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Abstract

Phylogenetic analysis of four DNA regions (ITS, LSU, mtSSU and tef71a) supported
the existence of five European Taphrina species which colonise Alnus in Europe. In
addition to previously well-defined species, T. viridis is, for the first time recognised,
by molecular study as a species related to T. sadebeckii. Analysis of publicly available
sequences of barcoding regions suggested that T. viridis is only associated with
A. alnobetula and no other Taphrina species colonize this host tree. Symptomatic,
morphological, and physiological characterisation of T. viridis are provided together
with the key for identification of Alnus associated Taphrina species in Europe and
North America.

Key words: Alder, culture characterisation, Exoascus, identification key, morphology,
taxonomy, witches’-brooms

Introduction

Taphrina Fr. is a dimorphic fungal genus of Ascomycetes (Taphrinomy-
cetes, Taphrinales), with a saprophytic yeast phase, and a parasitic myceli-
al phase that typically causes foliar lesions and deformities, inflorescence,
and branch lesions (so-called witches’ brooms) on host plants (e.g. Kramer
1987; Indcio et al. 2004). More than a hundred currently accepted species
on various host plants have been described worldwide (www.speciesfungo-
rum.org accessed 28.3.2024). Taphrina species represent an intriguing sub-
ject for evolutionary and phylogenetic studies, due to their unique genomic
characteristics, especially their gene contents which enable them to be both
plant pathogens and saprophytes, but also relatively small genomes of 13
MB which contain low numbers of repeated elements and single copies of
the rDNA (Cissé et al. 2013; Wang et al. 2020). Members of this genus are
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well-known for their narrow host specificity, growing mainly on the plant
genera of the Betulaceae, Rosaceae and Salicaceae families (cf. Mix 1949;
Bacigalova et al. 2003; Bacigalova 2010; Fonseca and Rodrigues 2011;
Christita et al. 2022). Previous molecular phylogenetic analyses based on
the ITS-LSU regions provided the first insights into the evolutionary history
of Taphrina, for most morphologically defined taxa, confirming their host
preference patterns (Rodrigues and Fonseca 2003; Petrydesova et al. 2013,
2016; Selbmann et al. 2014).

This study focuses on selected Taphrina members parasitizing on alders
(Alnus, Betulaceae). The tree genus Alnus is one of the main components
of several riparian ecosystems in the temperate zone of the Northern Hemi-
sphere, but also extends to Southern America (https://powo.science.kew.
org/) and provides important ecosystem services (Douda et al. 2016; Alonso
et al. 2021). Taphrina species are among the most important fungal infection
agents in alders (Rohrs-Richey et al. 2011; Arhipova et al. 2011). Understand-
ing the diversity and evolutionary relationships of individual Taphrina species
that colonise Alnus is essential in order to elucidate those factors that de-
termine their host specificity, geographic distribution, and pathogenicity. The
five Taphrina species which parasitize the genus Alnus have been accepted in
the current literature: T. alni (Berk and Broome) Gjaerum, T. epiphylla (Sadeb.)
Sacc., T. robinsoniana Giesenh., T. sadebeckii Johanson and T. tosquinetii
(Westend.) Tul., although more species have been recognised in the past
(Mix 1949; Rodrigues and Fonseca 2003; Fonseca and Rodrigues 2011). The
existence of these species was supported by previous phylogenetic stud-
ies which predominantly used sequences of ribosomal DNA; however, the
sequences formed independent lineages, which indicates their polyphyletic
nature (cf. Rodrigues and Fonseca 2003; Indcio et al. 2004; Selbmann et al.
2014; Petrydesova et al. 2013, 2016). In addition to the above-mentioned
species, several authors (Mix 1949; Bacigalova 1994, 2010) have recognised
another species, T. viridis (Sadeb.) Maire which colonises A. alnobetula (= A.
viridis) with a high mountain distribution. However, this Taphrina species has
been defined so far only on the basis of its morphology and has not been
confirmed genetically. Taphrina viridis causes grey-yellow spots on alder
leaves similar to those of T. sadebeckii, but can be morphologically and eco-
logically distinguished, as has been described in previous studies. Taphrina
viridis is restricted to A. alnobetula, while T. sadebeckii grows only on A. gluti-
nosa and related alder species (Mix 1949; Bacigalova et al. 2003; Bacigalova
2010). In this study, we test the taxonomic status of Taphrina strains which
colonises A. alnobetula to discern whether it represents a distinct species
corresponding to the original definition of T. viridis. We aim to reconstruct
the phylogenetic placement of the species and elucidate its relationships
with other recognized alder-colonising Taphrina species by employing an ex-
panded set of genetic markers comprising four distinct DNA loci, including
low copy genes. In order to enhance our inquiry into the evolutionary dynam-
ics, biodiversity and distribution of Taphrina species thriving on alder hosts,
we have supplemented our investigation by incorporating environmental
DNA-derived sequences encompassing the entire spectrum of Taphrina taxa
associated with alders.
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Material and methods
Sampling and strain isolation

