matopolska Province: Nowy Wisnicz, ca. 40 km SE of Krakow, roadside,
26 Sept. 2009, leg. M. Pigtek, KRAM F-48760

E. cosmi KJ728758%*/- Slovenia, Gorenjska, north of Lake Bled, garden, 9 Aug. 2011, leg. M. Lutz 2363,

KR-M-29459

*Sequences proposed as barcodes. E. = Entyloma

* Acronyms: BRIP — Plant Pathology Herbarium, Queensland Department of Agriculture, Fisheries and Forestry, Brisbane, Australia (HUV
refers to the personal collection of Kalman Vanky, “Herbarium Ustilaginales Vanky” which was transferred to BRIP); KR-M — Mycological
Herbarium of the Staatliches Museum fiir Naturkunde, Karlsruhe, Germany; KRAM F — Mycological Herbarium of the W. Szafer Institute

of Botany, Polish Academy of Sciences, Krakow, Poland

DNA extraction, PCR, and sequencing

Genomic DNA was isolated directly from the her-
barium specimens. The methods of isolation and
crushing of fungal material, DNA extraction, am-
plification, purification of PCR products, sequenc-
ing, and processing of the raw data followed Lutz
et al. (2004). ITS 1 and ITS 2 regions of the
rDNA including the 5.8S rDNA (ITS, about
700 bp) were amplified using the primer pair
ITS1-F (Gardes and Bruns 1993) and ITS4
(White et al. 1990), the 5'-end of the nuclear large
subunit ribosomal DNA (LSU, about 650 bp) was
amplified using the primer pair NL1 and NL4
(O’Donnell 1993). DNA sequences determined for
this study were deposited in GenBank. GenBank
accession numbers for Entyloma cosmi specimens
are given in Figs. 1 and 2 and Table 1. For other
Entyloma species GenBank accession numbers of
LSU sequences are: KP668990 (E. bidentis),
KP668989 (E. browalliae), KP668992 (E. dahliae),
KP668993 (E. diastateae), KP668991 (E. holwayi).

Phylogenetic analyses

To elucidate the phylogenetic position of the Entyloma
cosmi specimens their ITS sequences were analyzed
within two datasets. The first dataset covered all ITS
sequences available in GenBank that clustered in the
clade including species mainly parasitic on Asteridae
revealed by Begerow et al. (2002). On the basis of the
results of the analyses of the first dataset, the second
dataset included all sequences that clustered in an unre-
solved relation to Entyloma cosmi and the sequences of
E. diastateae representing a cluster of sequences that also
clustered in an unresolved relation to E. cosmi. GenBank
accession numbers of the sequences used (Begerow et al.
2002; Boekhout et al. 2006; Glawe et al. 2010; Henricot
et al. 2013; Kemler et al. 2007; Matheny et al. 20006,
2007; Savchenko et al. 2014) are given in Figs. 1 and 2.
Sequence alignment was obtained using MAFFT 7.215
(Katoh and Standley 2013) using the L-INS-i option.
The resulting alignment of the second dataset was
used for both the detection of species-specific nucleotide
differences and the estimation of genetic distances
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Fig. 1 Bayesian inference of phylogenetic relationships of the P>
sampled Entyloma and Tilletiopsis species: Markov chain Monte
Carlo analysis of an alignment of ITS base sequences using the
GTR +1+ G model of DNA substitution with gamma distributed
substitution rates and estimation of invariant sites, random starting
trees and default starting parameters of the DNA substitution
model. A 50 % majority-rule consensus tree is shown computed
from 75 000 trees that were sampled after the process had become
stationary. The topology was rooted with Entyloma corydalis.
Numbers on branches before slashes are estimates for a posteriori
probabilities; numbers on branches after slashes are ML bootstrap
support values. Branch lengths were averaged over the sampled
trees. They are scaled in terms of expected numbers of nucleotide
substitutions per site. E. = Entyloma

within species (intraspecific) and between species
(interspecific) using the software MEGA (Tamura et al.
2011). We calculated p-distances and report distances as
percentage genetic distances. Gaps or different length of
sequences were not used for calculations as we chose the
pair-wise deletion option in MEGA.

