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Verrucariaceae are a family of mostly crustose lichenized ascomycetes colonizing various
habitats ranging from marine and fresh water to arid environments. Phylogenetic relation-
ships among members of the Verrucariaceae are mostly unknown and the current morphol-
ogy-based classification has never been confronted to molecular data. A multilocus
phylogeny (nuLSU, nuSSU and RPB1) was reconstructed for 83 taxa representing all main
genera of this family to provide a molecular phylogenetic framework necessary to assess
the current morphology-based classification. Four main well-supported monophyletic
groups were recovered, one of which contains seven robust monophyletic subgroups.
Most genera, as traditionally delimited, were not monophyletic. A few taxonomic changes
are proposed here to reconcile the morphology-based classification with the molecular
phylogeny (Endocarpon diffractellum comb. nov., Heteroplacidium fusculum comb. nov., and
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Lichen-forming fungi
Pycnidium Bagliettoa marmorea comb. nov.). Ancestral state reconstructions show that the most recent
RPB1 common ancestor of the Verrucariaceae was most likely crustose with a weakly differenti-
ated upper cortex, simple ascospores, and hymenium free of algae. As shown in this study,
the use of symplesiomorphic traits to define Verrucaria, the largest and type genus for the
Verrucariaceae, as well as the non monophyly of the genera Polyblastia, Staurothele and
Thelidium, explain most of the discrepancies between the current classification based on
morphological similarity and a classification using monophyly as a grouping criterion.

© 2007 The British Mycological Society. Published by Elsevier Ltd. All rights reserved.

Verrucariales

Introduction recognize as their ascomata present good diagnostic features

for the family. The perithecial ascomata are characterized by

Verrucariaceae Zenker is a group of mainly lichenized ascomy-
cetes comprising widely diverse habits. The structure of the
thallus varies greatly in this family, with sizes ranging from
a few millimeters to more than 10cm diam, and shapes
from granulose or crustose for the smallest thalli to squamu-
lose or foliose umbilicate for the largest ones. Although vege-
tatively quite variable, members of Verrucariaceae are easy to

the presence of an apical ostiole and of short pseudoparaphy-
ses (or periphysoids, but see Roux and Triebel 1994) bordering
the upper part of the perithecial cavity and hanging into this
cavity without or only barely reaching the hymenium
(Janex-Favre 1970, 1975; Wagner 1987). Asci are typically bitu-
nicate (Janex-Favre 1970, 1975; Wagner 1987), and their dehis-
cence was shown in some species to occur by a gelification of
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the apical part of the outer wall (Grube 1999). The lack, at least
at maturity, of long, interascal, sterile hyphae and the positive
reaction of the hymenial gel to potassium-iodine are also typ-
ical of this family (Henssen & Jahns 1973). The perithecium of
some species of Verrucariaceae has been the subject of anatom-
ical and ontogenetical studies (Doppelbauer 1959; Janex-Favre
1970, 1975; Wagner 1987). Because the ascoma development is
quite variable within this family, the recognition of Verrucaria-
ceae as either ascohymenial or ascolocular fungi has long been
debated (Janex-Favre 1970, 1975).

Species classified within Verrucariaceae grow mainly on
rocks, either epilithically or endolithically within the superficial
layer of the rock. Members of this family can also colonize other
types of substrates: soils (Breuss 1996), wood or bark (Breuss
1993a, 1994a, 1998a; Orange 1989), mosses (D&bbeler 1997;
Dobbeler & Triebel 1985), and other lichens (Zehetleitner 1978).
Saxicolous species of this family grow mostly in dry environ-
ments, but some species are also found in aquatic habitats,
such as boulders located in rivers (Keller 1995, 2000; Thiis
2002), or marine intertidal and supralittoral zones of rocky
shores (Brodo & Santesson 1997; Flenniken & Gibson 2003; Har-
ada 2004; Sanders et al. 2004). Although saxicolous members of
Verrucariaceae are particularly diverse on calcareous substrates,
they can also colonize siliceous rocks, especially in aquatic or
semi-aquatic conditions. Members of this family are found
worldwide, from polar regions to the tropics (Aptroot 1998,
2002; Aptroot & Seaward 1999; Aptroot & Sipman 2001; Breuss
1993b, 1994b, 1998b; Brodo et al. 2001; Clauzade & Roux 1985;
Harada 1993a,b; McCarthy 2001; Thomson 1997; Vézda 1973).

Eschweiler (1824) first attempted to classify genera of
Verrucariaceae. For these taxa, he created two ‘cohors’ Verru-
cariae and Dermatocarpeae (Table 1), based mainly on the struc-
ture of the thallus. He attributed the crustose taxa to the
Verrucariae and the squamulose and foliose taxa to the Derma-
tocarpeae. Unfortunately, Eschweiler (1824) also included many
non-related genera within these two groups (Table 1). In 1827,
Zenker validated the family Verrucariaceae (at the time called
Verrucariae), in which he included the genus Verrucaria and
some other unrelated crustose taxa (Table 1). This author
also separated the squamulose and foliose taxa from the crus-
tose Verrucariae, and placed them within the Endocarpa. It was
only almost one century later that the first extensive mono-
graphic work on the family Verrucariaceae was published
(Zschacke 1913, 1914, 1918, 1921, 1924, 1927). In 1933-1934,
Zschacke recognized the two families Verrucariaceae and
Dermatocarpaceae (Eschw.) Stizenb., as did Zahlbruckner
(1921-22) in an earlier publication. Servit worked on the Verru-
cariaceae in the late 1940s and 1950s (Servit 1946, 1950a,b, 1952,
1953, 1954), and published a classification for the entire group
in 1955. In this work, he also considered the family Dermatocar-
pacede as a separate taxon, and recognized four additional
families (Staurothelaceae Servit, Microglaenaceae Servit, Pyrenidia-
ceae Zahlbr., and Bagliettoaceae Servit). However, two of these
families are currently recognized in other orders as
synonyms (Microglaenaceae is a synonym of Thelenellaceae H.
Mayrhofer, and Pyrenidiaceae is a synonym of Dacampiaceae
Kérb.) and the validity of the two other families has always
been questioned (Hale 1961; Henssen & Jahns 1973; Poelt
1973), and excluded from subsequent classifications (Eriksson
1983; Henssen & Jahns 1973; Poelt 1973). Currently, almost all

genera belonging to the order Verrucariales are included in the
family Verrucariaceae (Eriksson 2006). Two other genera, also
included in Verrucariales and characterized by their long and
persistent interascal elements (paraphysoides according to
Triebel 1993) in addition to their short pseudoparaphyses,
and by their lichenicolous habits, are classified in the second
family of this order, the Adelococcaceae Triebel. Today, the
family Verrucariaceae includes 45 genera (Eriksson 2006) and
approximately 750 species (Hawksworth et al. 1995).

In the classifications of Servit (1955), Zahlbruckner
(1921-22), and Zschacke (1933-34), taxa within Verrucariales
were mainly circumscribed based on thallus structure, asco-
spore morphology, and the presence or absence of hymenial
algae. However, the phylogenetic value of these characters
was thought to be doubtful and in need of further investiga-
tion. Although Servit (1955) accepted the separation of the
families Verrucariaceae and Dermatocarpaceae based on thallus
morphology, early on he suggested the limitations of this char-
acter (1946: 49): ‘In my opinion the distinction made between
these two families on the basis of the degrees of the develop-
ment of the thallus cannot be maintained, if we want to re-
place the present artificial system by one which is at least
a little more natural.’ Recently, molecular studies showed
that, in other groups of ascomycetes (Miller & Huhndorf
2004, for the genus Lasiosphaeria; Staiger 2002, for the family
Graphidaceae), ascospore septation was not always a reliable
character to delineate monophyletic groups at the genus and
higher taxonomical ranks. Because the generic delimitation
within Verrucariaceae is mainly based on ascospore septation
and thallus structure, molecular data are needed to assess
the current morphology-based classification. To date, only
a few molecular studies have been carried out on members
of this family, either at the infrageneric level (Amtoft 2006;
Amtoft et al. 2008; Heidmarsson 2003, on Dermatocarpon) or in
the context of large-scale molecular phylogenies (Del Prado
et al. 2006; Geiser et al. 2006; James et al. 2006; Liu & Hall 2004;
Lumbsch et al. 2002, 2004, 2005; Lutzoni et al. 2001, 2004; Spata-
fora et al. 2006). However, the family Verrucariaceae was never
the focus of a phylogenetic study and, before this study, only
a few DNA sequences were available in GenBank for this fam-
ily. This study aims to provide a multigene phylogeny for the
main genera of Verrucariaceae in order to confront the current
morphology-based classification with molecular data. Se-
lected morphological traits and ecological aspects were stud-
ied to characterize inferred monophyletic groups. Generic
delineation is discussed based on both molecular and morpho-
logical data, and a few taxonomic changes were undertaken.
Ancestral state reconstructions were carried out to better
understand: (1) the discrepancy between a morpho-similarity
based classification and a classification based on a monophy-
letic grouping criterion, as well as, (2) the evolutionary history
of the Verrucariaceae.

Materials and methods
Taxon sampling

Because of the relatively high number of taxa in the family
Verrucariaceae and the difficulty in obtaining material for
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Table 1 - Past and current classifications of Verrucariales

Eschweiler (1824)

Zenker (1827)

Zahlbruckner (1922)

Zschacke (1934)

Servit (1955)

Eriksson (2006)

Dermatocarpeae Cryolichenes Dermatocarpaceae Dermatocarpaceae Bagliettoaceae Adelococcaceae
Solorina Verrucariae Normandina Normandina Protobagliettoa Adelococcus
Dermatocarpon*® Verrucaria* Anapyrenium Trimmatothelopsis Bagliettoa* Sagediopsis
Gyrophora Stigmatidium  Psoroglaena Dermatocarpon™ Dermatocarpaceae Verrucariaceae
Endocarpon™ Porophora Dermatocarpon* sect. Catapyrenium Dermatocarpon* Agonimia
Capitularia Ocellularia Placidiopsis™ sect. Endopyrenium Involucrocarpon Anthracocarpon
Peltidea Antrocarpon Heterocarpon sect. Entosthelia Placidiopsis* Auwasthiella

Verrucariae Phyllolichenes Endocarpon* sect. Polyrhizion Microglaenaceae Bagliettoa*
Variolaria Endocarpa Agonimia Placidiopsis* Thrombium Bellemerella
Porina Endocarpon® Verrucariaceae Agonimia Paraphysothele ?Bogoriella
Thelotrema Sarcopyrenia Endocarpon* Thelidiopsis Catapyrenium*
Verrucaria* Verrucaria* Verrucariaceae Pyrenidiaceae Clauzadella
Pyrenula sect. Amphoridium Sarcopyrenia Pseudoarthopyrenia Clavascidium*
Pyrenastrum sect. Euverrucaria Verrucaria* Staurothelaceae Dermatocarpella
Limboria sect. Lithoicea subgen. Amphoridium  Staurothele* Dermatocarpon™
Urceolaria Lesdainea subgen. Euverrucaria Endocarpon* Diederimyces
Lecidea Trimmatothele subgen. Lithoicea Verrucariaceae Endocarpon*
Biatora Cocciscia Trimmatothele Amphoridium ?Glomerilla

Thelidium* Thelidium* Thelidium* ?Haleomyces
Polyblastia* Polyblastia* Amphoriblastia Henrica
Staurothele* subgen. Coccospora Involucrothele Heterocarpon
sect. Eustaurothele subgen. Halospora Polyblastia* Heteroplacidium*
sect. Willeya subgen. Thelidiopsis Verrucaria* Involucropyrenium
Thelenidia subgen. Polyblastidea subgen. Euverrucaria Lauderlindsaya
Thrombium subgen. Sporodictyon subgen. Lithoicea Leucocarpia
Gongylia subgen. Bispora subgen. Hydroverrucaria ~ Merismatium
Geisleria Staurothele* Muellerella
Microglaena sect. Sphaeromphale Mycophyscias
Aspidopyrenium sect. Polyblastioides Neocatapyrenium*
Thelenidia Norrlinia
Thrombium ?Phaeospora
sect. Euthrombium Placidiopsis*
sect. Bagliettoa Placidium*
Paraphysothele Placocarpus*
Geisleria Placopyrenium*
Gongylia Placothelium
sect. Eugongylia ?Plurisperma
sect. Beloniella Polyblastia*
Microglaena Psoroglaena
sect. Eumicroglaena Rhabdopsora
sect. Weitenwebera Scleropyrenium
Henrica ?Spheconisca
Staurothele*
Telogalla
Thelidiopsis
Thelidium*
Trimmatothele
?Trimmatothelopsis
Verrucaria®

Question marks indicate taxa for which the position in the classification is uncertain. Asterisks indicate genera that are represented in this
study. Genera that include or included taxa now belonging to Verrucariaceae (Eriksson 2006) are indicated in bold.

some of the rare or exotic species, the sampling for this pro-
ject was restricted to 15 of the 45 genera included in this fam-
ily (Eriksson 2006). This selection of genera represents
Verrucariaceae well since its inception (Table 1) and includes
all of its most species-rich genera. In total, 83 specimens of
Verrucariaceae were included, with at least two representative
species per genus, when possible (Supplementary Material
Appendix 1). The most species-rich genera were subjected
to a more intensive sampling: for example, the genus

Verrucaria, including about 250 species, was represented by
29 taxa chosen to encompass the morphological and ecolog-
ical diversity of this genus. Previous studies (Lumbsch et al.
2004, 2005; Lutzoni et al. 2001, 2004) showed that Verrucariales
was sister to the non-lichenized order Chaetothyriales. As
no molecular data were available for the second family of
the order Verrucariales, two outgroup taxa were chosen from
the genus Capronia (Herpotrichiellaceae, Chaetothyriales) to root the
phylogeny of Verrucariaceae. For the most part, nomenclature
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follows Clauzade & Roux (1985) and Nimis (1993), but also
Breuss (1996) for the catapyrenioid Verrucariaceae, Navarro-
Rosinés et al. (2007) for the genus Verrucula, and Brodo et al.
(2001) for the North-American specimens. Author citations
can be found in Supplementary Material Appendix 1.