We analysed five strains of Taphrina isolated from the infected leaves of Alnus
alnobetula collected in the mountain forest zone of the Western Carpathians
in Slovakia between 2013-2023. All the new strains were isolated from infect-
ed host plant tissues using the spore-fall method. The detailed isolation pro-
cedures, cultivation, storage and anatomical-morphological characterization
followed Bacigalova et al. (2003). The isolates were deposited either in the Cul-
ture Collection at the Institute of Botany, Plant Science and Biodiversity Cen-
ter, Slovak Academy of Sciences (BU) or in the Culture Collection of Yeasts in
the Institute of Chemistry, Slovak Academy of Sciences (CCY). All of the yeast
strains were stored at -70 °C in a liquid medium with 25% (v/v) glycerol. For
the phylogenetic study, we used strains analysed by Fonseca and Rodrigues
(2011), which also includes ex-type strains of T. alni, T. epiphylla, T. robinsoni-
ana, T. sadebeckii and T. tosquinetii. Three additional samples of T. sadebeckii
isolated from A. glutinosa were also included in the dataset. Following the re-
sults of previous studies (Rodrigues and Fonseca 2003), T. populina and T. po-
puli-salicis were selected as an outgroup for multilocus analyses. For sampling
details see Table 1.

DNA isolation and sequencing

Genomic DNA was isolated from the cultures grown on yeast-peptone-dextrose
(YPD) agar plates using an E.Z.N.A. Fungal DNA Mini Kit (Omega), following
the manufacturer’s recommendations, with a prolonged incubation time, as de-
scribed in Cabon et al. (2019). The amplification conditions followed the proto-
cols published by Petrydesovd et al. (2013) and Kiran et al. (2021) and targeted
four regions: (1) the internal transcribed spacer regions of nuclear ribosomal
DNA (ITS) using the primers ITS5, ITS4 (White et al. 1990); (lI) the partial large
subunit of nuclear ribosomal DNA (LSU) with the primers LR5, LROR (Vilgalys
and Hester 1990); (lll) the partial mitochondrial small rRNA subunit (mtSSU)
with the primers SSU1, SSU2 (Sulo et al. 2009); (V) part of the translation elon-
gation factor 1-alpha (tef1a) with primers 983F, 1953R (Rehner and Buckley
2005). The PCR products were purified using Exo-Sap enzymes (Thermo Fish-
erScientific, Wilmington, Germany) and sequenced at the SeqMe sequencing
company (Dobfis, Czech Republic). All newly generated sequences were de-
posited in GenBank and their accession numbers are listed in Table 1.

Phylogenetic analyses

Raw sequences were edited with Geneious version R10 (Kearse et al. 2012).
Intra-individual polymorphic sites with more than one signal were marked with
IUPAC ambiguity codes. All four single-locus datasets were aligned using the
MAFFT on-line service (Katoh et al. 2019) using the version MAFFT 7 with the
E-INS-I strategy (Katoh and Standley 2013), manually improved in Geneious ver-
sion R10 (Kearse et al. 2012), and concatenated into one multilocus dataset
using SeaView version 4.5.1 (Gouy et al. 2010). The resulting alignment was
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Table 1. List of strains used for multilocus analysis with collection details and GenBank numbers of corresponding DNA
sequences. Strains highlighted in bold represent ex-type collections. Accession numbers of newly generated sequences
start with letters PP- or PQ-.

Species

T. tosquinetii

T. tosquinetii

T alni

T alni

T. robinsoniana

T. viridis

T. viridis

T. viridis

T. viridis

T. viridis

T. sadebeckii

T. sadebeckii

T. sadebeckii

T. sadebeckii

T epiphylla

T. populi-salicis

T. populina

MycoKeys 108: 249-267 (2024), DOI: 10.3897/mycokeys.108.127292

Strain
HA 1335

CBS 276.28
(=HA 1314)

HA 1364

CBS 683.93
(=HA 872)

CBS 382.39
(=HA 850)

SAV (BU TA4)

SAV (BU 095) (=
CCY 58-9-2)

SAV (BU TAS)
SAV (BU TA9)

SAV (BU 094)
(=CCY 58-9-1)

SAV (BU R0O1)
(=CCY 58-9-3)

SAV (BU R002)
(=CCY 58-9-4)

SAV (BU R003)
(=CCY 58-9-5)

CBS 102170
(=HA 1308)

CBS 111109
(=HA 1439)

CBS 419.54

CBS 337.55

Country Host ITS LSU mtSSU Tefla

Slovakia: Kokava nad A. glutinosa A PQ013119 | AF492067 - PP997880
Rimavicou

Austria A. glutinosa | PQ013120 | PQ013136 | KU134826 | PP997881

Slovakia: Biele Vody Valley A.incana | PQ013121 | AF492024 PQO013150 PP997882

Austria: Falbeson A.incana | PQ013122 | PQ013137 | KU134812 | PP997883

unknown A.incana PQ013123  PQ013138 | KU134824 | PP997884

Slovakia: Ziarska dolina valley = A. alnobetula | PQ013124 | PQ013139 | PQ013151 = PP997885