For phylogenetic analyses using a Bayesian Approach
(BA) and Maximum Likelihood (ML) the resulting align-
ments of both datasets (number of positions: 871/695,
number of variable sites: 144/14) were used throughout
their length. Alignments were deposited in TreeBASE
(S18071). Methods of BA and ML followed Vasighzadeh
et al. (2014). For the second dataset additionally a
Neighbour-Joining analysis (NJ) was carried out. For NJ
the positions 1-60 and 695709 of the alignment were
excluded for subsequent analyses because for some se-
quences data were missing for these positions. Then data
were analyzed with Modeltest 3.7 (Posada and Crandall
1998) to find the most appropriate model of DNA substi-
tution. The hierarchical likelihood ratio test proposed the
Jukes-Cantor DNA substitution model. Bootstrap values
were calculated from 1000 replicates. NJ analyses were
carried out using PAUP* version 4.0b10 (Swofford 2001).

In line with the results of Begerow et al. (2002) and
Boekhout et al. (2006), trees resulting from the analyses
of'the first dataset were rooted with Entyloma corydalis.
Trees resulting from the analyses of the second dataset
were midpoint rooted.

Results
Phylogenetic analyses

The ITS sequences of all Entyloma cosmi specimens
analyzed were identical. Intraspecific and interspecific

@ Springer
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Fig. 2 Hypothesis on phylogenetic relationships within the sam-
pled Entyloma species based on neighbour-joining analysis of an
alignment of ITS base sequences using the Jukes-Cantor model of
DNA substitution. The topology was midpoint rooted. Estimates

genetic distances of the ITS rDNA sequences included
in the second dataset of Entyloma bidentis,
E. browalliae, E. cosmi, E. dahliae, E. diastateae, and
E. holwayi are given in Table 2. The ITS alignment of
the second dataset (Fig. 2) revealed the following num-
bers of species-specific alignment positions:
E. diastateae (7 bases in 7 loci), E. dahliae (5 in 1),
E. holwayi (4 in 4), and E. browalliae (4 in 4). Entyloma
bidentis and E. cosmi showed no species-specific nucle-
otides but were distinguished from each other by three
specific base deletions in two loci. The LSU of
Entyloma cosmi revealed the following numbers of nu-
cleotide differences compared to the LSU of the species
included in the second dataset: £. browalliae (3 in 3),
E. diastateae (3 in 3), E. dahliae (2 in 2), E. bidentis (1),
and E. holwayi (1).

For both datasets, the different runs of BA that were
performed and the ML analyses yielded consistent to-
pologies in respect to well supported branchings (ML
bootstrap support values greater than 57), which for the

¢ v

(o100

for a posteriori probabilities are indicated before slashes, numbers
on branches between slashes are ML bootstrap support values,
numbers on branches after slashes are NJ bootstrap values of 1000
replicates. Host plant species are indicated. E. = Entyloma

second dataset were congruent to the results of the NJ
analysis. To illustrate the results, the phylogenetic hy-
pothesis resulting from the BA analysis of the first
dataset is presented in Fig. 1; that from the NJ analysis
of the second dataset is presented in Fig. 2.

In all analyses the Entyloma species included in
previous work (Boekhout et al. 2006; Savchenko et al.
2014) were resolved with high support values with the
exceptions of E. arnoseridis, E. calendulae, and
E. compositarum whose phylogenetic relation was not
resolved. The Entyloma cosmi specimens clustered to-
gether with E. arnoseridis, E. australe, E. bidentis,
E. browalliae, E. calendulae, E. comaclinii,
E. compositarum, E. costaricense, E. dahliae,
E. deliliae, E. diastateae, E. doebbeleri,
E. guaraniticum, E. holwayi, E. lobeliae, E. zinniae,
and Tilletiopsis sp. C. However, relations between those
species or even the specimens were resolved only poorly,
and if resolved relations received weak support. For the
second dataset distinct clades for the sampled species
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Table 2 Intraspecific and interspecific genetic distances of the ITS rDNA in % between Entyloma cosmi and its closest relatives

E. bidentis E. browalliae E. cosmi E. dahliae E. diastateae E. holwayi

E. bidentis 0 0,64 0 0,16 1,12 0,32

E. browalliae 0 0,64 0,80 1,44 0,96

E. cosmi 0 0,16 1,12 0,32

E. dahliae 0 0,96 0,48

E. diastateae 0 1,44

E. holwayi -

E. = Entyloma

were revealed by NJ analyses except for Entyloma
bidentis. However, both support for the clades and for
relations between clades were mostly missing or low.