Molecular data

Genomic DNA was extracted from dried material or cultures
using a protocol modified from Zolan & Pukkila (1986) with
2 % sodium dodecyl sulphate (SDS) as the extraction buffer.
After precipitating the genomic DNA using isopropanol, pel-
lets were washed once in 70 % ethanol, dried with a speedvac,
and resuspended in 60 pl water to which 1 pl bovine serum al-
bumin (BSA; 10 mg ml~*) was added. Four gene regions [nuLSU
and nuSSU, and the RNA polymerase II largest subunit (RPB1)
regions A-D and D-G] were amplified using published, as well
as newly designed, primers (Table 2, Fig 1). In some cases the
amplification and sequencing of the intron-rich ribosomal loci
(nuLSU and nuSSU) required the primers to be species specific.
These primers are not listed here but are available on the web-
site of the Lutzoni lab (http://www.lutzonilab.net/). One
microlitre of a 1/10 or 1/100 dilution of genomic DNA was
added to the following PCR mix: 2.5 ul PCR buffer (buffer IV
with 15mm MgCl,, Abgene, Rochester, NY), 2.5pl dNTP
(2mm), 2.5 BSA (10 mgml™™), 2 ul primers (10 um), 0.15 pl
Taq polymerase (5 U ul~%, Denville, South Plainfield, NJ), and
water to a total volume of 25ul. PCR was performed on
a PTC-200 Peltier thermal cycler (MJ Research, Waltham,
MA). For ribosomal genes, one initial cycle of 60 s at 95 °C pre-
ceded 35 cycles of the following steps: 45s at 95°C, 40s at
52°Cand2 minat72 °C (elongation time up to 4 min for longer

fragments). For RPB1, one initial cycle of 3 min at 95 °C pre-
ceded 35 cycles of the following steps: 45s at 95°C, 90 s at
52°C, and 90s (for region A-D) or 120s (for region D-G) at
72 °C. All amplifications ended with a final cycle at 72 °C for
10 min. After examination with gel electrophoresis, PCR prod-
ucts were purified using the Microcon PCR cleaning kit (Milli-
pore, Billerica, MA). Alternatively, cloning was conducted on
weak PCR products, PCR products presenting multiple bands
and most of the PCR products of RPB1, using the Topo TA clon-
ing kit (Invitrogen, Carlsbad, CA). Sequencing was carried out
in 10 ul reactions using: 1 um primer, 3 pl purified PCR product,
1l Big Dye (Big Dye Terminator Cycle sequencing kit, ABI
PRISM version 3.1; Perkin-Elmer, Applied Biosystems, Foster
City, CA), 3 ul Big Dye buffer, and 2 ul double-distilled water.
Automated reaction clean up and visualization was per-
formed at the Duke Center for Evolutionary Genomics, using
Big Dye on an ABI 3730x]1 DNA analyser (Applied Biosystems).

Alignments and phylogenetic analyses

Sequences were assembled and edited using Sequencher 4.2.2
(Gene Codes Corporation, Ann Arbor, MI). A manual alignment
was performed using MacClade 4.06 (Maddison & Maddison
2003), with the help of amino acid sequences for protein-
coding loci and, for ribosomal loci, the help of the secondary
structure of ribosomal genes from Saccharomyces cerevisiae
(Cannone et al. 2002) following a method described in Kjer
(1995). Ambiguous regions (sensu Lutzoni et al. 2000) and
introns were delimited manually and excluded from the align-
ment. The four amplified regions nulLSU (1.4 kb), nuSSU
(1.6 kb), RPB1 region A-D (1.2 kb) and RPB1 region D-G (1.8 kb)
were tested for congruence using a 70% reciprocal

Table 2 - List of primers and primer sequences (if novel) for the four loci used in this study (nuLSU, nuSSU, RPB1 region A-D,

RPB1 region D-G)

PCR primers Sequencing primers

nuLSU LROR?, LR7° LR3, LR3R, LR5, LR5R, LR6, LR6R?

nuSSsuU nssul31¢, NS244 nssul088, nssul088R, nssu897R, nssu634°,
SR11R®, NS23, NS229, SR7R, SR7, SRlORf,
vNS7 (5-GGCTCAAGCCAATGGAAGTA-3'),
VvNS6 (5'-GCCTCGTACTTCCATTGGCTT-3')

RPB1 region A-D RPB1-AFg, RPB1-6R1asc”,

RPB1-AbF (5-GTRCCTGTYTAYCAYTAYGGT-3')
RPB1 region D-G RPB1-DFlasc™!, RPB1-G2RE, RPB1-CG1R (5'-RAYNCCDATRCTRAADCC-3'),

RPB1-G2bR (5'-GCAAGRACNCCCACCATYTC-3'),
RPB1-G2cR (5'-GCNAGGACRCCNACCATTTC-3')

RPB1-CG2F (5'-TAYGGNGARGAYGGNYTNGAY-3'),
RPB1-CG2R (5'-RTCNARNCCRTCYTCNCCRTA-3')

As an intron often occurs in the genomic region corresponding to the primer sequences NS6 and NS7 (White et al. 1990), the new primers vNS6
and vNS7 were designed in a region adjacent to these primers. RPB1-AbF was designed to anneal a few basepairs upstream from RPB1-AF, as an
alternative 5" amplification primer. Similarly, RPB1-G2bR and RPB1-G2cR were designed to anneal a few basepairs downstream from RPB1-G2R,

as alternative 3’ amplification primers.
a Rehner & Samuels (1994).

b Vilgalys & Hester (1990).

¢ Kauff & Lutzoni (2002).

d Gargas & Taylor (1992).

e Spatafora et al. (1995).

f Vilgalys (unpubl.).

g Hall (unpubl.).

h Hofstetter et al. (2007).

i James et al. (2006).
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region A-D region D-G

A B C D E

=> RPB1-Af
=> RPB1-AbF

<= RPB1-CG1R

<= RPB1-6R1asc => RPB1-DF1 asc

F

G H

CTD

<= RPB1-G2R

<= RPB1-G2bR
=> RPB1-CG2F <= RPB1-G2cR
<= RPB1-CG2R

1000 BP

Fig 1 - RPB1 amplification and sequencing primers used in this study for the two regions A-D and D-G. Diagram modified
from Matheny et al. (2002). Black boxes represent regions where amino acid sequences are conserved among eukaryotes.

New primers designed for this study are shown in bold.

Neighbor-joining bootstrap with Maximum Likelihood dis-
tances (NJ-ML BS; Mason-Gamer & Kellogg 1996; Reeb et al.
2004). For this congruence test, models of molecular evolution
were estimated for each separate genomic region using the
Akaike Information Criterion (AIC) implemented in Modeltest
3.7 (Posada & Crandall 1998) and the BS analyses were run for
10K replicates. Conflicts among partitions were eliminated by
pruning out problematic sequences or taxa. Phylogenetic rela-
tionships and confidence were inferred using a Bayesian ap-
proach based on a combined nuLSU + nuSSU + RPB1 dataset.
Additional support values were estimated using weighted
Maximum Parsimony (wMP) and ML BS. For the Bayesian ap-
proach, the AIC in Modeltest 3.7 was used to estimate the
model of molecular evolution. A GTR + I+ G model was used
for the five partitions (nuLSU, nuSSU, RPB1 first, second and
third codon positions). Eight analyses of four chains were
run for 5M generations using MrBayes 3.1.1 (Ronquist and
Huelsenbeck 2003), and trees were sampled every 500 genera-
tions. All runs converged on the same average likelihood score
and topology. A burn-in sample of 5K trees was discarded for
each run. The remaining 40K trees were used to estimate
branch lengths with the sumt command in MrBayes, and
Posterior Probabilities (PPs) with the majority rule consensus
tree command in PAUP* version 4.0b10 (Swofford 1999). The
wMP BS analysis was conducted in PAUP*. Step matrices
were obtained for each of the five previously mentioned parti-
tions by using StMatrix 4.2 (Lutzoni & Zoller, Duke University,
www.lutzonilab.net/downloads/). A tree search was carried
out using 500 random addition sequences (RAS). The same
most parsimonious tree was recovered for all 500 RAS. A BS
analysis of 500 replicates and two RAS was then conducted us-
ing PAUP*. The program RAxXML-VI-HPC (Stamatakis et al.
2005) was used for the ML BS analysis with 1K BS replicates
and a GTRMIX model of molecular evolution.

Morphology

A subsample of about 30 taxa was selected to represent each
well-supported group recovered with molecular phylogenetic
analyses. The morphological study of these 30 taxa was based
on the same specimens used for the molecular systematic
study. Additional material was studied when the feature of in-
terest was not present on the specimen used in the molecular

study. A total of 70 ecological and morphological characters
were investigated. Cross-sections were made by hand or using
a Miles Cryostat Tissue-Tek II freezing microtome. Pycnidia
were stained using Cotton blue in lactophenol, and other stains
were tried on different structures (e.g., Sudan IV on oil cells, cal-
cofluor on asci and potassium/iodine on hymenia). The differ-
ent types of plectenchymas were defined as in Yoshimura &
Shimada (1980). Drawings were made using a Leica DMLB
microscope equipped with a camera lucida. Pictures were
taken using a Zeiss Axiovision microscope with a SPOT Insight
colour camera using the software SPOT version 4.0 (Diagnostic
Instruments, Sterling Heights, MI). The conserved character
states in the family Verrucariaceae and characters too variable
to provide synapomorphies that could define generic entities,
as well as characters for which the observation was problem-
atic, were not further studied. Thirty-one characters were
selected using these criteria and their microscopic observa-
tions were extended to all 83 taxa. These characters were
then manually mapped on the most likely tree. On this basis,
the most interesting characters were selected for ancestral
state reconstructions. These characters were chosen because
they were traditionally used to delimitate genera in the Verru-
cariaceae or because they provided synapomorphies that could
be used to delineate new generic entities.

Ancestral state reconstruction

The program SIMMAP was used to reconstruct ancestral states
(Bollback 2006). This program uses a Bayesian approach to es-
timate the PPs of ancestral states (Huelsenbeck & Bollback
2001), and takes into account both phylogenetic and mapping
uncertainties (Ronquist 2004). Phylogenetic uncertainty was
integrated into the analysis by sampling topologies and
branch lenghts from a pool of 10K trees obtained from our
Bayesian tree reconstruction. To account for mapping uncer-
tainty, SIMMAP allows the rate of evolution of the investigated
morphological characters to vary, and estimates their PPs.
A Markov k class model (Mk class model, where k refers to the
number of states observed) was used to define the evolution of
these morphological characters (Lewis 2002), and the charac-
ter states were set as unordered. The estimation of the PP
was carried out using two priors for morphological characters,
an overall evolutionary rate and a bias prior on two-state
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Fig 2 - Phylogenetic relationships among 83 members of Verrucariaceae based on a Bayesian analysis of the combined nuLSU,
nuSSU, and RPB1 dataset. The tree was rooted using two species from Chaetothyriales (Capronia spp.). Bold branches correspond
toa PP > 95 % and either a ML or a wMP BS > 70 %. An asterisk over a bold branch indicates that this node had a support value of
100 % for all three methods. Otherwise, the support values are specified in the following order: PP/ML BS/wMP BS. Values below

70 % for ML and wMP BSs and below 95 % for PP were

replaced by a dash. If a node of the Bayesian tree was not recovered with

either wMP or ML BS, the support value obtained with either of these two methods was marked as non-applicable (na). The
letter T follows the names of the type species. For better readibility, the size of the branch leading to the outgroup was divided
by a factor of six. Four main lineages were recovered with high phylogenetic confidence in the family Verrucariaceae, including
ten well-supported monophyletic subgroups highlighted here by shaded boxes.
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characters (Schultz & Churchill 1999). For binary and multi-
state characters, a gamma prior was chosen for the overall
evolutionary rate, with the following parameters: o=3.0,
B =2.0and k = 60. For binary characters, a symmetrical p prior
was used with « =1 and k=19. For each Bayesian tree sam-
pled with SIMMAP during the ancestral state reconstruction,
100 draws were carried out from the prior distributions for
the rate of evolution of morphological characters.

Results
Molecular data

Sequences of all three loci were recovered (no missing data)
for 70 of the 83 members of Verrucariaceae selected for this
study. Individuals with missing sequences included two taxa
missing nuLSU, ten taxa missing nuSSU, and two taxa missing
RPB1 (Appendix 1). Individuals with incomplete sequences in-
cluded five taxa for nuSSU and 13 taxa for RPB1. Nevertheless,
taxa with missing or incomplete sequences were included in
the phylogenetic analyses. The congruence analysis detected
one conflict between the two regions of RPB1 for the place-
ment of Verrucaria nigrescens. Because this conflict could not
be resolved without pruning out V. nigrescens, and because
the support values for this conflicting relationship were not
very high (NJ-ML BS of 76 % and 72 %), it was ignored and all
the partitions were combined. The combined data matrix in-
cluded 5818 characters after exclusion of ambiguous regions
and introns (1330 included characters for nuLSU, 1569 for
nuSSU and 2919 for RPB1). Both ribosomal loci had introns
(groupIand spliceosomal introns). The nuSSU was particularly
rich in group Iintrons, with an alignment reaching 13,194 sites
before all introns and ambiguously aligned regions were
removed. Of the 5818 unambiguously aligned sites, 3522 were
excluded from the wMP analysis because they were constant.
Of the remaining 2296 sites, 1854 were parsimony-informative
(250 for nuLSU, 181 for nuSSU and 1423 for RPB1). Constant sites
were included for the ML and Bayesian analyses.

Phylogenetic inference

The Bayesian consensus tree is presented in Fig 2 with branch
lengths and support values. Except for a few (mostly deep) in-
ternodes, most internodes received high support values from
all three phylogenetic methods. The genus Verrucaria is highly
polyphyletic, with many species forming a grade at the base of
well-delimited groups, such as for the Endocarpon group (Fig 2).
Catapyrenium and Placidiopsis appear to be sister genera (100 %
PP, ML BS and wMP BS). The genus Staurothele is polyphyletic,
with S. diffractella sister to the genus Endocarpon (100 % PP, NL
BS and wMP BS) and S. immersa nested within the Polyblastia
group (100 % PP, ML BS and wMP BS). As expected, the two gen-
era Polyblastia and Thelidium are closely related and not mono-
phyletic. However, their close relationship to Staurothele
immersa, Verrucaria hochstetteri, V. dolosa and the type species
V. muralis, together forming a monophyletic group (Polyblastia
group), was unexpected. Two species of Clavascidium are
nested within the genus Placidium. The genus Heteroplacidium
includes the species Verrucaria fuscula and is sister to a group

including Placidium and Clavascidium (100 % PP, ML BS and
wMP BS), forming the Placidium group. The marine Verrucaria
species are derived from at least two independent origins:
one group including V. adriatica and V. maura, together with
the freshwater species V. scabra (aquatic group; 100 % PP, ML
BS and 99 % wMP BS) is nested within the speciose lineage 3,
and the second group including V. mucosa and V. striatula (ma-
rine group; 100 % PP, ML BS and wMP BS) corresponds to line-
age 2. The species Placopyrenium bucekii is nested within
a group of Verrucaria species that are mostly lichen parasites,
such as Verrucaria canella and V. lecideoides (100 % PP, 98 % ML
BS and 95 % wMP BS). Another group of parasitic species com-
prises the two genera Placocarpus and Verrucula (lineage 1;
100 % PP, ML BS and wMP BS). Finally, the endolithic species
Verrucaria marmorea is sister to the genus Bagliettoa (100 % PP,
ML BS and wMP BS). Together with Verrucaria cyanea and
V. dufourii, they form a monophyletic group (Bagliettoa group)
within lineage 3 (Fig 2).

