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A DNA barcoding approach for identification of hidden
diversity in Parmeliaceae (Ascomycota): Parmelia sensu
stricto as a case study
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Accurate specimen identification is challenging in groups with subtle or scarce taxonomically diagnostic characters, and the use of DNA barcodes can provide an effective means for consistent identification. Here, we
investigate the utility of DNA barcode identification of species in a cosmopolitan genus of lichen-forming fungi,
Parmelia (Parmeliaceae). Two hundred and two internal transcribed spacer (ITS) sequences generated from
specimens collected from all continents, including Antarctica, were analysed, and DNA barcodes of 14 species
of Parmelia s.s. are reported. Almost all species show a barcode gap. Overall, intraspecific divergence values
were lower than the threshold previously established for Parmeliaceae. However, the mean and range were
elevated by deep barcode divergences in three species, indicating the likely occurrence of overlooked specieslevel lineages. Here, we provide a DNA barcode reference library with well-identified specimens sampled
worldwide and sequences from most of the type material to enable easy and fast accurate sample identification
and to assist in uncovering overlooked species in Parmelia s.s. Further, our results confirm the efficiency of the
ITS region in the identification of species of Parmelia s.s. © 2015 The Linnean Society of London, Botanical
Journal of the Linnean Society, 2015, 180, 21–29.
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INTRODUCTION
Morphology-based species boundaries have traditionally served as the foundation of taxonomy. However,
phenotype-based taxonomy may not reflect natural
groups, including cases in which morphologically distinct forms formerly recognized as distinct species are
shown to represent a polymorphic species, and cases
in which multiple morphologically similar species are
masked within a single nominal taxon (Bickford et al.,
2007; Crespo & Pérez-Ortega, 2009; Crespo &
Lumbsch, 2010; Lumbsch & Leavitt, 2011). The term
‘cryptic species’ is commonly applied when two or
*Corresponding author. E-mail: pdivakar@farm.ucm.es

more distinct species are erroneously classified and
hidden under a single nominal taxon (Bickford et al.,
2007). The occurrence of species-level lineages that
defy current phenotype-based taxonomy is now
viewed as a common phenomenon in almost all organismal groups, including animals, bacteria, fungi,
protists and plants (reviewed in Beheregaray &
Caccone, 2007; Bickford et al., 2007; Pfenninger &
Schwenk, 2007; Crespo & Lumbsch, 2010; Lumbsch
& Leavitt, 2011; Poulin, 2011; Hawksworth, 2012;
Scheffers et al., 2012). The accurate recognition of
cryptic diversity has important implications for
improving our understanding of ecological, biogeographical, evolutionary and other biological patterns
(Kress et al., 2015).
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In lichen-forming fungi, cryptic species-level lineages have already been detected in early molecular
studies involving Parmeliaceae, in Parmelia Acharius (Crespo et al., 1999) and in Letharia (Motyka)
Krog (Kroken & Taylor, 2001). Since these initial
studies, many more cryptic species have been
detected in all major lineages of lichen-forming fungi
(reviewed by Crespo & Pérez-Ortega, 2009; Crespo &
Lumbsch, 2010; Lumbsch & Leavitt, 2011; see also,
for example, Leavitt et al., 2012, 2013a, b, 2014;
Parnmen et al., 2012; Lücking et al., 2014). This
trend in the discovery of cryptic species over the last
decade is largely a result of molecular phylogenetic
studies of taxa with putative cosmopolitan and/or
widely disjunct distributions. In Parmeliaceae,
nearly every nominal species with such a wide distribution pattern that has been critically investigated using molecular sequence data appears to
comprise multiple species-level lineages; to date, c.
80 of these have been detected in Parmeliaceae
(Crespo & Lumbsch, 2010). As a result of more
extensive research activity and especially as a consequence of increased use of molecular data, the
number of new species described in Parmeliaceae
has increased in recent years.
Although Parmeliaceae appears to have relatively
high cryptic species-level diversity, high levels of
cryptic diversity are also found in a number of other
families of lichen-forming Ascomycota, including
Graphidaceae and Lobariaceae (Moncada, Reidy &
Lücking, 2014; Sohrabi, Lücking & Lumbsch, 2014).
Given the overall prevalence of morphologically
cryptic species in lichen-forming fungi, the implementation of accurate and efficient methods for the recognition of this diversity is imperative to advancing
our understanding of these fungi. Using Parmelia as
a case study, we implement a DNA barcoding
approach for rapid, accurate specimen identification
(Hebert & Gregory, 2005) in this taxonomically challenging genus that is known to contain a number of
cryptic species.
Parmelia belongs to the parmelioid crown of the
family and includes 41 currently accepted species
(Crespo & Lumbsch, 2010; Crespo, Divakar &
Hawksworth, 2011; Thell et al., 2012). Species in this
genus are distinguished from those in other genera
by having a foliose thallus with simple to furcate and
squarrose rhizines on the lower surface, non-pored
epicortex, effigurate to elongate pseudocyphellae on
the upper surface, isolichenan, cupulate exciple
three-layered, thin to thick hyaline layer, thin intermediate layer and cortex-like basal layer, and cylindrical or bifusiform conidia. In this relatively small
genus, seven cryptic species have been formally
described based on various combinations of subtle
morphological differences, distinct ecological and geo-