Morphological and molecular characterization

Entyloma cosmi Vanky, Horita & Jage, Mycoscience
46: 365 (2005) Fig. 3

Description: Parasitic on Cosmos bipinnatus Sori in
the leaves forming flat spots, 1-5 mm long, 1-1.5 mm
wide, at first pale yellowish brown, later brown, in
heavy infection leading to necrosis and wilting of the
leaves, infected plants become unsightly but do not die,
the abaxial side of spots often whitish due to the pres-
ence of the conidia and conidiophores of the anamorphic
stage. Spores embedded in the leaf tissues, single, loose-
ly crowded or scattered in the intercellular spaces of
mesophyll cells (the abundance of spores depends on
the maturity of sori, i.e., in the young sori only single
spores could be detected within the leaf spots); spores
subhyaline, pale yellow to yellow-brown, usually regu-
lar in shape, rarely slightly angular, globose, subglobose
or broadly ellipsoidal, mostly 11.0-15.5x10.0—
14.5 pum, very rarely smaller/larger reaching extreme
sizes with 9.0-20.0x8.5-16.5 pum, with smooth con-
text; wall two-layered, mostly 1.5-3.0 um thick (includ-
ing inner layer ca. 0.5-0.8 um thick), very rarely thicker
reaching the extremes with 1.5-4.0 pm thickness, some-
times with angles, but usually without angles, layers
well visible in LM, inner layer even, outer layer uneven,
spore surface smooth. Anamorph entylomella-like, usu-
ally developed in the initial stage of infection, later
disappearing. Caespituli both hypophyllous and
epiphyllous, conidiophores in dense fascicles, emerging
through stomata, hyaline, guttulate, conidiogenous loci
(scars) inconspicuous. Conidia solitary, hyaline,
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cylindrical, from almost straight to distinctly curved,
12-18 x2.5-5.0 um, non-septate, guttulate, apex round-
ed, base truncate, hilum inconspicuous, not darkened.

Specimens examined (all on Cosmos
bipinnatus) Austria, Villach, Faak am See, garden,
46°34'16.56"N, 13°54'32.10"E, 6 Aug. 2011, leg. M.
Lutz 2377 (KR-M-29450, GZU); Villach, Oberschiitt,
garden, 46°33'57.59"N, 13°45'19.50"E, 18 Aug. 2012,
leg. M. Lutz 2431 (KR-M-0042145); — France, Bur-
gundy, Dornecy, 40 km S of Auxerre, flower nursery,
47°26'10"N, 03°34'20"E, 4 Aug. 2014, leg. M. Lutz &
M. Pigtek (KR-M-0042144); — Germany, Baden-
Wiirttemberg, Tiibingen, Hagelloch, Heuberger-Tor-
Weg, garden, 48°32'33.05"N, 09°01'11.75"E, 12 Sept.
2010, leg. M. Lutz 2290 (KR-M-26154); Tiibingen,
Zwehrenbiihlstrae, garden, 48°31'40.66"N, 09°02’
10.38"E, 8 Sept. 2010, leg. M. Lutz 2292 (KR-M-
26155); Tiibingen, Hasenbiihlstra3e, garden, 48°31’
33.87"N, 09°02'18.76"E, 10 Aug. 2014, leg. M. Lutz
2494 (KR-M-0042143); Saxony-Anhalt, Kreis Witten-
berg, Kemberg, Neumiihlenweg corner
Windmiihlenweg, 3 Aug. 2004, leg. H. Jage (paratype
BRIP: HUV 20948); — Italy, South Tyrol, Vinschgau,
NW of Dorf Tirol, Gasthaus Talbauer, garden, 46°42'
20.92"N, 11°08'23.79"E, 6 Sept. 2014, leg. M. Lutz
2486 (KR-M-0042141); South Tyrol, Vinschgau,