Morphology

Five morphological characters were selected for ancestral
state reconstructions either because of their traditional use
in generic delimitation (structure of the thallus, ascospore
septation, and presence or absence of hymenial alga) or be-
cause they might represent key innovations associated with
specific monophyletic groups (structure of the upper cortex
and structure of the pycnidium). Because of the large amount
of missing data (pycnidia have not been found for several spe-
cies within Verrucariales), the ancestral state reconstruction of
the character ‘structure of the pycnidium’ failed, but the tax-
onomic importance of this character was explored. The three
characters ‘thallus structure’, ‘ascospore septation’, and ‘up-
per cortex structure’ have more than two states, whereas
the character ‘hymenial alga’ is binary (Table 3). In order to
minimize the number of states for a character as complex as
‘upper cortex structure’, the following four categories were
created (Fig 3): (1) absent: the upper cortex was considered
to be absent when no layer of fungal hyphae could be observed
above the algal layer (Fig 3A), or when some fungal hyphae

Table 3 - Characters and character states for ancestral
state reconstructions

Character Character states

Thallus structure 0 = crustose and entirely endolithic;
1 =all other crustose thallus type;
including semi-endolithic (medulla
endolithic but algal layer and upper
cortex epilithic), epilithic and
placodioid thalli; 2 = squamulose;

3 = foliose umbilicate; 4 = not
applicable

0 = absent; 1 = pseudocortex;

2 = eucortex; 3 = lithocortex

0 = simple or mostly simple;

1 =transversally uniseptate or mostly
uniseptate; 2 = transversally
multiseptate; 3 = submuriform to
muriform

0=absent; 1 =present

Upper cortex structure

Ascospore septation

Hymenial alga
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Fig 3 - Light micrographs showing the structure of the upper cortex of various species of Verrucariaceae. Bars = 20 pm
(unless specified). (A-B) Cortex absent. (A) In Verrucaria striatula (bar = 10 pm). (B) In Thelidium pyrenophorum (bar = 10 pm).
(C-J) Pseudocortex. (C) In Staurothele frustulenta, with a hyaline upper cortical layer. (D) In Verrucula inconnexaria, with a
pigmented upper cortical layer (bar = 40 pm). (E) Cinereum-type cortex in Catapyrenium cinereum (bar = 10 pm). (F) Upper
cortex with a thick epinecral layer in Placidiopsis cartilaginea. (G) Maura-type cortex in V. maura. (H) In V. adriatica. (I) Squash
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were present, forming a thin, irregularly developed and proso-
plectenchymatous net surrounding clusters of algae but not
differentiating into a cortex (Fig 3B). (2) Pseudocortex: this
term was used to define poorly differentiated types of cortex
(Fig 3C-)), i.e.,, when thin, usually less than 30 pm high, not
well delimited from the algal layer (with algal cells often pres-
ent up to the uppermost layers of cells), paraplectenchyma-
tous, formed by small cells of (2-)4-8(-9.5) pm diam and with
relatively thin walls and large lumina. The uppermost layers
of cortical cells can be hyaline (Fig 3C) or more generally pig-
mented (usually brown). An epinecral layer is often present
(Fig 3D). This type includes the cinereum-type cortex (Fig
3E-F) described by Breuss (1990) for species in the genera
Catapyrenium and Placidiopsis. In Verrucaria maura (Fig 3G), the
cortex is weakly differentiated as the size and shape of the
fungal cells differ between the upper cortex (small rounded
cells, 2-4 um diam, sometime pigmented) and the algal layer
(larger cells, 6-8 um long). This maura-type pseudocortex is
also found in Verrucaria adriatica (Fig 3H) and V. scabra (Fig
3I). A pseudocortex can also be observed in some endolithic
species (Verrucaria dufourii and Verrucaria cyanea), in which it
is formed by a thin prosoplectenchyma intermingled with mi-
crocrystals, sometimes with the presence of one layer of
slightly pigmented cortical cells at the top (Fig 3J). The term
‘Scheinrinde’ (which can translate to pseudocortex) has been
used in the past (Poelt 1958: 418) to define the cortex of some
Lecanora species. This type of upper cortex is formed of more
or less vertical hyphae, which are not differentiated from
the ones in the medulla and the algal layer. The ‘Scheinrinde’
develops from a zone located in the algal layer, and accumu-
lates in its upward growth dead fungal and algal cells. The
presence of dead algal cells in the upper cortex has been sub-
sequently used to discriminate this type of cortex (presence of
dead algal cells) from differentiated cortices (‘Berindeter’ or
‘Normal’ type in Poelt 1958; absence of dead algal cells)
(Timdal 1984). It is likely that what is called pseudocortex in
our study corresponds to the ‘Scheinrinde’ from Poelt (1958),
but the presence or absence of dead algae was not investi-
gated. (3) Eucortex: this term was used for a well-differenti-
ated cortex, clearly delimited from the algal layer,
paraplectenchymatous to scleroplectenchymatous, usually
greater than 30 pm high (sometimes thinner in the nigres-
cens-type) (Fig 3K-P). The uppermost layers of cortical cells
are in general pigmented (usually brown), and an epinecral
layer is often present. Eucortex includes the lachneum-type
cortex of Placidium and Clavascidium described by Breuss
(1990) (Fig 3K). The lachneum-type cortex is formed by large
cells of 5-14(-20) pm diam and with relatively thin walls and
large lumina. In this type, the border between the algal layer
and upper cortex is almost rectilinear. The eucortex is also
present in the genus Endocarpon and other related squamulose
species, but the border between the algal layer and the upper
cortex is often irregular and sinuous due to the palisade

structure of the algal layer (Fig 3L). In Verrucaria nigrescens,
the cortex is somewhat thinner (sometimes less than 30 um
high) and formed by smaller cells (3.6-6.5 um diam) (Fig 3M).
However, the upper cortex constitutes a well-defined layer,
well delimited from the algal layer and without any algal cells.
This nigrescens-type eucortex is also present in Verrucaria viri-
dula (Fig 3N) and V. macrostoma (Fig 30). The upper cortex is
usually paraplectenchymatous, but can be scleroplecten-
chymatous for some species (e.g. Neocatapyrenium rhizinosum
in Fig 3P). (4) Lithocortex (Pinna et al. 1998, Gueidan and
Roux 2007): this term was used to define the cortex of some en-
dolithic species (Fig 3Q-S). Their upper cortex is about 30 pm
thick, densely prosoplectenchymatous, and formed by conglu-
tinated hyphae intermingled with microcrystals dissolving in
chloridric acid (calcium carbonate). The top cortical layers of
some species can contain amorphous pigments [pink to purple
for Verrucaria marmorea (Fig 3S) or Bagliettoa cazzae, and greyish
blue—green for Bagliettoa parmigerella]. This type of cortex could
be similar to the lithocortex s. str. described by Bungartz et al.
(2004) for the species Verrucaria rubrocincta. The cortex of this
species is constituted of a layer of micrite reaching up to
50 pm in thickness including only sparse fungal hyphae.

The type of pycnidia also appears to be phylogenetically
important. These structures were found and studied in 36
taxa (Figs 4 and 5). Observations were also made for Verrucaria
cyanea, V. dufourii, V. marmorea, V. maura and V. scabra, but as
they were incomplete, the pycnidial type could not be clearly
interpreted. Additional anatomical studies will be conducted
in order to define the types of pycnidia in these species. Two
previously described types of pycnidia were observed in
most of the species studied here (Fig 5): the Dermatocarpon-
type and the Endocarpon-type (Janex-Favre & Wagner 1986).
In the Dermatocarpon-type (Fig 4A-B), each pycnidium has sev-
eral late-forming cavities that remain separated by a paraplec-
tenchyma. The conidia are produced by cells bordering
the cavities. The number of cavities varies significantly
according to the genera, from many in the large pycnidia of
Dermatocarpon to few in the small pycnidia of some species
of Verrucula (two to six cavities visible in cross-section). These
pycnidia are delimited by a thin wall and do not have well-
differentiated ostioles. The conidia are released at maturity
through fissures in the upper cortex. The Endocarpon-type pyc-
nidium has a rudimentary wall and sometimes a sinuous out-
line (Fig 4C-E). They have a single early-forming cavity and
radially oriented and differentiated hyphae bearing conidia
cells (or conidiophores). Conidia are released through a narrow
ostiole that is barely visible at the surface of the thallus
(Fig 4C). A third type of pycnidium was observed in Verrucaria
mucosa (Fig 4F). These mucosa-type pycnidia have a single cav-
ity. The conidiogenous cells are elongated and directly border
a rudimentary pycnidium wall. Nearby pycnidia can some-
times be laterally connected through their cavities, but each
pycnidium always has its own well-differentiated ostiole.

mountof a thick section seen atan oblique angle showing a pigmented uppermostlayer of cortical cellsin V. scabra. (J) A thin and
weakly differentiated endolithic cortex in V. cyanea. (K-P) Eucortex. (K) Lachneum-type cortex in Placidium lachneum. (L) With
a palisade algal layer in Endocarpon adscendens. (M) In V. nigrescens (bar = 10 um). (N) In V. viridula. (O) In V. macrostoma. (P)
Scleroplectenchymatous in Neocatapyrenium rhizinosum. (Q-S) Lithocortex. (Q) In Bagliettoa parmigerella. (R) In Bagliettoa sp. (S) In
B. marmorea, with purple pigmentation of the upper cortical layer (bar = 100 pm).
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Fig 4 - Types of pycnidia observed in Verrucariaceae. Pycnidia are represented in light grey and algal cells in black.

(A-B) Transversal sections of the thallus showing Dermatocarpon-type pycnidia, characterized by the presence of several
cavities separated by a paraplectenchyma. (A) Laminal pycnidium in Heteroplacidium fusculum. (B) Marginal pycnidium in-
Placidium arboreum. (C-E) Endocarpon-type pycnidia, characterized by the presence of conidiophores and one single cavity. (C)
Longitudinal radial section of pycnidium with a narrow ostiole in Endocarpon adscendens. (D) Longitudinal tangential section
of a pycnidium showing long and slightly curved conidiospores in Verrucaria weddellii (ostiole not visible). Angular grey
shapes represent calcium carbonate crystals. (E) Longitudinal tangential section of a pycnidium embedded in a carbonaceous
layer (in black) in V. nigrescens. (F) Longitudinal radial section of pycnidium in V. mucosa, with ostiole surrounded by black
pigmented cells (in dark grey), and without conidiophores. Bars = 10 pm.
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Fig 5 - Phylogenetic distribution of parasitic and aquatic species within the Verrucariaceae, and assessment of the importance
of pycnidial structure as a phylogenetic character. Character states were reported on our most likely tree for each of the
taxa. Thick branches represent well-supported nodes as defined in Fig 2. The alternating shaded pattern highlights the ten

main monophyletic groups presented in Fig 2.

Cells bordering the ostiole have dark pigmentation. The type
of conidiogenesis was not investigated in this study but
should be examined using the terminologies of Vobis (1987).

Ancestral state reconstruction

Ancestral character states were reconstructed for about 30
critical nodes, depending on the character being analysed

(Fig 6). The most recent common ancestor for Verrucariaceae
was crustose and epilithic (Fig 6A), with a pseudocortex (Fig
6B), simple ascospores (Fig 6C) and without algae in its hyme-
nium (Fig 6D). More complex squamulose thalli evolved at
least four times in this family (all within lineages 3 and 4): in
the ancestral lineage of the genus Endocarpon, of the Placidium
group, of the species Neocatapyrenium rhizinosum and of the
group including Catapyrenium and Placidiopsis. Two
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septation’ (C) and ‘hymenial algae’ (D) in Verrucariaceae using a Bayesian approach. Estimates obtained with this method
take into account phylogenetic and mapping uncertainties. Reconstructions are shown on each corresponding node by
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cortex structure and hymenial algae, and ‘muriform’ for ascospore septation. The alternating shaded pattern highlights
the ten main monophyletic groups presented in Fig 2.
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independent transitions to endolithism were detected in line-
age 3 (in the Polyblastia group and at the base of the Bagliettoa
group; Figs 2 and 6A), both derived from a crustose epilithic
ancestor. An upper pseudocortex (ancestral state for this fam-
ily) was lost independently in the ancestor of the marine
group and the ancestor of the Polyblastia group. A eucortex
evolved from an ancestor with a pseudocortex, at least twice
in the family Verrucariaceae, once in the ancestral lineage of
the Placidium group, and once during the early evolution of
the Endocarpon group, followed by a reversal in the latter group
(Figs 2 and 6B). A lithocortex evolved from an ancestor to the
genus Bagliettoa with a pseudocortex, as what seems to be
an adaptation to an earlier transition to endolithism in the an-
cestral lineage of the Bagliettoa group (Fig 6A-B).

Muriform ascospores have evolved three times indepen-
dently from an ancestral simple ascospore state (in Stauro-
thele, Endocarpon, and the Polyblastia group). Transversally
uniseptate ascospores evolved independently twice, also
from an ancestral simple ascospore state (in Placidiopsis and
Placopyrenium). In the Polyblastia group, transversally unisep-
tate ascospores and transversally multiseptate ascospores
might have evolved twice each. In this group, simple asco-
spores and transversally uniseptate and multiseptate asco-
spores seem to have evolved from an ancestral muriform
character state. The presence of algae in the hymenium seems
to have evolved independently at least three times without
reversals (in the ancestral lineage of Staurothele s.str., Endocar-
pon, and Staurothele immersa; Fig 6D).

Taxonomy

Endocarpon diffractellum (Nyl.) Gueidan & Cl. Roux, comb. nov.
MycoBank no.: MB511193

Basionym: Verrucaria difractella Nyl., Mém. Soc. Acad. Maine-et-Loire
4: 33 (1858).

Synonym: Staurothele diffractella (Nyl.) Tuck., Gen. Lich.: 258 (1872).

Type: Nova Anglia, ad schistes micaceas, Frost 44, ex Tuck-
erman 134 (H-NYL 3645 - lectotypus hic designatus!).

Remarks: For a description of this species and additional
taxonomic information, see Thomson (1991). This species,
until now included in Staurothele, is transferred to the genus
Endocarpon based on molecular and morphological data. Al-
though E. diffractellum differs from other species of Endocarpon
by being crustose, this species shares homologous morpho-
logical character states typical of this genus, such as muriform
ascospores (Fig 6C) and the presence of algae in the hymenium
(Fig 6D; character states also shared with Staurothele), and
a palisade algal layer (Fig 3L; character state most commonly
found in Endocarpon).

Specimens examined: USA: Missouri: Perry County, Seventy-Six
Conservation Area, 37°42'58" N, 89°36'59” W, alt. 125-150 m, on
calcareous rocks, 13 Oct. 2003, C. Gueidan 585 (NY). Vermont: [Wind-
ham County:] Brattlebough, on damp rocks, Frost 44, 1856, (H-NYL
3645, lectotype; FH-Tuck 4131, H-NYL PM6906, isolectotypes); sine
loc., C. C. Frost s. n., 1866 (FH, MICH).

Heteroplacidium fusculum (Nyl.) Gueidan & Cl. Roux, comb. nov.
MycoBank no.: MB511194

Basionym: Verrucaria fuscula Nyl., Bot. Not. 161 (1853).

Synonyms: Encliopyrenia fuscula (Nyl.) Trevis., Conspect. Verruc: 19
(1860).

Placidium insulare A. Massal., Lotos 6: 78 (1856).

Verrucaria insularis (A. Massal.) Jatta, Syll. Lich. Ital.: 502 (1900).

