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Abstract Species delimitation in theCladonia gracilis group
has long been known to be difficult due to morphological
variability of taxa. The present study addresses the circum-
scription of species within this group, examining a number
of specimens of the currently accepted taxa Cladonia
coniocraea, C. cornuta subsp. cornuta, C. cornuta subsp.
groenlandica, C. ecmocyna subsp. ecmocyna, C. ecmocyna
subsp. intermedia, C. gracilis subsp. gracilis, C. gracilis
subsp. elongata, C. gracilis subsp. tenerrima, C. gracilis
subsp. turbinata, C. gracilis subsp. vulnerata, C. macro-
ceras, C. maxima, and C. ochrochlora using genealogical
concordance phylogenetic species recognition. We employed
maximum parsimony, maximum likelihood and Bayesian
methods of phylogenetic reconstructions based on DNA
sequences of ITS rDNA, IGS rDNA, RPB2 and partially
EF1-α regions. Our results indicate that the C. gracilis group
is monophyletic but that most currently accepted taxa do not
form monophyletic groups, with the exception of C.
ecmocyna and C. cornuta subsp. cornuta. Different tests
suggest that incomplete lineage sorting and sporadic recom-
bination events are responsible for a phylogeny that largely

lacks support. Our data also strongly suggest that C.
coniocraea, C. cornuta subsp. groenlandica, and C. ochro-
chlora are conspecific, with C. coniocraea being the oldest
available name. The morphological characters in the group
are shown to be highly homoplasious, causing, in tandem
with phenotypical plasticity of the taxa, the difficulties in
delimiting species in the C. gracilis group.

Keywords Genealogical concordance phylogenetic species
recognition . Lichens .Morphology . Taxonomy. Variability

Introduction

Understanding morphological variation in the different
groups of organisms is a key to identify diagnostic
characters allowing for taxon delimitation. Nevertheless,
this task is hindered by phenotypical plasticity, i.e., the
ability of a genotype to express different phenotypes as
a response to environmental conditions. This fact is
widely known for many groups of organisms (Sultan
1987; Lortie and Aarssen 1996; Trussell 1996; Schichting
2002; Whitman and Ananthakrishnan 2008; Hollander and
Butlin 2010), including lichenized fungi (Nash et al. 1990;
Pintado et al. 1997; Rikkinen 1997). In order to assess the
phenotypical plasticity effect, it is required to study the
phenotypical response of a given genotype in an environ-
mental gradient. These kinds of experiments have been
carried out in plants (Briggs 1964; Davis 1983; Pigliucci
et al. 1999; Kaplan 2002a; Canfield et al. 2008), which
are usually easy to grow. Growing lichenized fungi,
however, is not an easy task, which has seriously limited
this kind of studies in lichens. Currently, analyses based
on DNA sequences permit to assess whether morpholog-
ical variation is related to genetic differences or not, the
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same way they have permitted to evaluate the significance
of the reproductive type in numerous so-called species
pairs (Lohtander et al. 1998a, b; Myllys et al. 1999, 2001;
Articus et al. 2002; Buschbom and Mueller 2006).

Species within the genus Cladonia are known to be
morphologically variable, which explains taxonomic prob-
lems remaining in some species groups of Cladonia (Ahti
and Hammer 2002), in spite of being one of the most
studied macrolichen genera. The high morphological
variability of Cladonia species is probably an effect of the
phenotypical plasticity induced by factors such as exposure
to light, temperature or humidity (Ahti 2000). The Cladonia
gracilis group, treated as “subgroup Graciles” by Stenroos
et al. (2002) is a monophyletic group (Fontaine et al. 2010)
formed by C. gracilis (L.) Willd., C. ecmocyna Leight., C.
cornuta (L.) Hoffm., C. squamosissima (Müll. Arg.) Ahti,
C. coniocraea (Flörke) Spreng., C. ochrochlora Flörke, C.
maxima (Asahina) Ahti and C. macroceras (Delise) Hav.
The characters used to distinguish the species in the group
include: 1) presence of partially sorediate or entirely
corticate podetia, 2) width of the podetial wall, 3) presence
of squamules on the podetium, 4) presence of scyphi and
their diameter, and 5) color of the podetial base. In this
group, the secondary metabolites are relatively uniform,
with most species containing only fumarprotocetraric acid.
Some taxa regularly contain atranorin, while in some others
atranorin appears only in certain specimens. In the
C. gracilis group, species delimitations are especially
difficult since taxa are morphologically similar, because
most of the morphological characters show a considerable
variation (Ahti 1980a). These difficulties have led to the
necessity of using a combination of character states (Ahti
1980a) in order to distinguish the taxa. Distribution
differences and ecological requirements are sometimes a
great help to differentiate between taxa, but wherever
several taxa coexist some can be difficult to distinguish.
An example to illustrate this is the distinction of Cladonia
coniocraea and C. ochrochlora, two morphologically
similar species, that have ecological and distributional
differences. Cladonia ochrochlora grows in N and S
hemispheres with oceanic tendency while C. coniocraea
appears only in North America and Eurasia (Ahti 2000;
Ahti and Hammer 2002). As such, the species rank of
these taxa has been questioned (Poelt and Vězda 1981;
Nimis 1993; Wirth 1995).