Fig. 3 Entyloma cosmi on Cosmos bipinnatus. a—b Macroscopic P>
symptoms of infection. e—d Cross section of the leaf with spores
(teleomorph) embedded between the intercellular spaces of
mesophyll cells and external layer of conidiophores
(entylomella-like anamorph, indicated by arrows) (from KRAM
F-48754). e~h Spores (e—g from KRAM F-48753, h from KRAM
F-48756). i Conidiophores emerging through a stoma (from
KRAM F-48756). j—k Conidiophores with conidia (from KRAM
F-48756). I-m Conidia (from KRAM F-48756). Scale bars:
b=5mm, c=100 pm, d=20 pm, em=10 pm
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Latsch, garden, 46°37'5.26"N, 10°50'58.76"E, 7 Sept.
2014, leg. M. Lutz 2484 (KR-M-0042142); — Japan,
Hokkaido, Takikawa, Higashi-takikawa, 30 Sept. 2004,
leg. H. Horita (holotype BRIP: HUV 20935); — Poland,
Malopolska Province, Krakéw—Nowa Huta, Osiedle Na
Skarpie housing estate, garden, 30 Aug. 2008, leg. M.
Piqtek, (KRAM F-48755); Krakow—Nowa Huta,
Osiedle Mtodosci housing estate, garden, 26 July
2009, leg. M. Pigtek (KRAM F-48758); Krakow—Nowa
Huta, at Zaglowa street, garden, 29 Aug. 2009, leg. M.
Piqtek (KRAM F-48756); Krakéw—Nowa Huta, at
Zaglowa street, garden, 27 Sept. 2009, leg. M. Pigtek
(KRAM F-48757);, Krakow—Nowa Huta, Nad Diubnia
gardens at Bulwarowa street, garden, 14 Sept. 2010, leg.
M. Pigtek (KRAM F-48759); Krakow—Nowa Huta,
Osiedle Na Skarpie housing estate, garden, 22 Sept.
2010, leg. M. Pigtek (KRAM F-48754); Krakow—Nowa
Huta, Osiedle Na Sportowe housing estate, garden, 22
Sept. 2010, leg. M. Pigtek (KRAM F-48752); Krakow—
Nowa Huta, Osiedle Wandy housing estate, garden, 29
Sept. 2010, leg. M. Pigtek (KRAM F-48753); Nowy
Wisnicz, ca. 40 km SE of Krakéw, roadside, 26 Sept.
2009, leg. M. Pigtek (KRAM F-48760); Wygielzow, ca.
36 km W of Krakow, open ethnographic museum, 10
Sept. 2014, leg. M. Pigtek (KRAM F-57735); — Slove-
nia, Gorenjska, north of Lake Bled, garden, 46°22’
23.88"N, 14°05'52.60"E, 9 Aug. 2011, leg. M. Lutz
2363 (KR-M-29459, GZU).

Comments In the original description, Vanky et al.
(2005a) reported larger spore sizes of Entyloma cosmi
with thicker walls [spores 10.5-21x9.5-16 pum, wall
1.5-4(=5) pm thick] than typical spore sizes obtained in
the present study. In the specimens examined here the
typical spores were 11.0-15.5%10.0-14.5 pm, and the
wall thickness was 1.5-3.0 pum. In the re-examined
holotype specimen the spore size length was
11.0-14.5(—15.0) um, the spore size width was
10.0-12.5(=15.0) um, and the spore wall thickness
was 1.5-3.0 um thick according to our measurements.
On the other hand, Vanky (2012) depicted the spores of
Entyloma cosmi that, according to the attached scale bar,
were about 20 um, while Park et al. (2012) reported
the spore size range for Korean material as
12.5-20.0x 10-15 um and spore wall thickness as
2—-4 um (though they depicted only spores with a length
not exceeding 15 pm). Likewise, in one specimen
examined here (KRAM F-48756) the spore size range
and wall thickness were indeed similar to those
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reported in the original description: (11.5-)14.0—
20.0%(10.5-)12.0-16.5 um, wall 1.5-4.0 pum thick.
This could indicate that spores with a length of about
20 um are sometimes present in Entyloma cosmi but
constitute only a very small fraction amongst typical
sizes. This fact must be taken into account when
Entyloma cosmi is identified morphologically. Conidia
of the anamorph were originally reported to measure
10-13 x2-2.5 um (Vanky et al. 2005a), while Park
et al. (2012) reported the conidial size range for Korean
material as 17-24 x3.5-5 um, and concluded that the
measurements in the original description are the result of
a mistake. In the material examined here, the conidia
measured 12—-18 x2.5-5.0 um. The sizes of spores and
conidia given by Bolay (2013) and the sizes of conidia
given by Klenke and Scholler (2015) are the same as
given by Vanky (2012), so they are probably not orig-
inal counts.