graphical distributions, and evidence from molecular
sequence data. In P. saxatilis (L.) Ach. s.l., Mediterranean populations were described as a separate
species,
P. serrana
A.Crespo,
M.C.Molina
&
D.Hawksw. by Molina et al. (2004), P. ernstiae
Feuerer & A. Thell was described by Feuerer & Thell
(2002), eastern North American populations were
segregated as a distinct species, P. mayi Divakar,
A.Crespo & M.C.Molina by Molina et al. (2011a) and
a fourth species P. imbricaria ined. is going to be
published in M. C. Molina et al. (unpubl. data). In
P. sulcata Taylor, two species have been described:
P. barrenoae Divakar, M.C.Molina & A.Crespo
(Divakar et al., 2005) and P. encryptata A.Crespo,
Divakar & M.C.Molina (Molina et al., 2011b).
Another distinct species-level lineage, P. sulymae
ined., was previously included in the North American
morpho-species P. hygrophila Goward & Ahti (M. C.
Molina et al., unpubl. data).
Parmelia s.s. is a widespread genus with centres of
distribution in boreal-temperate Europe, North
America and in eastern Asia (Hale, 1987; Crespo &
Lumbsch, 2010). The Australasian species have
recently been accommodated in a new genus:
Notoparmelia A.Crespo, Ferencova & Divakar
(Ferencova et al., 2014). Despite the segregation of
several cryptic species from P. saxatilis and P. sulcata,
these taxa remain the most widely distributed species
in this genus in cold-temperate areas of both hemispheres, the former also being known to occur in
Antarctica (Molina et al., 2011a, b). Contrasting patterns of broad geographical and ecological distributions in some Parmelia spp. and geographically
restricted distributions in other congeners further
confound accurate sample identification in this group
(Crespo & Lumbsch, 2010; Crespo et al., 2011; Thell
et al., 2012).
Despite progress in accurate species circumscriptions in Parmelia, morphology-based specimen identification remains challenging because of the
difficulties in discerning subtle diagnostic morphological characteristics. Therefore, this genus provides
a valuable model system to test the potential of DNA
barcoding for the estimation of the level of biodiversity and accurate sample identification. Here, we aim
to provide a DNA barcoding tool for rapid, accurate
sample identification and detection of cryptic diversity in Parmelia. To address this issue, we selected
the internal transcribed spacer (ITS) region of
nuclear ribosomal DNA, as this locus has been
accepted as a universal DNA barcode marker for
fungi (Schoch et al., 2012), and sampled 202 specimens of Parmelia s.s. worldwide for several of the
included taxa, representing 13 formally described
species and a single undescribed species-level lineage
in this genus.
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MATERIAL AND METHODS
TAXON SAMPLING
For this study, we sampled 202 specimens representing 14 distinct clades of Parmelia s.s. (see Supporting
information, Table S1). Thirteen of the 14 clades represent previously described species: P. barrenoae (15
specimens); P. encryptata (six); P. ernstiae (17); P. fertilis Müll. Arg. (three); P. fraudans (Nyl.) Nyl. (three);
P. imbricaria ined. (three); P. mayi (five); P. omphalodes (L.) Ach. (five); P. saxatilis (52); P. serrana (29);
P. submontana Hale (six), P. sulcata (50); and
P. sulymae ined. (three). The final clade comprised
five specimens in the nominal taxon P. fertilis (‘fertilis
B’) which were recovered in a distinct, non-sister
clade to other representatives of P. fertilis s.s. (‘fertilis
A’). Specimen identifications were generally based on
diagnostic morphological and chemical characters,
although final determinations for a number of morphologically ambiguous specimens were confirmed
using phylogenetic reconstructions of ITS sequence
data. Samples were gathered worldwide from Antarctica, Asia, Europe, North America, North Africa and
South America. Notoparmelia signifera (Nyl.)
A.Crespo, Ferencova & Divakar and N. subtestacea
(Hale) A.Crespo, Ferencova & Divakar were used as
outgroups based on exploratory analyses.

