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Lichens are a prominent feature of northern conifer forests and a large number of species are thought to
be circumboreal. Whether or not circumboreal lichen species really constitute monophyletic groups has
seldom been tested. We investigated molecular phylogenetic patterns in the mycobiont of Mycoblastus
sanguinarius, a well known epiphytic lichen species of the boreal forest, based on material collected from
across the high latitude northern hemisphere. A three-locus dataset of internal transcribed spacer rDNA,
translation elongation factor 1-o and replication licensing factor Mcm7 DNA sequences revealed that
material treated until now as belonging to M. sanguinarius does indeed form a monophyletic group within
the genus and is distinct from a strongly supported Mycoblastus affinis. The M. sanguinarius complex
appears closely related to the rare Mycoblastus glabrescens, which is currently known only from the Pacific
Northwest and was rediscovered during the present study. However, within M. sanguinarius s.lat. in the
northern hemisphere, two deeply divergent and morphologically coherent species can be recovered, one
of which matches the southern hemisphere species Mycoblastus sanguinarioides and turns out to be wide-
spread in North America and Asia, and one of which corresponds to M. sanguinarius s.str. Both M. san-
guinarius and M. sanguinarioides exhibit additional low-level genetic differentiation into geographically
structured clades, the most prominent of which are distributed in East Asia/eastern North America and
western North America/Europe, respectively. Individuals from these lowest-level clades are morpholog-
ically indistinguishable but chemical analyses by thin layer chromatography revealed that each clade
possesses its own fatty acid profile, suggesting that chemical differentiation precedes morphological dif-
ferentiation and may be a precursor to speciation.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Results of the few phylogenetic studies in widespread lichen
species up to now have been mixed when it comes to reporting

Many lichen species occurring at high latitudes have a circum-
boreal distribution, i.e., they occur around the northern hemi-
sphere in the zone of boreal coniferous forests. There is no single
worldwide survey of precisely how many species share this distri-
bution, but rough estimates suggest that it may be as much as 60-
70% of the macrolichen floras in regions such as northern Europe or
eastern North America, and over 1000 species in total (Ahti, 1977;
Printzen, 2008). Much of what we assume today about species hav-
ing circumboreal distributions dates from an era when European-
based taxonomic concepts were still applied through keys to two
of the world’s most biodiverse high latitude regions, northwest
North America and the Russian Far East. It is thus an open question
how many circumboreal species, upon detailed phylogenetic study,
will actually be found to be monophyletic.
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hidden taxa. Molecular phylogenetic studies at lower, temperate
latitudes have revealed extensive cryptic speciation or clade differ-
entiation in lichenized fungi (Kroken and Taylor, 2001; Crespo
et al.,, 2002; Buschbom and Mueller, 2006; Argiiello et al., 2007;
Divakar et al., 2010). Such ‘cryptic species’ are in some cases con-
firmation of subtle morphological patterns already detected and
named by taxonomists and in other cases they are lineages that
have genuinely been missed in all taxonomic studies (Crespo and
Pérez-Ortega, 2009). At the same time, Geml et al. (2010) have
shown that in at least two widespread arctic-alpine lichen fungi
(Flavocetraria cucullata and Flavocetraria nivalis) molecular phylog-
enies support current morphology-based species delimitations,
suggesting not all currently accepted species are necessarily repos-
itories of hidden diversity.

No circumboreal lichen species has yet been studied using a
molecular phylogenetic approach across its entire range, but doing
so may provide insights into the phylogenetic diversity potentially
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concealed within such species. After screening numerous taxa with
this distribution for their suitability for such a study, we chose
Mycoblastus sanguinarius (L.) Norman, a common and easily recog-
nized member of the circumboreal element reported from across
the northern hemisphere. M. sanguinarius is one of the original
80 lichen taxa recognized by Linnaeus (1753) in the first edition
of his Species Plantarum (as Lichen sanguinarius), and is a well-
known lichen species of the boreal forest, where it typically grows
on conifer bark and wood. It is easily recognized on account of a
deep red pigment (mysaquinone, also known as rhodocladonic
acid) in the tissue below the apothecium, often visible even in
the field after being exposed by snail grazing, giving rise to the
common name ‘bloody heart lichen’. In addition to Scandinavia,
it is also known from Greenland, Scotland, the central European
mountain ranges, across Russia to the Sea of Okhotsk and Japan,
and across the northern half of North America (Brodo et al.,
2001; Andreev et al., 2008). Scattered disjunct occurrences are
known from high mountains at lower latitudes. Reports of the spe-
cies from the southern hemisphere have in part been revised to be-
long to another putatively closely related species, Mycoblastus
sanguinarioides (Kantvilas, 2009).