Fontaine et al. (2010) demonstrated, using ITS rDNA
and PKS sequence data, that the group is monophyletic
while the currently accepted morphospecies are not, with
the exception of C. maxima. Further, the clades that were
found in this analysis only got weak support values.
Hence, to further understand the species delimitation in
the C. gracilis group we gathered DNA sequence data
using three loci (ITS rDNA, IGS rDNA, RPB2). Addi-

tionally, we focused on the delimitation of C. coniocraea
and C. ochrochlora, for which we used four genetic
markers (EF1-α added) to assess the taxonomical status of
these taxa. We applied genealogical concordance phylo-
genetic species recognition (Taylor et al. 2000) in this
study.

Material and methods

Taxon sampling

From a total of 770 studied collections from different
herbaria (B, BRA, FH, H, L, MACB, S, UPS), 115 were
selected for the molecular study. It was intended that all the
taxa in the group of C. gracilis were represented. We
sampled specimens of C. coniocraea, C. cornuta subsp.
cornuta, C. cornuta subsp. groenlandica, C. ecmocyna
subsp. ecmocyna, C. ecmocyna subsp. intermedia, C.
gracilis subsp. gracilis, C. gracilis subsp. elongata, C.
gracilis subsp. tenerrima, C. gracilis subsp. turbinata, C.
gracilis subsp. vulnerata, C. macroceras, C. maxima, and
C. ochrochlora. However, there are taxa, which apparently
belong to this complex, such as Cladonia alinii Trass, C.
cinerella Ahti, C. ecmocyna subsp. occidentalis Ahti, C.
fenestralis Nuno, C. gracilis subsp. valdiviensis Ahti, and
several Australasian species similar to C. ochrochlora,
which were not analyzed. As outgroup we included the
closely related species C. rangiformis and C. thomsonii
following Stenroos et al. (2002) and based on our own
unpublished data.

DNA extraction and PCR

Total DNA was extracted using DNeasy Plant Mini Kit
(QIAGEN, Germany) following the manufacturer’s instruc-
tions. The DNA was dissolved in 200 μl of buffer included
in the kit. Three loci were amplified for all the samples: ITS
rDNA, IGS rDNA and RPB2. A fourth region, EF1-α, was
amplified in a subset including C. coniocraea and C.
ochrochlora samples. The amplifications were carried out
using the primers ITS1F (Gardes and Bruns 1993) and ITS4
(White et al. 1990), or alternatively SSU-1780-5’F/LSU-
0012 (Piercey-Normore and DePriest 2001) for the ITS
region; primers IGSf/IGSr (Wirtz et al. 2008) for the IGS
rDNA region; RPB2-5F/RPB2-7cR (Liu et al. 1999) and
RPB2dRaq/RPB2rRaq (Pino-Bodas et al. 2010) for the
RPB2 region; and primers CLEF-3F/CLEF-3R (Yahr et al.
2006) for the EF1-α region. PCRs were carried out with
Ready-to-Go-PCR Beads (GE Healthcare Life Sciences,
UK). Amplifications were prepared for a 25 μl final
volume. The thermal cycling parameters used for amplifi-
cations of ITS rDNA, RPB2 and EF1-α were those of
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Pino-Bodas et al. (2010) and the program used for IGS
rDNA region was the same used to amplify RPB2 in Pino-
Bodas et al. (2010). The PCR products were purified using
the QIAquick Gel extraction Kit (QIAGEN) or ExoSAP-
IT (USB Corporation, OH, USA).

The sequencing reactions were done at the Secugen S. L.
(Centro de Investigaciones Biológicas [CIB], Madrid,
Spain) or Macrogen (Korea) sequencing service (www.
macrogen.com) with the same primers used for the PCR.
The SequencherTM program (Gene Codes Corporation,
Inc, Ann Arbor, Michigan, USA) was used to assemble the
consensus sequences from the two strands of each
sequencing reaction.

Phylogenetic analyses

The alignments were producedmanually with SE-AL v2.0a11
(Rambaut 2002) for each locus separately. Phylogenetic
analyses were done using different matrices: 1) on each
matrix corresponding separately to each locus, 2) on a
concatenated matrix including three loci that contained all
samples, and 3) a concatenated matrix including four loci
that contained a subset of the samples (C. coniocraea and C.
ochrochlora only). All matrices were analyzed by maximum
parsimony (MP) analyses. MP analyses were performed
using PAUP* version 4.0.b.10 (Swofford 2003), using the
heuristic search with 1000 random taxon-addition replicates
with TBR branch swapping and MulTrees option in effect,
equally weighted characters and gaps treated as missing data.
For the confidence analysis, the bootstrap (Felsentein 1985)
was applied, with 1,000 replicates, using the heuristic option
with the same settings as the MP search. Congruence among
loci was tested following Lutzoni et al. (2004): each clade
with more than 75% bootstrap support was scanned for
conflict among loci and individual sequences causing
conflict were excluded from the data matrix (Appendix 2).
We considered the existence of a conflict whenever a clade
was supported with a bootstrap (more than 75%) in a locus,
but it was not supported in other locus and the individual
sequences of this clade are part of another clade with
bootstrap support ≥ 75 %.

