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Abstract
A Ramularia-like hyphomycete was discovered on uredinia of Phakopsora ampelopsidis on leaves of wild Ampelopsis brevi-
pedunculata and cultivated Parthenocissus tricuspidata in several cities in Taiwan. The micromorphology of this fungicolous 
fungus is similar to that of species of the genus Ramularia which are mostly plant parasites but some species grow on rust 
fungi. Analyses of SSU and LSU rDNA and RPB2 gene sequence data and of ultrastructural features observed by scanning 
and transmission electron microscopy revealed that the fungus represents a novel lineage within the Ustilaginomycotina. 
The name Quasiramularia phakopsoricola is proposed for this new species in a new genus, a new family, and a new order. 
Sequence data obtained for ITS1, 5.8S, and ITS2 rDNA, however, did not match to any known fungal lineage. Bioinformat-
ics analyses showed that these sequence data are extremely GC poor, but most probably do not represent a pseudogene. 
Extreme deviations of GC content can be observed in several lineages of Basidiomycota. Such variations affect the results 
of phylogenetic analyses and are an important source of artifacts.
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Introduction

Ramularia is a genus including species of Ascomycota that 
are mainly plant parasites, but some species typically colo-
nize other leaf-inhabiting fungi, mainly rust fungi (Puc-
ciniales/Uredinales) (Braun 1998). Plant-associated Ram-
ularia-like anamorphs of species of Ustilaginomycotina 
(Basidiomycota) were sometimes confused with Ramularia 
spp. in the past (Braun 1995). Mostly hyaline conidiophores 
and conidia formed by sympodial conidiogenesis are fea-
tures common to Ramularia spp. in the Ascomycota and to 
species within the Basidiomycota belonging to Doassan-
sia (anamorph Savulescuella), Doassansiopsis (anamorph 
Doassansiella), Entyloma (anamorph Entylomella), Exoba-
sidium (dimorphic), Quambalaria (exclusively anamorphic), 
Urocystis (anamorph Paepalopsis) (Braun 1995; Simpson 
2000; Aime et al. 2018), and to the recently discovered 
genus Capitulocladosporium (exclusively anamorphic) with 
unknown habitat (Sun et al. 2018).

On living leaves of several plants of Vitaceae infected 
with rust fungi, we detected a Ramularia-like fungus which 

Section editor: Marc Stadler

 * Roland Kirschner 
 kirschner@ntu.edu.tw

 I-Chin Wei 
 bigsmile3542@hotmail.com.tw

 Sung-Yuan Hsieh 
 sungyuan@gmail.com

 Meike Piepenbring 
 piepenbring@bio.uni-frankfurt.de

1 Institute of Microbiology of the CAS, V.V.I, Vídeňská 1083, 
Prague 142 20, Czech Republic

2 Department of Life Sciences, National Central University, 
Zhongli, Taoyuan 320, Taiwan

3 Bioresource Collection and Research Center (BCRC), Food 
Industry Research and Development Institute (FIRDI), 
Hsinchu 300, Taiwan

4 Department of Mycology, Goethe University Frankfurt 
Am Main, Biologicum, Max-von-Laue-Str. 13, 
60438 Frankfurt am Main, Germany

5 School of Forestry and Resource Conservation, National 
Taiwan University, Taipei 10617, Taiwan

Mycological Progress (2021) 20:1553–1571

http://orcid.org/0000-0003-4956-5662
http://crossmark.crossref.org/dialog/?doi=10.1007/s11557-021-01749-x&domain=pdf


1 3

could not be identified as a species of Ramularia or of other 
similar genera. The 5.8S rDNA of the ITS region suggested 
a relationship with Basidiomycota, but the flanking regions 
did not match in BLAST searches and indicated a non-typi-
cal DNA region, with extremely low guanine-cytosine (GC) 
content. This fungus and its rDNA regions were, therefore, 
studied in detail. In particular, we considered the possible 
presence of a pseudogene and we investigated the impact of 
GC-poor rDNA sequences on results of phylogenetic analy-
ses in Basidiomycota.

A pseudogene is a non-functional rDNA copy. It exhibits 
higher variability in conserved regions, it is GC poor, and 
its secondary structure is not as stable as in functional cop-
ies. Such deviating rDNA copies are known to be present 
in fungal genomes (Stadler et al. 2020) and can produce 
artifacts in phylogenetic analyses, if treated as a standard 
rDNA copy. Therefore, the structure of the rDNA from the 
Ramularia-like fungus was investigated in order to distin-
guish functional from potentially non-functional rDNA. GC 
content itself differs between species and between different 
DNA regions in the same chromosome (Testa et al. 2016). 
GC content heterogeneity between taxa is responsible for 
reconstruction biases such as contradicting topologies and 
poor node resolution across the whole tree of life, including 
fungi (Collins et al. 2005; Romiguier and Roux 2017). The 
reasons underlying such strong biases are not well known, 
but the substitution rate, which differs between GC-rich and 
GC-poor regions, is important in this context (Romiguier 
and Roux 2017; Wang et al. 2017). The phenomenon of the 
GC content bias in phylogenetic analyses of fungi is studied 
here for the first time, and our study provides a first com-
parison of GC content in rDNA sequences across all major 
lineages of Basidiomycota.

Materials and methods

Collection and isolation of strains

Leaves of wild Ampelopsis brevipedunculata (Maxim.) 
Trautv. and cultivated Parthenocissus tricuspidata (Siebold 
& Zucc.) Planch. (Vitaceae) infected with a rust fungus over-
grown by a whitish hyphomycete were collected at way- and 
roadsides in three cities, namely Taipei City, New Taipei 
City, and Taoyuan City, in northern Taiwan. Air-dried speci-
mens were deposited in the fungal collection of the National 
Museum of Natural Science (TNM), Taichung, Taiwan.

Conidia observed under a dissecting microscope were 
picked up with a flamed acupuncture needle and trans-
ferred to Petri dishes containing corn meal agar (Fluka) 
with 0.2% chloramphenicol. Isolates were grown at dif-
fuse daylight and room temperature. Representative strains 

were deposited at the Bioresource Collection and Research 
Centre (BCRC), Hsinchu, Taiwan.

Light microscopy

For light microscopical preparations, cells of the uredini-
colous fungus were removed using tweezers or tape, and 
mounted on a slide. Most measurements and drawings of 
the micromorphological characteristics were made in 10% 
KOH mounts under the light microscope with 1000 × mag-
nification. Measurements were made from n = 30 replicates 
and were presented as mean value ± standard deviation and 
extreme values in brackets. The scale bar of 3 cm in the 
drawings was equal to 10 µm in the microscope. The draw-
ings were made with a pencil, then depicted with technical 
pens with tracing paper. All illustrations were composed 
and modified with Photoshop CS6.