Slovakia: Ziarska dolina valley = A. alnobetula | PQ013125 | PQ013140 | PQ013152 PP997886

Slovakia: Ziarska dolina valley | A. alnobetula | PQ013126 PQ013141 PQ013153 | PP997887

Slovakia: Ziarska dolina valley | A. alnobetula | PQ013127 PQ013142 PQ013154  PP997888

Slovakia: Ziarska dolina valley = A. alnobetula | PQ013128 A PQ013143 PQO013155 | PP997889

Romania: Gilau A. glutinosa A PQ013129 | PQ013144  PQ013156 PP997890

Romania: Gilau A. glutinosa | PQ013130 | PQ013145 | PQ013157 | PP997891

Romania: Gilau A. glutinosa | PQ013131 | PQ013146  PQ013158 | PP997892

Germany: Oberpfalz A. glutinosa | PQ013132 | PQ013147 | KU134825 | PP997893

Slovakia: Belianske Tatry Mts. | A. incana PQ013133 | AF492039 | KU134818 | PP997894

USA: California, Palo Alto Populus PQ013135 | PQ013148 | KU134822 | PP997895

trichocarpa
Unknown Populus nigra | PQ013134 ' PQ013149 | KU134821  PP997896

further analysed using the CIPRES Science Gateway (Miller et al. 2010) with
two different methods: Bayesian inference (BI) and Maximum Likelihood (ML).
For the ML analyses, the concatenated alignments were uploaded as FASTA
files and analysed using RAXMLRAXML-HPC2 on XSEDE (8.2.12) (Stamatakis
2014) as a partitioned dataset under the GTR + GAMMA model with 1000 boot-
strap iterations. For the Bl analysis, the dataset was divided into four partitions:
ITS, LSU, mtSSU and tefTa. The best substitution model for each partition was
computed jointly in PartitionFinder 1.1.1 (Lanfear et al. 2012). The aligned FAS-
TA datasets were converted to the Nexus format using Mesquite 3.61 (Maddi-
son and Maddison 2019) and further analysed using MrBayes 3.2.6 7a (Ron-
quist et al. 2012) on XSEDE under following substitution models: GTR+I+G for
ITS, HKY+I for LSU and mtSSU and SYM+I+G for tef7a. Bayesian runs (Bl) were
computed independently, twice, with four MCMC chains for 10 million genera-
tions until the standard deviation of split frequencies fell below the 0.01 thresh-
old. The convergence of runs was visually assessed using the trace function in
Tracer 1.6 (Rambaut et al. 2014).
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Analyses of species diversity and distribution using public databases
and environmental DNA

To obtain a more comprehensive insight into the diversity and geographic dis-
tribution of the Taphrina species on alders, we searched both global databases,
UNITE and Genbank, for ITS sequences with a 97% threshold similarity for each
alder-colonising species. Moreover, we searched for additional information on
the distribution of T. viridis in the database GlobalFungi, which incorporates
short ITS reads from metabarcoding datasets by querying sequences with 100%
similarity to the sequence of T. viridis (BU 094). All of the sequences retrieved
from the BLAST-search were downloaded and supplemented with our sequenc-
es (Table 1), as well as representative sequences of other Taphrina species that
colonises various host plants. The final ITS dataset was aligned through the
MAFFT on-line service (Katoh et al. 2019) using MAFFT 7 with E-INS-| strategy
(Katoh and Standley 2013), and manually improved in Geneious version R10
(Kearse et al. 2012). An unrooted Maximum Likelihood phylogenetic tree was
calculated using RAXMLRAXML-HPC2 on XSEDE (8.2.12) (Stamatakis 2014)
under the GTR + GAMMA model with 1000 bootstrap iterations.

The resulting trees for both datasets were visualised and annotated with
TreeGraph 2 (Stover and Miiller 2010) and graphically improved in CorelDRAW
X5 (Ottawa, Canada).

Morphological and biochemical characterisation of the strains

The morphological characteristics of the T. viridis strains analysed were deter-
mined using methods described by Kurtzman et al. (2011). The micromorpho-
logical characters were observed in dried material using a ZEISS AxioScope A1
with an attached AxioCam camera (both Carl Zeiss, Jena). All characters were
observed and measured at 600x magnification after short staining with Cot-
tonBlue, with the exception of the spores which were observed and measured
with an oil-immersion lens at a magnification of 1000x after the same staining.
Statistics for the measurements of microscopic characteristics were based on
an analysis of all the material available with a minimum of 30 measurements
per specimen and per microscopic character. The range of measured values is
expressed as the mean * standard deviation.