MrModeltest (Nylander 2004) was used to select the most
appropriate nucleotide substitution model for each locus,
using the AIC criterion. In addition to MP, the combined
dataset and the subsets were also analyzed, using maximum
likelihood (ML) and Bayesian analysis. ML analyses were
implemented with RaxML 7.04 (Stamatakis 2006), the
combined dataset was divided in five partitions (ITS rnDNA,
IGS rnDNA and each of three codon positions of RPB2),
assuming the GTRGAMMA model for all partitions. The
dataset of the subset with four loci was divided into eight
partitions, five as described above and each of three codon
positions of EF1-α. The Bayesian analysis was carried out

using MrBayes 3.1.2 (Huelsenbeck and Ronquist 2001). The
combined dataset was divided in five partitions: ITS rnDNA
(optimal model, K80 + I), IGS rnDNA (HKY + G) and each
of three codon positions of RPB2 (each K80 + I). The dataset
of the subset with four loci was divided into eight partitions,
five as described above and each of three codon positions of
EF1-α (each SYM + I). The posterior probabilities were
approximated by sampling trees using Markov Chain Monte
Carlo (MCMC). Two simultaneous runs with 20,000,000
generations, each starting with a random tree and employing
4 simultaneous chains were executed. Every 1,000th tree was
saved into a file. Tracer v. 1.0 (http://evolve.zoo.ox.ac.uk/
software.html?id=tracer) and AWTY (Nylander et al. 2008)
were used to determine when the chains reached the
stationary stage and the number of generations that should
be discarded as burn-in. The 50% majority-rule consensus
tree was calculated using the “sumt” command of MrBayes,
deleting the first 1,000,000 generations (i. e. the first 1,000
trees). The matrices and trees have been deposited in
TreeBASE (http://purl.org/phylo/treebase/phylows/study/
TB2:S11906).

The ILD test (Farris et al. 1994) as implemented in
PAUP* was used to estimate the discordance among loci.
The analyses were performed with 1,000 replications and a
value of p<0.001 was considered significant, following
Cunningham (1997). Then, the ILD test was conducted in
several reduced matrices in order to evaluate the influence
of the different data subsets. The outgroup taxa were
excluded in all cases.

Hypothesis testing

The following phylogenetic hypotheses of monophyly were
tested: 1) C. ochrochlora, 2) C. coniocraea, 3) C. cornuta
subsp. cornuta plus C. cornuta subsp. groenlandica, 4) the
sorediate taxa (C. coniocraea, C. ochrochlora and C.
cornuta), 5) C. gracilis subsp. gracilis, 6) C. gracilis subsp.
turbinata. 7) C. gracilis subsp. elongata is monophyletic.
Alternative hypothesis tests included the Shimodaira-
Hasegawa test (SH) (Shimodaira and Hasegawa 1999) and
expected likelihood weight (ELW) (Strimmer and Rambaut
2002) that were performed using TREE-PUZZLE 5.2
(Schmidt et al. 2002).

Detecting possible recombination

Two methods were used to assess the interlocus recombi-
nation rate: the Index of Association (IA) (Brown et al.
1980; Maynard Smith et al. 1993) and the Parsimony Tree
Length Permutation Test (PTLPT) (Burt et al. 1996). The IA
was calculated in MULTILOCUS 1.3b (Agapow and Burt
2001), using standardization for the covariances (rd). This
modification removes the dependency of the number of loci
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analyzed (Zhang et al. 2010). The positions in the same
region were considered as a single locus. A significance test
was performed with 1,000 randomizations of the data to
determine whether the association index was significantly
different from zero. For the calculation of PTLPT, 1,000
artificially recombined replicas were generated using
MULTILOCUS and PAUP* was used to calculate the tree
lengths for these 1,000 replicas.

Additionally, several tests for assessing intralocus re-
combination were carried out. In RDP3 program (Martin et
al. 2005), the followings tests were performed: Boot-
scanning (Salminen et al. 1995); Chimaera (Posada and
Crandall 2001); GENECONV (Padidam et al. 1999);
MaxChi (Maynard Smith 1992); RDP (Martin et al.
2005); SiScan (Gibbs et al. 2000); and 3SEQ (Boni et al.
2007). In SPLITSTREE4 (Huson and Bryant 2006), the
PHI test (Bruen et al. 2006) was implemented.

Homoplasy of phenotypical characters

An evaluation of the taxonomic utility of phenotypical
characters was done following Lumbsch (2004). The
homoplasy for each character was assessed by the consis-
tency index (CI) and retention index (RI), using Mesquite
2.74 (Maddison and Maddison 2007), calculated over the
strict consensus tree of the maximum parsimony search
based on the combined dataset. The matrix with the
morphological and chemical characters and their respective
states for every sample is shown in Appendix 1.

Morphological study of C. coniocraea and C. ochrochlora

The morphological and anatomical data of C. coniocraea
and C. ochrochlora were analyzed by principal component
analysis (PCA) using a correlation matrix in SPSS 17.0.