Scanning electron microscopy (SEM)

Pieces of leaves with overgrown rust sori (WIC009) were 
fixed by immersion in 2% (w/v) aqueous osmium tetroxide 
 (OsO4) for 12 h at 4 °C in the dark, washed three times in 
distilled water (15 min each wash) to remove the excess 
osmium tetroxide and then dehydrated in an ethanol series 
each for 15 min and steps from 10 to 90% ethanol. After 
washing the material in 95% ethanol, the material was kept 
in absolute ethanol for three periods of 15 min, with fresh 
ethanol each time. Ethanol was then replaced with acetone 
in 2:1 and 1:2 (ethanol:acetone) steps followed by three 
changes with absolute acetone (15 min each). The mate-
rial was transferred to the pressure chamber of a Hitachi 
HCP-2 critical point dryer. Liquid  CO2 was used as the 
drying agent. Following replacement of the acetone with 
liquid  CO2, the material was maintained within the pres-
sure chamber for an hour at 20 °C and then the acetone-
contaminated liquid  CO2 replaced with fresh liquid  CO2. 
Slow heating of the liquid  CO2 to 5° above its critical point 
(31.1 °C) followed by the gradual release of pressure at the 
same temperature (ca. 37 °C) resulted in dehydrated speci-
mens in a gaseous phase at atmosphere pressure. Critical 
point dried material was mounted on aluminum stubs with 
double-sided conductive adhesive tape or carbon cement 
and left overnight in a desiccator for the cement to dry. 
Mounted material was coated with gold (40–50-nm thick-
ness) in a Hitachi E-1045 Ion Sputter Coater and was 
examined in a Hitachi S4700 Field Emission Scanning 
Electron Microscope at 3 kV. Unpublished photographs 
of the same specimen of R. pusilla Unger as in Kirschner 
(2009) was included for comparison.
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Transmission electron microscopy (TEM)

Material from a culture and from leaves (WIC009 and R. 
Kirschner 4383) was fixed in a 4% (V/V) glutaraldehyde 
solution buffered with 0.1 M sodium cacodylate (pH 7.2) 
containing 0.25 M sucrose, for 4 h at room temperature. 
Sucrose was added in order to adjust the osmolality of the 
fixative to that of seawater. Excess glutaraldehyde was 
removed by washing successively in 3 changes (15 min each 
change) of 0.1 M sodium cacodylate buffer (pH 7.2) contain-
ing a decreasing concentration of sucrose (i.e., 0.225, 0.125, 
0.0625 M) to sucrose-free buffer. Material was post-fixed in 
2% (W/V) osmium tetroxide in 0.1 M sodium cacodylate 
buffer (pH 7.2) for 12 h at 4 °C in the dark, then washed with 
0.1 M sodium cacodylate buffer for 30 min with 2 changes to 
remove excess osmium tetroxide followed by distilled water. 
Fixed and washed material was dehydrated to acetone as 
described for SEM. Dehydrated material was embedded in 
Agar 100 epoxy resin (Spurr 1969), dehydrated to absolute 
acetone and slowly infiltrated with resin by transfer to 1:3, 
1:1, 3:1 resin:acetone mixtures and finally to pure resin 
(araldite, Ciba Geigy, Cambridge) and polymerized in an 
oven. Material was maintained in each resin and placed in 
a desiccator for at least 2 h at room temperature and then 
transferred to a 70 °C for 3 days to complete polymeriza-
tion. Under low magnification, resin was trimmed away from 
embedded material with a razor blade to form a trapezoid 
block. Ultrathin sections were made, treated, and exam-
ined in a Philips CM 12 at 80 kV as in Kirschner (2009). 
Additional sections were cut from the resin blocks with a 
Reichert Jung Ultracut E ultramicrotome using glass knives, 
floated on water, and were picked up on coated copper grids 
PELCO® Center Marked Grids, 75 mesh, 3.0 mm. Stain-
ing with drops of centrifuged lead citrate for 15 to 30 min 
(Reynolds 1963) was followed by washing and subsequent 
post-staining with centrifuged, saturated uranyl acetate in 
50% ethanol for 30–60 min in the dark. Material on grids 
was examined in a JEOL 100S TEM at 80 kV or a Hitachi 
H 600 TEM at 75 kV.

Molecular analysis

DNA extraction, PCR, and sequencing were largely 
performed as in Wei and Kirschner (2017). For amplification 
of the ribosomal RNA gene region, primers ITS1F and ITS4 
(Gardes and Bruns 1993; White et al. 1990) were used for 
amplifying the internal transcribed spacer (ITS, including 
ITS1, 5.8S rDNA, ITS2, and fragments of the small and 
large ribosomal subunit RNA genes), primers NL1 and 
NL4 (Kurtzman and Robnett 1997) for the partial nuclear 
ribosomal large subunit gene (LSU), and primers NS3 and 

NS4 for the partial nuclear ribosomal small subunit gene 
(SSU) (White et al. 1990). For the DNA-directed RNA 
polymerase II second largest subunit gene (RPB2), primers 
RPB2-5F and PRB2-7R were applied (Liu et al. 1999). The 
thermocycler programming followed the literature cited 
for the primers. PCR products were sequenced by Mission 
Biotech (Nankang District, Taipei City) with the same 
primers used for the PCR. The two single read ABI files 
of each sequenced PCR product were edited pairwise with 
CodonCode Aligner version 4.0.1 (CodonCode Corporation, 
USA). The sequences were submitted to BLAST searches 
at GenBank (https:// blast. ncbi. nlm. nih. gov/) for primary 
testing of the technical sequence quality and matches with 
highly identical sequences. The sequences were deposited in 
GenBank and the DNA Data Bank of Japan. The datasets of 
LSU (61 sequences), SSU (59), and RPB2 (51), sequences 
were assembled based on the most similar sequences from 
GenBank and by adopting the taxon sampling from Sun et al. 
(2018) and McTaggart et al. (2020) with some modifications 
(ESM4). From the RPB2 gene sequence data, the intron 
sequences were removed, exons translated to amino acids, 
and further analyzed as a protein sequence. For the LSU 
and SSU regions, the members of Moniliellales were 
hardly alignable, formed a long branch in the phylogenetic 
analyses (ESM4) and were omitted from further rDNA-
based analyses. Sequence alignment was done in MAFFT 
ver. 7.222 (Katoh and Standley 2013) under the Q-INS-i 
strategy (considering rRNA secondary structure) for LSU 
and SSU and G-INS-i strategy for RPB2. In rDNA data, 
both gaps and variable regions were removed using Gblocks 
v. 0.91b (Talavera and Castresana 2007) with less stringent 
selection allowing smaller final blocks and gap positions 
within the final blocks. Single gene and concatenated datasets 
(LSU + SSU, LSU + SSU + RPB2) were analyzed. Bayesian 
searches (MB) were conducted with MrBayes 3.0 (Ronquist 
and Huelsenbeck 2003) and 10 million replicates estimated 
together with burn-in value in Tracer v1.5 (Rambaut et al. 
2018). The best nucleotide substitution model for each 
partition was determined in jModelTest v. 2.1.1 (Darriba et al. 
2012). Maximum likelihood (ML) searches were conducted 
in IQ-TREE v. 2.1.3 (Minh et  al. 2020) with automated 
model selection for each partition using ModelFinder 
(Kalyaanamoorthy et al. 2017) and various settings such as 
FreeRate (+ R) model and General Heterogeneous evolution 
On a Single Topology (GHOST) model of sequence evolution 
(+ FO*H4) which naturally accounts for heterotachous 
evolution. Branch supports were assessed by the standard 
nonparametric bootstrap approximation (“-b 1000 “). The 
phylogenetic analyses were carried out with the (-p option) 
that allowed each partition to have its own evolutionary rate. 
Entorrhiza parvula Vánky identified by Riess et al. (2019) 
was chosen as outgroup because it is a taxon located at the 
base of Basidiomycota. Detailed dataset description and 
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selected models are presented in Fig. 1. The presence of 
repeat-induced point mutation (RIP) in ITS sequences of 
four Quasiramularia strains was determined using Ripcal2 
software (Hane and Oliver 2008).