The physiological and biochemical characteristics of the yeast cultures were
examined using the methods described by Kurtzman et al. (2011). Assimilation
tests were performed using liquid and solid yeast-carbon and yeast-nitrogen base
media (Biolife, Milano, Italy). Assimilation on the solid media was performed using
24-well plates: the respective medium containing a carbon or nitrogen compound
was inoculated with 5 pl of the yeast suspension (108 cells mI"). The yeasts were
grown at their optimal temperature (20 °C) for 21 days. The carbon and nitrogen
compounds (Merck, Germany) were tested in concentrations of 1%. The assimila-
tion of nitrite was tested in a concentration of 0.25% KNO,. The yeasts were also
inoculated on those media without carbon and nitrogen compounds (control).

In the liquid media, strains were cultivated in L-shaped tubes, with an ini-
tial concentration of 108 cells ml'. The cell biomass was measured by its
absorbance (660 nm) at regular intervals for a period of 21 days. The absor-
bance of strains grown in the presence of carbon and nitrogen compounds
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1001

was compared to that of strains grown in a solution without these substances
(control). The carbon and nitrogen compounds were tested in concentrations
of 1%. When a yeast culture exhibited weak growth, the carbon and nitrogen
compounds were tested in a concentration of 0.5%. The assimilation of nitrite
was tested only in a concentration of 0.25% KNO,,.

Results
Phylogenetic analysis

The final multilocus alignment consisted of 3485 positions, of which 736 po-
sitions, including gaps, belong to ITS, 851 positions to LSU, 957 to mtSSU and
941 to tef1a. Overall tree topologies of the ML and Bl analysis were congruent
(Fig. 1). The analyses revealed the presence of two strongly supported clades
with two and three species-specific subclades, respectively. Sequences of the
Taphrina viridis strains isolated from A. alnobetula formed strongly supported
subclade (ML=100, BI=1), placed as a sister group (ML=85, BI=0.95) to the sub-
clade of T. sadebeckii and T. epiphylla (82/0.97). There is no support for any
grouping of North American and European strains into a species rank lineage,
but American strains labelled as T. robinsoniana and T. aff. robinsoniana are
placed in the subclade together with European T. alni.

For the ITS analysis of all the available sequences, the UNITE search re-
trieved an additional 62 ITS sequences which exhibited a high similarity of 97%
to alder-colonising species. They were analysed together with 20 ITS sequenc-
es of strains used for multilocus analysis and 13 ITS sequences of other repre-
sentatives of Taphrina species (Fig. 2).

BU TA04

BU 094/ CCY 58-9-1
BU 095/CCY 58-9-2
BU TA8

T. viridis

T. epiphylla

HA 1440
BUR002/CCY 58-94
CBS 102170

T. sadebeckii

82/097|BU R003/CCY 58-9-5
BUR001/CCY 58-9-3

HA 1335
1001
CBS 276.28
HA 1346
og/1|HA 1364
51092[ |HA872/CBS 683.93
s CBS 382.39

NRRLT-732

T. tosquinetii

100/1

T. alni

T. robinsoniana
T. aff. robinsoniana
1001 [T populi-salicis CBS 419.54 0 ut g rou p

R — o
0.02 T. populina CBS 337.55

P

Figure 1. Phylogram generated by Maximum Likelihood (RAXML) analysis based on concatenated sequences of ITS, LSU,
mtSSU and tef7a for the Alnus-colonising Taphrina species. Maximum likelihood bootstrap support values greater than
50% and Bayesian posterior probabilities greater or equal to 0.90 are indicated above or below the nodes. Sequences of

type strains are highlighted in bold.
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100

UDB05410285 Czechia Alnus. sp

58| fAY090488 Germany A. glutinosa

86|AF492119 Slovakia A. glutinosa

UDB05410157 Germany A. glutinosa

UDB05410287 Czechia Alnus. sp
UDB05410168 Italy A. glutinosa
[=-UDB05410083 Latvia A. glutinosa
|- UDB05410283 Czechia Alnus. sp
[-UDB05410170 ltaly A. glutinosa
UDB05410189 ltaly A. glutinosa
UDB05410183 ltaly A. glutinosa
UDB05410187 Italy A. glutinosa
UDBO05410191 ltaly A. glutinosa
UDB05410185 ltaly A. glutinosa
73]UDB05410181 ltaly A. glutinosa
UDB05410195 ltaly A. glutinosa
UDB05410193 lItaly A. glutinosa
571 UDBO05410082 Latvia A. glutinosa

[-UDB05410084 Latvia A. glutinosa
UDB05410163 ltaly A. glutinosa
-UDB05410166 Italy A. glutinosa
NR155882 Germany A. glutinosa
|-UDB05410281 Czechia Alnus. sp
|- AF494056 Sweden A. rugosa
UDB05410066 Latvia A. glutinosa
UDB05410151 Germany A. glutinosa
IAF492118 Germany A. glutinosa