Table 1 Samples included in phylogenetic analyses with GenBank accession number

Species Locality and collection ITS RPB2 IGS EF1-α

C. coniocraea 1 USA, New Hampshire, M. Schmull (FH 259371) JN811378 JN811336 JN811344 JN811437

C. coniocraea 2 Finland, Etelä-Häme, Päijänne, V. Haikonen (H) JN811379 JN811337 JN811345 —

C. coniocraea 3 Russia, Karelian Republic, P. Uotila (H) JN811380 JN811338 JN811346 JN811438

C. coniocraea 4 Russia, Sakha Republic, T. Ahti & P. A. Timofeev (H) JN811381 JN811339 JN811347 JN811439

C. cornuta subsp. cornuta 1 Finland, Etelä-Häme, Päijänne, V. Haikonen (H) JN811383 JN811426 JN811348 —

C. cornuta subsp. cornuta 2 Finland, Uusimaa, R. Pino-Bodas (MACB 101646) JN811385 JN811428 JN811350 —

C. cornuta subsp. groenlandica 1 USA, Alaska, K. Dillman (H) JN811384 JN811427 JN811349 JN811436

C. ecmocyna 1 Norway, Østlandet, S. Rui & E. Timdal (H) JN811399 JN811423 JN811365 —

C. ecmocyna 2 Spain, Burgos, A. R. Burgaz (MACB 101650) JN811397 JN811424 JN811352 —

C. ecmocyna 3 Spain, Madrid, A. R. Burgaz (MACB 101649) JN811398 JN811425 JN811353 —

C. gracilis subsp. gracilis 1 Spain, Palencia, A. R. Burgaz (MACB 94216) JN811386 JN811412 JN811354 —

C. gracilis subsp. gracilis 2 Spain, Guadalajara, A. R. Burgaz (MACB 95195) JN811387 JN811413 JN811355 —

C. gracilis subsp. gracilis 3 Finland, Uusimaa, V. Haikonen (H) JN811390 JN811419 JN811361 —

C. gracilis subsp. gracilis 4 Finland, Kymenlaakso, V. Haikonen (H) JN811392 JN811420 JN811362 —

C. gracilis subsp. gracilis 5 Finland, Uusimaa, R. Pino-Bodas (MACB 101647) JN811394 JN811422 JN811364 —

C. gracilis subsp. elongata 1 Russia, Murmansk Region, M. A. Fadeeva (H) JN811391 JN811418 JN811360 —

C. gracilis subsp. elongata 2 Sweden, Uppland, G. Thor (UPS L167919) JN811388 JN811414 JN811356 —

C. gracilis subsp. turbinata 1 Russia, Leningrad Region, T. Ahti (H) JN811389 JN811415 JN811357 —

C. gracilis subsp. turbinata 2 Finland, Pirkanmaa, V. Haikonen (H) JN811393 JN811421 JN811363 —

C. gracilis subsp. vulnerata 1 USA, Alaska, K. Dillman (H) JN811395 JN811417 JN811358 —

C. gracilis subsp. vulnerata 2 USA, Alaska, S. S. Talbot & W. B. Schofield (H) JN811396 JN811416 JN811359 —

C. macroceras 1 Andorra, Soldeu, A. R. Burgaz (MACB 94200) JN811382 JN811411 JN811351 —

C. ochrochlora 1 Spain, Lugo, A. R. Burgaz (MACB 95427) JN811374 JN811407 JN811340 JN811440

C. ochrochlora 2 Portugal, Beira Alta, A. R. Burgaz (MACB 94635) JN811375 JN811408 JN811341 JN811441

C. ochrochlora 3 Finland, Uusimaa, R. Pino-Bodas (MACB 101648) JN811376 JN811409 JN811342 JN811442

C. ochrochlora 4 Unknown, L. R. Sharma JN811377 JN811410 JN811343 JN811443

C. rangiformis 1 Spain, Menorca, A. R. Burgaz (MACB 96193) JF288803 JF288838 JN811366 JN811444

C. rangiformis 2 Netherlands, Zuid-Holland, H. Van der Goes et al. (H) JN811400 JN811429 JN811367 —

C. rangiformis 3 Sweden, Öland, R. Skytén (H) JN811401 JN811430 JN811368 —

C. thomsonii 1 Russia, Krasnoyarsk, M. Zhurbenko (H) JN811402 JN811431 JN811369 —
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(SPSS Inc., Chicago, IL, USA). In the analysis, the key
characters for the discrimination of C. coniocraea and C.
ochrochlora (Hammer 1991; Ahti 2000; Ahti and Hammer
2002) were included, whenever they, or their logarithmic
transformation, were normally distributed as indicated by a
Kolmogorov-Smirnov test: squamule length, squamule
thickness, squamule incisions, podetial length, podetial
thickness, podetial basal cortex thickness and length.
Soredium size, squamule width and podetial diameter did
not fulfill the normality criterion and were excluded from
the analysis.

Results

Phylogenetic reconstructions

The DNA of a total of 115 specimens was isolated, but
not all the specimens were successfully amplified for
one or more loci. Old material and gamma irradiated
material for preservation proved difficult to amplify.

Sixty two sequences for ITS rDNA, 77 for IGS and 43
for RPB2 were obtained. Only in 30 samples were the
amplifications of all three regions achieved; 4 of them
were incongruent (appendix 2) according to the method of
Lutzoni et al. (2004) and were excluded from the
combined analyses (Table 1). In the MP analyses of each
separate region, the relationships in the ingroup were
mostly unresolved. In the consensus tree for the ITS
rDNA region (not shown), three clades appeared. One of
them contained C. ecmocyna samples; another with C.
cornuta subsp. cornuta samples; and a third one contain-
ing the samples of C. gracilis subsp. vulnerata. But only
the C. cornuta subsp. cornuta clade was strongly
supported (=95% bootstrap support [BP]). In the
resulting tree for IGS rDNA analysis, the same clades
obtained for ITS rDNA analysis were found, and the
clades of C. ecmocyna and C. gracilis subsp. vulnerata
received 76 and 87% BP support respectively, while C.
cornuta subsp. cornuta received only low support (63%
BP). In the RPB2 analysis, only one, strongly supported
(100% BP) clade containing C. coniocraea, C. ochro-

C. gracilis subsp. gracilis 3

C. gracilis subsp. gracilis 1
C. gracilis subsp. gracilis 5

C. gracilis subsp. gracilis 4
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C. cornuta subsp. groenlandica 1
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C. ecmocyna 2
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Fig. 1 Phylogeny of the C. gracilis group. 50% Majority Rule
Bayesian tree based on a combined data set including ITS rDNA, IGS
and RPB2. Branches supported with posterior probability ≥0.95 and

bootstrap >70% are indicated in bold. Bootstrap value >70% for MP/
Bootstrap value >70% for ML/posterior probability >0.95 for
Bayesian analysis at branches
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chlora and C. cornuta subsp. groenlandica specimens
was found.