The GC content of ITS1, ITS2, 5.8S, LSU (28S), and 
SSU rDNA sequences of Quasiramularia phakopsoricola 
was compared to the GC content in sequence data depos-
ited in the NCBI GenBank database. Therefore, we down-
loaded rDNA sequences from Basidiomycota and Entor-
rhizomycetes (25.12.2020, search based on the title, length 
restriction 150–4000 bp) and selected sequentially unique 
entries. As a result, we obtained 133,463 sequences. ITSx 
extractor (Bengtsson‐Palme et al. 2013) was used to remove 
chimeric sequences and to extract full-length ITS1 (31,143 
sequences), ITS2 (50,659), 5.8S (93,890), and partial LSU 
sequences (56,382). For LSU sequences, only those longer 
that 300 bp were used for further analyses (8153 sequences). 
In addition, ITSx extracted entries without detectable ITS 
region motives (28,046 sequences), which belonged to 

sequences of solitary SSU (5857 sequences) and LSU 
sequences longer than 300 bp (23,490). They were separated 
from each other based on the title description. Datasets of 
LSU regions extracted from ITS-LSU entries and solitary 
LSU sequences were merged for further analyses. For cor-
rect GC content analysis across multiple fungal lineages, it is 
necessary to compare homologous positions of comparable 
length only. Therefore, SSU and LSU datasets were aligned 
in MAFFT ver. 7.222 (Katoh and Standley 2013). Hardly 
alignable sequences from species of the order Cantharellales 
and sequences with introns or strings of ambiguous nucleo-
tide positions (coded as N) longer than 30 bp were removed. 
The reliability of the alignment was checked visually and 
using maximum likelihood trees generated in PhyML 3.0 
(Guindon et al. 2010) using the SH-like support method suit-
able for large datasets.

In the LSU dataset, sequences were trimmed to the D1 
variable domain (positions from 200 to 520 in Schizophyl-
lum commune Fr. MT463493), because of the high length 
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• 59 sequences

• 2461 characters
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Fig. 1  Phylograms obtained from a maximum likelihood search in 
IQTree v. 2.1.3 showing the placement of Quasiramularia phakop-
soricola. The trees were constructed using LSU and SSU rDNA 
nucleotide (left) and RPB2 amino acid sequences (right). Dataset 
descriptions and models are presented for each tree. Bootstrap sup-
port (BS) and Bayesian posterior (PP) probabilities are given at the 

nodes. The tree is rooted with Entorrhiza parvula. The scale bar 
indicates expected changes per site. Dashes (–) indicate support less 
than 70% BS or 0.7 PP for a particular clade. Asterisks (*) indicate 
mismatches of the topology between trees generated by IQTree and 
MrBayes
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coverage across taxa. Finally, sequences shorter than 280 bp 
were removed. The final LSU dataset contained 30,734 
sequences with a mean length of 317 bp, SD = 5.8, and a 
maximum length of 367 bp.

The SSU alignment was divided into two parts, roughly 
corresponding to regions before and behind the bp position 
550 of S. commune KT715706. This step allows to compare 
GenBank entries of different lengths. Sequences shorter than 
499 bp (first part) and 400 bp (second part) were removed from 
each dataset. The first dataset contained 5038 sequences (mean 
530, SD = 17.6, maximum 562 bp) and the second dataset 
5368 sequences (mean 435, SD = 3.3, maximum 467 bp). The 
dataset of full-length 5.8S rDNA sequences contained 90,621 
entries (minimum length 154, mean 158.2, SD = 2.6, maxi-
mum 219), the dataset of full-length ITS2 rDNA sequences 
50,590 entries (minimum length 67, mean 216.4, SD = 1.7, 
maximum 978 bp), and the dataset of full-length ITS1 rDNA 
sequences 31,083 entries (minimum length 65, mean 211, 
SD = 46.3, maximum 1181 bp).

Finally, all datasets were divided into six groups according 
to systematic relationships (Agaricomycotina, Entorrhizomy-
cetes, Pucciniomycotina, Quasiramularia, Ustilaginomyco-
tina, and Wallemiomycotina). The GC content in sequences 
of different loci was calculated in DaMBE ver 6.4.42 (Xia and 
Xie 2001). All sequence manipulations were done in Seed2 
(Větrovský et al. 2018). Datasets are presented in Electronic 
Supplementary Materials 2 and 5.

The secondary structures of the ITS2 sequences and 
associated minimum free energy were predicted using the 
ITS2 Database II (Selig et al. 2008) and RNAFOLD server 
(Hofacker et al. 1994). The 5.8S secondary structure was 
predicted in the RNAFOLD server. The 5.8S secondary 
structure was inspected for the presence of conservative 
motifs M1–M3 (Harpke and Peterson 2008; Jobes and Thien 
1997). Next, we investigated whether the secondary struc-
tures of ITS2 in Q. phakopsoricola displayed the conserved 
features expected for ITS2 sequences in eukaryotic organ-
isms (Schultz et al. 2005; Coleman 2007). Prediction of the 
ITS2-proximal stem secondary structure was calculated on 
a DINAMelt web server (Markham and Zucker 2005). Sec-
ondary structures were drawn with VARNA (Darty et al. 
2009).

We used the GlobalFungi database v0.9.8; Release 
version 2.0 (Větrovský et al. 2020; accessed 18.2. 2021) 
to see if ITS sequences of Q. phakopsoricola were cap-
tured by metabarcoding studies. We used ITS1 and ITS2 
sequences separately and searched using the “BLAST—
group results” option. Our sequences were compared 
to results obtained from 26,978 environmental samples 
from 255 published studies covering 145,873,740 unique 
sequence variants representing approximately 0.8 ×  109 
sequence reads.