UDB05410071 Latvia A. glutinosa
1 me UDB05410070 Latvia A. glutinosa
|-UDB05410153 Germany A. glutinosa

|— UDB05410159 Germany A. glutinosa

UDB05410203 Germany A. incana
[—-UDB05410199 ltaly A. glutinosa
|— UDB05410155 Germany A. glutinosa
-UDB05410201 ltaly A. glutinosa
UDB05410179 Denmark A. glutinosalA. incana
UDB05410175 Denmark A. glutinosalA. incana
UDB05410177 Denmark A. glutinosalA. incana
R002 Romania A. glutinosa
UDB05410085 Latvia A. glutinosa
RO03 Romania A. glutinosa
591R001 Romania A. glutinosa
_lAF492096 Slovaki A. incana
06'AY090487 Slovakia A. incana

TA04 Slovakia A. alnobetula
TA8 Slovakia A. alnobetula
BU095 Slovakia A. alnobetula
BU094 Slovakia A. alnobetula
TA9 Slovakia A. alnobetula

1 OP539295 USA A. incana
NR172369 N America A. rugosa
63—UDB05410078 Latvia A. glutinosa
UDBO05410077 Latvia A. glutinosa
UDB05410171 ltaly A. glutinosa
UDB05410080 Latvia Alnus. sp
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53 NR155874 T. americana USA Betula fontinalis
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Figure 2. Unrooted phylogram generated by Maximum Likelihood (RAxML) analysis of ITS region combining the sequenc-
es originated from studied material, supplemented with additional sequences retrieved from BLAST Search. Bootstrap
support values greater than 50% are indicated above branches. Sequences of type specimens are highlighted in bold.
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Of the ITS sequences with high similarity analysed, almost all originated
from Alnus samples, one ITS sequence came from the Betula sample. There is
no additional data available for the type of T. tosquinetii. The highest number
of sequences of alder-colonising species was retrieved for T. sadebeckii (36),
followed by T. tosquinetii (14). No accessions identifiable with T. viridis or as-
sociated with A. alnobetula were recovered from the databases. All of the se-
qguences originating from alder colonising species were clustered in a moder-
ately supported monophyletic clade (BS=65). Likewise, in a multilocus analysis,
there were two strongly supported clades of alder associated species with the
same species clustering. Interestingly, the analysis revealed two strongly sup-
ported subclades (bootstrap support = 100 and 98) within the clade containing
T alni and T. robinsoniana, which included recently undiscovered Taphrina taxa.
The first subclade consisted of ten samples from Latvia and Italy, isolated from
A. glutinosa. They appeared in a sister position with T. robinsoniana, although
this relationship demonstrated only weak statistical support. The second sub-
clade was represented by two accessions, one isolated from A. serrulata in
Sweden and the other parasitizing Betula intermedia in North America.

Taxonomy

Taphrina viridis (Sadeb.) Maire, Bull. Soc. Bot. Fr. 57: CLXVII (1912) [1910]
MycoBank No: 537442

Exoascus viridis Sadeb. in Jaap, Deutsch. Bot. Monatsschr. 19: 76 (1901).
Basionym.
= Taphrina alnastri Lagerheim in Vestergren, Micr. Rar. Sel.: No. 720 (1903).

Neotype (here designated; MycoBank: MBT#10018607): + SLOVAKIA; Vysoké
Tatry Mts., Ziarska dolina valley; 1050 m a.s.l., on leaves of Alnus alnobetula;
31.7.2015; leg. K. Bacigalova; SAV (BU 094), deposited in herbarium at the In-
stitute of Botany, Plant Science and Biodiversity Centre, Slovak Academy of
Sciences (SAV).

Ex-type culture. CCY58-9-1 (=SAV BU 094), deposited in Culture Collection
of Yeasts, Institute of Chemistry, Slovak Academy of Sciences (CCY). Sequence
accession numbers: ITS PQ013128, LSU PQ013143, mtSSU PQ013155, tefla
PP997889.

Symptoms in vivo. Taphrina viridis induces the development of small, round-
ed or irregularly shaped, pale green to yellow-green 5-10 mm large lesions on
the upper or lower leaf surfaces of Alnus alnobetula, which in stage of mature
asci become coated with a grey-white layer (Fig. 3A-D).

Description in vivo. Vegetative mycelium grows subcuticulary in intercellular
spaces of leaf tissues (Fig. 4A, B) and is composed of narrow, thick-walled
cells, variable in length and shape, divided by layered septa, later mature into
globose ascogenous cells. In the late stages of infection, ascogenous cells
broaden and form asci, penetrating the epidermal layer of the leaf tissue. The
asci are ovoid to ellipsoid, 21.9-24.5-27.1 x 11-11.8-12.8 um (Fig. 4C, D).
The apical parts of asci are mainly rounded or truncated with pale, translucent
oil drops, the asci contain 8 spores. The ascospores are globose to ellipsoid,
5.3-6.5-7.7 x 3.9-4.4-4.9 um (Fig. 4E); the ascospores budding post-release
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Figure 3. Macromorphological aspects of Taphrina viridis A-D field appearance and symptomatic E, F yeast cultures on
yeast-peptone-dextrose agar (YPD).

from asci, forms blastospores. Stalk cells are present, attached to asci, variable
in shape and size, 12.4-14.8-17.3 x 11.1-14-16.9 pm.