The combined dataset of 30 sequences (26 ingroup
and 4 outgroup OTUs) included 1823 unambiguously
aligned sites (ITS: 578, IGS: 380, and RPB2: 865) and
included 174 parsimony informative positions. The MP
analysis yielded 9 equally parsimonious trees of 428
steps, CI=0.738, RI=0.829 and RC=0.617. ML analysis
yielded a most likely tree with a likelihood value of LnL=
−5118.76, while the mean likelihood of the Bayesian tree
sampling was LnL=−5201.09. MP, ML and Bayesian
analyses rendered a similar topology, so only the
Bayesian tree is shown here (Fig. 1). The C. gracilis

group, including C. ecmocyna, C. cornuta, C. ochro-
chlora, C. coniocraea, C. macroceras and C. gracilis
sensu lato, is well-supported in all three analyses. Two
clades have strong support in all three analyses: 1) a clade
containing samples of C. coniocraea, C. ochrochlora and
one sample of C. cornuta subsp. groenlandica, all
intermingled; and 2) a clade consisting of two C. cornuta
subsp. cornuta specimens. The C. gracilis subsp. vulner-
ata specimens form a monophyletic group that only
receives support in the Bayesian analysis. Cladonia
ecmocyna specimens form a monophyletic clade basal to
the remaining taxa of the C. gracilis group. This clade is
well supported in MP and ML analyses, but lacks support
in the Bayesian analysis (Fig. 1). Specimens of C. gracilis
subsp. turbinata, C. gracilis subsp. gracilis and C.
gracilis subsp. elongata do not form monophyletic
groups.

The subset focusing on C. coniocraea and C. ochrochlora
contained 2433 unambiguously aligned nucleotide sites (ITS:
578, IGS: 380, RPB2: 865 and EF1-α: 610), 2200 of which
were constant, and 59 were parsimony-informative. MP
analysis yielded one tree, 268 steps long, with a value CI=
0.899 and RI=0.716. ML analysis generated a tree with LnL=
−4717.16, while the mean likelihood of the Bayesian analysis
was LnL=−4882.01. The topology of the phylogenetic trees
of the three analyses were similar, thus only the Bayesian tree
is shown here (Fig. 2). The samples of C. coniocraea and C.
ochrochlora were intermingled and did not form separate
monophyletic groups.

The SH and ELW rejected six alternative hypotheses
tested (Table 2). The monophyly of C. gracilis subsp.
elongata was rejected by ELW but it was not rejected by
SH. The results of ILD test are shown in Table 3. The test
on complete matrix indicates incompatibilities among the
three loci. When the analysis was run only with the C.
ochrochlora/C. coniocraea subset, no evidence of hetero-
geneity among loci was found. In three data subsets, ITS
and IGS were compatible (Table 3), but in the same subsets
ITS-RPB2 and IGS-RPB2 were incompatible. In the
remaining subsets, all genes were incompatible.

0.01

C. coniocraea 3

C. ochrochlora 3

73/89/1.00

C. ochrochlora 1

C. ochrochlora 2
91/93/1.00

-/-/1.00

C. coniocraea 1

C. cornuta subsp. groenlandica 1

98/74/0.99

C. coniocraea 4

C. ochrochlora 4
100/100/1.00

C. rangiformis 1

Fig. 2 Phylogeny of the Cladonia coniocraea and C. ochrochlora
complex. 50% Majority rule Bayesian tree based on ITS rDNA, IGS,
RPB2 and EF1-α. Branches supported with posterior probability ≥0.95
and bootstrap >70% are indicated in bold. Bootstrap value >70% for
MP/ Bootstrap value >70% for ML/posterior probability >0.95 for
Bayesian analysis at branches

Table 2 Results of the alternative hypothesis tests. P-value of the constrasts given. Asterisks denote significant results

Hypothesis SH ELW

C. cornuta subsp. cornuta and C. cornuta subsp. groenlandica form a monophyletic clade 0.0100* 0.0000*

C. ochrochlora is monophyletic 0.0200* 0.0028*

C. coniocraea is monophyletic 0.0170* 0.0005*

C. cornuta subsp. cornuta forms a monophyletic clade with C. ochrochlora and C. coniocraea 0.0001* 0.0001*

C. gracilis subsp. gracilis is monophyletic 0.0010* 0.0000*

C. gracilis subsp. turbinata is monophyletic 0.0010* 0.0000*

C. gracilis subsp. elongata is monophyletic 0.0700 0.0391*
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Recombination

The results of the IA analysis yielded a p-value=0.022,
rejecting the null hypothesis of recombination. The PTLPT
test revealed that the observed tree length was shorter than
in the permutated data, also indicating the absence of
recombination (Fig. 3).

No chimeric sequences were identified in any of the
regions by the tests implemented in RDP3. However, the
PHI test detected evidences of recombination in ITS (P=
0.041) and RPB2 (P=0.047), but not in IGS (P=0.539).
The PHI test was repeated in ITS rDNA and RPB2 matrices
with all the missing data and gaps removed from them, but
the results did not change.