Endopyrenium insulare (A. Massal.) Dalla Torre & Sarnth., Flora v.

Tirol 4: 509 (1902).

Physalospora insularis (A. Massal.) Sacc. & D. Sacc., Syll. fung. 17: 586

(1905).

Laestadia insularis (A. Massal.) Vouaux, Bull. Soc. Mycol. Fr. 28: 218

(1912).

Guignardia insularis (A. Massal.) Keissl., Rabenh. Kryptfl. Deutschl. 8:

343 (1930).

Dermatocarpon insulare (A. Massal.) Migula, Kryptfl. Deutschl. 4: 578

(1931).

Placidium iranicum Szat., Ann. Mus. Nat. Hung., n. ser., 5: 131 (1954).
Type: Ad calcem Jurassicam prope Cambouse (H-NYL).
Remarks: Both molecular and morphological evidence sup-

ports the inclusion of this taxon within the genus Heteropla-

cidium (Figs 2 and 6). As for Heteroplacidium, the structure of
the thallus of Verrucaria fuscula is entirely paraplectenchym-
atous (synapomorphy for the genus Heteroplacidium), and as
for all members of the Placidium group studied so far, pyc-
nidia are of the Dermatocarpon-type (Figs 4A and 5). The in-
clusion of Verrucaria fuscula within Heteroplacidium is in
agreement with Breuss (1990) who reported morphological
similarities between V. fuscula and Heteroplacidium contumes-
cens. The genus Heteroplacidium, first described as including

species with mostly small squamulose thalli (Breuss 1996),

is here shown to also comprise species with crustose-areo-

late thalli.

Specimens examined: France: Bouches-du-Rhéne: Vauvenargues, Pic
des Mouches, alt. 1000 m, on calcareous rocks, 19 May 2003, C.
Gueidan 582 (DUKE); Le Destet, Les Alpilles, alt. ca. 150 m, on calcar-
eous rocks, 22 Jan. 2002, C. Gueidan 463 (MARSS]). Haute-Savoie: La
Muraz, le Grand Saléve, alt. 1250 m, on calcareous rocks, 22 Aug.
2001, C. Gueidan 555 (MARSS])).

Bagliettoa marmorea (Scop.) Gueidan & Cl. Roux, comb. nov.

MycoBank no.: MB511195

Basionym: Lichen marmoreus Scop., Fl. Carniol. 2: 367 (1772).

Synonyms: Verrucaria marmorea (Scop.) Arnold, Verh. Zool. Bot. Ges.
Wien 32: 147 (1882).

Amphoridium marmoreum (Scop.) Baroni, Nuov. Giorn. Bot. Ital. 23:
445 (1891).

Verrucaria purpurascens Hoffm., Descr. Adumbr. PL. Lich. 1: 74 (1790).

Ampbhoridium purpurascens (Hoffm.) Massal., Mem. Lich.: 145 (1853).

Verrucaria calciseda var. decipiens Trevis., Conspect. Verruc.: 8 (1860).

Type: [Slovenia:] montes Julijske Alpe, in declivibus vallis
‘dolina Triglavskih jezer’ supra Veliko jezero, secus viam,
1830 m, J. Halda, S. Haldovd, 2000/06/23 (PRM-900619 - neotype;
Halda 2003).

Remarks: The presence of an involucrellum with a star-
shaped aperture was a diagnostic character in the original
description of the genus Bagliettoa (Massalongo 1853). How-
ever, our molecular and morphological study shows that
this genus also includes species without this characteristic
aperture of the involucrellum, such as Bagliettoa sp. and Ver-
rucaria marmorea (Fig 2). The generic concept for Bagliettoa is,
therefore, slightly broadened to include species with the fol-
lowing characters: (1) endolithic thallus (Fig 6A), (2) immersed
perithecia, (3) when present, oil cells branching laterally or
terminally (Fig 7A-F), and (4) lithocortex (Figs 3Q-S and 6B).
Because the upper cortex is differentiated into a lithocortex,
the outline of the thallus is usually well visible on the rock
surface. Although Verrucaria marmorea lacks both an involu-
crellum with a star-shaped aperture and oil cells in the
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medulla, molecular data and other morphological characters Specimens examined: France: Lozére: Freyssinet-de-Fourques,
(endolithic habit, immersed perithecia and lithocortex; Figs =~ Nimes-le-Vieux, alt. ca. 1000m, on calcareous rocks, 26 Aug.

3Q-S, and 6A-B) support its placement within the genus 2005, C. Gueidan 739 (DUKE). Ardéche: Vallon-Pont-d’Arc, Le Planas,
Baglie’ttoa alt. 150 m, 28 Jul. 2001, C. Gueidan 368 (DUKE). Var: Plan-d’Aups
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Sainte-Baume, vallon de Castelette, alt. 680 m, on calcareous
rocks, 13 May 2001, C. Gueidan 15 (MARSS]).

Discussion

Genera within the family Verrucariaceae were traditionally
defined by the morphology of their thallus, their ascospore
septation, and the presence or absence of algae in the hyme-
nium (Servit 1955; Zahlbruckner 1921-22); Zschacke 1933-34.
The morphological heterogeneity within Verrucaria was ac-
knowledged to be problematic by Halda (2003) and Poelt & Hin-
teregger (1993), but molecular data were not available at that
time, or insufficient, to use monophyly as a grouping criterion
and to decipher which morphological characters provided
synapomorphies for these recognized monophyletic entities.
Our molecular phylogenetic study revealed that the four
most speciose genera of this family (Verrucaria, Staurothele,
Thelidium, and Polyblastia) are polyphyletic and that the genus
Verrucaria was defined using sympleisiomorphic character
states (such as crustose thallus and simple ascospores) ren-
dering the taxonomic disentanglement of this family virtually
impossible without a broad and comprehensive molecular
phylogenetic survey of this family (Fig 6). The complexity of
this taxonomic problem is best exemplified by Verrucaria
species being found in eight of ten main monophyletic groups
of the Verrucariaceae, as highlighted in Fig 2. For Staurothele,
Thelidium, and Polyblastia, polyphyly resulted from the use of
homoplastic traits, such as ascospore septation and pres-
ence/absence of hymenial algae (Fig 6C-D). Our study brings
a novel insight into the generic delineation and character
evolution within the family Verrucariaceae by combining
molecular and morphological data. First, the traditional
generic circumscription within Verrucariaceae is compared to
the monophyletic groups inferred using molecular data. Sec-
ond, the evolution of some selected morphological characters
is discussed based on ancestral state reconstructions.

Traditional generic circumscriptions within
Verrucariaceae versus monophyly

Squamulose taxa

In previous taxonomical treatments (Breuss 1990, Clauzade &
Roux 1985, Nimis 1993), the squamulose taxa within Verrucar-
iaceae were mainly included in two different genera:
Catapyrenium s. lat. (simple ascospores and absence of algae
in the hymenium) and Endocarpon (muriform ascospores and
presence of algae in the hymenium). The genus Catapyrenium
s. lat. has recently been divided into eight genera (Breuss 1996,
Harada 1993b): Anthracocarpon Breuss 1996, Clavascidium

Breuss 1996, Catapyrenium Flot. 1850, Placidium A. Massal.
1855, Heteroplacidium Breuss 1996, Scleropyrenium H. Harada
1993, Involucropyrenium Breuss 1996, and Neocatapyrenium H.
Harada 1993, which will be further referred to as catapyrenioid
genera. The splitting of Catapyrenium s. lat. was based on
a combination of characters such as structure of the pycnid-
ium, structure of the upper cortex, ascus shape, and arrange-
ment of the ascospores in the ascus (Breuss 1996; Harada
1993b). As suggested by Breuss (1983, 1996; Breuss & Hansen
1988), Catapyrenium s. str. is part of a lineage distinct from
other catapyrenioid genera and are more closely related to
the genus Placidiopsis (Fig 2). Catapyrenium s. str. and Placidiopsis
have the same thin, small-celled, and not clearly delimited
type of upper cortex (pseudocortex), also called cinereum-
type (Fig 3E-F), which greatly differs from the upper cortex
of the other catapyrenioid genera Placidium, Clavascidium, or
Heteroplacidium (Figs 3K and 6B).

The main monophyletic group of catapyrenioid species
(Placidium group) comprises the three genera Placidium, Clavas-
cidium, and Heteroplacidium (Fig 2). Both Placidium and Clavasci-
dium have a well-delimited and large-celled upper cortex
(eucortex of the lachneum-type) and Dermatocarpon-type
pycnidia (Figs 5 and 6B), but differ from each other by their
ascus structure and ascospore arrangement. Clavascidium
has clavate asci with ascospores in a biseriate order, whereas
Placidium has asci which are, at least at the beginning of their
development, cylindrical and with ascospores in a uniseriate
order (Breuss 1996). As shown in Fig 2, Clavascidium is nested
within Placidium, questioning the value of these two linked
characters to recognize Clavascidium and Placidium as distinct
genera. The simplest solution to maintain the monophyly of
Placidium would be to subsume Clavascidium within Placidium
s. lat. especially, if no other character can explain the phyloge-
netic structure revealed here within Placidium s. lat. (Fig 2).
Taxonomic changes will be proposed in a later study after
obtaining molecular data from the type species Placidium
michelii and from more Clavascidium species. The genus Heter-
oplacidium (now including H. fusculum) is also characterized by
Dermatocarpon-type pycnidia (Fig 5), but differs from the gen-
era Placidium and Clavascidium by having all thallic layers
(i.e., upper cortex, algal layer, medulla, and lower cortex)
paraplectenchymatous.

The genus Neocatapyrenium constitutes a third lineage of
catapyrenioid species in our phylogeny. It is closely related to
the genus Endocarpon and forms a monophyletic group with
this genus when V. viridula and V. weddellii are included
(Fig 2). This close relationship between Neocatapyrenium and
Endocarpon is supported by two morphological character
states: (1) palisade algal layer (algal cells arranged in columns;
Fig 3L), and (2) Endocarpon-type pycnidium (Figs 4C-E and 5).

Fig 7 - Light micrographs showing the structure of the pseudomedulla of some endolithic members of the Verrucariaceae.
Stained for lipids with Sudan IV. (A-F) In Bagliettoa. (A) Presence of numerous oil cells in the pseudomedulla of B. parmigera.
(B) Oil cells absent in the pseudomedulla of B. marmorea. (C-F) In B. parmigera. (C-D) Oil cells can be branched laterally to the
hypha and have a basal swelling. (E) Oil cells can also be formed at the extremity of the hypha and can lack the basal
swelling. (F) When numerous and dense, the oil cells look like if they were forming chains. (G-I) In the Polyblastia group.
(G) Oil cells absent in Polyblastia cupularis. (H) Chain of oil cells in Thelidium pyrenophorum, formed by the swelling of
consecutive hyphal cells. (I) Large cluster of aggregated oil cells in V. muralis. Bars = 10 pm.
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The palisade algal layer is also present in some of the related
species, such as V. nigrescens, but was never observed in the
catapyrenioid genera Placidium, Clavascidium, Heteroplacidium,
and Catapyrenium s. str. (Breuss 1990). The use of this character
state as a diagnostic feature for the Endocarpon group has to be
done with caution because it is absent in some Endocarpon-re-
lated species (V. viridula and V. weddellii), and present in non-
related taxa (e.g., Placopyrenium bucekii and V. maura). A typical
Endocarpon-type pycnidium has been observed in Neocatapyre-
nium rhizinosum and is likely to be a synapomorphy for the
Endocarpon group (Fig 5), whereas other catapyrenioid taxa
(Placidium, Clavascidium, and Heteroplacidium) are characterized
by Dermatocarpon-type pycnidia (Breuss 1990).

The genus Endocarpon traditionally includes squamulose
species with muriform ascospores and hymenial algae,
whereas crustose species with muriform ascospores and
hymenial algae were placed in the genus Staurothele. In our
study, the crustose species S. diffractella is sister to the genus
Endocarpon and is distantly related to the core of the genus
Staurothele found in lineage 4 (Fig 2). Staurothele diffractella dif-
fers from other species of Staurothele by having a palisade algal
layer, a character commonly present amongst species of
Endocarpon. This character, as well as our molecular results,
justified the new combination Endocarpon diffractellum (see
Taxonomy section).

Parasitic taxa

Poelt was the first author to study the systematics and the
biology of parasitic lichens (Poelt 1958, 1990, Poelt &
Doppelbauer 1956). This author recognized different levels of
parasitism, spanning from unspecialized facultative para-
sites, to specialized facultative parasites and specialized obli-
gate parasites (Poelt 1990). Since then, very few studies have
treated the systematic aspect of these parasitic lichens (Hertel
1970; Zehetleitner 1978). In Verrucariaceae, the first exhaustive
study of parasitic lichens listed 11 taxa, mostly belonging to
the genus Verrucaria (Zehetleitner 1978). In this study, Zehet-
leitner (1978) used the term parasitic lichens (or specialized
parasites according to Poelt 1990) for species growing on other
lichens, killing the fungal partner or both fungal and algal
partners of their host and, at the end, always building their
own lichen thallus. Some of these species only start the first
stage of their development by growing on other lichens, and
later become independent from their host. These ‘juvenile’
parasites can be facultative or obligate. Other species strictly
depend on the presence of their lichen host for which they
are often highly specific (Zehetleitner 1978). It is noteworthy
that high host specificity is also generally found in lichenico-
lous fungi (non-lichenized fungi growing as commensals or
parasites on other lichens), which are quite abundant in the
order Verrucariales, in both families Adelococcaceae and Verru-
cariaceae. Many more parasitic lichens have now been de-
scribed within Verrucariaceae (Clauzade & Roux 1985;
Navarro-Rosinés et al. 2007). In our study, parasitic lichens
were found to be present in three distinct lineages (Fig 5): (1)
the Verrucula group, including Verrucula and Placocarpus (line-
age 1; Fig 2), (2) the Placopyrenium group, including
Placopyrenium and closely related Verrucaria species (in lineage
3), and (3) Heteroplacidium fusculum, a member of the Placidium
group (in lineage 3).

Placocarpus schaereri is generally found, at least in its early
stage of development, parasitizing Protoparmeliopsis muralis
(Zehetleitner 1978). It is sister to some species mainly parasitic
on a group of Caloplaca with anthraquinones and lobate or not,
and on Xanthoria elegans (Fig 2). This group of parasitic species
is monophyletic, except for Verrucaria poeltiana (parasitic on
Caloplaca aurantia), which is nested within the Placopyrenium
group. The monophyly of these parasitic taxa (excluding V.
poeltiana) confirms their close relationship inferred by Nav-
arro-Rosinés et al. (2007), and Zehetleitner (1978) based on
morphological data. The genus name Verrucula, previously
described by Steiner (1896) to accommodate a group of para-
sitic Verrucaria, but never subsequently used, is available for
this group (Navarro-Rosinés et al. 2007). In Verrucula, specific-
ity to the lichen host seems to be high, as in general each
host species is colonized by a different species of Verrucula
(Navarro-Rosinés et al. 2007, Zehetleitner 1978). However, it
has also been suggested that, because of the low morphologi-
cal variation in this group, all species parasitic on Caloplaca
sec. Gasparrinia could in fact constitute a single species, and
that specificity for a lichen host cannot be used to delimit
these species (see Zehetleitner 1978: 703, McCarthy 1988).
Our very preliminary sampling (Fig 2), supports, or at least,
does not oppose, the recognition of these taxa (some with
overlapping geographical ranges) as distinct Verrucula species.
A complete revision of the genus Verrucula will be available in
Navarro-Rosinés et al. (2007).