Molecular characterization Considering Entyloma
cosmi and its closest relatives, interspecific genetic dis-
tances of the ITS rDNA are very low and range between
0 and 1.44 % (Table 2). However, for each of the species
ITS sequences of all sampled specimens are identical,
and for the ITS each species can be characterized un-
ambiguously. In addition, the LSU of Entyloma cosmi
reveals one species specific nucleotide position. There-
fore we deposited selected ITS sequences and one
LSU sequence (see Table 1) that may serve as DNA
barcodes for Entyloma cosmi on the BarCode of Life
website in GenBank (www.ncbi.nlm.nih.gov/genbank/
barcode/) and Fungal Barcoding Database (www.
fungalbarcoding.org). The ITS sequence from the
holotype of Entyloma cosmi, sequenced here, is
recommended to be deposited in the RefSeq Targeted
Loci database (Schoch et al. 2014).

Evidence for spreading The first world outbreak of
Entyloma cosmi, in Japan, took place in 1996 (Horita
and Haga 1998; Horita 2001). In Asia this species was
also reported from Korea where it was first observed in
2011 (Park et al. 2012). The occurrence of Entyloma
cosmi in Europe is dating back to its first detection in
Germany, Saxony-Anhalt in 2002 (Vanky et al. 2005a,
b). The species is now common all over Germany,
including Brandenburg (first finding in 2004),
Mecklenburg-West Pomerania (2005), Baden-
Wiirttemberg (2006), Lower Saxony (2006), Saxony
(2006), Thuringia (2007), Hesse (2008), Schleswig-
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Holstein (2010), and Bavaria (2012) (Scholz and Scholz
2012; Kruse 2014). In Switzerland, the species has been
for the first time found in 2008 (Vanky 2012; Bolay
2013). In Poland, Entyloma cosmi was first observed in
2008, in Austria and Slovenia in 2011, and in France
and Italy in 2014. Entyloma cosmi is reported here for
the first time from Austria, Poland, France, Italy, and
Slovenia. This species seems to be widespread in Eu-
rope, with most reported localities from Germany,
which may be a sampling bias resulting from the field
activity of local mycologists. During the special surveys
in Krakéw in southern Poland, in the years 2008-2010,
Entyloma cosmi was commonly observed in many city
gardens, especially in late summer and early autumn
months. In North America, the species has been for the
first time reported from Canada in 2012, but the exact
date of the first collection was not reported (Vanky
2012).

Discussion

The molecular phylogenetic analyses (Fig. 1) revealed
Entyloma cosmi within a clade including E. arnoseridis,
E. australe, E. bidentis, E. browalliae, E. calendulae,
E. comaclinii, E. compositarum, E. costaricense,
E. dahliae, E. deliliae, E. diastateae, E. doebbeleri,
E. guaraniticum, E. holwayi, E. lobeliae, E. zinniae,
and Tilletiopsis sp. C. Within that clade relations are
resolved only poorly and if resolved support is weak.
Nevertheless Entyloma bidentis, E. browalliae,
E. dahliae, and E. holwayi may be closest relatives of
E. cosmi. Interestingly, except Entyloma browalliae on
Browallia americana (Solanaceae), the host genera of
these species, Bidens, Dahlia, and Cosmos, are phylo-
genetically closely related and are included in the
asteracean tribe Coreopsideae (Mort et al. 2008). There-
fore, the host relation could support the close relation
between these four Entyloma species on Coreopsideae.
Three other Entyloma species on hosts from the tribe
Coreopsideae, namely E. coreopsis on Coreopsis
borianiana, E. spegazzinii on Bidens spp. and
E. frondosa on Bidens frondosa (Vanky 2012), might
belong to this group, but their sequences are not avail-
able in public sequence databases. On the other hand,
two other species on Coreopsideae, Entyloma
doebbeleri on Dahlia imperialis and E. guaraniticum
on Bidens pilosa, which were already sequenced in
previous studies (Begerow et al. 2002; Boekhout et al.