DNA EXTRACTION, POLYMERASE CHAIN REACTION
(PCR) AMPLIFICATION AND SEQUENCING
For all new material collected for this study, we
extracted total genomic DNA from a small portion of
the thallus. To reduce the potential for contamination,
samples were carefully prepared and visible symptoms of non-target fungal growth were removed.
Small pieces (c. 2 mm2) were carefully separated,
soaked in acetone for 2 h to remove potential secondary metabolites and dried overnight. Samples were
ground with sterile pestles into liquid nitrogen and
later into lysis buffer at 65 °C, incubated initially at
65 °C for 2 h, and then kept at room temperature
overnight. DNA was extracted using a DNeasy Plant
Mini Kit (Qiagen, Valencia, CA, USA) according to the
manufacturer’s instructions with slight modifications
(Crespo, Blanco & Hawksworth, 2001). PCR amplifications of ITS were performed using fungal-specific
primers ITS1F (White et al., 1990) and ITS4A (Larena
et al., 1999). Genomic DNA (1–10 ng) was used for
amplifications of the ITS region. The 25-μL PCRs
contained 1 × buffer (containing 10 mM Tris, pH 9.0,
2.5 mM MgCl2, 50 mM KCl, 0.1% Triton X-100),
0.2 mM each deoxynucleoside triphosphate (dNTP),
0.5 μM each primer, 1.25 units Taq DNA polymerase
(Applied Biosystems, Foster City, CA, USA) and
1–10 ng genomic DNA extract. PCR amplifications
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were carried out in a Techne R TC-3000 thermal
cycler, with the following conditions: one initial
heating step of 5 min at 94 °C, followed by 30 cycles
of 1 min at 94 °C, 1 min at 54 °C and 1.5 min at 72 °C.
A final extension step of 5 min at 72 °C was added,
after which the samples were kept at 4 °C. Amplification products were viewed on a 1% agarose gel
stained with SYBR Safe DNA (Life Technologies Corporation, Grand Island, NY, USA) and purification
was performed by adding 2 μL ExoSAP-IT™ (Exonuclease 1-shrimp alkaline phosphatase) to 10 μL of the
PCR products, followed by a heat treatment of 15 min
at 37 °C and 15 min at 80 °C. Both complementary
strands were sequenced using the ABI Prism Dye
Terminator Cycle Sequencing Ready Reaction Kit
(Applied Biosystems) with the same primers as used
in the amplification step and with the following settings: initial denaturation at 94 °C for 3 min; 25
cycles at 96 °C for 10 s, 50 °C for 5 s and 60 °C for
4 min. Sequencing reactions were electrophoresed on
a 3730 DNA analyser (Applied Biosystems) at the
Unidad de Genómica (Parque Científico de Madrid,
Madrid, Spain).

SEQUENCE

ASSEMBLY AND MULTIPLE

SEQUENCE ALIGNMENTS

Contigs were assembled and edited using the
program SeqMan v.7 (Lasergene R, DNASTAR,
Madison, WI, USA). Sequence identity was assessed
using the mega-BLAST search function in GenBank
(Sayers et al., 2011). Sequences were aligned using
the program MAFFT v7, implementing the G-INS-I
alignment algorithm, ‘200PAM/K = 2’ scoring matrix
and with an offset value of 0.0, with the remaining
parameters set to default values. Exploratory analyses revealed that multiple sequence alignments of our
ITS sequences were consistent across a broad range of
parameter settings. For comparisons of intraspecific
genetic distances within each of the 14 species-level
clades sampled for this study, intraspecific sequences
were aligned using the G-INS-I alignment algorithm,
‘1PAM/K = 2’ scoring matrix and an offset value of 0.2,
with the remaining parameters set to default values
for all species-specific alignments.

PHYLOGENETIC

ANALYSIS AND GENETIC

DISTANCE ESTIMATES

We used the program RAxML v8.1.1 (Stamatakis,
2006; Stamatakis, Hoover & Rougemont, 2008) to
reconstruct a maximum likelihood (ML) topology from
the ITS alignment of all sampled Parmelia specimens.
The optimal ML topology was inferred using 200
separate ML searches under the ‘GTRCAT’ model;
bootstrap support (BS) for each node was assessed
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using 1000 pseudoreplicates. The ML tree was
rooted using mid-point rooting. Species were scored as
successfully discriminated if sequences formed a
species-specific clade with BS ≥ 70% (Kelly et al.,
2011).
We calculated uncorrected pairwise distances to
characterize both intra- and interspecific variation
within and among sampled Parmelia spp. Intraspecific genetic distances of the sampled taxa were compared with a proposed threshold between intra- and
interspecific distances close to 0.015–0.017 substitutions per site in Parmeliaceae (Del-Prado et al., 2010).
Uncorrected genetic distances based on pairwise comparisons were estimated using the program PAUP*
v4.0a.146 (Swofford, 2002). Pairwise distances
between different haplotypes were reported as the
number of nucleotide substitutions per site.