In the second parasitic lineage, the two parasitic lichens
Verrucaria canella and V. fuscella are most closely related to Pla-
copyrenium bucekii, a non-parasitic species. Verrucaria canella is
a crustose lichen mainly found growing on Aspicilia calcarea
(formely known as V. aspiciliicola, but synonymized with V.
canella by Orange 2004) and was described as a facultative par-
asite by Zehetleitner (1978). Verrucaria fuscella is also crustose
and often starts its development on V. nigrescens. Placopyre-
nium bucekii differs from these two species by several features
such as early gelatinizing asci, a placodioid thallus with pe-
ripheral lobate areoles, and a black prothallus (Ménard &
Roux 1995). The thalli of V. fuscella and V. canella are generally
not lobate, the areoles are smaller, and the prothallus is ab-
sent. However, a few specimens of V. canella have been ob-
served growing partially or entirely on rock, independently
from their host. In these specimens, the thallus is slightly lo-
bate, and, similarly to P. bucekii, a black prothallus can some-
times be observed. Verrucaria lecideoides and V. poeltiana also
belong to the Placopyrenium group (Fig 2). All species included
in this study that are part of this group have very similar peri-
thecia: immersed, with colourless excipulum, becoming dark
brown around the ostiole (with the exception of V. lecideoides,
for which the excipulum becomes completely dark brown at
maturity). Placopyrenium bucekii has simple or uniseptate asco-
spores. Zehetleiner’s (1978) diagnosis, as well as our observa-
tions on diverse specimens of V. canella, showed that the
ascospores of this species could be simple or uniseptate. Ver-
rucaria fuscella, V. lecideoides, and V. poeltiana also occasionally
have uniseptate ascospores, although always in small num-
ber. Both morphological and molecular evidence suggest
that these parasitic species of Verrucaria are more closely re-
lated to the genus Placopyrenium than to other species of Verru-
caria and, therefore, could be subsumed within Placopyrenium
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if no morphological features correlate with the phylogenetic
structure found within this group (Fig 2).

Heteroplacidium fusculum, a parasite on Aspicilia calcarea,
is part of the third lineage that includes parasitic species
(Fig 5). Based on morphology, two other parasitic lichens,
V. compacta (A. Massal.) Jatta (found as a saxicolous or as an
epiphyte on crustose or non-crustose allied lichens) and Ver-
rucaria zamenhofiana Clauz. & Cl. Roux (a parasite on Staurothele
areolata), might also belong to the genus Heteroplacidium.

Endolithic taxa

The strictly endolithic species (i.e. excluding species that can
sometime have a partially endolithic thallus with a medulla
anchored in the rock; e.g., Verrucaria tristis, V. weddellii), are re-
stricted to the Polyblastia and the Bagliettoa groups (Figs 2 and
6A). Massalongo (1853) included in the genus Bagliettoa the cal-
cicolous endolithic species of Verrucariaceae characterized by
an involucrellum with a star-like aperture. This genus was
subsequently accepted by some authors (Poelt & Vézda 1981;
Santesson 1993; Santesson et al. 2004) but not by others (Clau-
zade & Roux 1985; Halda 2003). In his recent revision of this
group, Halda (2003) concluded that the validity of this genus
could not be confirmed without a global study of the involu-
crellum in all taxa of Verrucaria. Our results show that these
calcicolous endolithic species having an involucrellum with
a star-like aperture are indeed closely related and form
a well-defined lineage within the Verrucariaceae (Fig 2).
However, Bagliettoa sp. (see Appendix 1), which lacks this
characteristic involucrellum, also belongs to this group. More-
over, the species V. marmorea, which is sister to the genus
Bagliettoa, also lacks this typical involucrellum. Because this
species shares three main diagnostic characteristics with
other species of this genus (endolithic growth, immersed peri-
thecia and lithocortex), V. marmorea is included within Bagliet-
toa. Another particularity of some species in the genus
Bagliettoa is the frequent absence of ascospores. In these spe-
cies, asci are abundant but stay sterile even in mature perithe-
cia (Fig 8A). It is noteworthy to mention that this absence of
ascospores is often correlated with the presence of well-devel-
opped short pseudoparaphyses that can easily fragment and
could propagate through the ostiole of the perithecia (Fig
8B). These hyphae are present from the beginning of the
formation of the primordium and cover the upper part of the
perithecial cavity up to the inner part of the ostiole (Janex-
Favre 1970). For three species, for which we did not observe
any ascospores (Bagliettoa cazzae, B. parmigera and B. parmiger-
ella), and for one species, for which asci produced only de-
formed ascospores (B. baldensis), short pseudoparaphyses
were particularly abundant, well developed, and the terminal
segments of these sterile hyphae were slightly swollen and
easily detachable (Fig 8B). Because sexual ascospores are ab-
sent in these species, and the layer of rock covering their thal-
lus (endolithic thallus) prevents the propagation of typical
asexual propagules, it is possible that these short pseudopar-
aphyses, or at least their apical segments, are adaptations by
mycobionts to reproduce asexually when living endolithically.
Two endolithic species, V. dufourii and V. cyanea, form a mono-
phyletic group sister to Bagliettoa (Fig 2). They differ from this
genus by having half-emergent perithecia with a large involu-
crellum covering almost the entire perithecium. Moreover,

Fig 8 - Light micrographs of: (A) the sterile hymenium
of Bagliettoa parmigerella; (B) well-developped short
pseudoparaphyses of B. parmigera, with detachable
terminal segments (arrow). Bar = 10 pm.

their upper cortex is not as well differentiated as the lithocor-
tex of Bagliettoa (Fig 3]). Therefore, they were not included in
this genus, and are in need of a new genus name, which we
plan to publish in a subsequent article focusing on the estab-
lishment of a new classification for Verrucariaceae.

The second monophyletic group of endolithic taxa is found
in the Polyblastia group, and includes species currently classi-
fied across four genera: Polyblastia, Staurothele, Thelidium, and
Verrucaria (Figs 2 and 6A). It is sister to a group of epilithic
taxa represented by Polyblastia melaspora and Verrucaria
muralis. This second group of endolithic taxa differs from
the Bagliettoa group by lacking an upper cortex (Figs 3B and
6B), and in the morphology of their oil cells (Fig 7), i.e. rounded
cells containing lipids, located in the pseudomedulla of
diverse endolithic species of lichens (macrospheroids accord-
ing to Zukal 1886). Several morphological studies have been
conducted on these enigmatic structures (Doppelbauer 1959;
Fry 1922; Kushnir et al. 1978; Pinna et al. 1998) and, although
their function is still unknown, it has been shown that the
morphology of the oil cells is quite diverse. In the Bagliettoa
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group, some species (B. baldensis, B. cazzae, B. parmigera, B. par-
migerella and B. steineri) have numerous large oil cells in the
pseudomedulla (Fig 7A), whereas other species lack them
(Bagliettoa sp., B. marmorea Fig 7B, V. cyanea and V. dufourii).
When present, these oil cells are either laterally branched on
the hyphae (Fig 7D) or formed at their tip (Fig 7E), and can
sometimes be so densely aggregated along hyphae that they
resemble chains of cells (Fig 7F). In Bagliettoa, rounded oil cells
with a swollen base are typical (Fig 7C-D). In the endolithic
clade within the Polyblastia group (Figs 2 and 6A), most taxa
(Polyblastia cupularis, P. viridescens, Thelidium decipiens, T. inca-
vatum, Staurothele immersa, V. hochstetteri) lack oil cells in their
pseudomedulla (Fig 7G). However, oil cells have been observed
for Thelidium papulare and T. pyrenophorum (two sister species).
These oil cells differ from those observed in Bagliettoa, by
forming chains that resulted from the swelling of consecutive
hyphal cells (Fig 7H). In V. muralis, oil cells are also present but
form large clusters of strongly aggregated cells (more than 50
cells per cluster; Fig 7I). Therefore, we do not consider the oil
cells found in members of the genus Bagliettoa to be homolo-
gous to oil cells found in T. papulare and T. pyrenophorum.
The Polyblastia group remains taxonomically problematic be-
cause it potentially includes the type species of the three gen-
era Polyblastia, Thelidium, and V. muralis). Additional sampling
and more detailed observation of morphological characters
are necessary before carrying out any taxonomic changes in
this group.

Aquatic taxa

In his classification of the Verrucariaceae, Servit (1953, 1954)
created the subgenus Hydroverrucaria (Table 1) for the species
of Verrucaria with completely prosoplectenchymatous or para-
plectenchymatous thallus and growing in freshwater aquatic
habitats. Several revisions of these freshwater species (Keller
1995; McCarthy 1995; Swinscow 1968; Thiis 2002) revealed
a particularly high level of infraspecific variability and the
need for further studies on their relationships with non-
aquatic taxa. The colonization of aquatic habitats seems to
have evolved several times in the Verrucariaceae (Fig 5).
However, a denser sampling of species with less phylogenetic
uncertainty for deep relationships within this family is
needed to reconstruct the evolutionary history of this trait.
The genera Staurothele and Dermatocarpon include both aquatic
and non-aquatic taxa (Fig 5). Aquatic species are also known
to belong to the genera Polyblastia and Thelidium (Keller &
Scheidegger 1994; Keller 2000; Orange 1991; Swinscow 1971),
although none of these species were included in our study.
The freshwater species V. praetermissa shares a most recent
common ancestor with Catapyrenium, Placidiopsis and V. caeru-
lea (Figs 2 and 5). Another freshwater species, V. submersella, is
shown here to be sister to the rest of the members of the Endo-
carpon group that we sampled. The two other putative inde-
pendent colonizations of aquatic habitats are associated
with marine inhabiting species. Verrucaria maura and V. adria-
tica form a monophyletic group with the freshwater species
V. scabra within lineage 3 (Fig 5). All three species are charac-
terized by ascospores greater than 10 um long. Moreover,
Keller (1995) mentioned that V. rheitrophila, a species closely
related to V. scabra, develops thalline black punctae
(Swinscow 1968) similar to those found in the marine species

V. maura and V. adriatica. These black punctae are also found
in V. scabra. The second marine group (lineage 2), which in-
cludes V. mucosa and V. striatula, is characterized by smaller
ascospores (Flenniken & Gibson 2003) and the lack of an upper
cortex (Figs 3A and 5).

Evolution and taxonomic relevance of selected morphological
traits for a phylogenetically based classification of
Verrucariaceae

Pycnidia
Pycnidia and pycnidiospores are terms commonly used to
refer to the generally flask-shape conidiomata and their con-
idia frequently found in lichen-forming fungi (Kirk et al.
2001). The role of the conidia as either spermatia or asexual
propagules has long been controversial (Smith 1921), and em-
pirical data are still lacking to clarify their biological role. Al-
though their function is unknown, they have been the
subject of morphological studies since the 1850s and recog-
nized as important characters in lichen classification (Glick
1899; Lindsay 1859, 1872; Steiner 1901; Tulasne 1852). Unfortu-
nately, they have been often neglected by systematists, prob-
ably because of their sporadic presence for many species and
their apparent absence in some groups. More recently, some
authors contributed to the understanding of pycnidia mor-
phology by studying their ontogeny (Janex-Favre 1977, 1980,
1982; Letrouit-Galinou 1972, 1973, 1984; Letrouit-Galinou &
Lallemant 1977; Vobis 1980), and several types of pycnidia
were defined (Vobis 1980; Vobis & Hawksworth 1981).
Conidiomata in the family Verrucariaceae have also been
the subject of morphological and ontogenetical studies
(Janex-Favre & Wagner 1986). Since then, some authors work-
ing on members of Verrucariaceae have systematically
included a description of the pycnidium in their taxonomic
work (Breuss 1990; Harada 1992a, 1992b, 1993a; McCarthy
1991; Ménard & Roux 1995), and new genera were segregated
based on pycnidial characters (Breuss 1996; Harada 1993b).
Two main types of pycnidia were described for Verrucaria-
ceae: the Dermatocarpon-type and the Endocarpon-type (Janex-
Favre & Wagner 1986). The Dermatocarpon-type (also known
as the Endocarpon-type sensu Glick 1899 and Xanthoria-type
sensu Vobis 1980) is characterized by its paraplectenchyma-
tous net and its multiple cavities (Fig 4A-B). This pycnidium
type has been reported, and systematically characterized, for
four main groups within Verrucariaceae: (1) Dermatocarpon; (2)
the Verrucula group; (3) the Placopyrenium group and; (4) the
Placidium group (Figs 2 and 5). The Endocarpon-type is character-
ized by the presence of radially oriented and differentiated hy-
phae (conidiophores) bearing conidiogenous cells and a single
cavity (Fig 4C-E), and has been observed only in members of
the Endocarpon group (Fig5). In the two sister species V. weddellii
and Verrucaria viridula, the Endocarpon-type pycnidia are char-
acterized by long and slightly curved conidiospores (Fig 4D). Il-
lustrations of pycnidia from V. nipponica (Harada 1992b), V. igii
(Harada 1996a), and Staurothele iwatsukii (Harada 1992a) show
conidiophores, suggesting a close affinity to the Endocarpon
group. Harada described the pycnidia of these three species
as being of the Staurothele-type. He also considered pycnidia
from Neocatapyrenium, Endocarpon, and Scleropyrenium to be of
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the Staurothele-type (Harada 1993b). The use of the term Staur-
othele-type to define pycnidia in Verrucariaceae has previously
been questioned (Ménard & Roux 1995). Pycnidia have never,
or only very rarely, been observed in the Staurothele group
(Fig 5). Moreover, as the term Endocarpon-type predates the
term Staurothele-type, it is here retained to define pycnidia
with conidiophores and a single cavity.

A third type of pycnidia has been reported for Verrucaria-
ceae, unilocular and with conidiogenous cells directly
bordering the pycnidium wall, i.e., without conidiophores
(Verrucaria mucosa, Fig 4F). Illustrations of pycnidia for Verruca-
ria maura (Harada 1996b) show conidiogenous cells that seem
to be directly bordering the pycnidium wall, similar to V.
mucosa.

Based on the type of pycnidium, it is now possible to
propose hypothetical affiliations for some genera or species
of the family Verrucariaceae to specific monophyletic groups
recovered here (Figs 2 and 5). The genera Scleropyrenium
(Harada 1993b) and Anthracocarpon (Breuss 1996) previously
belonged to Catapyrenium s. lat., a genus including mostly
species with Dermatocarpon-type pycnidia (Breuss 1990). Be-
cause these two genera have Endocarpon-type pycnidia,
they are more likely to be closely related to the Endocarpon

group (Fig 5).