2006), are more distantly related to E. bidentis,
E. dahliae, E. cosmi, and E. holwayi. This indicates that
host plants in the tribe Coreopsideae were colonized
more than once from different ancestors in the course
of Entyloma evolution. This confirms the similar con-
clusion of Begerow et al. (2002) who pointed out that
two morphological species evolved independently on
the same host plant (Entyloma bidentis and
E. guaraniticum on Bidens pilosa) or the same host
genus (E. dahliae and E. doebbeleri on Dahlia). Other
examples of host species-sharing Entyloma species
pairs, based on DNA-sequence and morphological evi-
dence, are E. ficariae and E. majewskii on Ficaria
verna, phylogenetically closely related species (Vanky
and Lutz 2010), and E. microsporum and E. ranunculi-
repentis on Ranunculus repens, phylogenetically dis-
tantly related species (Begerow et al. 2002). Further-
more, Entyloma species parasitic on different Eryngium
species represent a suite of phylogenetically related
parasites, all on the same host genus but each restricted
to one host species (Savchenko et al. 2014). Further
host-sharing Entyloma species pairs on the same host
species (e.g., E. corydalis and E. urocystoides on Co-
rydalis bulbosa) or host genus (e.g., Entyloma species
on Ambrosia, Aster, Asteriscus, Crepis, Hydrocotyle,
Rudbeckia, Tragopogon) are described on the basis of
morphological characters (Vanky 2012). These
Entyloma species are not sequenced yet and it is there-
fore still unclear how they are related to each other and if
they evolved from a common ancestral species. Current
evidence suggests however that in the evolution of
Entyloma both host switches and radiation on closely
related hosts took place.

The species identification in Entyloma is complicated
because of its simple morphology with weak or no
differentiating characters (Vanky 2012) and small ge-
netic differences between species, at least using the ITS
region (Begerow et al. 2002). However combination of
morphology, host plant (ecology) and genetic informa-
tion seems sufficient for identification of particular spe-
cies. This approach was already used in studies on
different fungi, including smuts and false smuts (Bauer
et al. 2008; Lutz et al. 2008; Piatek et al. 2012a, b,
2013a, b, 2015; Li et al. 2014; Savchenko et al. 2013,
2014) and was recently formally defined and named the
Consolidated Species Concept (Quaedvlieg et al. 2014).

Based on the original description and measurements of
spores from the original description (Vanky et al. 2005a),
Entyloma cosmi could easily be differentiated from the
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putative neighbours detected in phylogenetic analyses
(Entyloma browalliae, E. bidentis, E. dahliae, and
E. holwayi) in having larger spores (Table 3). This is also
true for one specimen (KRAM F-48756) observed in the
current study that had similar spore sizes compared to
those reported in the original description of Entyloma
cosmi. This is however less obvious when the spore sizes
and wall thickness detected in most specimens of
Entyloma cosmi in the current study are used for morpho-
logical differentiation (see species description). Then, the
spore sizes are similar in Entyloma cosmi and its phylo-
genetic neighbours (E. browalliae, E. bidentis, E. dahliae,
E. holwayi), and the spore wall thickness is similar in all of
them except E. bidentis (Table 3). Entyloma holwayi is
reported to be devoid of the anamorph by Vanky et al.
(2005a) and Vanky (2012), contrasting with E. cosmi in
which the anamorph is usually developed. However,
Piepenbring (2003) recorded an anamorphic stage in
Entyloma holwayi, which suggests that an anamorph
may be developed at least in some specimens of Entyloma
holwayi as well, and therefore indicating that this differ-
entiating morphological character is probably dubious. In
contrast Entyloma bidentis is morphologically clearly di-
vergent from E. cosmi in having thinner spore walls and
lacking the anamorphic stage (Table 3), despite that both
species show no interspecific genetic distances of the ITS
rDNA and were distinguished from each other only by
three specific base deletions in two loci. The important
point is that Entyloma browalliae, E. bidentis, E. cosmi,
E. dahliae, and E. holwayi infect different host genera or
species, and based on current DNA sequence-evidence

none of the reported host species could be infected by two
different Entyloma species from that lineage. Thus, the
differentiation between these species is possible by com-
bination of morphology, host plant (ecology) and mole-
cules, i.e., the Consolidated Species Concept, with special
focus on differences in host specificity and genetic char-
acters. To facilitate molecular identification of Entyloma
cosmi for rapid identification procedures, ITS (barcode
marker for Fungi, Schoch et al. 2012) and LSU barcodes
are deposited on the BarCode of Life website in GenBank
(www.ncbi.nlm.nih.gov/genbank/barcode/), and in the
Fungal Barcoding Database (www.fungalbarcoding.org/).