Interest in the variation within M. sanguinarius began in the
mid-19th century, and much of it revolved around forms that
lacked the red pigment below the apothecia. An arctic-alpine form
on moss was recognized already in 1831 as var. alpinus, and was
later raised to species rank (Mycoblastus alpinus [Fr.] Hellb.). In
1850, the Swiss botanist Schaerer was the first to recognize the
unpigmented form as a separate species that later came to be
called Mycoblastus affinis (Schaer.) T. Schauer (Schauer, 1964; syn.
Mycoblastus melinus [Kremp.] Hellb.). However, in the absence of
chemical and molecular insights, speculation continued that M. aff-
inis and even M. alpinus were merely forms of M. sanguinarius (An-
ders, 1928). Some Fennoscandian lichenologists took a more
splitting view and not only recognized M. affinis and M. alpinus,
but also began parsing M. sanguinarius into several infraspecific
varieties and forms based on degree of pigmentation, size of apo-
thecia, and presence or absence of a thalline tissue rim around
the apothecia (Nylander, 1890; Wainio, 1909). One other species
with red pigment below the apothecia, Mycoblastus japonicus
Miill.Arg., was described from Japan and continues to be known
only from eastern Asia. Another widespread northern hemisphere
taxon, Mycoblastus fucatus (Stirt.) Zahlbr., differs from other species
of Mycoblastus in its anomalous ascocarp characters and its assign-
ment to Mycoblastus is uncertain. The introduction of microchem-
ical and chromatographic methods in the 20th century
revolutionized lichen taxonomy and also came to bear on Mycobla-
stus. Tensberg (1992) and Huneck and Schmidt (1995) were the
first to discover the chemical distinctness of M. affinis and M. japo-
nicus, respectively, from M. sanguinarius in their secondary com-
pounds. Tensberg was also the first to investigate fatty acids in
Mycoblastus, followed later by Kantvilas (2009), although in both
cases a relatively small number of samples were investigated.
Kantvilas (2009) also resurrected an obscure Pacific Northwest
taxon, Mycoblastus glabrescens (Nyl.) Zahlbr., known only from a
single specimen and likewise distinguished by a fatty acid. Other-
wise no comprehensive survey has been undertaken of Mycoblastus
chemistry to date.

Notwithstanding the untested nature of the species delimita-
tions of M. sanguinarius relative to M. affinis and M. japonicus, it ap-
pears relatively few taxa are involved compared to many other
boreal species complexes. Even so, we were well aware that mor-
phological coherence in a taxon such as M. sanguinarius does not
necessarily predict monophyly. We were prepared to face one of
three scenarios: (1) M. sanguinarius could indeed include unpig-
mented forms and chemical variability and should be broadly de-
fined; (2) M. sanguinarius as currently defined is supported by

molecular evidence; or (3) M. sanguinarius as currently defined is
too broad and supports possibly overlooked but genetically well
marked cryptic taxa. We accordingly cast a broad net during field
sampling and collected numerous individual thalli regardless of
whether apothecia had red pigment and to which taxon they
ostensibly belonged. Our overarching aim is to identify a wide-
spread monophyletic group to serve as model species for more de-
tailed studies into circumboreal diversification and gene flow. To
this end, the objectives of the present study are threefold: (1) we
will provide a phylogenetic framework for the relationship of M.
sanguinarius to other taxa (M. affinis, M. alpinus, M. fucatus, M. gla-
brescens, M. japonicus and M. sanguinarioides) for which various de-
grees of relatedness have been proposed; (2) we will identify
phylogenetic signal within M. sanguinarius s.str. using samples
from across its range without any a priori hypotheses about the
significance of morphological characters, with the aim of identify-
ing recognizable, operational taxonomic units for future popula-
tion genetic analysis; and (3) we will examine the resulting
clades for patterns that correlate to morphology and secondary
chemistry.

2. Materials and methods
2.1. DNA extraction and sequencing

Specimens of M. sanguinarius s.lat. and related taxa were col-
lected throughout the high latitude northern hemisphere during
2008-2009 (Table 1). Specimens were air dried and stored at
room temperature until preparation; all vouchers are retained in
the herbarium GZU unless otherwise noted and are annotated
with the isolate numbers used in Table 1. Material for DNA
extraction was taken from apothecia if present, otherwise from
parasite-free thallus fragments inspected in water droplets on a
microscope slide under 20x magnification. Prepared material
was transferred into reaction tubes, dried and pulverized using a
TissueLyserll (Retsch). DNA was extracted using the DNeasy Plant
Mini Kit (Qiagen) extraction kit using the manufacturer’s
instructions.

Dilutions (mostly 5 x 1072) of the genomic DNA extractions
were used to obtain PCR products for the three markers. We
screened a set of about ten molecular markers for a balance of reli-
ability of obtaining PCR products and sufficient levels of sequence
variability, finally selecting three loci for this study: two protein-
coding genes, namely translation elongation factor 1-o0 (EF1-ot)
and the DNA replication licensing factor mini-chromosome main-
tenance complex 7 (Mcm7), and the nuclear ribosomal internal
transcribed spacer region (ITS) (Table 2). 25 pl PCR reactions were
performed with Illustra Ready-To-Go RT-PCR Beads (GE Health-
care) in a thermocycler (AlphaMetrix) using the following pro-
grams: EF1-o: initial denaturation 2 min at 95 °C, touchdown 9
cycles: 95 °C 1 min, 66-57 °C 30 s, 72 °C 1 min, followed by 36 cy-
cles 95°C 305, 56°C 30s, 72°C 1 min and a final extension of
10 min at 72 °C; ITS: initial denaturation 95 °C 3 min, 35 cycles
95°C 1min, 52°C 1min, 72°C 1.5 min, final extension 72 °C
7 min; Mcm7: initial denaturation 10 min at 95 °C, touchdown 6
cycles: 95°C 45 s, 60-55°C 505, 72 °C 1 min, followed by 38 cy-
cles: 95°C 455, 56 °C 50s, 72°C 1 min and a final extension of
5 min at 72 °C. 2 pl aliquots of PCR products were viewed on 1%
agarose gels stained with GelRed™ (Biotium, VWR) and subse-
quently purified with NucleoSpin Extract II Kit (Macherey-Nagel).
PCR product sequencing was outsourced to Macrogen, Inc. (Seoul,
South Korea). Obtained sequence fragments were obtained elec-
tronically from Macrogen, subjected to a BLAST search to control
for correct taxonomic neighborhood and checked for electrophero-
gram ambiguities in BioEdit (Hall, 1999). All DNA sequences were
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Table 2
Markers and primers used in this study.