Homoplasy of phenotypical characters

The results of CI and RI value for each character are
summarized in Table 4. Most of the characters were found
to be strongly homoplasious, with low values of CI and RI.
The character corticate podetium has the lowest amount of
homoplasy with a CI=0.5 and RI=0.9.

Morphological study of C. coniocraea and C. ochrochlora

The PCA analysis included 59 specimens of C. coniocraea
and C. ochrochlora. The first three components explain

37.5%, 20.9% and 14.9% of the variance, respectively
(73.5 cumulative variance). The analysis shows a continu-
ous variation and does not distinguish the samples of C.
coniocraea and C. ochrochlora (Fig. 4).

Discussion

Our analyses confirm previous studies (Fontaine et al.
2010) supporting the monophyly of the C. gracilis group.
We included C. gracilis subsp. vulnerata and C. cornuta
subsp. groenlandica in a molecular study for the first time
and confirm that these taxa belong to the C. gracilis
group. The studied loci generally offered poor resolution
when analyzed separately with numerous polytomies or
poorly supported clades. Only the analyses of the
combined matrix partially resolved the phylogeny of the
group. Only a few of the accepted morphospecies turned
out to be monophyletic in our analyses. Fontaine et al.
(2010) also found low resolution using ITS rDNA and
PKS as genetic markers. These authors proposed two
hypotheses to explain this phenomenon: 1) recent gene
flow among members of the C. gracilis group; or 2) recent
speciation of the taxa in the group. The ILD test, which
detects heterogeneity among different gene partitions,
revealed significant differences in most comparisons (in
spite of having eliminated the incongruent samples based

Fig. 3 Results of PTLPT analy-
sis, actual tree length compared
to the tree lengths for 1,000
artificially recombined

Table 3 Results of the ILD
tests from comparisons of dif-
ferent loci in a series of matri-
ces. Asterisks denote significant
results

ITS-IGS ITSRPB2 IGS-RPB2

All samples 0.001* 0.001* 0.001*

Only C. ochrochlora/C. coniocraea clade included 0.810 0.029 0.204

C. ochrochlora/C. coniocraea clade excluded 0.010 0.001* 0.001*

C. ochrochlora/C. coniocraea and C. ecmocyna excluded 0.009 0.001* 0.001*

C. ochrochlora/C. coniocraea, C. ecmocyna, C. cornuta excluded 0.011 0.001* 0.001*

Only C. gracilis s.l. included 0.003 0.001* 0.001*

C. gracilis s.l. included but C. gracilis subsp. vulnerata excluded 0.003 0.001* 0.001*
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on the Lutzoni et al. (2004) method). The incongruence
among loci can be attributed to either recombination, gene
flow or incomplete lineage sorting. The two tests used to
determine the existence of interlocus recombination,
namely association index test and PTLPT test, did not
find evidence for recombination. This is consistent with
the hypothesis that differences among loci are due to
incomplete lineage sorting, according to Fontaine et al.
(2010). This hypothesis is also supported by the low
number of unique fixed polymorphisms in the clades
rendered by the combined analyses (Table 5). However,
most of the intralocus recombination analyses did not find
recombination signals, but the PHI test did find recombi-
nation in the ITS rDNA and RPB2 data sets. We interpret
these as sporadic recombination events. In other groups of
lichenized fungi these sporadic recombination events have
also been found (Nelsen and Gargas 2009). Therefore, our
results indicate that, during the speciation processes in the

C. gracilis group, both processes (gene flow and recent
speciation) discussed by Fontaine et al. (2010) shaped the
phylogeny in these lichenized fungi.

The phylogenetic analyses based on three or four loci did
not separate C. coniocraea and C. ochrochlora into
monophyletic groups, agreeing with the suggestion of them
being synonymous (Wirth 1995; Thomson 2003). Addi-
tionally, we tested using the SH and ELW tests whether our
data set is sufficient to reject the monophyly of these two
species. Both tests significantly rejected monophyly of C.
coniocraea and C. ochrochlora. Based on morphology,
most authors consider them as distinct species, although it
is often mentioned that they are difficult to distinguish
(Brodo et al. 2001; Awasthi and Ahti 2007; Burgaz and
Ahti 2009; James 2009; Fontaine et al. 2010). The
morphological differences used to distinguish the two
species are as follows: 1) the podetium basal cortex is
longer and thicker in C. ochrochlora; 2) the presence of
discrete soralia between cortex patches in C. ochrochlora,
while C. coniocraea has diffuse soralia; 3) soredia are
larger in C. ochrochlora than in C. coniocraea; 4) presence
of broad cups in C. ochrochlora, while these are rare in C.
coniocraea, and narrow when present. Further, in C.
coniocraea the primary thallus squamules show deep
incisions, while in C. ochrochlora the squamules are in
general undivided (Hammer 1991, 1993, 1995; Ahti 2000;
Ahti and Hammer 2002). However, the PCA analysis does
not show different groups among the specimens of C.
coniocraea and C. ochrochlora. As for geographical
distribution, some differences have been reported between
both taxa, C. ochrochlora basically having a cosmopolitan
distribution, whereas C. coniocraea is restricted to the
Northern Hemisphere (Ahti 1980b; Ahti 2000). However,
Schwerdtner and Cordes (1992), consider that the features
which distinguish C. coniocraea and C. ochrochlora are
morphological adaptations to different environmental con-
ditions of a single species. Our results support this
interpretation.