Culture characteristics and physiological properties. Colonies on the yeast
morphology (YM) agar, after 21 days at 20 °C, are butyrous, smooth, slightly
raised, with an even margin, creamy pink to pale pink colour (Fig. 3E, F); in a
liquid yeast morphology medium after 6 days at 20 °C, the cells are ovoid to
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Figure 4. Micromorphological aspects of Taphrina viridis A, B subcuticullar vegetative mycelium C, D asci with asco-
spores and stalk cells E ascospores with post-release budding F yeast cells grown on yeast morphology medium at 20
°C for 6 days. Scale bars: 20 ym.

ellipsoidal, 2.5 — 9.9 x 5 — 9.9 ym, sometimes with buds; sometimes large sin-
gle cells up to 16 pm (Fig. 4F); after 14 days at 20 °C, they form a sediment.
Fermentation is absent. The assimilation of carbon compounds: b-glucose, su-
crose, melezitose, D-xylose, cellobiose, glycerol, soluble starch, b-mannitol, and
D-glucitol is positive. The assimilation of salicin and succinic acid assimilation
is weak. Other carbon sources: maltose, lactose, raffinose, L-arabinose, inulin,
trehalose, myo-inositol, melibiose, erythritol, rhamnose, galactose, ethanol,
methanol, sorbose, b-arabinose, ribitol, lactate, b-ribose, xylitol, D-glukosamine,
N-acetyl-D-glucosamine and citrate are not assimilated. The assimilation of ni-
trate, nitrite and L-lysine is positive; assimilation of ethylamine, creatinine and
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N-acetyl-D-glucosamine is negative. The urease reaction is positive; the dia-
zonium blue B reaction is negative; the production of starch-like polysaccha-
ride is positive. Growth on a vitamin-free medium is weak. Growth at 25 °C on
yeast-peptone-dextrose agar is positive; at 28 °C negative.

Additional specimens examined. + SLOVAKIA; the Ziarska valley of the river
Smrecianka; 1050 m a.s.l.; on the leaves of the host shrubs Alnus alnobetula
along a touristic trail; 31.7.2015; leg. K. Bacigalova; BU 095 (SAV) / (CCY 58-
9-2) - ibid.; 26.7.2013; leg. K. Bacigalova, J. Petrydesovd; BU TA4 (SAV) - ibid,
16.8.2022; leg. K. Bacigdlova, G. Kozarova; BU TA8 (SAV) - ibid.; 17.8.2023; leg.
K. Bacigalovd, G. Kozarova; BU TA9 (SAV).

Note. According to our phylogenetic analysis, Taphrina viridis is related to
T. sadebeckii and T. epiphylla. The symptoms of disease induced by these three
species are similar: they cause yellow or grey lesions on alder leaves, which, in
the case of T. epiphylla infections, may lead to the formation of witches’ brooms
branch deformations (Table 2). In the field, T. viridis can be recognised by the
more greenish and less greyish tinge of the lesions. Our data suggest that this
species grows strictly on Alnus alnobetula, and no other Taphrina species has
been recorded on this alder host tree. Under a microscope, T. viridis is charac-
terised by a unique combination of long-narrow stalk cells (on avg. longer than
10 pm and narrower than 16 um) and large ascospores (on avg. 6.5 x 4.4 ym),
with post-release budding. The other Alnus-colonizing species, which has been
reported with post-release budding, is T. tosquinetii; however it has distinctly
smaller ascospores (Suppl. material 1). The physiological profile of Taphrina
viridis is very similar to that of the closely related T. sadebeckii. Both species
utilise a broad range of carbon and nitrogen sources (see the species profiles),
but T. viridis differs from T. sadebeckii in its ability to assimilate nitrite, its weak
ability to assimilate salicin and succinic acid, and its inability to utilise inulin,
xylitol and citrate.

Table 2. Review of host preferences and symptomatics of all detected Alnus-colonizing Taphrina species. Information
retrieved from sequences originated from public databases are labelled as GenBank or UNITE, respectively.

Organism

T alni

T. epiphylla

T. robinsoniana

T. sadebeckii

T. tosquinetii

T. viridis

Taphrina sp.1
Taphrina sp.2

A. incana

+

+

A. glutinosa

+

Host preferences (Alnus)

A. x pubescens

+

A. hirsuta

2

© =
c .8 S o & E
2 S E s 3 ‘3" ~ Symptoms of disease Reference
< Q' o =
> ‘:’ 2 o 3 g S
< = . £ = 8 a
< < ¥ %< g2