Locus Abbreviation

Primer name

Primer sequence (5'-3") Source

Elongation factor 1-o EF1-a EF983 GCYCCYGGHCAYCGTGAYTTYAT Rehner and Buckley (2005)
EF2218R ATGACACCRACRGCRACRGTYTG Rehner and Buckley (2005)
Internal transcribed spacer ITS ITS1F CTTGGTCATTTAGAGGAAGTAA White et al. (1990)
ITS4 TCCTCCGCTTATTGATATGC White et al. (1990)
Mini-chromosome maintenance complex 7 MCM7 MCM7-709f ACIMGIGTITCVGAYGTHAARCC Schmitt et al. (2009)
MCM71348rev GAYTTDGCIACICCIGGRTCWCCCAT Schmitt et al. (2009)

submitted to GenBank and are retrievable under the accession
numbers given in Table 1.

2.2. Phylogenetic analyses

Alignments were performed using ClustalW (Thompson et al.,
1994) and subsequently optimized by hand in BioEdit (Hall,
1999). Ambiguous and non-conserved regions were removed using
Gblocks (Talavera and Castresana, 2007). Nucleotide substitution
models were determined for each fragment and individually for
the first, second and third codon position of protein-coding genes
using jModelTest (Posada, 2008) according to the Akaike Informa-
tion Criterion (AIC). Individual gene alignments were analyzed
using a maximum likelihood (ML) and Bayesian Markov Chain
Monte Carlo (MCMC) approach. The three fragments were tested
for conflict in the phylogenetic signal using a partition homogene-
ity test implemented in PAUP* 4.0b10 (Swofford, 2002) using 500
bootstrap replicates and employing an heuristic search with simple
addition of sequences. Maximum likelihood analyses were per-
formed using the program PhyML (Guindon and Gascuel, 2003).
Bootstrapping was carried out on 500 tree replicates. Bayesian
MCMC analyses were performed using the program MrBayes v.
3.1.2 (Huelsenbeck and Ronquist, 2001). The analyses were per-
formed using substitution models approximated by jModeltest
(see above). For each analysis, a run with 8 million generations
starting with a random tree and running six simultaneous heated
chains was employed. Every 100th tree was sampled and saved
to a file. The first 500,000 generations (5000 trees) were discarded
as chain ‘burn-in’. The program TRACER v. 1.5 (http://tree.bio.ed.
ac.uk/software/tracer/) was used to assess whether likelihood val-
ues had reached stationarity within the allocated burn-in window
by plotting log likelihood ratios against the number of generations.
In addition, we examined the distributions of split frequencies
using the online program AWTY (Nylander et al., 2007) to test
whether runs had converged, independent of apparent stationarity
detected in TRACER. Of the remaining 75,001 trees a majority con-
sensus tree with averaged branch lengths and annotated with pos-
terior probability values at every node was calculated using the
sumt command in MrBayes. Only clades that received bootstrap
values >70% in ML and posterior probabilities >0.95 were consid-
ered significant. Phylogenetic trees were visualized in TreeView
(Page, 1996). Variable sites and nucleotide composition were cal-
culated using MEGA 5 (Tamura et al., 2007); saturation plots were
generated using DAMBE (Xia and Xie, 2001).

2.3. Polymorphism and divergence

In order to better visualize differences within and between
clades, we employed three measures. Within clades, nucleotide
diversity was quantified using the average number of nucleotide
differences among sequences in a sample, 7 (Nei and Li, 1979).
Divergence between clades was quantified using the pairwise aver-
age number of nucleotide substitutions per site between groups
(Dxy, Nei and Kumar, 2000). Finally, genetic differentiation (Fst;

Hudson et al., 1992) was calculated between clades as a comple-
mentary measure of distance weighted by haplotype frequencies
within each clade. We defined the groups we compared based on
clade assignment of each individual in the three gene phylogeny.
Calculations of n and D,, were carried out using DnaSP (Librado
and Rozas, 2009) and Fst was calculated using Arlequin v. 3.11
(Excoffier et al., 2005).

2.4. Morphological and chemical analyses

To test whether our phylogenetic results could be matched by
morphological traits, we sorted specimens under a Leica Wild
M3Z dissecting scope and examined anatomical sections in water
with a Zeiss Axioskop light microscope fitted with a ZeissAxioCam
MRc5 digital camera; images of growth habit were digitally opti-
mized using CombineZM open source image processing software
(www.hadleyweb.pwp.blueyonder.co.uk/CZM/). Pigments were
examined under the light microscope and named according to
Meyer and Printzen (2000). In addition, we examined specimens
for chemical patterns that could support phylogenetic differentia-
tion using thin layer chromatography. This analysis was carried
out on all specimens for which DNA sequences had also been
obtained, using methods outlined by Culberson (1972) with mod-
ifications following Culberson and Johnson (1982). We used silica-
coated glass plates (Macherey—Nagel 821 030) run their full length
in solvent systems A, B’ and C. Aliphatic acids were visualized by
immersing completely dried plates post-development into a tank
of water for 1-2s, quickly dripping off the plates and marking
spots over the next 4-5 min.