Results

Morphology

The morphology of the fungicolous fungus as seen macro-
scopically and by light microscopy (Figs. 2, 3) was similar 
to that of species of Ramularia, Pezizomycotina, Asco-
mycota (Braun 1998), particularly of the rust-inhabiting 
(uredinicolous) species (Braun 1998). SEM and TEM 
showed surface ornaments of conidia and conidiophores 
(Figs. 4, 5, 7, 8) similar to those of Ramularia species as 
well. Conidiogenous loci in the present Ramularia-like 
hyphomycete, however, were flat or slightly convex in 
contrast to those known for Ramularia having a conical 
apically pointed center separated from the marginal rim 
by an abrupt hollow (Fig. 6). A minute pore was visible 
in some conidiogenous loci of the Ramularia-like hypho-
mycete (Fig. 5c). TEM revealed important ultrastructural 
details (Figs. 7, 8). Dolipore-like extensions of the sep-
tal cell wall around the pore could only be seen once in 
in situ fixed material (Fig. 7a), but no pores were found 
in the material from culture. Woronin bodies, parenthe-
somes, or other systematically significant details were not 
detected. The round electron-dense plug at the conidial 
base in Fig. 8a at higher magnification revealed to be 
composed of granular material and was not homogene-
ous like a Woronin body. The cell wall ornament seen by 
light microscopy and SEM revealed to be composed of 
electron-dense material superficially attached to the sur-
face of the cell wall without bases in the underlying cell 
wall (Fig. 7c, 8b, c). Conidium dehiscence appeared to 
be schizolytic, since no empty separating cell indicating 
rhexolytic dehiscence was found. Conidiogenous loci and 
conidial hila were thickened between the ridges of the rup-
tured outer cell wall layer by electron-transparent material, 
into which a more electron-dense presumably ring-shaped 
structure was embedded (Figs. 7b, 8). By deposition of 
further electron-transparent material, the electron-dense 
ring appeared to be pressed downwards into the conidiog-
enous cell. The resulting structure resembling a one-sided 
dolipore (Fig. 8b, e) was not found in the conidia. The 
cell walls showed diffuse to distinct layers, but were less 
electron-transparent than the material in the conidiogenous 
loci and conidial hila.

Molecular data and phylogenetic analyses

BLAST searches with LSU rDNA, SSU rDNA, and RPB2 
DNA sequences indicated a close relationship of the 
Ramularia-like hyphomycete with species belonging to 
Ustilaginomycotina, Basidiomycota. The closest matches 
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of SSU rDNA sequence data presented similarity values 
of 90–89.5% with various species of Ustilaginomycotina 
(e.g., Robbauera albescens (Gokhale) Boekhout et  al. 
NG_061194, Quambalaria cyanescens (de Hoog & G.A. 
de Vries) Z.W. de Beer KF706440, and Entyloma ficariae 
A.A. Fisch. Waldh. KP322949). Matches below 89.5% 
similarity belonged to species of Agaricomycetes (e.g., 
Rhizoctonia solani J.G. Kühn DQ917659). The same pat-
tern was obtained for LSU rDNA sequence data for which 
species of Ustilaginomycotina exhibited similarity values 
of 90.0–91.1% (e.g., Tilletiopsis washingtonensis Nyland 
MH868275, Entyloma ficariae HM046476) and species 

of Agaricomycetes values below 90.0% (e.g., Rigidoporus 
microporus (Sw.) Overeem AY333795).

The ITS sequences of three strains of the Ramularia-like 
hyphomycete were 100% identical (R. Kirschner 4365, R. 
Kirschner 4689, and WIC009), but the ITS sequence of a 
further strain (R. Kirschner 4704) differed for 30 bp (4.2%) 
positions, from which two were in the highly conserved 5.8S 
region. The ITS alignment of four strains revealed 22 sub-
stitutions, from which seven represented RIP-like-type (C to 
T) changes. In the LSU sequences, the strain R. Kirschner 
4707 differed in 9 bp (1.5%) positions from others, whereas 
SSU sequences were identical. Because the source strains 

Fig. 2  Quasiramularia phakop-
soricola. a White spots formed 
on orange rust sori (Phakop-
soraceae) on the abaxial side of 
a leaf of Ampelopsis brevipe-
dunculata (R. Kirschner 4400). 
b, c Whitish pustules formed 
by conidiophores and conidia 
(arrows) on the orange rust sori 
on Parthenocissus tricuspidata 
in situ (R. Kirschner 5313). d 
Petri dish (9-cm diam.) with 
culture (WIC009) seen from 
above (CMA, ca. 1 month). e 
Same culture as in d, reverse. 
Scale bars: b = 2 mm, c = 1 mm
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have identical phenotype and ecology, we are interpreting 
these differences as intraspecies variability (see Discussion 
for further details). A similarity search using discontinuous 
MegaBlast in NCBI GenBank did not result in any hit in 
the case of ITS1 and ITS2 sequences that were analyzed 
separately. Search using a 5.8S rDNA sequence showed low 
similarity of about 92% to numerous species of Agarico-
mycotina (e.g., Gymnopus spongiosus (Berk. & M.A. Cur-
tis) Halling MK575231), whereas the closest matches from 
Ustilaginomycotina were 87.6% (e.g., Entyloma ficariae 
MT644871). The ITS1 and ITS2 sequence similarity search 
against GlobalFungi database did not result in any reliable 
hit, either.

Phylogenetic analyses based on sequence data of the 
single gene and concatenated datasets (LSU + SSU, RPB2, 
LSU + SSU + RPB2) suggested that the Ramularia-like 
hyphomycete represents a lineage new to science within 
Ustilaginomycotina (Fig. 1, ESM4). Our sequences formed 
a long branch close to Capitulocladosporium (all analyses), 
Ceraceosorales (rDNA), or Malasseziales, and showed a 
basal position within the Ustilaginomycotina. The position 
of the two latter orders was incongruent between datasets 
and analyses with different settings (Fig. 1, ESM4). The 
Ramularia-like fungus is distinct with respect to morphol-
ogy, DNA barcode genes, and ecology, not ascribable to 
already described taxa. Therefore, a new order and a new 

family based on the new genus and species Quasiramularia 
phakopsoricola are proposed below.

GC content of rDNA sequences in Basidiomycota.

Our analysis of GC contents in rDNA sequence data from 
numerous species of Basidiomycota showed considerable 
heterogeneity in GC content between and within the main 
lineages. Quasiramularia phakopsoricola has one of the 
lowest GC content values among all rDNA sequences con-
sidered in this study. Its GC values are lower than those in 
any of the LSU, ITS2, and SSU rDNA datasets of species 
of Ustilaginomycotina species and are among the lowest in 
ITS1 and 5.8S rDNA datasets. Its GC content is also much 
lower than the content values of most of the published LSU, 
SSU rDNA sequences of species of Agaricomycotina and 
Pucciniomycotina. The values of Q. phakopsoricola are 
similar, however, to ITS1, 5.8S, and ITS2 rDNA data of 
species of Pucciniomycotina and to all rDNA regions of 
Wallemiomycotina and Entorrhizomycetes (Fig. 9, Table S1).