RESULTS
The ITS data matrix representing Parmelia s.s. consisted of 202 sequences and 458 aligned nucleotide
position characters (see Tables S1, 1; TreeBase ID:
18060). All new sequences generated for this study
have been deposited in GenBank under accession
numbers KT892942–KT892945.

PHYLOGENETIC

ANALYSIS AND

SPECIES DISCRIMINATION

All species of Parmelia s.s. were recovered as monophyletic clades with strong BS (BS ≥ 82%) in the ITS

gene tree, with the exception of P. ernstiae which was
recovered with BS < 50% (Fig. 1; see Supporting information, Fig. S1). Two well-supported clades were
recovered in P. fertilis s.l. (Fig. 1; Table 1). These two
clades were treated as P. ‘fertilis A’ and P. ‘fertilis B’ in
subsequent comparisons of genetic distances.

GENETIC

DISTANCES

Samples sizes for each species/clade, number of haplotypes, alignment lengths and mean and range of
genetic distances are summarized in Table 1. The
distribution of intraspecific pairwise distances for
each species is shown in Figure 2A. A barcode gap
was not detected between intra- and interspecific
distances (Fig. 2B). The vast majority of intraspecific
pairwise comparisons of genetic distances for all Parmelia spp. or clades fell below the estimated 0.015–
0.017 substitutions per site intra–interspecific
threshold (Fig. 2B), although the overall range of
genetic distances exceeded this threshold in P. ‘fertilis
B’, P. omphalodes and P. serrana (excluding outliers;
Table 1; Fig. 2B).

DISCUSSION
Molecular sample identification can provide an effective approach for consistent, accurate specimen identifications in taxonomically challenging groups (Kelly
et al., 2011). Here, we provide support for the effective
implementation of DNA barcode identification of
samples from the lichen-forming fungal genus Parme-

Table 1. Mean genetic distance values (given as number of nucleotide substitutions per site) and range of intraspecific
distances for the sampled species of Parmelia s.s. Numbers in parentheses indicate the number of sampled individuals/
number of unique haplotypes, and values following the mean genetic distance represent standard deviations
Species

N

Alignment length (bp)

Mean

Range

P. barrenoae
P. encryptata
P. ernstiae
P. fertilis s.l.
P. fertilis A
P. fertilis B
P. fraudans
P. imbricaria ined.
P. mayi
P. omphalodes
P. saxatilis
P. serrana
P. submontana
P. sulcata
P. sulymae ined.
Interspecific

15
6
17
8
3
5
3
3
5
5
52
29
6
50
3
202

457
458
458
458
458
458
458
458
458
458
458
457
458
458
458
458

0.0019 ± 0.0018
0.0019 ± 0.0018
0.033 ± 0.0044
0.0172 ± 0.0107
0.0 ± 0.0
0.0 ± 0.0177
0.0051 ± 0.0013
0.0015 ± 0.0013
0.0 ± 0.0
0.0085 ± 0.0048
0.0031 ± 0.0041
0.0063 ± 0.0050
0.0029 ± 0.0043
0.0034 ± 0.0036
0.0 ± 0.0
0.0642 ± 0.0329

0.0–0.0070
0.0–0.0045
0.0–0.01825
0.0–0.0349
0.0–0.0
0.0059–0.0094
0.0044–0.0066
0.0–0.0022
0.0–0.0
0.0022–0.0181
0.0–0.0203
0.0–0.0229
0.0–0.0089
0.0–0.0205
0.0–0.0
0.0044–0.1158

(4/2)
(2/1)
(11/2)
(21/9)
(11/0)

(0/0)
(8/3)
(22/8)
(16/7)
(4/0)
(9/8)
(135/104)

N, number of specimens.
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Figure 1. Diagram of the maximum likelihood internal transcribed spacer (ITS) tree obtained from 202 Parmelia
samples. The complete tree is presented in Figure S1. Values at each node indicate non-parametric bootstrap support.
Only support values of ≥ 70% are indicated.

lia representing species collected across broad geographical ranges, including Antarctica. Our results
show that the ITS marker can differentiate 13 of the
14 taxa analysed in this study. We detected only one
case, P. ernstiae, of barcode gap overlap in the 202
samples representing the 14 species analysed in our
study. However, the distinction of this taxon as a
separate lineage from P. saxatilis has been questioned

in previous studies (Molina et al., 2004; Del-Prado
et al., 2010), and additional studies are needed to
clarify the taxonomic status of P. ernstiae. Overall, a
molecular barcode identification approach for sample
identification in cryptic species in Parmelia will aid in
increasing our understanding of diversity, biogeography and landscape-level gene flow in this cosmopolitan genus.
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Figure 2. Intra- and interspecific pairwise genetic distances: (A) histogram and (B) box plot comparisons of genetic
distances. BAR, Parmelia barrenoae; ENC, P. encryptata; ERN, P. ernstiae; FER, P. fertilis A; FER, P. fertilis B; FRA,
P. fraudans; IMB, P. imbricaria ined.; MAY, P. mayi; OMP, P. omphalodes; SAX, P. saxatilis; SER, P. serrana; SUB,
P. submontana; SUL, P. sulcata; SU, P. sulymae ined.; s/s, substitutions per site.