3. Results
3.1. Data characteristics and model selection

We obtained a total of 247 new sequences, including 83 from
EF1-a, 83 from ITS and 81 from Mcm7, including the first modern
documentation of the species M. glabrescens. Following exclusion
of positions with missing data, the sequences consisted of 697,
494 and 493 characters, respectively, for a combined total of
1684 characters (Table 3). The partition homogeneity test indi-
cated no significant conflict between the three loci (P = 0.69400).

The nucleotide substitution models selected for our loci vary
among genes and codon positions (Table 3). Bayesian phylogenetic
analysis of gene trees was conducted using codon-based partition-
ing while models calculated for entire fragments were used in the
partitioned concatenated analysis and for maximum likelihood cal-
culations. Codon-based partitioning resulted in almost no differ-
ence in topology compared to calculations run with a single
model applied to the whole fragment (data not shown). Stationa-
rity was reached early in all gene trees (before 100,000 genera-
tions) and in the partitioned Bayesian analysis of concatenated
data based on plotting of log likelihoods against generation. Com-
parisons of split frequencies between runs and in cumulative split
frequency plots in AWTY likewise indicated that run convergence
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Table 3
Sequence attributes of markers used in this study; n = number of sequences, var sites = variable sites (total in alignment/total minus outgroup and FUC600); selected model using
jModeltest.
Data set/partition Sites n Var sites Average nucleotide composition Selected model
T(U) C A G
EF1-a (full dataset) 697 83 181/139 22.1 28.8 24.1 25.0 TPM1ef + G
Codon position 1 233 24/21 13 19.7 31.2 35.8 TIM3 + G
Codon position 2 232 17/15 25 23.6 33.7 17.4 TPM2uf + G
Codon position 3 232 140/103 28 43.2 7.4 21.6 TPM2uf + G
ITS 494 83 166/137 24.2 28.4 21.2 26.2 TrNef + G
MCM?7 (full dataset) 493 81 183/136 24.4 26.2 29.0 20.4 HKY + G
Codon position 1 165 26/21 19 26.1 273 27.8 TrNef
Codon position 2 164 16/12 28 24.5 342 13.4 TIM3
Codon position 3 164 141/103 27 28.0 25.6 19.8 TPM2

had been reached well before the burn-in threshold of 500,000
generations.

Variability in the markers increased in the order of EF1-ot (25.9%
of sites variable) to ITS (33.6%) to Mcm7 (37.1%; Table 3). A consid-
erable amount of this variability was derived from the outgroup
and the single sequence of M. fucatus (FUC600) (Table 3). In the
two protein-coding genes, the majority of variability was concen-
trated in the third codon position, in both cases with 77% of vari-
able sites found at this position. Saturation plots (Supplementary
Fig. S1) indicate continuous near-linear divergence of transitions
and transversions over genetic distance in the case of EF1-a both
with and without consideration of the outgroup, while in Mcm7
a transition plateau is reached at a Felsenstein 84 distance of about
1.4, suggesting that saturation has been reached at that position in
Mcm7 (Supplementary Fig. S1C). This effect is however mitigated if
the outgroup and sequence FUC600 are removed (Supplementary
Fig. S1D).

3.2. Phylogenetic analysis of gene trees and geographic patterns

Maximum likelihood and Bayesian gene tree calculations pro-
duced concordant topologies for the concatenated data set
(Fig. 1) and EF1-a (Supplementary Fig. S2), but topological differ-
ences were observed between the two methods at one node each
in ITS and Mcm?7 (Supplementary Figs. S3-S6). All gene trees and
the partitioned analyses of the concatenated data provide strong
support for Mycoblastus affinis, M. glabrescens and M. sanguinarius
s.lat. as monophyletic groups (posterior probability = 1.0, boot-
strap = 98-100%). Individuals of M. alpinus are nested within M. aff-
inis in all loci and are not supported. M. fucatus, for which only ITS
and Mcm?7 was available, occurs outside of the group of studied
species and consistently close to the outgroup, Tephromela atra.
M. japonicus, for which only ITS was available, is strongly sup-
ported in this locus as sister to M. affinis (Fig. 1 and Supplementary
Figs. S3 and S4). The sister group relationships of the species-level
taxa are not well supported except for two cases: (1) M. glabrescens
is supported as sister to M. sanguinarius s.lat. in both the Bayesian
MCMC and ML Mcm7 phylogenies, as well as in the partitioned
analyses of the concatenated data set; and (2) M. dffinis is sup-
ported as sister to the group including M. glabrescens and M. san-
guinarius s.dat. in the ML ITS phylogeny and both Mcm?7
phylogenies as well as in the concatenated data set (Fig. 1).

Within M. sanguinarius s.lat., a deep and well supported split is
found in the concatenated data set (Fig. 1) between a likewise well
supported clade including specimens of the Tasmanian M. sangui-
narioides (Clade I) and material of M. sanguinarius s.str. (Clade II).
This relationship is also found in all gene phylogenies except the
Mcm7 ML tree (Supplementary Fig. S6). Each of the two M. san-
guinarius s.lat. clades is again split into recurrent groups. Within-
clade patterns in Clade I (=M. sanguinarioides) differ between the
three genes. In the topology of EF1-o and the concatenated

analyses, the larger of two subclades shares the eastern North
American-eastern Asian distribution of M. sanguinarius Clade IIb,
while the smaller clade is restricted to western North America. The
two geographical types are mixed in the ITS gene tree and in Mcm7
the Tasmanian clade is not supported. We recognize here two
clades (Ia and Ib) in the concatenated data set corresponding to
material from the southern and northern hemispheres, respectively.