GC content values strongly diverging from values of 
closely related species were discovered for several relation-
ships of species in Basidiomycota. Such outlier sequences 
were discovered in the LSU rDNA dataset of Agaricomyco-
tina for Entoloma virescens (Sacc.) E. Horak ex Courtec. 
(GU384622). For the first part of SSU rDNA, an unpublished 

Fig. 3  Quasiramularia pha-
kopsoricola, light microscopy. 
a Conidiophores and conidia 
from the host in situ. b Conidi-
ophores and conidia formed by 
the fungus in culture (WIC009). 
Scale bars = 10 µm
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sequence of Meira nicotianae H.K. Wang & F.C. Lin 
(MT860276) in the Ustilaginomycotina is a further example. 
For the ITS rDNA region, the outliers belonged to species 
of Meira (ITS1 dataset, Ustilaginomycotina), the invalidly 
published Reniforma strues Pore & Sorenson (ITS1 dataset, 
KX011609, KX015891, Pucciniomycotina), and Entoloma 
mengsongense Ediriweera et al. (ITS1, ITS2, KU131556, 
Agaricomycotina). Interestingly, among all fungi, the species 
of rust fungi belonging to the genus Phakopsora had low GC 
content values in all rDNAs, similar to those of the uredini-
colous Q. phakopsoricola (Table S1). Concerning the high 
GC values, for all coding rDNA regions, the outliers often 

belong to Ceraceosorales, Gyroporus, Kurtia argillacea, 
Moniliellales, Malasseziales, Subulicystidium, Tulasnella, 
Violaceomyces, and Wolfiporia.

Secondary structure of Quasiramularia 
phakopsoricola rRNA.

For the ITS2 rRNA haplotypes represented by R. Kirsch-
ner 4365 and R. Kirschner 4704, the homology modeling 
provided by the ITS2 database did not provide any model 
of known ITS2 secondary structure. The direct ITS2 sec-
ondary structure prediction resulted in a structure which 

Fig. 4  Quasiramularia phakop-
soricola (WIC009) on a rust 
fungus (Phakopsoraceae) on 
Ampelopsis brevipedunculata 
as seen by scanning electron 
microscopy (SEM). a Two 
rust sori, the right one heavily 
overgrown by Q. phakopsori-
cola. b Conidiophores among 
urediniospores and paraphyses. 
c Conidia of Q. phakopsoricola 
germinating on the surface of 
a urediniospore. Scale bars: 
a = 50 µm, b = 30 µm, c = 10 µm
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consisted of four helices (I–IV) radiating from a central loop 
and a minimum free energy of − 54.60 kcal/mol. It has an 
unpaired uracil at the helix II and the helix III contains the 
conserved motif 5′-UGUGA-3′, close to its apex (Fig. 10). 
Direct folding of the second ITS2 haplotype (R. Kirschner 
4704) resulted in the same secondary structure, with the 
same conservative motives, but with lower minimum free 
energy (− 67.30 kcal/mol) (ESM3: Fig. S1).

In the 5.8S rRNA, the sequence motifs universally pre-
sent in angiosperms (Harpke and Peterson 2008; Jobes and 
Thien 1997) as M1 (5′-CGA UGA AGA ACG CAGC- 3′), 
M2 (5′-AAU UGC AAC GUU A-3′), and M3 (5′-UUU GAA 
CGCA-3′) were detected, with differences only present in 
the M2 region (5′-AAU UGC AACG UUA-3′). Variability in 
the M2 region was also found in the M2 region of Ustilago 
hordei (Pers.) Lagerh. (5′- AAU UGC AGAA GUG -3′). The 
5.8S rRNA sequence has two polymorphic sites within the 

aligned 5.8S rRNA sequences of Q. phakopsoricola, not 
affecting its secondary structure or sequence of conserva-
tive motifs (Fig. 10).

The ITS2-proximal stem structure formed by the 5′ end 
of the 28S rRNA and the 3′end of the 5.8S rRNA of Q. pha-
kopsoricola consists of a single stem with two bulge loops 
which are separated from each other by 6 bp (Fig. 10).

Taxonomy

Quasiramulariales R. Kirschner, M. Kolařík & M. Pie-
penbr., ord. nov.

Index Fungorum IF558774.
Based on the genus Quasiramularia I-Chin Wei & R. 

Kirschner, in opere ipso.

Fig. 5  SEM photographs show-
ing conidiogenous cells and 
conidia with surface ornament, 
conidiogenous loci, and hila of 
conidia of Q. phakopsoricola 
(WIC009). a Conidiogenous 
cells with terminal geniculations 
and conidiogenous loci (one 
locus indicated by an arrow). b 
Fusiform conidium with hilum 
(arrow). c Conidiogenous cell 
with conidiogenous locus and a 
central pore (arrow). d Conid-
iogenous loci and one hilum of 
a conidium (arrows). Scale bars: 
a, b, d = 5 µm, c = 3 µm
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Diagnosis: Belonging to Ustilaginomycotina, anamorph 
morphologically similar to anamorphic Ramularia Unger, 
on solid substrates budding yeast cells and slimy colonies 
absent.

Quasiramulariaceae R. Kirschner, M. Kolařík & M. Pie-
penbr., fam. nov.

Index Fungorum IF558773.
Based on the genus Quasiramularia I-Chin Wei & R. 

Kirschner, in opere ipso.
Diagnosis: Belonging to Ustilaginomycotina, anamorph 

morphologically similar to anamorphic Ramularia Unger, 
on solid substrates budding yeast cells and slimy colonies 
absent.

Quasiramularia I-Chin Wei & R. Kirschner, gen. nov.
Index Fungorum IF558771.
Etymology: Composed from quasi (Latin: similar) and 

the genus name Ramularia.
Typus generis: Quasiramularia phakopsoricola I-Chin 

Wei & R. Kirschner, in opero ipso.
Diagnosis: Similar to anamorphic Ramularia Unger, but 

belonging to the Ustilaginomycotina and conidiogenous loci 
lacking the ring-shaped hollow between the central dome 
and the marginal ring typical of Ramularia species as seen 
by scanning electron microscopy.

Quasiramularia phakopsoricola I-Chin Wei & R. 
Kirschner, sp. nov. Figures 2–5, 7–8

Index Fungorum IF558772.
Etymology: Referring to the genus of the host fungus, 

Phakopsora.
Hyphae and conidiophores formed in white to dirty 

white dusty-dry pustules on rust uredinia on the abaxial 
side of living leaves. Conidiophores emerging from uredinia, 
loose, erect to decumbent, effuse, more or less straight, 
subcyclindric, septate, hyaline or subhyaline, smooth 
to finely verruculose, simple or with few short branches, 
(13–)22–44(–60) × 2–3(–4) µm (n = 30). Conidiogenous 
cells mostly terminal, rarely subterminal or lateral, sub-
cyclindric or slightly swollen, (4–)10–22(–25) × 2–3 µm 
(n = 30); conidiogenous loci thickened and slightly darkened. 
Conidia catenate, ellipsoid-ovoid or subcylindric-fusiform, 
ends rounded to somewhat pointed, (6–)7–15(–20) × 4–5(–7) 
µm (n = 30), hyaline or subhyaline, smooth to rough, hila 
thickened, slightly darkened, less than 1-μm diam.