The inclusion of P. saxatilis populations from distant
geographical regions, such as Antarctica, Asia, Europe
and North America, and P. sulcata populations from
Asia, Europe and North America did not reveal phylogeographical substructure or a significant increase in
intraspecific genetic distances using ITS sequence
data. This lack of substantial regional variation in ITS
barcode sequences may suggest that an effective identification system can be constructed for mycobiota of
Parmelia s.s. without extensive geographical surveys
of each species. The ITS marker has been shown to
discriminate a wide range of fungal species successfully (see Schoch et al., 2012). Our results support the
potential of ITS to develop effective DNA barcodes of

this group of lichenized fungi, in accordance with the
previous DNA barcoding studies in lichen-forming
fungi (see, for example, Del-Prado et al., 2010; Kelly
et al., 2011; Leavitt et al., 2013a, 2014). However,
limitations in molecular sample identification using
ITS have been reported for a few genera of lichenforming fungi, including Cladonia P.Browne and
Physcia (Schreb.) Michx. (Myllys, Lohtander & Tehler,
2001; Pino-Bodas et al., 2013).
Although most species studied here revealed relatively low intraspecific divergence compared with
values proposed previously for Parmeliaceae (0.015–
0.017 substitutions per site; Del-Prado et al., 2010),
three taxa exceeded this intraspecific threshold
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(Table 1; Fig. 2B). We note that individuals of P. fertilis were separated into two groups, named here
P. ‘fertilis A’ and P. ‘fertilis B’ (Figs 1, S1). Samples in
the P. ‘fertilis B’ clade are morphologically more
similar to P. omphalodes than to the sister group
P. ‘fertilis A’. Furthermore, individuals of the P. ‘fertilis B’ clade are distributed in South-East Asia and
north-western North America and the P. ‘fertilis A’
clade includes samples from Japan, the type locality,
whereas P. omphalodes occurs exclusively in Europe.
Both the DNA divergence and different geographical
distributions suggest that the two clades represent
distinct species. However, in-depth taxonomic studies,
including additional material from these clades, are
critical to ascertain their species-level status. Other
cases of deep barcode divergence included P. serrana
and P. omphalodes (Table 1), indicating the existence
of additional overlooked species. The inclusion of
closely related taxa, such as P. discordans, is needed
to ascertain the species-level status of European
populations from the P. omphalodes clade, and this
may alter the inferences from this study. In contrast,
our data suggest that P. ernstiae may be conspecific
with P. saxatilis (Fig. S1). Parmelia ernstiae was segregated from P. saxatilis based on limited morphological features, including a more pruinose upper surface
and isidia often developing into flat laciniae, in addition to differences in ITS sequence (Feuerer & Thell,
2002). Some previous studies have also questioned
the distinction of this taxon as a separate lineage
(Molina et al., 2004; Del-Prado et al., 2010) and, ultimately, additional studies will be needed to clarify the
taxonomic status of P. ernstiae.
Our study supports the validity of most species of
Parmelia s.s. recognized in previous systematic
studies, although we recovered evidence of deeply
divergent lineages, indicating the presence of additional previously unrecognized lineages, in three of
the 14 sampled species. The incidence of cryptic
species encountered in the present study is congruent
with the common phenomenon reported in Parmeliaceae and in lichenized fungi in general (reviewed in
Crespo & Lumbsch, 2010; Lumbsch & Leavitt, 2011;
see also Leavitt et al., 2014).
The DNA barcode reference library from this study,
including sequences of well-identified samples and
type material of most of the species studied here,
could be an asset for easy, rapid and accurate sample
identification of species of Parmelia s.s. used in biomonitoring and bio-prospecting research. A number of
species of Parmelia s.s. are frequently used in biomonitoring and climate change studies (Bennett,
2002; Blasco et al., 2011; Almeida et al., 2012). In
addition, secondary metabolites found in Parmelia
spp. have been shown to have high antimicrobial,
antioxidant, cytotoxic and anti-tumour activities
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(reviewed in Gómez-Serranillos et al., 2014). Molecular identification of Parmelia spp. used in these types
of applications may lead to a more precise interpretation of results in bio-monitoring and bio-prospecting
research.
In summary, in this study, we have provided DNA
barcodes for 14 clades in Parmelia s.s., comprising
202 specimens collected from all continents, including
Antarctica. Our results confirm the effectiveness of
the ITS marker for the molecular identification of
worldwide mycobiota of Parmelia s.s. Our study also
provides evidence of additional previously unrecognized species-level diversity in Parmelia based on
deep barcode divergences, setting the stage for their
detailed taxonomic investigation. It is likely that the
key findings of this comprehensive investigation will
apply to most other taxonomic groups of lichenforming fungi. We conclude that DNA barcoding can
both enable the automated identification of known
species and aid in the detection of unrecognized
species in this group of lichenized fungi. Further, our
study indicates the need for a comprehensive barcode
library for massive improvement in our knowledge of
the biodiversity of lichen-forming fungi.