Thallus structure

In five instances during the evolution of the Verrucariaceae the
thallus evolved from a crustose to a squamulose or foliose
growth form (Fig 6A). In the lineage leading to the genus Der-
matocarpon, a transition to a foliose umbilicate thallus took
place. The first divergence within the Placidium group seems
associated with the evolution of large squamulose thalli in
the ancestral lineage leading to Clavascidium and Placidium in
contrast to smaller squamulose thalli in the sister lineage
leading to Heteroplacidium, with probably a reversal to the crus-
tose form for H. fusculum (a crustose parasitic species with
a thallus ranging from areolate to squamulose-areolate). A
squamulose thallus seems to have evolved in the most recent
common ancestral lineage of the genera Catapyrenium and
Placidiopsis, although they never reach large sizes as in other
catapyrenioid taxa (e.g., Placidium). Many taxa with squamu-
lose thalli such as Anthracocarpon, Scleropyrenium, or Involucro-
pyrenium are suspected to belong to the Endocarpon group, but
could not be included in this study because of lack of material.
Therefore, in this group, the evolution of squamulose thalli
might have been earlier than suggested here and might have
evolved only once (Fig 6A). An evolutionary trend away from
typical crustose thalli is also noticeable in the Placopyrenium
group. Species from this genus have placodioid thalli, i.e. crus-
tose thalli with radiating marginal lobes (Purvis et al. 1992),
whereas the earlier diverging related species have small crus-
tose non-lobate thalli.

Some groups of Verrucariaceae have adopted an endolithic
growth form. This specialization seems to be a key innovation
associated with the origin of the Bagliettoa group, as all species
of this group are endolithic. For the Polyblastia group, endo-
lithic species seem to form an exclusive monophyletic group.
However, preliminary results from a phylogenetic study
focusing on the genera Polyblastia and Thelidium revealed
a more complex evolution of these traits, and that some

epilithic species are nested within this apparently strictly en-
dolithic group (Savi¢ et al. in press).

Upper cortex

Similarly to the thallus structure, the upper cortex mostly
evolved from a weakly differentiated to a more differentiated
form. The evolution of a eucortex seems correlated with the
evolution of a squamulose thallus in the Placidium and Endo-
carpon groups, where the evolution of the eucortex preceded
the origin of the squamulose thallus in the later group
(Fig 6A-B). The reversal to a pseudocortex in the Endocarpon
group could be related to the development of a crustose thal-
lus in Endocarpon diffractellum. The evolution of a lithocortex in
the most recent common ancestral lineage to the genus
Bagliettoa, was subsequent to the evolution of endolithism in
the Bagliettoa group (Figs 2 and 6A-B). However, in the Polyblas-
tia group, a loss of a pseudocortex preceeded the origin of
endolithism. The second loss of a pseudocortex in the Verru-
cariaceae is associated with an adaptation to the marine
environment (Marine group in Fig 6B).

Ascospore septation

In some lineages in Verrucariaceae, simple ascospores have
evolved to become septate, mostly transversally uniseptate
(in Placidiopsis and Placopyrenium) and muriform (in Staurothele,
Endocarpon, and the Polyblastia group) (Fig 6C). In the Polyblastia
group, where all four different types of ascospore can be
observed (simple, transversally uniseptate, transversally
multiseptate, and muriform), the evolution of ascospore sep-
tation appears to be complex. A more comprehensive taxon
sampling for this group is necessary to better understand
the evolution of ascospore septation.

The taxonomic practice of using primarily ascospore septa-
tion to circumscribe generic entities has been questioned by
Froberg (1989), Halda (2003), Nimis (1993: 685), and Poelt &
Hinteregger (1993). One recurrent problem is that some speci-
mens producing mostly transversally multiseptate
ascospores, except for a few, rare ascospores with one longitu-
dinal septum, could be attributed to either the genus Thelidium
(transversally multiseptate ascospores) or to the genus
Polyblastia (submuriform to muriform ascospores) (Halda
2003). In our study, these two genera are not monophyletic,
and some Thelidium species are more closely related to
Polyblastia species than to other Thelidium species. Based on
the high frequency of polymorphism for this trait in the Poly-
blastia group, this character needs to be used with caution in
future generic treatment of this group.

Hymenial algae

Hymenial algae are small rounded or cylindrical algal cells
occurring in the hymenium of some species of lichen-forming
fungi. Their occurrence has been reported in early taxonomic
studies of lichens (Fuisting 1868; Nylander 1858), and was the
taxonomic basis for the recognition of two genera in Verrucar-
iaceae (Staurothele and Endocarpon), and one genus (Thelenidia)
currently classified as Dothideomycetes incertae sedis (Eriksson
2006). The genus Sporopodium and a few species in Lecidea are
also known to host algae in their hymenium (Liicking &
Lumbsch 2001; Nylander 1858; Santesson 1952; Smith 1921,
Vainio 1890).
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Based on in vitro experiments, it was proposed that, in Ver-
rucariaceae, these hymenial algae, although different in size
and shape, belong to the same species as the algae present
in the thallus (Stahl 1877; Geitler 1938; Bertsch & Butin 1967;
Ahmadjian & Heikkild 1970). In these experiments
(Ahmadjian & Heikkild 1970), large algal cells isolated from
the thallus and grown in culture free from the mycobiont,
became small rounded or cylindrical cells after a few division
cycles. Moreover, the lichen resynthesis experiments carried
out in this study using Endocarpon pusillum showed that these
small rounded or cylindrical hymenial algae became morpho-
logically identical to thalline algae when in contact (appresso-
ria) with the mycobiont. Therefore, the increase in size of the
photobiont cells in the thallus is believed to be induced by the
mycobiont, and has been suggested to be associated with an
increase in the number of chloroplasts (Ahmadjian & Heikkild
1970). Suzanne Joneson (unpubl.) has found no difference be-
tween ITS sequences from the thalline and hymenial algae of
Endocarpon pallidulum. The study of the development of the
perithecium in some species of Verrucariaceae by Janex-Favre
(1975) and Wagner (1987) are also in agreement with these re-
sults. Large thalline algal cells, present in or around the pri-
mordium, are trapped in this primordium at an early stage
of the formation of the perithecium. In later stages, these large
algal cells divide, become smaller and rounded or cylindrical,
and fill the perithecial cavity. The presence of algae in the
hymenium maximizes the likelihood of the mycobiont codis-
persing with the photobiont, which might increase the sexual
reproductive success of the mycobiont. When a lichenized
fungus without hymenial algae reproduces sexually, asco-
spores are dispersed and their probability of forming new
lichen thalli depends on the chance of finding the appropriate
photobiont. For mycobionts with hymenial algae, the likeli-
hood of finding the appropriate photobiont is greatly
increased because fungal ascospores can codisperse with pho-
tobiont cells. It is noteworthy that in all three lineages where
this codispersal mechanism independently evolved (Stauro-
thele s. str., Endocarpon, and Staurothele immersa), it was associ-
ated with the presence of muriform ascospores (Fig 6C-D).
These ascospores are usually quite large and present
irregular walls that might help trapping and carrying algal
cells when they are released through the ostiole.

Conclusions

This first attempt to evaluate the current morphology-based
classification of Verrucariaceae with molecular data shows
that the current generic delineations were not monophyletic,
and that the use of traditional diagnostic morphological
characters was problematic in defining natural taxonomic
entities. In particular, character states that were used to
define the genus Verrucaria, such as the crustose thallus,
the absence of hymenial algae or the simple ascospore,
are symplesiomorphic, and therefore were retained in
several non-related lineages within Verrucariaceae. Conver-
gence is another common evolutionary process in the
Verrucariaceae. Many derived character states such as the
squamulose thallus, the muriform ascospore or the presence

of hymenial algae evolved independently (homoplastic) in
several lineages.

The high polyphyly of the genus Verrucaria and the
problems of plesiomorphy and homoplasy of morphological
characters in the Verrucariaceae make changes in generic
delimitation difficult but necessary. Two approaches are
possible. A narrow generic concept, in which the well-charac-
terized genera will stay untouched (e.g., Endocarpon, Catapyre-
nium, Placidiopsis) and new genera will be described for each of
the basal paraphyletic lineages of Verrucaria, would lead to
a large number of new taxa. A broader generic concept, which
includes these basal paraphyletic taxa of Verrucaria with their
closely related genera, would significantly enlarge the concept
of some genera and their morphological circumscription. In
any case, as shown in other studies (Miller & Huhndorf 2004,
2005), only a few genera can be defined by unique synapor-
morphies, and a combination of several characters, some of
them being slightly homoplasious, might be the solution.

Acknowledgements

This work was supported by an NSF DDIG grant (DEB-0508567)
to F.L. and C.G., an NSF AToL grant (AFTOL, DEB-0228725) to
F.L., and an NSF CAREER grant (DEB-0133891) to F.L. A collabo-
rative work with C.R. on lichen systematics and taxonomy
was possible thanks to a miniPEET award from the Society
of Systematic Biology. Fieldwork was supported by a Graduate
Research Award from the American Society of Plant Taxon-
omy, a Graduate Student Research Award from the Society
of Systematic Biology, a Graduate Award for International Re-
search from Duke University, a Biology Grant-in-aid from
Duke University, a Karling Graduate Student Award from the
Botanical Society of America, and several Mellon Foundation
Grants in Plant Systematics. We would like to thank Richard
C. Harris, Nathalie Nagalingum, and the members of the Lut-
zoni lab, in particular Ester Gaya, Suzanne Joneson, Molly
McMullen, Jolanta Miadlikowska, and Heath O’Brien for their
useful comments on the manuscript, and Valérie Hofstetter,
Frank Kauff, Valérie Reeb and Connie Robertson for their
help at diverse stages of this project. Thanks also to Anja
Amtoft, Othmar Breuss, Richard C. Harris, Christine Keller,
Alan Orange, Sanja Savi¢, Christoph Scheidegger, Holger
Thiis and Leif Tibell for stimulating discussions on Verrucaria-
ceae. The authors are most grateful to André Aptroot, Philippe
Clerc, Richard C. Harris, Starri Heiomarsson, Suzanne Jone-
son, Kerry Knudsen, Pere Navarro-Rosinés, Valérie Reeb, and
Wendy A. Untereiner for providing specimens or cultures.
We are also thankful to Anja Amtoft, Jean-Michel Bichain,
Olivier Bricaud, Clother Coste, Anne-Marie Fioré, Ester Gaya,
Julien Hering, Fabienne Jaeger, Christine Keller, Alexias Kom-
mer, and Thierry Ménard for their help during fieldwork. Spe-
cial thanks to the members of the French Association of
Lichenology (AFL) for their longtime support and to Jean-Pierre
Montavon for his generous donation. Thanks to the herbaria
DUKE, FH, H-NYL, LI, MARSSJ, MICH, NY, and to the National
Park Service for allowing us to collect in the Denali National
Park.



Generic delineation and character evolution in Verrucariaceae

1165

Supplementary material

Supplementary data associated with this article can be found,
in the online version, at doi:10.1016/j.mycres.2007.08.010.

REFERENCES

Ahmadjian V, Heikkild H, 1970. The culture and synthesis of
Endocarpon pusillum and Staurothele clopima. Lichenologist 4:
259-267.

Amtoft A, 2006. A Treatment of the Lichen Genus Dermatocarpon
(Verrucariaceae) in the Ozarks based on Morphological, Molecular
and Ecological Studies. MSc thesis, New York Botanical Garden.

Amtoft A, Lutzoni F, Miadlikowska J, 2008. Dermatocarpon (Verru-
cariaceae) in the Ozark Highlands, North America. Bryologist
111: 1-40.

Aptroot A, 1998. New lichens and lichen records from Papua New
Guinea, with the description of Crustospathula, a new genus in
the Bacidiaceae. Tropical Bryology 14: 25-34.

Aptroot A, 2002. New and interesting lichens and lichenicolous
fungi in Brazil. Fungal Diversity 9: 15-45.

Aptroot A, Seaward MRD, 1999. Annotated checklist of Hong Kong
lichens. Tropical Bryology 17: 57-101.

Aptroot A, Sipman HJM, 2001. New Hong Kong lichens, ascomy-
cetes and lichenicolous fungi. Journal of the Hattori Botanical
Laboratory 91: 317-343.

Bertsch A, Butin H, 1967. Die Kultur der Erdflechte Endocarpon
pusillum im Labor. Planta 72: 29-42.

Bollback JP, 2006. SIMMAP: Stochastic character mapping of
discrete traits on phylogenies. BMC Bioinformatics 7: 88.

Breuss O, 1983. Eine neue Placidiopsis-Art (Lichenes, Verrucaria-
ceae) aus Norwegen und den Alpen. Plant Systematics and
Evolution 142: 247-250.

Breuss O, 1990. Die Flechtengattung Catapyrenium (Verrucariaceae)
in Europa. Stapfia 23: 1-153.

Breuss O, 1993a. Eine neue corticole Verrucaria-Art (lichenisierte
Ascomyceten, Verrucariaceae) aus Osterreich. Linzer Biologische
Beitrdge 25: 657-659.

Breuss O, 1993b. Catapyrenium (Verrucariaceae) species from South
America. Plant Systematics and Evolution 185: 17-33.

Breuss O, 1994a. Verrucaria ulmi sp. n. (lichenisierte Ascomyceten,
Verrucariaceae), eine weitere corticole Art aus Osterreich. Linzer
Biologische Beitrige 26: 645-647.

Breuss O, 1994b. Die Flechtengattungen Catapyrenium und
Placidiopsis (Verrucariaceae) in Nordafrika. Nova Hedwigia 58:
229-237.

Breuss O, 1996. Ein verfeinertes Gliederungskonzept fiir Cata-
pyrenium (lichenisierte Ascomyceten, Verrucariaceae) mit ei-
nem Schliissel fiir die bisher bekannten Arten. Annalen des
Naturhistorischen Museums in Wien 98B (Suppl): 35-50.

Breuss O, 1998a. Drei neue holz- und borkenbewohnende Verru-
caria-Arten mit einem Schliissel der bisher bekannten Taxa.
Linzer Biologische Beitrdge 30: 831-836.

Breuss O, 1998b. Catapyrenium und verwandte Gattungen
(lichenisierte Ascomyceten, Verrucariaceae) in Asien — ein
erster Uberblick. Annalen des Naturhistorischen Museums in Wien
100B: 657-669.

Breuss O, Hansen ES, 1988. The lichen genera Catapyrenium and
Placidiopsis in Greenland. Plant Systematics and Evolution 159:
95-105.

Brodo IM, Santesson R, 1997. Lichens of the Queen Charlotte
Islands, British Columbia, Canada. 3. Marine species of
Verrucaria (Verrucariaceae, Ascomycotina). Journal of the Hattori
Botanical Laboratory 82: 27-37.

Brodo IM, Sharnoff D, Sharnoff S, 2001. Lichens of North America.
Yale University Press, New Haven.

Bungartz F, Garvie LA, Nash TH, 2004. Anatomy of the endolithic
Sonoran Desert lichen Verrucaria rubrocincta Breuss: implica-
tions for biodeterioration and biomineralization. Lichenologist
36: 55-73.