Colonies growing slowly on CMA at room temperature, 
reaching approx. 25-mm diam. after 1 month, whitish, subef-
fuse to powdery on top side, dark greenish pigment released 

Fig. 6  SEM photographs showing three conidiogenous loci of Ramu-
laria pusilla (R. Kirschner 3143) with the raised center clearly sepa-
rated from the round rim by a ring-shaped hollow. Scale bar = 3 μm

Fig. 7  TEM photographs of cell 
wall structures of Q. phakop-
soricola. a Septal pore (arrow) 
in a hypha from material in 
nature (WIC009). b Conidium 
with surface ornament. The 
arrow indicates the hilum as 
shown in Fig. 5d (R. Kirschner 
4689). c Surface ornament at 
higher magnification. Scale bars 
a = 2 μm, b = 2 μm, c = 0.2 μm
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on reverse side. Conidiophores similar to those on the host, 
(42–)49–131(–150) × 2 μm (n = 30). Conidiogenous cells 
subcyclindric, 5–19(–22) × 2 µm. Conidia catenate, ellip-
soid-ovoid, fusiform, or subcylindric-fusiform, ends rounded 
to somewhat pointed, (7–)10–18(–23) × 3–5(–6) µm (n = 30), 
hyaline, smooth to rough, hila thickened, slightly darkened.

Specimens examined (dried specimens on natural sub-
strate, if not stated otherwise): On Phakopsora ampelop-
sidis Dietel & P. Syd. (Phakopsoraceae) on Ampelopsis 
brevipedunculata (Vitaceae), Taiwan, Taoyuan City, 
Zhongli District, north of National Central Univer-
sity, Neicuo 3rd Rd., 24.97510107, 121.19031800, ca. 
135 m, 10. Nov 2015, I.C. Wei & R. Kirschner WIC009 
(TNM, holotype), ex-type strain BCRC FU30724, ITS 

MT741740, SSU MT741743, LSU MT741723; ibid., 
04. Dec 2015, I.C. Wei WIC018 (TNM); ibid., 28. Dec 
2015, I.C. Wei WIC019A (on leaves) and WIC019B 
(dried culture) (TNM); ibid., 20. Mar 2017, R. Kirschner 
4383 (TNM); New Taipei City, Yingge District, Yingge 
Rock hiking trail, ca. 24.958814, 121.360379, ca. 80 m, 
23. May 2017, R. Kirschner 4400 (TNM); ibid., 27. Oct 
2018, R. Kirschner 4689 (TNM); Taipei City, Zhongshan 
District, Jian Butterfly Garden, 25.086900, 121.554600, 
ca. 350  m, 01. Feb 2017, R. Kirschner 4365 (TNM), 
strain BCRC FU30777, ITS MT741738, SSU MT741741, 
LSU MT741721, RPB2 LC535131. On Ph. ampelop-
sidis on Parthenocissus tricuspidata (Siebold & Zucc.) 
Planch. (Vitaceae), Taipei City, Daan District, border 

Fig. 8  TEM photographs of conidiogenous loci of Q. phakopsoricola 
(R. Kirschner 4689). a Detachment of conidium base from a conid-
iogenous locus. Cell walls of both structures have thickened electron-
transparent material (white arrowheads) between the thin electron-
dense outer layer of cell wall (white arrows) which is connected to 
the cell wall of the entire conidiogenous cell. Note the more elec-
tron-dense (slightly shaded) presumably ring-shaped structure (black 
arrows) embedded in the electron-transparent material (arrows). b 
Conidiogenous locus with shaded area (arrowhead) embedded in 
electron-transparent material (white arrowhead) and extending into 

a presumably ring-shaped electron-dense structure (black arrows) 
which is projecting into the cytoplasm. c, d Strongly electron-dense 
presumably ring-shaped structures (black arrows) embedded in 
electron-transparent material (white arrowhead in d) within conid-
iogenous locus. e Presumably ring-shaped electron-dense structure 
(black arrows) appearing to be pressed by copious electron-transpar-
ent material (white arrowhead) into the cytoplasm. An electron-dense 
outer cell wall layer (white arrow) is continuous with the outer cell 
wall layer of the conidiogenous cell. Scale bars: a, c, d = 0.5 μm; b, 
e = 0.2 μm
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of Fuzhoushan Park at Wolong Street, ca. 25.017834, 
121.552391, ca. 10  m, 31. Mar 2019, R. Kirschner 
4704 (TNM), ITS MT741739, SSU MT741742, LSU 
MT741722, RPB2 LC535132, ibid., 19. Aug 2021, R. 
Kirschner 5313 (TNM).

Discussion

Morphology and taxonomic identity

Morphologically, the fungus growing on a rust in Taiwan 
presented here is indistinguishable from Ramularia, which 
contains species growing on rust fungi, namely R. cole-
osporii Sacc., R. uredinicola Khodap. & U. Braun, R. uredi-
nearum Hulea, and R. uredinis (W. Voss) Sacc. (Braun 1998; 
Khodaparast and Braun 2005; Bakhshi et al. 2021). Hitherto, 
however, no member of the rust family Phakopsoraceae has 
been recorded as host of fungicolous Ramularia species. 
Since sizes of conidiophores and conidia also differ slightly 
from the known Ramularia species on rust fungi and conidia 
consistently lack septa in contrast to those of the known 

uredinicolous species, we can exclude that the taxon from 
Taiwan was described as a species of Ramularia in the past.

Some anamorphs of Ustilaginomycotina are morpho-
logically similar to Ramularia species and were described 
as species of Ramularia or its synonym Ovularia in the 
past, but they lack the darkened or thickened conidiog-
enous loci and hila of the species presented here (Braun 
1995, 1998). Quambalaria pitereka (J. Walker & Bertus) 
J.A. Simpson was first described as Ramularia species 
(Walker & Bertus 1971) and was transferred to Sporothrix 
(Braun 1998), before its affiliation to Ustilaginomycotina 
was assumed (Simpson 2000) and confirmed by DNA 
sequence analysis (de Beer et al. 2006). The basidiomy-
cetous nature of Quambalaria species was further con-
firmed by TEM by the discovery of dolipores (de Beer 
et al. 2006). Quambalaria species are plant parasitic or 
associated with insects and form smooth conidia and a yeast 
stage (Simpson 2000; Kolařík et al. 2006; Antropova et al. 
2014). A teleomorph is not yet known. Another recently 
proposed genus without known teleomorph, Capituloclad-
osporium, was proposed for a hyaline or faintly pale brown 
Cladosporium-like species isolated from a midge (Sun et al. 