Most of the six groups in Clade II (=M. sanguinarius s.str.) are
strongly differentiated and recurrent between genes. ‘Clade’ Ila is
in fact a terminal branch represented by a single specimen from
the Yukon, Canada whose position within M. sanguinarius s.str. is
unresolved; its chemistry and ecology also proved aberrant (see
below). Clade IIb occurs primarily in eastern North America, the
Russian Far East, and northern Sweden, with a single specimen
from Alaska; it recurs in all three loci and is strongly supported
in EF1-o, the Mcm7 ML analysis and in the concatenated data
set. Clade IIb occupies a rather isolated position among the M. san-
guinarius s.str. clades, occurring as sister to the rest of M. sanguina-
rius s.str. in the concatenated phylogeny (Fig. 1) and even together
with Clade I in a strongly supported sister group to the rest of Clade
Il in the Mcm7 ML tree (Supplementary Fig. S6). Clade Ilc is repre-
sented by a small number of individuals from Hokkaido, Japan and
the Russian Far East. Clades IId, Ile and IIf are closely related and
occur in all three loci, except in EF1-o0 where Clades IId and IIf
are indistinguishable. Clade IId is found almost entirely in western
North America, with a few specimens from northern Sweden;
Clade Ile was found only in western North America; and Clade IIf
was found only in Europe. All groups within M. sanguinarius s.str.
are strongly supported in the partitioned Bayesian analysis of the
concatenated data set, while only groups llc, Ild and Ile receive
strong bootstrap support in the ML analysis.

3.3. Polymorphism and divergence

Pairwise divergence between clades measured in terms of aver-
age number of nucleotide substitutions per site (Dy,) was consis-
tently highest, as would be expected, between the subclades of
the major Clades I (=M. sanguinarioides) and Il (=M. sanguinarius;
Table 4). In the pairwise comparison of Clades I and II, ITS showed
the greatest divergence, with values of 0.06240-0.07375 in ITS, fol-
lowed by EF1-a (0.04790-0.05657) and Mcm7 (0.01623-0.04199).
Lower D, values were observed between the subclades of Clade I,
with the highest divergence here being found within Mcm7 (up to
0.02480), with similar D,, values between ITS and EF1-o. The
anomalous position of Clade IIb within the M. sanguinarius s.str.
clade is again visible in the D, values, with Clade IIb exhibiting
very low D, values in pairwise comparisons with Clade I (=M. san-
guinarioides) and comparatively high D,, values in pairwise match-
ups with Clades Ilc-IIf.

Fst values were highest between clades in EF1-a (both within
and between the subclades of Clades I and II), with intermediate
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Fig. 1. Bayesian MCMC consensus tree of concatenated EF1-a, ITS and Mcm?7 gene sequences. Posterior probabilities >95% are shown as thick branches; bootstrap support
results of maximum likelihood analysis are shown where >70%. Names in red indicate individuals with the red pigment mysaquinone in the apothecia. Thallus secondary
chemistry is shown in the bar to the right of the tree. Abbreviations: bourg, bourgeanic acid; cap, caperatic acid; lich, lichesterinic acid; neph, nephrosterinic acid; proto,
protolichesterinic acid; rang, rangiformic acid; plan, planaic acid; FPC, fumarprotocetraric acid. Phe denotes phenolic compounds. All individuals also contain the depside
atranorin.
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Table 4

Genetic differentiation (Fst values, above diagonal), genetic divergence (Dyy, below diagonal) and within-clade nucleotide diversity (per site r, diagonal, in bold) in the subclades
of the Mycoblastus sanguinarius group. 7 is zero when only one haplotype is present in a subclade. Clade Ila is not represented because it consists of only a single individual. Fst

values: *pairwise comparison significant following Bonferroni correction (P < 0.0012).

la Ib 1b Ilc 1d Ile If
EF1-a.
Clade Ia 0.0000 0.70370 1.00000 1.00000 0.98870 1.00000 0.99768
Clade Ib 0.00914 0.0027 0.97504" 0.94799" 0.96788" 0.96498" 0.98394"
Clade IIb 0.05208 0.05170 0.0003 1.00000" 0.96491" 1.00000" 0.98941"
Clade Iic 0.05031 0.04790 0.00661 0.0000 0.92221 1.00000 0.98240"
Clade IId 0.05267 0.05014 0.00855 0.00732 0.0005 0.80254" 0.04932
Clade Ile 0.05305 0.04966 0.00970 0.00859 0.00188 0.0000 0.94089"
Clade IIf 0.05657 0.05167 0.00952 0.00760 0.00041 0.00189 0.0001
ITS
Clade Ia 0.0087 0.67706 0.98950 1.00000 0.98094" 0.99141 1.00000"
Clade Ib 0.01561 0.0022 0.94983" 0.94024" 0.94941" 0.93722* 0.97979"
Clade IIb 0.06240 0.06603 0.0040 0.97540" 0.94347" 0.94595" 0.99123"
Clade Ilc 0.07069 0.06772 0.02107 0.0000 0.94967" 0.98039" 1.00000"
Clade IId 0.07375 0.06942 0.02010 0.01787 0.0012 0.88998" 0.97741"
Clade Ile 0.06653 0.06660 0.01322 0.01708 0.01363 0.0009 0.99393"
Clade IIf 0.07002 0.07005 0.01116 0.01325 0.01377 0.00907 0.0000
MCm7
Clade Ia 0.0000 0.29622 1.00000 0.86813 0.89616 1.00000" 0.97961
Clade Ib 0.00517 0.0056 0.89676" 0.86768" 0.88373" 0.92231" 0.95262"
Clade IIb 0.01623 0.02268 0.0000 0.92225" 0.89605" 1.00000" 0.97221"
Clade Iic 0.03392 0.03986 0.02065 0.0068 0.51065" 0.84576" 0.89364"
Clade IId 0.03537 0.04013 0.02428 0.00837 0.0031 0.85075" 0.89819"
Clade Ile 0.03486 0.04036 0.02179 0.01270 0.01900 0.0000 0.79000"
Clade IIf 0.03628 0.04199 0.02062 0.00996 0.01781 0.00280 0.0040