Cannone JJ, Subramanian S, Schnare MN, Collett JR, D’Souza LM,
Du Y, Feng B, Lin N, Madabusi LV, Muller KM, Pande N,
Shang Z, Yu N, Gutell RR, 2002. The Comparative RNA Web
(CRW) Site: an online database of comparative sequence and
structure information for ribosomal, intron, and other RNAs.
BMC Bioinformatics 3: 2-15.

Clauzade G, Roux C, 1985. Likenoj de Okcidenta Europo. Ilustrita
Determinlibro. Nouvelle Série, Numéro Spécial 7. Bulletin de la
Société Botanique du Centre-Ouest, Royan.

Del Prado R, Schmitt I, Kautz S, Palice Z, Liicking R, Lumbsch T,
2006. Molecular data place Trypetheliaceae in Dothideomycetes.
Mycological Research 110: 511-520.

Débbeler P, 1997. Biodiversity of bryophilous ascomycetes.
Biodiversity and Conservation 6: 721-738.

Débbeler P, Triebel D, 1985. Hepaticole Vertreter der Gattungen
Muellerella und Dactylospora (Ascomycetes). Botanische Jahrbticher
flir Systematik, Pflanzengeschichte und Pflanzengeographie 107:
503-519.

Doppelbauer HW, 1959. Studien zur Anatomie und En-
twicklungsgeschichte einiger endolithischen pyrenocarpen
Flechten. Planta 53: 246-292.

Eriksson OE, 1983. Outline of the ascomycotes — 1983. Systema
Ascomycetum 2: 1-37.

Eriksson OE, 2006. Outline of Ascomycota — 2006. Myconet 12:
1-82.

Eschweiler FG, 1824. Systema lichenum, genera exhibens rite
distincta, pluribus novis adaucta. Norimbergiae. J. L. Schrag.,
1-26.

Flenniken DG, Gibson ES, 2003. The littoral species of Verrucaria
of Cape Ann, MA. Evansia 20: 31-48.

Fréberg L. 1989. The Calcicolous Lichens on the Great Alvar of
Oland, Sweden. PhD thesis, Institutionen for Systematisk
Botanik, Lund.

Fry EJ, 1922. Some types of endolithic lichens. Annals of Botany
36: 541-562.

Fuisting W, 1868. Beitrédge zur Entwicklungsgeschichte der
Lichenen. Botanische Zeitung (Berlin) 26: 641-647.

Gargas A, Taylor JW, 1992. Polymerase chain reaction (PCR)
primers for amplifying and sequencing 18S rDNA from
lichenized fungi. Mycologia 84: 589-592.

Geiser DM, Gueidan C, Miadlikowska J, Lutzoni F, Kauff F,
Hofstetter V, Fraker E, Schoch C, Tibell L, Untereiner WA,
Aptroot A, 2006. Eurotiomycetes: Eurotiomycetidae and Chaeto-
thyriomycetidae. Mycologia 98: 1054-1065.

Geitler L, 1938. Beitrége zur Kenntnis der Flechtensymbiose.

VII. Uber Hymenialgonidien. Archiv fiir Protistenkunde 90: 489-501.
Gluck H, 1899. Entwurf zu einer vergleichenden Morphologie der
Flechten-Spermogonien. Verhandlungen des Naturhistorisch-

Medizinischen Vereins zu Heidelberg 6: 81-216.

Grube M, 1999. Epifluorescence studies of the ascus in Verrucar-
iales (lichenized Ascomycotina). Nova Hedwigia 68:

241-249.

Gueidan C, Roux C, 2007. Néotypification et descriptio de Verru-
caria calciseda DC. Bull. Soc. linn. Provence 58: 181-194.

Halda J, 2003. A taxonomic study of the calcicolous endolithic
species of the genus Verrucaria (Ascomycotina, Verrucariales)
with the lid-like and radiately opening involucrellum. Acta
Musei Richnoviensis, Sect. natur. 10: 1-148.

Hale ME, 1961. Lichen Handbook. A Guide to the Lichens of Eastern
North America. Smithsonian Institution, Washington.

Harada H, 1992a. A taxonomic study of the lichen genus Staurothele
(Verrucariaceae) in Japan. Natural History Research 2: 39-42.


http://dx.doi.org/doi:10.1016/j.mycres.2007.08.010

1166

C. Gueidan et al.

Harada H, 1992b. Taxonomic notes on the lichen family Verru-
cariaceae in Japan (I) Five species of Verrucaria previously re-
ported from Japan. Journal of Japanese Botany 67: 218-226.

Harada H, 1993a. A taxonomic study of the lichen genus Endo-
carpon (Verrucariaceae) in Japan. Nova Hedwigia 56: 335-353.

Harada H, 1993b. A taxonomic study on Dermatocarpon and its
allied genera (Lichenes, Verrucariaceae) in Japan. Natural History
Research 2: 113-152.

Harada H, 1996a. Verrucaria igii, a new freshwater species of
Verrucariaceae (lichenized Ascomycotina) from Japan. Bryologist
99: 343-344.

Harada H, 1996b. Taxonomic notes on the lichen family
Verrucariaceae in Japan (VI). Verrucaria maura Wahlenb. Hikobia
12: 55-59.

Harada H, 2004. Revision of marine and maritime species of Ver-
rucaria in Japan. Lichenology 2: 177.

Hawksworth DL, Kirk PM, Sutton BC, Pegler DN, 1995. Dictionary of
the Fungi, 8th Edition. CAB International, Wallingford.

Heidmarsson S, 2003. Molecular study of Dermatocarpon miniatum
(Verrucariales) and allied taxa. Mycological Research 107:

459-468.

Henssen A, Jahns HM, 1974. Lichenes. Eine Einfiihrung in die Flech-
tenkunde. Georg Thieme Verlag, Stuttgart.

Hertel H, 1970. Parasitische lichenisierte Arten der Sammelgat-
tung Lecidea in Europa. Herzogia 1: 405-438.

Hofstetter V, Miadlikowska J, Kauff F, Lutzoni F, 2007. Phyloge-
netic comparison of protein-coding versus ribosomal RNA-
coding sequence data: a case study of the Lecanoromycetes
(Ascomycota). Molecular Phylogenetics and Evolution 44:

412-426.

Huelsenbeck JP, Bollback JP, 2001. Empirical and hierarchical
Bayesian estimation of ancestral states. Systematic Biology
50: 351-366.

James TY, Kauff F, Schoch C, Matheny PB, Hofstetter V, Cox CJ,
Celio G, Gueidan C, Fraker E, Miadlikowska J, Lumbsch T,
Rauhut A, Reeb V, Arnold AE, Amtoft A, Stajich JE, Hosaka K,
Sung G-H, Johnson D, O’Rourke B, Binder M, Curtis JM, Slot JC,
Wang Z, Wilson AW, Schiifdler A, Longcore JE, O’Donnell K,
Mozley-Standridge K, Porter D, Letcher PM, Powell MJ,

Taylor JW, White MM, Griffith GW, Davies DR, Sugiyama J,
Rossman AY, Rogers JD, Pfister DH, Hewitt D, Hansen K,
Hambleton S, Shoemaker RA, Kohlmeyer ], Volkmann-
Kohlmeyer B, Spotts RA, Serdani M, Crous PW, Hughes KW,
Matsuura K, Langer E, Langer G, Untereiner WA, Liicking R,
Biidel B, Geiser DM, Aptroot A, Buck WR, Cole MS, Diederich P,
Printzen C, Schmitt I, Schultz M, Yahr R, Zavarzin A,

Hibbett DS, Lutzoni F, McLaughlin DJ, Spatafora JW, Vilgalys R,
2006. Reconstructing the early evolution of the fungi using

a six gene phylogeny. Nature 443: 818-822.

Janex-Favre MC, 1970. Recherches sur 'ontogénie, l'organisation
et les asques de quelques pyrénolichens. Revue Bryologique et
Lichénologique 37: 421-4609.

Janex-Favre MC, 1975. L’ontogénie et la structure des péritheces
du Staurothele sapaudica (Pyrénolichen, Verrucariacées). Revue
Bryologique et Lichénologique 41: 477-494.

Janex-Favre MC, 1977. Le développement et la structure des
pycnides de I'Umbilicaria cinereorufescens. Revue Bryologique
et Lichénologique 43: 1-18.

Janex-Favre MC, 1980. Etudes ontogéniques chez le Porina bysso-
phila (Pyrénolichen) I. Les pycnides. Cryptogamie, Bryologie, et
Lichénologie 1: 227-237.

Janex-Favre MC, 1982. Le développement et la structure des
pycnides du lichen Parmelia acetabulum. Cryptogamie, Bryologie,
et Lichénologie 3: 337-349.

Janex-Favre MC, Wagner J, 1986. Recherches ontogéniques et
structurales sur les pycnides des Dermatocarpacées
(Pyrénolichens). Bulletin de la Société Mycologique de France 102:
161-182.

Kauff F, Lutzoni F, 2002. Phylogeny of the Gyalectales and Ostro-
pales (Ascomycota, Fungi): among and within order relation-
ships. Molecular Phylogenetics and Evolution 25: 138-156.

Keller C. 1995. Hydro-Verrucarien. Beitrag zur Systematik und
Biologie europdischer Verrucaria-Arten des Siisswassers. PhD
thesis, University of Bern.

Keller C, 2000. Die Wasserflechten der Teigitsch zwischen der
Langmannsperre und dem Kraftwerk Arnstein (Steiermark,
Osterreich). Herzogia 14: 49-58.

Keller C, Scheidegger C, 1994. Zur Verbreitung von Wasser-
flechten in Abhingigkeit zur jahrlichen Uberflutungsdauer im
Fliielatal (Schweiz, Kanton Graubtiinden). Herzogia 10: 99-114.

Kirk PM, Cannon PF, David JC, Stalpers JA, 2001. Ainsworth & Bis-
by’s Dictionary of the Fungi, 9™ Edition. CAB International,
Wallingford.

Kjer KM, 1995. Use of rRNA secondary structure in phylogenetic
studies to identify homologous positions: an example of
alignment and data presentation from the frogs. Molecular
Phylogenetics and Evolution 4: 314-330.

Kushnir E, Tietz A, Galun M, 1978. ‘Oil hyphae’ of endolithic li-
chens and their fatty acid composition. Protoplasma 97: 47-60.

Letrouit-Galinou MA, 1972. Etudes sur le Lobaria laetevirens. II: Le
développement des pycnides. Bulletin de la Société Botanique de
France 119: 477-485.

Letrouit-Galinou MA, 1973. Les pycnospores et les pycnides du
Gyalecta carneolutea (Turn.) Oliv. Bulletin de la Société Botanique
de France 120: 373-384.

Letrouit-Galinou MA, 1984. Le développement des pycnides de
I'ascolichen Lecanactis premnea (Ach.) Arn. Cryptogamie, Bryolo-
gie et Lichénologie 5: 269-280.

Letrouit-Galinou MA, Lallement R, 1977. Le developpement des
pycnides du discolichen Buellia canescens (Dicks.) D.N. Annales
des Sciences Naturelles — Botanique et Biologie Végétale 12e Série
18: 119-134.

Lewis PO, 2002. A likelihood approach to estimating phylogeny
from discrete morphological character data. Systematic Biology
50: 913-925.

Lindsay WL, 1859. Memoir on the spermogones and pycnides of
filamentous, fruticulose, and foliaceous lichens. Transactions of
the Royal Society of Edinburgh 22: 101-303.

Lindsay WL, 1872. Memoir on the spermogones and pycnides of
crustaceous lichens. Transactions of the Linnean Society of London
28: 189-318.

Liu Y, Hall BD, 2004. Body plan evolution of ascomycetes, as
inferred from an RNA polymerase II phylogeny. Proceedings of
the National Academy of Sciences United States of America 101:
4507-4512.

Liicking R, Lumbsch HT, 2001. New species or interesting records
of foliicolous lichens. VI. Sporopodium aeruginascens (Lecanor-
ales), with notes on the chemistry of Sporopodium. Mycotaxon
78: 23-27.

Lumbsch HT, Schmitt I, Lindemuth R, Miller A, Mangold A,
Fernandez F, Huhndorf S, 2005. Performance of four ribosomal
DNA regions to infer higher-level phylogenetic relationships
of inoperculate euascomycetes (Leotiomyceta). Molecular Phylo-
genetics and Evolution 34: 512-524.

Lumbsch HT, Schmitt I, Palice Z, Wiklund E, Ekman S, Wedin M,
2004. Supraordinal phylogenetic relationships of Lecanoromy-
cetes based on a Bayesian analysis of combined nuclear and
mitochondrial sequences. Molecular Phylogenetics and Evolution
31: 822-832.

Lumbsch HT, Wirtz N, Lindemuth R, Schmitt I, 2002. Higher level
phylogenetic relationships of euascomycetes (Pezizomycotina)
inferred from a combined analysis of nuclear and mitochon-
drial data. Mycological Progress 1: 57-70.

Lutzoni F, Kauff F, Cox C, McLaughlin D, Celio G, Dentinger B,
Padamsee M, Hibbett D, James T, Baloch E, Grube M, Reeb V,
Hofstetter V, Schoch C, Arnold AE, Miadlikowska J, Spatafora J,



Generic delineation and character evolution in Verrucariaceae

1167

Johnson D, Hambleton S, Crockett M, Shoemaker R, Sung GH,
Liicking R, Lumbsch T, O’Donnell K, Binder M, Diederich P,
Ertz D, Gueidan C, Hansen K, Harris RC, Hosaka K, Lim YW,
Matheny B, Nishida H, Pfister D, Rogers ], Rossman A,
Schmitt I, Sipman H, Stone ], Sugiyama J, Yahr R, Vilgalys R,
2004. Assembling the fungal tree of life: progress, classifica-
tion, and evolution of subcellular traits. American Journal of
Botany 91: 1446-1480.

Lutzoni F, Pagel M, Reeb V, 2001. Major fungal lineages are derived
from lichen symbiotic ancestors. Nature 41: 937-940.

Lutzoni F, Wagner P, Reeb V, Zoller S, 2000. Integrating ambigu-
ously aligned regions of DNA sequences in phylogenetic
analyses without violating positional homology. Systematic
Biology 49: 628-651.

Maddison WP, Maddison DR, 2003. MacClade: Analysis of Phylogeny
and Character Evolution, Version 4.6. Sinauer, Sunderland, MA.

Mason-Gamer R, Kellogg E, 1996. Testing for phylogenetic conflict
among molecular datasets in the tribe Triticeae (Graminae).
Systematic Biology 45: 524-545.

Massalongo A, 1853. Memorie lichenografiche con un’appendice alle
ricerche sull’autonomia dei licheni crostosi. H.F. Miinster, Verona.

Matheny BP, Liu YJ, Ammirati JF, Hall BD, 2002. Using RPB1 Se-
quences to improve phylogenetic inference among mushrooms
(Inocybe, Agaricales). American Journal of Botany 89: 688-698.

McCarthy PM, 1988. New and interesting species of Verrucaria II.
Lichenologist 20: 245-251.

McCarthy PM, 1991. The lichen genus Endocarpon Hedwig in Aus-
tralia. Lichenologist 23: 27-52.