ACKNOWLEDGEMENTS
We thank anonymous reviewers for valuable comments and suggestions. This work was supported by
the Spanish Ministerio de Ciencia e Innovación
(CGL2010-21646/BOS, CGL2013-42498-P), the Universidad Complutense-Banco Santander (GR3/14)
and the National Science Foundation (‘Hidden diversity in parmelioid lichens’, DEB-0949147). Sequencing was performed in the Centro de Genómica y
Proteómica del Parque Científico de Madrid, where
Maria Isabel García Saez is especially thanked.

REFERENCES
Almeida SM, Lage J, Freitas MDC, Pedro IS, Ribeiro T,
Silva AV, Canha N, Almeida-Silva M, Sitot T, Dionisio
I, Garcia S, Domingues G, Faria JP, Fernández BG,
Ciaparra D, Wolterbeek HT. 2012. Integration of biomonitoring and instrumental techniques to assess the air
quality in an industrial area located on the coast of central
Asturias, Spain. Journal of Toxicology and Environmental
Health 75: 1392–1403.
Beheregaray LB, Caccone A. 2007. Cryptic biodiversity in
a changing world. Journal of Biology 6: e9.
Bennett JP. 2002. Algal layer ratios as indicators of air
pollutant effects in Parmelia sulcata. The Bryologist 105:
104–110.
Bickford D, Lohman DJ, Sodhi NS, Ng PKL, Meier R,
Winker K, Ingram KK, Das I. 2007. Cryptic species as a
window on diversity and conservation. Trends in Ecology
and Evolution 22: 148–155.

© 2015 The Linnean Society of London, Botanical Journal of the Linnean Society, 2016, 180, 21–29

28

P. K. DIVAKAR ET AL.

Blasco MC, Domeño P, López C, Nerín C. 2011. Behaviour
of different lichen species as biomonitors of air pollution by
PAHs in natural ecosystems. Journal of Environmental
Monitoring 13: 2588–2596.
Crespo A, Blanco O, Hawksworth DL. 2001. The potential
of mitochondrial DNA for establishing phylogeny and stabilising generic concepts in the parmelioid lichens. Taxon
50: 807–819.
Crespo A, Bridge PD, Hawksworth DL, Grube M,
Cubero OF. 1999. Comparison of rRNA genotype frequencies of Parmelia sulcata from long established and recolonizing sites following sulphur dioxide amelioration. Plant
Systematics and Evolution 217: 177–183.
Crespo A, Divakar PK, Hawksworth DL. 2011. Generic
concepts in parmelioid lichens, and the phylogenetic value
of characters used in their circumscription. Lichenologist
(London, England) 43: 511–535.
Crespo A, Lumbsch HT. 2010. Cryptic species in lichenforming fungi. IMA Fungus 1: 167–170.
Crespo A, Pérez-Ortega S. 2009. Cryptic species and
species pairs in lichens: a discussion on the relationship
between molecular phylogenies and morphological
characters. Anales del Jardin Botánico de Madrid 66:
71–81.
Del-Prado R, Cubas P, Lumbsch HT, Divakar PK,
Blanco O, de Paz GA, Molina MC, Crespo A. 2010.
Genetic distances within and among species in monophyletic lineages of Parmeliaceae (Ascomycota) as a tool for
taxon delimitation. Molecular Phylogenetics and Evolution
56: 125–133.
Divakar PK, Molina MC, Lumbsch HT, Crespo A. 2005.
Parmelia barrenoae, a new lichen species related to
Parmelia sulcata (Parmeliaceae) based on molecular and
morphological data. Lichenologist (London, England) 37:
37–46.
Ferencova Z, Cubas P, Divakar PK, Molina MC, Crespo
A. 2014. Notoparmelia, a new genus of Parmeliaceae (Ascomycota) based on overlooked reproductive anatomical features, phylogeny and distribution pattern. Lichenologist
(London, England) 46: 51–67.
Feuerer T, Thell A. 2002. Parmelia ernstiae – a new macrolichen from Germany. Mitteilungen aus dem Institut für
Allgemeine Botanik in Hamburg 30–32: 49–60.
Gómez-Serranillos MP, Fernández-Moriano C, GonzálezBurgos E, Divakar PK, Crespo A. 2014. Parmeliaceae
family: phytochemistry, pharmacological potential and phylogenetic features. RSC Advances 4: 59017–59047.
Hale ME. 1987. A monograph of the lichen genus Parmelia
Acharius sensu stricto (Ascomycotina: Parmeliaceae).
Smithsonian Contributions to Botany 66: 1–55.
Hawksworth DL. 2012. Global species numbers of fungi: are
tropical studies and molecular approaches contributing to a
more robust estimate? Biodiversity and Conservation 21:
2425–2433.
Hebert PDN, Gregory TR. 2005. The promise of DNA
barcoding for taxonomy. Systematic Biology 54: 852–859.
Kelly LJ, Hollingsworth PM, Coppins BJ, Ellis CJ,
Harrold P, Tosh J, Yahr R. 2011. DNA barcoding of