values in ITS, and the lowest values in Mcm7 (Table 4). Two excep-
tions to the high values are the pairings of Clades IId and IIf, which
are not distinguishable in EF1-a (see above and Supplementary
Fig. S2) and accordingly have a low Fst value; and Clades Ilc and
IId in Mcm7, which both occur on a single well supported branch,
with each Clade Ilc sequence constituting a unique haplotype, low-
ering the Fst value. The sequence diversity within Clades Ilc and IId
is also expressed in terms of per site 7 values, which in Clade IIc is
the highest of any clade (Table 4). Values for © were otherwise low
overall, being the highest in clades with heterogeneous sequence
assemblages, especially Clade Ib.

3.4. Morphological and chemical data

An initial comparison of material from Clades I and II did not re-
veal any obvious morphological differences. Specimens from Clade
I tended to have pruinose young apothecia (Fig. 2A) surrounded by
whitish thalline material, and the apothecia were flatter when ma-
ture than the apothecia of specimens from Clade II (Fig. 2D), but
this was not a consistent predictor of clade assignment. Mysaqui-
none pigmentation was consistently found in Clade Il but occasion-
ally absent from specimens in Clade I, but its presence or absence
in an apothecium was variable even within individuals from a sin-
gle site. We detected slight differences of the hymenial pigmenta-
tion, with apothecia from specimens of Clade II possessing more
intense pigmentation of Cinereorufa-green than individuals of
Clade 1. No differences were noticed in ascospore size. Both clades
have one ascospore per ascus. However, systematic examination of
apothecial cross-sections revealed that, without exception, all indi-
viduals of Clade I possessed microscopic birefringent crystals in the
apothecial hymenium (Figs. 2C) which were always lacking in indi-
viduals of Clade II (Fig. 2F). The internal hymenial crystals are
sometimes also externally visible in the form of a light pruina on
the surface of the apothecia (Fig. 2A), especially when young, in
contrast to the smooth, waxy black apothecia of M. sanguinarius
(Fig. 2D).

Chemical profiles were obtained from all 82 specimens of Myc-
oblastus sanguinarius s.lat. and are depicted in Fig. 1. We found six

distinct fatty acid combinations: bourgeanic acid alone (Bourg),
caperatic acid alone (Cap), lichesterinic and protolichesterinic acid
(Lich + Proto), rangiformic/norrangiformic acids alone (Rang), and
the unique combinations Bourg + Rang and Bourg + Cap. One spec-
imen (SAID85) had no detectable fatty acids after two runs. In addi-
tion, the fatty acid nephrosterinic acid (Neph) was detected in M.
glabrescens and the depside planaic acid (Plan) and depsidone
fumarprotocetraric acid (FPC) in M. affinis and M. japonicus, respec-
tively. When tested categorically, fatty acid profiles in the M. san-
guinarius complex are sufficiently correlated with clades
(X?=370.8763, df =42, p = <2.2 x 107'5; ¢-coefficient = 2.126707)
that they can be used in part to predict clade assignment. The
Bourg and Cap profiles are unique to clades Ia and Ib, respectively,
and the Bourg + Cap profile is found only in Clade IIf. Clades IIb
through Ile are united by a common motif of profiles with Rang
alone or in combination with Bourg; both sets occur in western
North America, where they always belong to either Clade IId
(Rang alone; individual SANG181 is from Sweden) or Clade Ile
(Bourg + Rang). A similar, though less pronounced pattern is
evident between Clades IIb and Ilc in eastern Asia (Fig. 1). We
note that one of the characters heretofore used to distinguish
M. sanguinarioides (Clade 1) from M. sanguinarius (Clade II),
namely that M. sanguinarioides has Cap and never Bourg, is not
supported by our data, but that the two fatty acid profiles of
M. sanguinarioides (Cap and Bourg) are so far unique to that clade
as these substances always occur in combination with other
substances in M. sanguinarius s.str. according to our data.

4. Discussion
4.1. Reassessing the circumscription of Mycoblastus sanguinarius

Our results suggest that considerable diversity is concealed be-
hind what has been long regarded as a single, circumboreal lichen
species. Specifically, our data support scenario number three in our
introduction, namely that forms with the red pigment mysaqui-
none are distinct from the unpigmented M. affinis, and that there
is more than one species involved. The first of these, M. japonicus,



T. Spribille et al./ Molecular Phylogenetics and Evolution 59 (2011) 603-614 611

Fig. 2. Habit and key morphological characteristics of Mycoblastus sanguinarioides (A-C) and M. sanguinarius (D-F). A and D, habit; B and E, sections of apothecium, in water
(light microscope); C and F, the same sections as in B and E shown in polarized light. A from Bijoux Falls, British Columbia (Spribille 26158, GZU), B-C from Chilkoot Trail,
southeast Alaska (Spribille 27038-C, GZU) and D-F from Mt. Ascutney, Vermont (Spribille 32196, GZU).