< </ s

<
+  + |+ Female catkins deformations | Mix 1949; Salata 1974; Bacigalova 2010
Witch broom, leaf curl, yellow Mix 1949; Gjaerum 1964;
or whitish-grey lesions Bacigalova 2010
+ o+ Female catkins deformations Mix 1949; Mix 1954; GenBank
+ Rounded, regular yellow Mix 1949; Salata 1974;
lesions Bacigalova 2010; UNITE; This study
+ + Leaf curl Mix 1949; Gjaerum 1964,
Bacigalova 2010
+ Grey-green lesions Maire 1910; Mix 1949;
Bacigalova 2010; This study
NA UNITE
+ NA GenBank
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Key to identification of alder colonising Taphrina in Northern hemisphere

1 Infection symptoms develop on leaves; -Glucitol and -Lysine are assimi-

JAEEA. ..ottt b et 2
-  Symptoms appears as deformations of female catkins, -Glucitol and -Ly-
sine are not assimilated...........c.ooeeoieiiiiiccc e 5

2  Symptoms in form of green round lesions on leaves, without any other
plant deformities; melezitose assimilated, salicin weakly assimilated,

_-arabinose and citrate not assimilated ....................ccoooi 3
- Symptoms develop as leaf curl deformities; salicin assimilated, melezi-
tose and -arabinose not assimilated..................ccoooi 4

3 Lesions on leaves grey-green; ascospores budding outside asci; asci
small, in average 21.9-27.1 x 11-12.8 ym; nitrite assimilated, xylitol not
assimilated, host A. alnobetula.............ccccoooveeeiiiiiiiiieieeceee T. viridis

—  Lesions on leaves regularly rounded, yellow; ascospores budding inside
asci; nitrite not assimilated, xylitol assimilated; host mainly A. glutinosa,
also known from A. xpubescens, A. hirsuta and A. rugosa..... T. sadebeckii

4 Symptoms develop as leaf curls; ascospores budding outside asci; asci in
average 25-33 x 8—15 pm; -arabinose and -mannitol assimilated, citrate,
raffinose and melezitose not assimilated..............cccecereeeen. T. tosquinetii

—  Symptoms are leaf curls but also witches-broom deformities; ascospores
budding inside asci, asci bigger, in average 33-40 x 14-16 ym; -arabi-
nose and -mannitol not assimilated, citrate, raffinose and melezitose as-

SIMIIAted ..o T. epiphylla
5 Asci supported with stalk cells; maltose and  -arabinose assimilated,

,-glucitol not assimilated............ccoooooiiiii T. robinsoniana
- Asci without stalk cell; -glucitol assimilated, maltose and -arabinose not

ASSIMIAtEd ..o T. alni
Discussion

Multilocus analysis confirmed the existence of Taphrina viridis
colonising Alnus alnobetula

While previous studies have conducted phylogenetic analyses incorporating al-
der-infesting Taphrina species (Rodrigues and Fonseca 2003; Inacio et al. 2004;
Petrydesova et al. 2013, 2016), the multilocus phylogeny presented here en-
ables the first robust species delimitation within this group. Notably, it provides
the initial molecular evidence establishing T. viridis as a distinct species colo-
nising A. alnobetula. Search of the UNITE database also confirmed that there
is only a single species colonising A. alnobetula, furthermore, that this species
has never been found on any other hosts (Fig. 2). The key diagnostic features
of T viridis include host specificity to A. alnobetula and the presence of disc-
oloured lesions ranging from yellow to brown. The descriptions of the micro-
scopic structures of T. viridis in the literature largely agree with our observations
(for details see Results), with the exception of stalk cells, which are notably
smaller in Mix (1949) compared to those in Bacigalova (1994). These discrep-
ancies could be attributable to the infraspecific variations caused by growth in
different climatic and ecological conditions, however other explanations could
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also be variations in the presentation of statistical values and differences in the
specific strains analysed in previous investigations (cf. Mix 1949; Bacigalova
1994, 2010; Bacigalova et al. 2003; Fonseca and Rodrigues 2011).

This species was widely overlooked and first distinguished from similar
T. sadebeckii by Mix (1949), who studied only that type material of T. alnastri
Lagerheim which he considered a conspecific species. As the original descrip-
tion of Exoascus viridis Sadeb. (Jaap 1901) is brief and does not allow us to
identify the species with certainty, we designated a recent collection from A. al-
nobetula as the neotype to preserve its concept because of its distinct ecology.
Exoascus is used to be a genus name for Taphrina anamorphs, and the combi-
nation T. viridis (Sadeb.) Maire was published more recently (Maire 1910) than
T. alnastri (Vestergren 1903) and, as a result, it was meant to be a synonym for
T. viridis, because they had the same host tree and the same symptomaticity.
However, T. viridis has priority at the rank of species, since also Exoascus viridis
was published at the same rank (cf. Rossman 2014). The original protologue
in Jaap (1901) lacks any mention of collections or illustrations which could
be considered as suitable original material. Therefore, we are not allowed to
propose a lectotype and instead we must propose a neotype that fully aligns
with the former species description of T. viridis. This case also emphasises the
urgency of precise morphological and physiochemical descriptions with uni-
fied terminology, which serves as reliable sources and will allow unambiguous
distinguishing of the respective taxa in the future.