lichenized fungi demonstrates high identification success in
a floristic context. New Phytologist 191: 288–300.
Kress WJ, Garcıa-Robledo C, Uriarte M, Erickson DL.
2015. DNA barcodes for ecology, evolution, and conservation. Trends in Ecology and Evolution 30: 25–35.
Kroken S, Taylor JW. 2001. A gene genealogical approach to
recognize phylogenetic species boundaries in the lichenized
fungus Letharia. Mycologia 93: 38–53.
Larena I, Salazar O, Gonzalez V, Julian MC, Rubio V.
1999. Design of a primer for ribosomal DNA internal transcribed spacer with enhanced specificity for ascomycetes.
Journal of Biotechnology 75: 187–194.
Leavitt SD, Esslinger TL, Divakar PK, Lumbsch HT.
2012. Miocene divergence, phenotypically cryptic lineages,
and contrasting distribution patterns in common lichenforming fungi (Ascomycota: Parmeliaceae). Biological
Journal of the Linnean Society 107: 920–937.
Leavitt SD, Esslinger TL, Hansen ES, Divakar PK,
Crespo A, Loomis BF, Lumbsch HT. 2014. DNA barcoding of brown Parmeliae (Parmeliaceae) species: a molecular
approach for accurate specimen identification, emphasizing
species in Greenland. Organisms Diversity and Evolution
14: 11–20.
Leavitt SD, Esslinger TL, Spribille T, Divakar PK,
Lumbsch HT. 2013b. Multilocus phylogeny of the lichenforming fungal genus Melanohalea (Parmeliaceae, Ascomycota): insights on diversity, distributions, and a comparison of
species tree and concatenated topologies. Molecular Phylogenetics and Evolution 66: 138–152.
Leavitt SD, Fernández-Mendoza F, Pérez-Ortega S,
Sohrabi M, Divakar PK, Lumbsch HT, Clair LL. 2013a.
DNA barcode identification of lichen-forming fungal
species in the Rhizoplaca melanophthalma species-complex
(Lecanorales, Lecanoraceae), including five new species.
MycoKeys 7: 1–22.
Lumbsch HT, Leavitt SD. 2011. Goodbye morphology? A
paradigm shift in the delimitation of species in lichenized
fungi. Fungal Diversity 50: 59–72.
Lücking R, Dal-Forno M, Sikaroodi M, Gillevet PM,
Bungartz F, Moncada B, Yánez-Ayabaca A, Chaves JL,
Coca LF, Lawrey JD. 2014. A single macrolichen constitutes hundreds of unrecognized species. Proceedings of the
National Academy of Sciences 111: 11 091–11 096.
Molina MC, Crespo A, Blanco O, Lumbsch HT,
Hawksworth DL. 2004. Phylogenetic relationships and
species concepts in Parmelia s. str. (Parmeliaceae) inferred
from nuclear ITS rDNA and β-tubulin sequences. Lichenologist (London, England) 36: 37–54.
Molina MC, Del-Prado R, Divakar PK, Sánchez-Mata D,
Crespo A. 2011a. Another example of cryptic diversity in
lichen-forming fungi: the new species Parmelia mayi (Ascomycota: Parmeliaceae). Organisms Diversity and Evolution
11: 331–342.
Molina MC, Divakar PK, Millanes AM, Sanchez E,
Del-Prado R, Hawksworth DL, Crespo A. 2011b. Parmelia sulcata (Ascomycota: Parmeliaceae), a sympatric
monophyletic species complex. Lichenologist (London,
England) 43: 585–601.