is represented in our study by a single specimen, but has been pre-
viously recognized and will not be discussed further here. The sec-
ond (=Clade I) corresponds to the recently described Tasmanian
species M. sanguinarioides and is herewith reported as new to the
northern hemisphere, where it is widespread and in fact more
common than in the southern hemisphere. M. sanguinarioides is a
classic example of a cryptic species, with specimens having passed
through the hands of lichenologists since the middle of the 19th
century and yet only once recognized as unique, by Nylander
(1890), as Lecidea sanguinaria var. lecanoroidea, from Japan (holo-
type specimen at Helsinki, seen by the first author). It was not rec-
ognized at the species level until Kantvilas (2009) provided it a
name based on material from Tasmania, where it occurs disjunctly.
Kantvilas’ circumscription of M. sanguinarioides almost completely
overlaps with characters also found in M. sanguinarius, and the
morphological characters detected in the present study (presence
of hymenial crystals) are much more reliable for distinguishing it
from M. sanguinarius. Mysaquinone is a facultative pigment in
the Tasmanian populations (Kantvilas, 2009) and the same holds
true in populations we sampled in the Russian Far East, where it al-

most always lacks the pigment, and northeastern North America,
where pigment-deficient forms are common. Unpigmented forms
of M. sanguinarioides likely account for many reports of M. affinis
from these regions. Nearly all specimens sampled in western North
America contained this pigment.

The third red-pigmented species (Clade II) corresponds to M.
sanguinarius s.str. Clade Il is an interesting case because it is a well
supported monophyletic group only in the gene tree of EF1-o and
the concatenated three-gene data set; in the analyses of ITS and
Mcm?7 it is not supported. One reason for this may be the relatively
isolated position of its ‘eastern’ clades, especially Clade IIb. Clades
Ila through Ilc occupy an isolated position from the rest of M. san-
guinarius in the ITS phylogeny and are even reciprocally monophy-
letic to it in EFl-o. Individuals of Clade IIb are however
morphologically and chemically closer to M. sanguinarius s.str.;
they lack the birefringent hymenial crystals typical of M. sangui-
narioides and share the same chemical profile as M. sanguinarius
Clade IId. Resolving the relationships and distinctness of this clade
may be connected to the status of the chemically unique individual
SANG605 (Clade Ila), which is close to Clade IIb, and which is
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known so far from a single mountain in the Yukon, Canada, where
it was found growing over rock. It cannot be ruled out that poten-
tially undiscovered strains close to Clade IIb might remain to be
discovered and could help resolve its relationships.

The placement of Mycoblastus alpinus nested within M. affinis
appears to lend support to recent suspicions of northern European
taxonomists that the two may be conspecific (Tensberg, 1992;
James and Watson, 2009). However, variation within M. affinis de-
serves further sampling as at least two individuals are significantly
differentiated from the core of M. affinis especially in the EF1-a
phylogram. At the same time, the strong support for the distinct-
ness of M. glabrescens is noteworthy as currently the only way to
distinguish it from M. affinis, other than DNA, is by chemistry. M.
glabrescens was a forgotten species for more than a century until
it was resurrected by Kantvilas (2009), and the first modern collec-
tions are those reported in this study.

The mycobiont of M. sanguinarius s.lat. joins a suite of other fun-
gi in which molecular-level studies have revealed unforeseen geo-
graphic structure and cryptic lineages in what were previously
thought large continuous ranges. Amanita muscaria, a circumboreal
ectomycorrhizal fungus occurring in many of the same general
areas as M. sanguinarius, has also been shown to possess strong
geographic differentiation within its global population (Geml
et al., 2006, 2008), although the geographic patterns do not closely
approximate those we have found. Molecular investigations have
revealed cryptic fungal species lineages in widespread and well-
known lichen species such as Letharia vulpina (Kroken and Taylor,
2001) and Parmelina quercina (Argiiello et al., 2007; for a review
see Crespo and Pérez-Ortega, 2009). To the extent this can be con-
sidered a trend in other groups, it signals that lichens are conserva-
tive in adhering to or reverting to morphological motifs, rendering
recognition of phylogenetic species challenging.

4.2. Phylogenetic signal among the markers

Much of the phylogenetic signal in our study is contributed by
ITS and Mcm7, with the least variability in EF1-o. In general, align-
ment of all three fragments was straightforward except for several
short variable regions in ITS and a variable 50 BP section around
position 500 (in our alignment) in EF1-a, which were excised by
Gblocks. Of particular interest was the performance of the Mcm7
gene. Mcm?7 has only recently begun to be used for phylogenetic
studies in lichenized fungi (Schmitt et al., 2009; Leavitt et al.,
2011). Mcm?7 is a single-copy gene coding for one of a family of
DNA replication licensing factors, originally identified from yeast,
and later from higher eukaryotes (Kearsey and Labib, 1998). De-
spite the highly degenerated primers, we found it relatively easy
to obtain from fresh DNA extractions although the ability to obtain
sequencable PCR products quickly declined over time, unlike with
multicopy ribosomal DNA regions such as ITS. The phylogenetic
signal provided by Mcm7, as shown in Supplementary Figs. S5
and S6, is more sub-structured than that of EF1-o and comparable
to that of ITS. Mcm?7 exhibited the lowest level of sequence diver-
gence between M. sanguinarioides and M. sanguinarius in pairwise
nucleotide diversity and the lowest Fst values compared to EF1-o
and ITS. Of the three markers used here, Mcm?7 reported the high-
est proportion of variable sites and a higher level of ts-saturation at
the third codon position than EF1-a (Supplementary Fig. S1). The
detection of any kind of saturation at such a low taxonomic level
contrasts with the statement by Schmitt et al. (2009) that Mcm7
distinguishes itself from ribosomal markers such as ITS and mito-
chondrial small subunit in not exhibiting saturation, making it
suitable for use at the genus level and above. The level of satura-
tion and variability is clearly reduced when excluding the most
dissimilar sequences in our dataset (Mycoblastus fucatus and the
outgroup; Supplementary Fig. S1), but the observed ts-saturation

with inclusion of even closely related taxa such as these suggests
that saturation and homoplasy should be carefully monitored
when using this marker to recover gene phylogenies.