Global trade, plantings of exotic plants and global
environmental changes over the past years were major
driving forces of invasions of phytopathogenic fungi to
new environments, continents, and countries (Kreisel
and Scholler 1994; Desprez-Loustau et al. 2010;
Mutenko et al. 2010; Wingfield et al. 2010), including
such remarkable fungal invasions of recent years as
Hymenoscyphus fraxineus (Timmermann et al. 2011),
Puccinia lagenophorae (Scholler at al. 2011), Puccinia
psidii (Machado et al. 2015), Peronospora belbahrii
(Thines et al. 2009; Voglmayr and Piatek 2009;
Wyenandt et al. 2015), or powdery mildews (Ale-
Agha et al. 2004; Bolay et al. 2005; Kiss et al. 2005).
Considering smut fungi, several important introductions
and subsequent invasions were already noticed in Eu-
rope in the past such as those caused by Entyloma
calendulae since the 19th century, Entyloma
gaillardianum, and Thecaphora oxalidis in the 20th
century, or the model species Ustilago maydis dating

Table 3 Morphological characters of Entyloma cosmi and its closest relatives detected in phylogenetic analyses

Species Host plants Spore sizes (Lm) Spore wall thickness (um) Anamorph References
E. bidentis Bidens spp. 10-16 x9-14 1-1.5(=2.5) absent Vénky 2012
E. browalliae  Browallia americana 9.5-15%9-12.5 1-3 present Vanky 2012
E. cosmi Cosmos bipinnatus 10.5-21%9.5-16 1.5-4(-5) present Vanky 2012
E. cosmi Cosmos bipinnatus® 11.0-15.5%x10.0-14.5 1.5-3.0(-4.0) present this study

(very rarely smaller/larger

reaching the extreme sizes

as 9.0-20.0 x 8.5-16.5)
E. dahliae Dabhlia spp. 9.5-17(—20) x 8-16 1-4 present Vanky 2012
E. holwayi Cosmos caudatus, C. sulphureus® 9-15x 813 (1-)1.5-3(-3.5) absent Vanky 2012
E. = Entyloma

# Klenke and Scholler (2015) reported also Cosmos sulphureus, but the occurrence of E. cosmi on this host plant is dubious; the report should

be reconsidered

° Vanky (2012) erroneously reported also Cosmos bipinnatus
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back to at least 18th century (Kreisel and Scholler
1994). In this study we provided evidence for spreading
of another smut fungus: Entyloma cosmi in Europe. This
species is now widespread in that area, with most re-
ported localities from Germany, which may be a sam-
pling bias resulting from the field activity of local my-
cologists. Entyloma cosmi is reported here for the first
time from Austria, Poland, France, Italy, and Slovenia,
but likely the species is also present in other European
countries where Cosmos bipinnatus is cultivated, and its
occurrence and incidence should be monitored. An un-
resolved problem is the origin of Entyloma cosmi. The
first outbreaks of this pathogen in Germany and Japan
resulted most probably from introductions of Entyloma
cosmi, likely with infected seeds, from its native area of
occurrence. It could be speculated that this smut patho-
gen originated from Mexico or south-western U.S.A.,
like the host plant, but remained unnoticed there until
now. Interestingly, there are still no published records of
Entyloma cosmi from the U.S.A. though report of the
white smut of Cosmos on the web page of the New
England Greenhouse Update assigned to Entyloma
calendulae (http://negreenhouseupdate.info/photos/
cosmos-%E2%80%93-entyloma-white-smut) may in
fact refer to Entyloma cosmi. The species was however
already reported from Canada (Vanky 2012). Therefore,
in addition to Europe and Asia, the occurrence and
incidence of this important and emerging smut disease
should be monitored in North America and in other parts
of the world where Cosmos bipinnatus is cultivated.
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