© 2015 The Linnean Society of London, Botanical Journal of the Linnean Society, 2016, 180, 21–29

DNA BARCODING OF PARMELIA
Moncada B, Reidy B, Lücking R. 2014. A phylogenetic
revision of Hawaiian Pseudocyphellaria sensu lato
(lichenized Ascomycota: Lobariaceae) reveals eight new
species and a high degree of inferred endemism. The Bryologist 117: 119–160.
Myllys L, Lohtander K, Tehler A. 2001. Beta-tubulin, ITS
and group I intron sequences challenge the species pair
concept in Physcia aipolia and P. caesia. Mycologia 93: 335–
343.
Parnmen S, Rangsiruji A, Mongkolsuk P, Boonpragob
K, Nutakki A, Lumbsch HT. 2012. Using phylogenetic
and coalescent methods to understand the species diversity
in the Cladia aggregata complex (Ascomycota, Lecanorales).
PLoS ONE 7: e52245.
Pfenninger M, Schwenk K. 2007. Cryptic animal species
are homogeneously distributed among taxa and biogeographical regions. BMC Evolutionary Biology 7: e121.
Pino-Bodas R, Martin AP, Burgaz AR, Lumbsch HT.
2013. Species delimitation in Cladonia (Ascomycota): a
challenge to the DNA barcoding philosophy. Molecular
Ecology Resource 13: 1058–1068.
Poulin R. 2011. Uneven distribution of cryptic diversity among
higher taxa of parasitic worms. Biology Letters 7: 241–244.
Sayers WE, Barrett T, Benson DA, Bolton E, Bryant SH,
Canese K, Chetvernin V, Church DM, DiCuccio M,
Federhen S, Feolo M, Fingerman IM, Geer LY,
Helmberg W, Kapustin Y, Landsman D, Lipman DJ,
Lu Z, Madden TL, Madej T, Maglott DR, MarchlerBauer A, Miller V, Mizrachi I, Ostell J, Panchenko A,
Phan L, Pruitt KD, Schuler GD, Sequeira E, Sherry
ST, Shumway M, Sirotkin K, Slotta D, Souvorov A,
Starchenko G, Tatusova TA, Wagner L, Wang Y,
Wilbur WJ, Yaschenko E, Ye J. 2011. Data resources of

29

the National Center for Biotechnology Information. Nucleic
Acids Research 39: D38–D51.
Scheffers BR, Joppa LN, Pimm SL, Laurance WF. 2012.
What we know and don’t know about Earth’s missing biodiversity. Trends in Ecology and Evolution 27: 501–510.
Schoch CL, Seifert KA, Huhndorf S, Robert V, Spouge
JL, Levesque CA, Chen W, Fungal Barcoding Consortium. 2012. Nuclear ribosomal internal transcribed spacer
(ITS) region as a universal DNA barcode marker for Fungi.
Proceedings of the National Academy of Sciences 109: 6241–
6246.
Sohrabi M, Lücking R, Lumbsch HT. 2014. One hundred
and seventy five new species of Graphidaceae – a special
issue of Phytotaxa. Phytotaxa 189: 5–6.
Stamatakis A. 2006. RAxML-VI-HPC: maximum likelihoodbased phylogenetic analyses with thousands of taxa and
mixed models. Bioinformatics (Oxford, England) 22: 2688–
2690.
Stamatakis A, Hoover P, Rougemont J. 2008. A rapid
bootstrap algorithm for the RAxML web servers. Systematic
Biology 57: 758–771.
Swofford D. 2002. PAUP. Phylogenetic analysis using parsimony (* and other methods), version 4.0b10. Version 4 edn.
Sunderland, MA.
Thell A, Crespo A, Divakar PK, Kärnefelt I, Leavitt SD,
Lumbsch HT, Seaward MRD. 2012. A review of the
lichen family Parmeliaceae – history, phylogeny and current
taxonomy. Nordic Journal of Botany 30: 641–664.
White TJ, Bruns TD, Lee S, Taylor J. 1990. Amplification
and direct sequencing of fungal ribosomal RNA genes for
phylogenetics. In: Innis MA, Gelfand DH, Sninsky JJ, White
TJ, eds. PCR protocols: a guide to methods and applications.
New York: Academic Press, 315–322.

SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article at the publisher’s website:
Figure S1. Maximum likelihood internal transcribed spacer (ITS) tree of the 202 sampled Parmelia specimens,
with ≥ 50% bootstrap support indicated at the nodes. Type specimens of each species studied are indicated as
‘Typus’ or ‘Epitypus’.
Table S1. Specimens of Parmelia used in this study with location, reference collection details and GenBank
accession numbers. Newly obtained sequences are indicated in bold type. Type specimens of each species studied
are indicated as ‘Typus’ or ‘Epitypus’ and highlighted in grey.
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