The data on the occurrence of T. viridis have been limited to historical re-
ports of the species from the Northern Alps in Germany (Jaap 1901; Vester-
gren 1903), the Alpes-Maritimes in France (Maire 1910) and more recent
reports from the Western Carpathians in Slovakia (Bacigalova et al. 2003;
Bacigalova 2010). Our search of the UNITE database (Abarenkov et al. 2024)
was negative for this species. A search of GlobalFungi (Vétrovsky et al. 2020)
yielded two records with a 100% match to the sequence of our strain BU 094.
The first report concerned soil sample from the German Alps where A. al-
nobetula was present (Dahl et al. 2019). The second match originated from
aerial and snow samples from the Austrian Alps at an elevation of 3106 m
(Els et al. 2019). In summary, based on the currently available data, T. viridis
is known to be present only in the higher mountain environments of the Alps
and the Western Carpathians. The host tree A. alnobetula, in Europe, typically
grows at higher elevations between 1660-2300 m and in addition to Alps and
Carpathians, it occurs also in Apennines and Dinaric Mts. In addition, three
taxa of this species are distributed in Siberia, North Europe, northwest North
America and Japan (Mauri and Caudullo 2016). However, to date, there have
been no reports of Taphrina infection or isolation of strains from A. viridis in
the regions mentioned above.

An intriguing aspect arises concerning the ecology, specifically the host link-
age, of T. viridis. While most alder-colonising Taphrina species exhibit a broad
host range and have been documented on various alder species within the sub-
genus Alnus (refer to Table 2), T. viridis demonstrates a strict association with
A. alnobetula. There are several potential reasons for this phenomenon, ranging
from limited data and research on these parasitic fungi to the specific genomic
properties that restrict its adaptation to particular host plants (cf. Wang et al.
2020). The strong host specificity observed in T. viridis may be influenced by
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the phylogenetic distance of A. alnobetula from its relatives, as this species be-
longs to the subgenus Alnobetula, unlike other European species which belong
to the subgenera Clethropsis and Alnus (Chen and Li 2004; Ren et al. 2010).
Additionally, we cannot rule out the possibility that the species has adapted to
the hosts which occur in much colder mountain environments characterised
by long-term low temperatures and shorter vegetation periods, as observed
in other cold-adapted species such as T. antarctica and T. gei-montani which
parasitize on the hosts plants in arctic alpine habitats (Selbmann et al. 2014;
Petrydesova et al. 2013, 2016).

Unexpected species diversity of Taphrina parasitizing on alders
inferred from environmental sequences

ITS analysis, which included all available sequences, for the first time indicated
Alnus colonizing Taphrina species as a monophyletic group. Previous studies
lacked this support, although they indicated a rather close relationship between
alder colonising Taphrina species (Fonseca and Rodrigues 2011; Petrydesova
et al. 2013). However, it must be acknowledged that our analysis did not en-
compass the majority of other Taphrina species, which could potentially impact
the outcomes of the analysis. Thus, the question of the monophyly of alder-par-
asitizing species warrants further substantiation through analyses that utilise
comprehensive multilocus datasets, ideally encompassing the majority, if not
all, of the recently accepted taxa.

The examination of sequences deposited in the UNITE and GlobalFungi da-
tabases, together with the compilation of all accessible data on alder-infecting
species, revealed two notable findings. The first was the presence of two dis-
tinct groups of ITS sequences in the databases, that are indicative of unde-
scribed and/or genetically not delimited species. The first taxon was identified
in soil samples with presence of the European A. glutinosa. It forms, together
with T. tosquinetii and T. sadebeckii, a trio of species which parasitize this single
host species (Mix 1949; Bacigalova et al. 2003; Rodrigues and Fonseca 2003).
The second comprised two sequences, one from A. serrulata in North America,
and the other was purposedly isolated from Betula intermedia in Sweden (CBS
417.54; GenBank accession number AF492079). This latter finding suggests
a potential expansion of the host range from the Alnus species to the genus
Betula (Betulaceae). However, our understanding of this isolate remains limit-
ed, and notably, Rodrigues and Fonseca (2003), who published this sequence,
observed significant differences from other sequences originating from Betula,
raising the possibility of mislabelling or misidentification of the host. Unfortu-
nately, in all cases, we lacked the corresponding strains with which to perform
comprehensive genetic, morphological, and biochemical analyses, as well as
with which to observe and describe symptoms on infected trees, which is con-
sidered good practice in recent Taphrina taxonomy (cf. Rodrigues and Fonse-
ca 2003; Inacio et al. 2004; Fonseca and Rodrigues 2011; Petrydesova et al.
2013, 2016). Nevertheless, we view this finding as a significant milestone in
Taphrina taxonomy and systematics, as database searches open new avenues
for the identification of previously unrecognised entities. This direction allows
scientists focused on this group to zoom in on specific species and the regions
where such novel species are likely to occur.
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