McCarthy PM, 1995. Aquatic species of Verrucaria in eastern
Australia. Lichenologist 27: 105-126.

McCarthy PM, 2001. Key to the genera of crustose pyrenocarpous
lichens in Australia. In: McCarthy PM (ed), Flora of Australia.
Vol. 58A, Lichens 3. ABRS/CSIRO Australia, Melbourne, pp.
197-203.

Ménard T, Roux C, 1995. Placopyrenium bucekii et remarques sur les
Verrucariaceae (Verrucariales, Lichenes). Mycotaxon 53:
129-159.

Miller AN, Huhndorf SM, 2004. A natural classification of Lasios-
phaeria based on nuclear LSU rDNA sequences. Mycological
Research 108: 26-34.

Miller AN, Huhndorf SM, 2005. Multi-gene phylogenies indicate
ascomal wall morphology is a better predictor of phyloge-
netic relationships than ascospore morphology in the
Sordariales (Ascomycota, Fungi). Molecular Phylogenetics and
Evolution 35: 60-75.

Navarro-Rosinés P, Roux C, Gueidan C, 2007. La genroj Verrucula
kaj Verruculopsis (Verrucariaceae, Verrucariales). Bull. Soc.
linn. Provence 58: 133-180.

Nimis PL, 1993. The Lichens of Italy. Museo Regionale di Scienze
Naturali, Torino.

Nylander W, 1858. Synopsis Methodica Lichenum Omnium Hucusque
Cognitorum Praemissa Introductione Lingua Gallica Tractata.

L. Martinet, Paris.

Orange A, 1989. Macentina stigonemoides (Verrucariaceae), a new li-
chenized species from Great Britain and Ireland. Lichenologist
21: 229-236.

Orange A, 1991. Thelidium pluvium (Verrucariaceae), a new
lichenized species from north-west Europe. Lichenologist 23:
99-106.

Orange A, 2004. The Verrucaria fuscella group in Great Britain and
Ireland. Lichenologist 36: 173-182.

Pinna D, Salvadori O, Tretiach M, 1998. An anatomical investiga-
tion of calcicolous endolithic lichens from the Triest karst
(NE Italy). Plant Biosystems 132: 183-195.

Poelt ], 1958. Die lobaten Arten der Flechtengattung Lecanora Ach.
sensu ampl. in der Holarktis. Planta 51: 288-307.

Poelt J, 1973. Classification. In: Ahmadjian V, Hale ME (eds), The
lichens Academic Press, New York, pp. 599-632.

Poelt J, 1990. Parasitische Arten der Flechtengattung Rhizocarpon:
eine weitere Ubersicht. Mitteilungen der Botanischen Staats-
sammlung Mtinchen 29: 515-538.

Poelt J, Doppelbauer H, 1956. Uber parasitische Flechten. Planta
46: 467-480.

Poelt J, Hinteregger E, 1993. Beitréige zur Kenntnis der Flechten-
flora des Himalaya. VII. Die Gattungen Caloplaca, Fulgensia und
Ioplaca (mit englischem Bestimmungsschliissel). Bibliotheca
Lichenologica 50, J. Cramer, Stuttgart.

Poelt ], Vézda A, 1981. Bestimmungsschliissel europédischer
Flechten. Ergdnzungsheft II. Bibliotheca Lichenologica 16,

J. Cramer, Vaduz.

Posada D, Crandall KA, 1998. Modeltest: testing the model of DNA
substitution. Bioinformatics 14: 817-818.

Purvis OW, Coppins BJ, Hawksworth DL, James PW, Moore DM
(eds), 1992 The Lichen Flora of Great Britain and Ireland. Natural
History Museum Publications & British Lichen Society,
London.

Reeb V, Roux C, Lutzoni F, 2004. Contribution of RPB2 to multilo-
cus phylogenetic studies of the euascomycetes (Pezizomyco-
tina, Fungi) with special emphasis on the lichen-forming
Acarosporaceae and evolution of polyspory. Molecular Phyloge-
netics and Evolution 32: 1036-1060.

Rehner SA, Samuels GJ, 1994. Taxonomy and phylogeny of Glio-
cladium analysed from nuclear large subunit ribosomal DNA
sequences. Mycological Research 98: 625-634.

Ronquist F, 2004. Bayesian inference of character evolution.
Trends in Ecology and Evolution 19: 475-481.

Ronquist F, Huelsenbeck JP, 2003. MRBAYES 3: Bayesian phylo-
genetic inference under mixed models. Bioinformatics 19:
1572-1574.

Roux C, Triebel D, 1994. Révision des especes de Stigmidium et de
Sphaerellothecium (Champignons lichénicoles non lichénisés,
Ascomycetes) correspondant a Pharcidia epicymatia sensu
Keissler ou a Stigmidium schaereri auct. Bull. Soc. linn. Provence
45: 451-542.

Sanders WB, Moe RL, Ascaso C, 2004. The intertidal marine lichen
formed by the Pyrenomycete fungus Verrucaria tavaresiae
(Ascomycotina) and the brown alga Petroderma maculiforme
(Phaeophyceae): thallus organization and symbiont interaction.
American Journal of Botany 91: 511-522.

Santesson R, 1952. Foliicolous lichens I. A revision of the taxon-
omy of the obligately foliicolous, lichenized fungi. Symbolae
Botanicae Upsalienses 12: 1-590.

Santesson R, 1993. The Lichens and Lichenicolous Fungi from Sweden
and Norway. SBT-férlaget, Lund.

Santesson R, Moberg R, Nordin A, Tgnsberg T, Vitikainen O, 2004.
Lichen-forming and Lichenicolous Fungi of Fennoscandia. Museum
of Evolution, Uppsala University, Uppsala.

Savi¢ S, Tibell L, Gueidan C, Lutzoni F, In press. Molecular phy-
logeny and systematics of Polyblastia (Verrucariaceae, Eurotio-
mycetes) and allied genera. Mycological Research.

Schultz TR, Churchill GA, 1999. The role of subjectivity in recon-
structing ancestral character states: a Bayesian approach to
unknown rates, states, and transformation asymmetries.
Systematic Biology 48: 651-664.

Servit M, 1946. The new lichens of the Pyrenocarpae—group I.
Studia Botanica Cechoslovaca 7: 49-111.

Servit M, 1950a. The new lichens of the Pyrenocarpae—group III
Studia Botanica Cechoslovaca 11: 7-41.

Servit M, 1950b. The new lichens of the Pyrenocarpae—group IV.
Studia Botanica Cechoslovaca 11: 101-144.

Servit M, 1952. Nové a malo znamé druhy z celedi Verrucariaceae
a Dermatocarpaceae. Preslia 24: 345-390.

Servit M, 1953. Species novae Verrucariarum et generum affi-
nium. Rozpravy Ceskoslovenské Akademie Véd 63: 1-33.

Servit M, 1954. Lichenes Familiae Verrucariacearum. Nakladatelstvi
Ceskoslovenské Akademie Vé&d, Praha, 249p.



1168

C. Gueidan et al.

Servit M, 1955. Lichenes novi. Rozpravy Ceskoslovenské Akademie
Véd 65: 1-45.

Smith AL, 1921. Lichens. Cambridge University Press, London.

Spatafora JW, Mitchell TG, Vilgalys R, 1995. Analysis of genes
coding for small-subunit rRNA sequences in studying phylo-
genetics of dematiaceous fungal pathogens. Journal of Clinical
Microbiology 33: 1322-1326.

Spatafora JW, Sung GH, Johnson D, O’'Rourke B, Serdani M,
Spotts R, Lutzoni F, Hofstetter V, Miadlikowska ], Reeb V,
Gueidan C, Fraker E, Lumbsch T, Liicking R, Schmitt I,
Hosaka K, Aptroot A, Roux C, Miller A, Geiser D, Hafellner J,
Hestmark G, Arnold AE, Biidel B, Rauhut A, Hewitt D,
Untereiner WA, Cole MS, Scheidegger C, Schultz M, Sipman H,
Schoch C, 2006. A five-gene phylogeny of Pezizomycotina.
Mycologia 98: 1018-1028.

Stahl E, 1877. Beitrdge zur Entwicklungsgeschichte der Flechten.
II. Ueber die Bedeutung der Hymenialgonidien. Felix, Leipzig.

Staiger B, 2002. Die Flechtenfamilie Graphidaceae. Studien in
Richtung einer natiirlicheren Gliederung. Bibliotheca Licheno-
logica 85, J. Cramer, Stuttgart.

Stamatakis A, Ludwig T, Meier H, 2005. RAXML-iii: a fast program
for maximum likelihood-based inference of large phylogenetic
trees. Bioinformatics 21: 456-463.

Steiner J, 1896. Beitrag zur Flechtenflora Stidpersiens. Sitzungsber-
ichte der kaiserlichen Akademie der Wissenschaften in
Wien, mathematisch-naturwissenschaftlichen Klasse 105: 436-446.

Steiner J, 1901. Uber die Function und den systematischen Wert der
Pycnoconidien der Flechten. Festschrift zur Feier des zweihun-
dertjdhrigen Bestandes des kaiserlichen koéniglichen Staats-
gymnasiums im VIII, Bezirke Wien, 119-154.

Swinscow TDV, 1968. Pyrenocarpous lichens: 13. Freshwater
species of Verrucaria in the British Isles. Lichenologist 4: 34-54.

Swinscow TDV, 1971. Pyrenocarpous lichens: 15. Key to Polyblastia
Massal. in the British Isles. Lichenologist 5: 92-113.

Swofford DL, 1999. PAUP*: phylogenetic analysis using parsimony
(*and other methods) Version 4.0b10. Sinauer, Sunderland, MA.

Thomson JW, 1991. The lichen genus Staurothele in North Amer-
ica. Bryologist 94: 351-367.

Thomson JW, 1997. American Arctic Lichens. 2. The Microlichens. The
University of Wisconsin Press, Madison.

Thiis H, 2002. Taxonomie, Verbreitung und Okologie silicoler
Stisswasserflechten im ausseralpinen Mitteleuropa. Bibliotheca
Lichenologica 83, J. Cramer, Stuttgart.

Timdal E, 1984. The delimitation of Psora (Lecideaceae) and related
genera, with notes on some species. Nordic Journal of Botany 4:
525-540.

Triebel D, 1993. Notes on the genus Sagediopsis (Verrucariales,
Adelococcaceae). Sendtnera 1: 273-280.

Tulasne LR, 1852. Mémoire pour servir a 'histoire organogra-
phique et physiologique des lichens. Annales des Sciences
Naturelles — Botanique, série 3, 17: 5-128, 153-249.

Vainio EA, 1890. Etude sur la classification et la morphologie des
lichens du Brésil, I. Acta Societatis pro Fauna et Flora Fennica 7:
1-247.

Vézda A, 1973. Foliicole Flechten aus der Republik Guinea. I.
Casopis Slezskeho Musea. Ser. A. Historia Naturalis. Acta Musei
Silesiae 22: 67-90.

Vilgalys R, Hester M, 1990. Rapid genetic identification and
mapping of enzymatically amplified ribosomal DNA from
several Cryptococcus species. Journal of Bacteriology 172: 4238-
4246.

Vobis G, 1980. Bau und Entwicklung der Flechten-Pycnidien
und ihrer Conidien. Bibliotheca Lichenologica 14, J. Cramer,
Vaduz.

Vobis G, Hawksworth DL, 1981. Conidial lichen-forming fungi.
In: Cole GT, Kendrick B (eds), Biology of Conidial Fungi, Vol 1.
Academic Press, New York, pp. 245-273.

Wagner J, 1987. Ontogénie des périthéces d’Endocarpon pusillum
(Pyrénolichen, Verrucariacées). Canadian Journal of Botany 65:
2441-2449.

White TJ, Bruns TD, Lee S, Taylor JW, 1990. Amplification and
direct sequencing of fungal ribosomal RNA genes for phylo-
genetics. In: Innis MA, Gelfand DH, Sninsky JJ, White TJ (eds),
PCR Protocols: a Guide to Methods and Applications Academic
Press, San Diego, pp. 315-322.

Yoshimura I, Shimada R, 1980. Fine structures of lichen plecten-
chymas viewed with the scanning electron microscope. Bul-
letin of Kochi Gakuen College 11: 13-28.

Zahlbruckner A, 1921-1922. Catalogus Lichenum Universalis Band 1.
Gebrtider Borntraeger, Leipzig.

Zehetleitner G, 1978. Uber einige parasitische Arten des Flech-
tengattung Verrucaria. Nova Hedwigia 29: 683-734.

Zenker JC, 1827. Flechten auf offizinellen Rinden. In: Goebel F,
Kunze G (eds), Pharmazeutische Warenkunde Johann Friedrich
Bérecke, Eisenach, pp. 109-200.

Zolan ME, Pukkila PJ, 1986. Inheritance of DNA methylation
in Coprinus cinereus. Molecular and Cellular Biology 6:
195-200.

Zschacke H, 1913. Die mitteleuropédischen Verrucariaceen. I.
Hedwigia 54: 183-198.

Zschacke H, 1914. Die mitteleuropéischen Verrucariaceen. II.
Hedwigia 55: 286-324.

Zschacke H, 1918. Die mitteleuropédischen Verrucariaceen.
Nachtrdge zu I und II. Hedwigia 60: 1-9.

Zschacke H, 1921. Die mitteleuropédischen Verrucariaceen III.
Hedwigia 62: 90-154.

Zschacke H, 1924. Die mitteleuropédischen Verrucariaceen IV.
Hedwigia 65: 46-64.

Zschacke H, 1927. Die mitteleuropéischen Verrucariaceen V.
Hedwigia 67: 45-85.

Zschacke H, 1933-1934. Epigloeaceae, Verrucariaceae und Derma-
tocarpaceae. In: Zahlbruckner A (ed), Dr L. Rabenhorst’s Krypto-
gamen-Flora von Deutschland, Osterreich und der Schweiz.
Akademische Verlagsanstalt, Leipzig, pp. 44-695.

Zukal H, 1886. Ueber das Vorkommen von Reservestoffbehéiltern
bei Kalkflechten. Ein Beitrag zur Kenntniss der histologischen
Eigentiimlichkeiten der Flechten. Botanische Zeitung (Berlin) 44:
761-770.



	Using a multigene phylogenetic analysis to assess generic delineation and character evolution in Verrucariaceae (Verrucariales, Ascomycota)
	Introduction
	Materials and methods
	Taxon sampling
	Molecular data
	Alignments and phylogenetic analyses
	Morphology
	Ancestral state reconstruction

	Results
	Molecular data
	Phylogenetic inference
	Morphology
	Ancestral state reconstruction

	Taxonomy
	Discussion
	Traditional generic circumscriptions within Verrucariaceae versus monophyly
	Squamulose taxa
	Parasitic taxa
	Endolithic taxa
	Aquatic taxa
	Evolution and taxonomic relevance of selected morphological traits for a phylogenetically based classification of Verrucariaceae
	Pycnidia
	Thallus structure
	Upper cortex
	Ascospore septation
	Hymenial algae

	Conclusions
	Acknowledgements
	Supplementary material
	References