4.3. Evolutionary significance of chemotypes

Mycoblastus sanguinarius is not unique amongst lichens in
including an array of fatty acid profiles. Indeed, many common li-
chen genera include species with multiple fatty acid strains. While
these strains have sometimes been accorded taxonomic rank (e.g.,
Cladonia: Culberson, 1986; Lepraria: Fehrer et al., 2008), they are
more often treated as ‘chemotypes’ (e.g., Parmelia: Hale, 1987;
Tephromela s.lat.: Haugan and Timdal, 1994). Fatty acids were
poorly studied in early studies of lichen secondary chemistry and
it was long believed they were not of taxonomic significance.
Though richly represented in some of the largest lichen genera
(Lecanora, Pertusaria) they have been all but omitted from reviews
of lichen chemistry (Hawksworth, 1976; Lumbsch, 1998). Their
functional significance is not well understood, but available evi-
dence points to a role in chemical protection. Protolichesterinic
acid, a fatty acid reported here from Mycoblastus for the first time,
has been shown to have antibiotic properties (Huneck, 2001); it is
the active compound of ‘Icelandic moss’ used in pharmaceuticals
(Ingolfsdottir et al., 1997) and has been shown to inhibit bacterial
growth in culture (Tirk et al., 2003). Lawrey (1983) found evidence
of caperatic acid, which we found in both M. sanguinarioides and M.
sanguinarius, being an active antiherbivory agent in the lichen
genus Allocetraria.

A noteworthy feature of fatty acid variation in M. sanguinarius
s.lat. is the recurring nature of fatty acid profiles. Chemotype
development in M. sanguinarioides and M. sanguinarius appears to
have bifurcated in parallel, with both taxa developing similar
Cap- and Bourg-dominated profiles. Parallelism also occurs within
M. sanguinarius s.str. with two of the fatty acid profiles we found
(Bourg + Rang and Rang), occurring side-by-side in two regions
(western North America and East Asia), though belonging to differ-
ent clades in each case. In some cases we found different clades/
chemotypes to occur side-by-side in the same forest stand (unpub-
lished data). Various instances of chemical parallelism in lichens
have been reported, including several involving fatty acids.
Clayden (1992) reported two geographically separated fatty acid
strains developing parallel phenolic chemotypes in Arctoparmelia.
In an apparent extension of the phenomenon, Culberson and
Culberson (1973) reported parallel morphotypes developing in par-
allel chemotypes in the genus Parmotrema and later (1977) in the
genus Cetrelia; Leuckert and Poelt (1989) found parallelism of xan-
thone chemotypes in Lecanora. All of these cases of chemical paral-
lelism have in common their occurrence at low taxonomic rank, i.e.,
they are presumably recent descendants of a common ancestor.

Hale (1961), in an early review of the value of lichen chemistry
in systematics, presciently noted that “we cannot overlook the pos-
sibility that strain formation is a forerunner of morphological dif-
ferentiation and a process of speciation”. Our data provide
further evidence that taxonomists and evolutionary biologists
should be careful before dismissing chemotypes as within-taxon
‘variability’ as has sometimes been done in the past. Culberson
et al. (1985) suspected a close connection between chemosyndro-
mic development and evolution and explored the potential role of
photobiont interaction in controlling this process. Our data
strongly support the connection between genotype and chemotype
in the fungus of Mycoblastus sanguinarius, which while not ruling
out a role for the photobiont in fine-scale chemical differentiation
during incipient speciation events, does confirm that genetic dif-
ferentiation becomes fixed in the fungal partner. More data are
required to triangulate on this phenomenon and narrow down
the possible role of the photobiont in fatty acid profile expression.
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Secondary substance profiles in lichens, including difficult-to-de-
tect or ‘accessory’ substances, can provide a window into diversifi-
cation processes across ecological and geographical space and may
be the early external manifestations of as yet unclarified selective
processes.

4.4. Conclusions

Estimates of the true number of species of fungi range as high as
1.5 million (Hawksworth, 1991), whereby only about 80,000 have
been described until now, including nearly 19,000 lichenized and
lichenicolous fungi (Feuerer and Hawksworth, 2007). ‘Cryptic spe-
cies’ have been put forward as a candidate group to account for
some of the substantial discrepancy between these numbers
(Hawksworth, 2001; Crespo and Pérez-Ortega, 2009), and the tro-
pics are frequently invoked as the regions to search for the over-
looked taxa (Hawksworth and Rossman, 1997). There are
indications however that, for lichenized fungi at least, some of
the highest lichen species diversity has so far been found at high
latitudes (Spribille et al., 2010). Circumboreal species complexes
like that of M. sanguinarius and other common lichens may prove
to be fruitful taxonomic groups for mining previously unsuspected
biodiversity as the focus of on-the-ground research shifts from
identification key-based floristics to molecular-assisted biodiver-
sity inventory.
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