The only sample of C. cornuta subsp. groenlandica
included in this study clustered within the clade including
C. coniocraea and C. ochrochlora. This subspecies is
morphologically similar to C. ochrochlora (Ahti 1980a;
Hammer and Ahti 1990; Brodo and Ahti 1996; Brodo et
al. 2001). The subspecies, however, is distinguished from
C. ochrochlora in having a thin stereome, which is thick
and hard in C. ochrochlora (Ahti 1980b); more
frequent and wide cups in C. cornuta subsp. groenlandica
than in C. ochrochlora; and the podetia color. While
C. ochrochlora varies from yellowish green to greyish,
the podetia tend to be more brownish in C. cornuta
subsp. groenlandica (Brodo and Ahti 1996). SH and ELW
tests rejected the hypothesis that C. cornuta subsp.
groenlandica forms a monophyletic group with C.

Fig. 4 Principal component analysis (PCA) based on seven morpho-
logical and anatomical variables of C. coniocraea and C. ochrochlora

Table 4 Homoplasy measures of individual characters in the C.
gracilis group

Character CI RI

Atranorin 0.25 0.667

Scyphous podetia 0.111 0.111

Corticate podetia 0.5 0.9

Presence of soralia 0.333 0.333

Squamules on podetia 0.25 0.5

Lateral perforation on podetia 0.25 0.4

Podetial wall thickness 0.143 0.25

White medullary spots 0.333 0.333

Podetial base color 0.4 0.4

Cup width 0.5 0.0
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cornuta subsp. cornuta. Consequently, we consider C.
cornuta subsp. groenlandica together with C. coniocraea
and C. ochrochlora as a single species. The oldest
available name for this taxon is C. coniocraea (Ahti and
DePriest 2005).

The specimens of C. ecmocyna form a monophyletic
clade strongly supported in MP and ML analyses, but in
the Bayesian analysis this clade lacks support (pp=0.72).
The three specimens included in the combined analyses
belong to C. ecmocyna subsp. ecmocyna. This taxon is
characterized by glaucous podetia with a yellow base,
and by containing fumarprotocetraric acid and atranorin
(Dahl 1950; Ahti 1980a). In spite of its large morpho-
logical variability, which caused the description of
numerous forms and subspecies (Thomson 1968; Ahti
1980a; Brodo and Ahti 1996), its species rank has not
been questioned.

The two specimens of C. cornuta subsp. cornuta form
a monophyletic group, with high support in all the three

analyses. In previous studies based on single locus
analyses of ITS rDNA and PKS sequences, this taxon
was not monophyletic (Fontaine et al. 2010). Morpholog-
ically it is similar to C. ochrochlora, from which it can be
readily distinguished by having longer, brownish and
generally unbranched podetia, and soredia that are
restricted to the podetial ends or upper half of the
podetium (Ahti 1980a; Stenroos et al. 1992; James
2009). The SH and EWL tests rejected the hypothesis
that this taxon were closely related to the clade consisting
of C. coniocraea and C. ochrochlora.

In the phylogenetic analyses, C. gracilis s.l. is not
resolved as a distinct entity. As regards to the infraspecific
taxa of C. gracilis, only C. gracilis subsp. vulnerata forms
a monophyletic clade; the remaining subspecies are
polyphyletic. In addition, the alternative hypothesis tests
rejected the monophyly of C. gracilis subsp. gracilis and
C. gracilis subsp. turbinata. The monophyly of C. gracilis
subsp. elongata was rejected only by the ELW test. These

Table 5 Unique fixed polymorphisms in the highly supported clades resulting from the combined matrix analyses

Samples RPB2 ITS IGS

9 141 237 343 804 33 429 447 466 158 207 209 226 267 289 302 304

C. ochrochlora 1 T G C C A C A T C T T C C T T G C

C. ochrochlora 2 . . . . . . . . . . . . . . . . .

C. ochrochlora 3 . . . . . . . . . . . . . . . . .

C. ochrochlora 4 . . . . . . . . . . . . . . . . .

C. coniocraea 1 . . . . . . . . . . . . . . . . T

C. coniocraea 2 . . . . . . . . . . . . . . . . .

C. coniocraea 3 . . . . . . . . . . . . . . . . .

C. coniocraea 4 . . . . . . . . . . . . . . . . .

C. cornuta subsp. groenlandica . . . . . . . . . . . . . . . . .

C. ecmocyna 2 C C T T G . . . . C C T T . . . G

C. ecmocyna 3 C C T T G . . . . C C T T . . . G

C. ecmocyna 1 C C T T G . . . . C C T T . . . G

C. cornuta subsp. cornuta 1 C C T T G T . C T . . . . . . T .

C. cornuta subsp. cornuta 2 C C T T G T . C T . . . . . . T .

C. gracilis subsp. vulnerata 1 N C T T G . C . . . . . . C C . .

C. gracilis subsp. vulnerata 2 C C T T G . C . . . . . . C C . .

C. gracilis subsp. elongata 1 C C T T G . . . . . . . . . . . .

C. gracilis subsp. elongata 2 C C T T G . . . . . . . . . . . .

C. gracilis subsp. turbinata 1 C C T T G . . . . . . . . . . . .

C. gracilis subsp. turbinata 2 C C T T G . . . . . . . . . . . T

C. gracilis subsp. gracilis 1 C C T T G . . . . . . . . . . . T

C. gracilis subsp. gracilis 2 C C T T G . . . . . . . . . . . .

C. gracilis subsp. gracilis 3 C C T T G . . . . . . . . . . . .

C. gracilis subsp. gracilis 4 C C T T G . . . . . . . . . . . .

C. gracilis subsp. gracilis 5 C C T T G . . . . . . . . . . . T

C. macroceras 1 C C T T G . . . . . . . . . . . .
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results agree with those found by Fontaine et al. (2010).
The two samples of C. gracilis subsp. vulnerata form a
monophyletic clade, but this relationship is only supported
in the Bayesian analysis. This subspecies occurs in North
America and Eastern Asia (Ahti 1980a). It is characterized
by pale green podetia with a dark base and abundant
lateral perforations (Ahti 1980a; Brodo and Ahti 1996). It
is morphologically similar to C. maxima, which, however,
seldom has perforations and has yellowish podetial bases.
The available data are insufficient to draw any taxonom-
ical conclusion in this case; this would require a wider
study with additional samples.