Fig. 9  Box plots with outliers summarizing the rDNA GC content of Quasiramularia and Basidiomycota sequences deposited in GenBank
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2018). By its undarkened conidiogenous loci and conidial 
hila, it differs from Cladosporium. Like in Quasiramularia, 
a yeast stage is absent also in Capitulocladosporium (Sun 
et al. 2018). The conidiophores of Capitulocladosporium 
form many coronate conidiogenous loci on the strongly 
swollen apex of the conidiophore, whereas the not or only 
slightly swollen conidiophore apex in Quasiramularia bears 
only a few conidiogenous loci. Conidiophores and conidia 
are smooth in Capitulocladosporium (Sun et al. 2018) but 
carry distinct ornaments in Quasiramularia. Some yeast-
like anamorphs belonging to Anthracocystis, Moesziomy-
ces, Pseudozyma, Robbauera, Tilletiopsis, and Ustilago 
(including Mycosarcoma) have been considered as coloniz-
ers of powdery mildews (Kiss 2003). Among uredinicolous 
fungi, Quasiramularia seems to be the first representative 
from Ustilaginomycotina. These examples together with the 
fungicolous Q. phakopsoricola indicate a shift of several 
anamorphs of Ustilaginomycotina to chitinous substrates 
(other fungi, arthropods). Further plant-parasitic anamorphic 
Ustilaginomycotina and Ramularia or Ovularia confused 
in the past (Braun 1995) are now to be treated under their 
respective teleomorph names, such as Entylomella under 
Entyloma (Aime et al. 2018). Although Quasiramularia 
represents an ecologically and phylogenetically new line-
age, we hesitated to provide new names above the genus 
rank. A single species and the absence of phylogenetically 
distinct markers other than mere DNA sequence deviations 
do not seem to warrant new names above the genus level. 
Since inflation of taxonomy with such names apparently has 
become an inevitable practice, however, we decided to pro-
pose the new family and order here.

The ultrastructure of septal pores in Ustilaginomycotina is 
diverse. Membranous pore caps of simple pores occur in most 
Ustilaginomycotina but septal pores can also be missing as in 
the Georgefischeriales and Ustilaginales (Bauer et al. 1997; 
Oberwinkler and Bauer 2018). Species of Urocystidales are 
characterized by non-membranous bands in the pores. Pores 
are mostly simple, except for Tilletiales and Quambalariaceae 
within the Microstromatales that have dolipores (Bauer et al. 
1997; de Beer et al. 2006; Oberwinkler and Bauer 2018). We 
could find a dolipore-like structure in a vegetative hyphal 
septum only once in the material from nature. In the conid-
iogenous loci, a structure looking like a half-sided dolipore 
was occasionally seen. Its central area was distinctly separated 
from the cytoplasm and did not form a channel that could 
connect the cytoplasm of the conidiogenous cell and the 
conidium. Furthermore, there was no corresponding mirror-
ing structure in the conidium base.

The cell wall structure and ornamentation were rather 
unspecific, since similar electron dense cones superficially 
attached to the outer cell wall were also found in anamor-
phic ascomycetous and pucciniomycetous fungi (Hammill 
1973; Kirschner et al. 2002). The ornamentation is lacking 

in the TEM photographs of the ustilaginomycetous Quam-
balaria (Antropova et al. 2014). The innermost cell wall 
layer(s), however, were always more electron-dense than the 
electron-transparent material in the conidiogenous loci and 
conidial hila. This cell wall ultrastructure corresponds to that 
known for many Basidiomycota, whereas in Ascomycota, 
the innermost layer usually is the most electron-transparent 
part of the cell wall (Kirschner and Oberwinkler 2001). 
Conidiogenesis has rarely been investigated in anamorphic 
Ustilaginomycotina. The ultrastructure of sympodial conid-
iogenesis among Ustilaginomycotina was studied in detail 
for Exobasidium vaccinii (Fuckel) Woronin by Mims and 
Richardson (1987). Although not mentioned in the text, 
copious electron-transparent material in the conidiogenous 
locus as well as in the corresponding conidial hilum was 
clearly illustrated (Mims and Richardson 1987). A central 
thin electron-dense isthmus in the conidiogenous locus is 
visible in some TEM photographs, but not an electron-dense 
ring-like structure within the electron-transparent material 
as in Q. phakopsoricola. The conidiogenous loci and hila 
in Quambalaria appear homogenously electron-dense in 
the TEM photographs of Antropova et al. (2014). Copi-
ous electron-transparent material is also characteristic for 
Tritirachium roseum J.F.H. Beyma (Pucciniomycotina), 
but a ring-shaped structure inside this material could not 
be detected (Hammill 1973). The accumulation of electron-
transparent material prior to conidium dehiscence may be 
a widespread feature of anamorphic Basidiomycota with 
sympodial conidium development, but ultrastructural char-
acteristics of many further species belonging to different 
groups of Ascomycota and Basidiomycota are necessary to 
evaluate the phylogenetic significance.

We did not find TEM illustrations of conidiogenous loci 
of other species of Ustilaginomycotina or Ramularia in lit-
erature. Cercospora and Ramularia are fairly closely related 
and both have strongly darkened conidiogenous loci visible by 
light microscopy. For conidiogenous loci and conidial hila in 
Cercospora, rather unspecific granular electron-dense mate-
rial between the ridges of the ruptured outer cell wall layer 
appears predominant (Pons et al. 1985). To our knowledge, 
the presence of an electron-dense ring within copious electron-
transparent material in the conidiogenous loci and conidial hila 
as in Q. phakopsoricola has not been reported in other fungi.

rDNA features in Quasiramularia phakopsoricola 
and other Basidiomycota.

The ITS sequences of Quasiramularia phakopsoricola 
have very low GC content values, and similar values were 
rarely found among so-far published sequences. A chimeric 
nature can be excluded, because the identical sequences 
were obtained from independent DNA extracts and several 
specimens. The low GC content and very unique sequence 
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are typical signs of a pseudogene (see Kolařík and Vohník 
2018 and Stadler et al. 2020 for review).

rDNA pseudogenes have irregular 5.8S rDNA sequences 
and lack some or all of the conserved regions typically pre-
sent in ITS2 rDNA sequences (Coleman 2007; Hunter et al. 
2007; Kocot and Santos 2009; Glass et al. 2013).

ITS2 rRNA secondary structures typically present four 
helices (Fig. 10). Helix II is usually composed of fewer than 
12 base pairs, is never branched, and contains a U–U bulge 
at its base (Schultz et al. 2005; Coleman 2007). Helix III 
typically is the longest helix and contains a distinctive motif 
close to its apex (Schultz et al. 2005). In the ITS secondary 
structure of Q. phakopsoricola, four helices were detected 
and helix III contains the motif 5′-UGUG-3′, which may 
have replaced the conserved motif 5′-UGGU-3′ which is 
typical for fungi (Schultz et al. 2005; Freire et al. 2012). Q. 
phakopsoricola also presents an unpaired uracil in helix II, 
instead of a U-U mismatch, which is known for some fungi 
(Glass et al. 2013). The observed pattern of the secondary 
structure of the ITS molecule of Q. phakopsoricola is simi-
lar to the pattern of secondary structures of functional ITS2 
known in other fungi (Freire et al. 2012; Glass et al. 2013; 
Rampersad 2014; Kapoor et al. 2018).

In the 5.8S gene (M1, M2, M3), at least three motifs are 
conserved among angiosperms (Harpke and Peterson 2008) 
and the same or slightly modified sequence strings occur in 
fungi. In total, across all three regions, a single substitution 
change is reported in Colletotrichum (Rampersad 2014), 
two in Induratia (“Muscodor”, Kapoor et al. 2018), three 
in Batrachochytrium dendrobatidis Longcore, Pessier & 
D.K. Nichols (Glass et al. 2013), and four in Phakopsora 
(Freire et al. 2012) and Conidiobolus (Glass et al. 2013). 
This variability is similar to the variability observed for Q. 
phakopsoricola.

Finally, we studied the hybridization model of the ITS2-
proximal stem, the so-called 5.8S–28S rRNA proximal 
stem. The structure of this stem is very conservative, and 
any deviation from this structure is a reliable sign of the 
presence of pseudogenes (Harpke and Peterson 2008). The 
ITS2-proximal stem typically has two unpaired nucleo-
tides, one on each side, with approximately six base pairs in 
between, resulting in the formation of two bulge loops. In 
our case, the ITS2-proximal stem structure corresponds to 
the structure typical for eukaryotes and Saccharomyces cer-
evisiae (Desm.) Meyen (Peculis and Greer 1998) (Fig. 10). 
Given these important arguments, we conclude that the ITS 
sequences of Q. phakopsoricola are functional gene copies. 
rDNA sequences with low GC content can be functional, as 
was shown for rust fungi (Phakopsora; Freire et al. 2012).

Our study is the first survey of GC content values 
across a large set of rDNA sequence data of Basidiomy-
cota. We discovered that low rDNA GC content is typical 
for many species of Pucciniomycotina and all species of 

Wallemiomycetes and Entorrhizomycetes. The GC content 
of DNA sequences is shaped by a complex balance between 
mutation, selection, recombination, and genetic drift. As 
a consequence of variation in this subtle balance, it has 
been observed that GC content varies considerably among 
different species and along chromosomes of a single spe-
cies (reviewed by Foerstner et al. 2005; Romiguier and 
Roux 2017) often forming distinct GC-rich and GC-poor 
regions (Testa et al. 2016). Several hypotheses have been 
proposed to explain the origin and evolution of GC content 
variation. Typical intrinsic molecular processes include 
transcriptional machinery with mutational bias (McLean 
and Tirosh 2011), GC-biased gene conversion (gBGC) 
(Pessia et al. 2012), and repeat-induced point mutation 
(RIP). RIP is only present in sexual organisms, known 
to be responsible for the origin of GC-poor regions, and 
considered to act primarily as a defense against transpo-
son propagation. RIP targets repetitive DNA and decreases 
GC content through the conversion of cytosine to thymine 
bases. RIP has been identified as a driver of fungal genome 
evolution, as RIP can also occur in single-copy genes 
neighboring repeat-rich regions (Costantini et al. 2013; 
Testa et al. 2016) and rDNA tandem repeats (Rouxel et al. 
2011). Consequently, in the so-called “two speed” genome 
concept, the coding genes located in repeat rich, GC-poor 
regions tend to have higher evolutionary rates than genes 
in GC-rich regions (Wang et al. 2017). However, in Qua-
siramularia, we did not recognize typical RIP-induced 
mutations and the presence of RIP would not conform to 
the tentative asexuality of this fungus. RIP, gBGC, and 
other genetic particularities are somehow linked to life his-
tory changes affecting population size and the frequency 
of sexual recombination. Population subdivision, recurrent 
bottlenecks, and effective asexuality related to lifestyle 
changes (e.g., the transition from free-living lifestyles to 
obligate host-associated forms) are probably responsible 
for decrease in GC content in bacteria (McCutcheon and 
Moran 2012) and Microsporidia (Haag et al. 2020). This 
can be accompanied by increased mutation rates as was 
shown in endosymbiotic (Woolfit and Bromham 2003) 
and pathogenic fungi (Bromham et al. 2013; Fillinger and 
Anderson 2019). Finally, the transition from saprobes to 
symbionts and pathogens can be accompanied by a shift 
towards higher proportions of GC-poor regions, which 
have higher mutation rates (Testa et al. 2016). According 
to the phylogenetic hypotheses presented in this study, Q. 
phakopsoricola probably evolved from saprotrophic, fac-
ultative plant parasitic fungi and transformed into a colo-
nizer of a specific rust species. Q. phakopsoricola lives 
in strongly fragmented niches, which can accelerate the 
mutation rate via effects of small effective population size 
and repeated bottlenecks (Woolfit and Bromham 2003, 
2005; Lynch 2010). A switch to asexuality, if present in Q. 
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phakopsoricola, can have the same effect on the mutation 
rate as was seen in many organisms (Bast et al. 2018). This 
might explain GC content changes and fast mutation rates 
in Q. phakopsoricola, but also the very high intraspecific 
variability in rDNA sequences.

Compositional biases in DNA sequences adversely affect 
phylogenetic analyses (reviewed in Romiguier and Roux 
2017). This can be partially solved by the use of sequence 
evolution models that take into account heterogeneity in GC 
content and substitution rates (i.e., heterotachy). The suc-
cess of such approaches, however, is limited in the case of 
highly GC-heterogeneous datasets and in sequences with 
high degrees of sequence saturation (Betancur et al. 2013; 
Romiguier et al. 2016). Protein sequences may yield more 
reliable results because they are less affected by nucleotide 
biases than rDNA sequences (Foster and Hickey 1999).

Conclusions

The new species Quasiramularia phakopsoricola is a spe-
cific colonizer of rust fungi, which is a unique lifestyle 
among Ustilaginomycotina. We assume that this fungus 
performed a dramatic lifestyle switch during its evolution, 
which might explain changes in the GC content. GC content 
values of Q. phakopsoricola are similar to those of its rust 
host, but far from its taxonomic relatives. The same pro-
cesses resulting in higher substitution rates might explain 
the presence of unique ITS sequences. For phylogenetic 
analyses, we, therefore, do not use ITS sequence data of 
Q. phakopsoricola, which would cause artificial results of 
the analyses. We kept the analyses of rDNA and protein 
gene sequence data separate, because a mixing of relatively 
long, GC-biased rDNA markers with more informative, but 
shorter protein coding genes results in phylogenetic artifacts. 
This should be taken into account for taxa which are placed 
on long branches in the phylogenetic trees and have high 
(Kolařík and Vohník 2018, see Table S1 for other taxa) or 
low GC content (Table S1), but which are closely related 
according to other genetic markers or according to morpho-
logical and ecological characteristics. This is at least par-
tially valid for Entorrhizomycetes and Golubevia pallescens 
(Gokhale) Q.M. Wang et al. (nom. inval., Ustilaginomycetes), 
Ceraceosorales (Wang et al. 2015a), and Reniforma strues 
(nom. inval., Pucciniomycotina, Aime et al. 2006, Wang et al. 
2015b). Long branch formation evidently due to GC bias can 
be demonstrated for the outliers in Agaricomycotina (Fig. 9), 
e.g., Entoloma mengsongense (Ediriweera et  al. 2017), 
Limacella bangladeshana (nom. inval., KR816866, Hosen 
and Li 2017), Subulicystidium oberwinkleri (Ordynets et al. 
2018), Tulasnella calospora (Cruz et al. 2011), Wolfiporia 
(AF082671, Km and Jung 2001), and for the Malasseziales 
and Entorrhizales (Begerow et al. 2006).
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