Conclusions

The large amount of taxonomic uncertainty in the
Cladonia gracilis group is due to a high amount of
homoplasy in the morphological characters. Characters
such as the presence of a black basal podetial zone, the
presence of white medullary spots on the podetia, the
presence of atranorin and the presence of lateral perfo-
rations are inconstant within several taxa, yielding low CI
and RI values (Table 4). The variable nature of these
characters can indicate that they are influenced by
environmental conditions or they can be different stages
of development. An example is the presence of white
medullary spots (that appear in C. ecmocyna and C.
macroceras) on the podetia in Cladonia subrangiformis or
C. rangiformis, to which some authors attribute a scarce
taxonomical value, deeming that these spots could be a
response to unfavorable conditions (Sandstede 1931) or
the accumulation of calcium oxalate in calcareous habitats
(James 2009). Another example is the presence of discrete
soralia in C. ochrochlora which Hammer (1993) considers
a stage development. The presence of scyphi and their
morphology (especially their width) are the most impor-
tant characters to distinguish the intraspecific taxa in C.
gracilis. However, they are strongly homoplasious char-
acters. The development of scyphose or subulate podetia
is a capacity present in all the taxa within the C. gracilis
group, with the exception of C. gracilis subsp. turbinata,
which always and exclusively develops podetia with
scyphi (Ahti 1980a).

The morphological character homoplasy in the Cladonia
gracilis group is not unexpected, since Stenroos et al.
(2002) found that most sections in the genus Cladonia were
circumscribed based on homoplasious characters. Within
the genus, the presence of atranorin, the presence of scyphi
or soredia are homoplasious characters. Possibly, the
phenotypical plasticity of many characters has not been

well documented; as a result, the taxonomical value of
many characters remains uncertain.
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Appendix 1

Table 6 Character matrix

Samples 1 2 3 4 5 6 7 8 9 10

C. ochrochlora 1 0 0 0 1 0 1 1 0 0 -

C. ochrochlora 2 0 0 0 1 0 1 1 0 0 -

C. ochrochlora 3 0 0 0 1 0 0 1 0 0 -

C. ochrochlora 4 0 0 0 1 0 0 1 0 0 -

C. coniocraea 1 0 0 0 0 0 0 1 0 0 -

C. coniocraea 2 0 0 0 0 0 0 1 0 0 -

C. coniocraea 3 0 0 0 0 0 0 1 0 0 -

C. coniocraea 4 0 0 0 0 0 0 0 0 0 -

C. cornuta subsp.
groenlandica

0 1 0 0 0 0 1 0 0 0

C. ecmocyna 2 1 0 1 0 1 0 1 1 2 -

C. ecmocyna 3 1 0 1 0 1 0 1 1 2 -

C. ecmocyna 1 1 0 1 0 0 0 1 0 2 -

C. cornuta subsp.
cornuta 1

0 0 0 0 0 0 1 0 0 -

C. cornuta subsp.
cornuta 2

0 0 0 0 0 0 1 0 0 -

C. gracilis subsp.
vulnerata 1

0 0 1 0 0 1 0 0 0 -

C. gracilis subsp.
vulnerata 2

0 1 1 0 0 1 0 0 0 0

C. gracilis subsp.
elongata 1

1 1 1 0 0 0 0 0 1 0

C. gracilis subsp.
elongata 2

0 0 1 0 1 1 0 0 0 -

C. gracilis subsp.
turbinata 1

0 1 1 0 0 0 0 0 0 1

C. gracilis subsp.
turbinata 2

0 1 1 0 0 1 1 0 1 1

C. gracilis subsp.
gracilis 1

1 0 1 0 0 0 0 0 0 -

C. gracilis subsp.
gracilis 2

0 1 1 0 0 0 1 0 0 0

C. gracilis subsp.
gracilis 3

1 1 1 0 0 0 0 0 0 0

C. gracilis subsp.
gracilis 4

0 1 1 0 0 0 0 0 0 0

C. gracilis subsp.
gracilis 5

0 1 1 0 0 0 1 0 0 0
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Appendix 2. Incongruent samples excluded to the analyses

Cladonia cornuta subsp. cornuta. Spain, Soria, A. R.
Burgaz (MACB 94344). JN811404, JN811433, JN811371.

Cladonia cornuta subsp. cornuta. Canada, Newfound-
land, J. C. Lendemer & A. Moroz (H). JN811403,
JN811434, JN811371.

Cladonia gracilis subsp. elongata. Chile, Región XII,
Magallanes y Antártica Chilena, A. R. Burgaz (MACB 91963).
JN811405, JN811435, JN811372.

Cladonia gracilis subsp. gracilis. Finland, Tavastia
Proper, H. Väre (H). JN811406, JN811432, JN811370.
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5) Squamules on podetia: 0 = absent, 1 = present.
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