Cryptogamie, Bryologie, 2014, 35 (3): 229-246
© 2014 Adac. Tous droits réservés

Molecular markers based on PCR methods:
a guideline for mosses

David CRESPO PARDO, Stefano TERRACCIANQ,
Simonetta GIORDANO & Valeria SPAGNUOLO

Dipartimento di Biologia, Universita Federico II, Campus di Monte S. Angelo,
Via Cinthia, 4, 80126 Napoli, Italy

Abstract — In recent years, the number of studies concerning population genetics and
phylogenetics in mosses using molecular markers has remarkably grown. This review
summarizes the main features of the most used molecular techniques based on PCR and
their application in bryology, with particular attention to mosses. This work also provides a
bibliographic guide to 108 molecular studies focused on mosses to assist in choosing the
most suitable markers according to the main aims of a specific research.
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INTRODUCTION

The genome of organisms holds very useful information about taxonomy,
phylogenies, biogeography, and population dynamics, with great impact in both
the theoretical and practical fields of biology. Based on genetic variation, even
between closely related individuals, it is possible to characterize organisms or
even varieties within a species. Molecular characterization may provide a reliable
and replicable tool, leading to the identification of an organism, like barcoding,
and/or to the description of the evolutionary relationships among individuals/taxa.
Molecular markers provide access to the enormous amount of information
contained in genetic material. DNA molecular markers, or genetic markers, are
identifiable DNA sequences found at specific locations of the genome, and
transmitted to descendants (Semagn et al., 2006). As DNA molecular markers
may reveal genetic polymorphism, genome provides a new source of traits to test
in systematics. Before the introduction of molecular techniques, relationships
among organisms relied on morphological traits. Phylogenetic relationships and
their associated hierarchy were constructed on the basis of the evolution of
homologous morphological characters, whereas in the last decades evolutionary
patterns have been regarded, or even redesigned, in the light of the results
obtained by DNA molecular markers.

The first DNA sequence obtained for a bryophyte was the 5S gene of
Marchantia polymorpha, as part of a study concerning the evolutionary history
of plants (Hori et al., 1985). The first studies specifically focused on bryophyte
evolution, however, date to 1992 (Mishler et al., 1992; Waters et al., 1992), based
on genes encoding ribosomal RNAs. The protein coding gene rbcL was first
targeted by Lewis et al. (1997), while Wood et al. (1999) sequenced a broad array
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of expressed sequence tag (EST) in Syntrichia (Tortula) ruralis. Other techniques
requiring sequence information, like microsatellites (simple sequence repeats,
SSRs) and sequence characterized amplified region (SCAR) were developed
for bryophytes later (Van der Velde et al., 2000; Shaw et al., 2003). Moreover,
although any paper specifically devoted to single nucleotide polymorphisms
(SNPs) in bryophyte has not been found in the present investigation, all the
papers dealing with sequence data may reveal the presence of SNPs.

With reference to DNA molecular markers providing banding patterns
(i.e., multilocus DNA molecular markers based on the size of anonymous loci),
random amplified polymorphic DNA (RAPD) were first used in the liverwort
Porella (Boisselier-Dubayle & Bischler, 1994), whereas first amplifications by
inter-simple sequence repeat (ISSR) primers involving bryophytes were carried
out in two moss species, Pogonatum dentatum and Sphagnum angermanicum,
in 2003 (Hassel & Gunnarsson, 2003), and intron-exon splice junction (ISJ)
amplifications have been performed since 2005 (Polok et al., 2005). Since 2000,
some techniques based on the combination of PCR amplification and digestion by
restriction enzymes has also been applied in bryophytes. Among these techniques,
amplified fragment length polymorphism (AFLP) was used at first in a population
study on Amblystegium tenax (Vanderpoorten & Tignon, 2000), and PCR -
restriction fragment length polymorphism (PCR-RFLP), was applied in a
taxonomic study within Rhytidiadelphus (Vanderpoorten et al., 2003). Detection
of RFLP using southern blotting has been used on a broad range of organisms, but
this method is time consuming and requires large amounts of DNA, rarely
available in small bryophytes. Additionally, RFLP may lack sufficient variation
for population studies, but it has been useful in testing phylogenetic hypotheses
(Boisselier-Dubayle et al., 1995).

Here we provide a first review of DNA based investigations in bryophyte
systematics, and assessment of the suitability of various methods for distinct
research objectives. We grouped the techniques into two main categories according
to the key difference of their experimental protocol, those based on actual
sequence information (sequencing, SSR, SCAR), and those making inferences
based on banding patterns (RAPD, ISSR, ISJ, AFLP, PCR-RFLP).

The main purposes of this work are to: i) provide an overview of the
molecular techniques based on PCR and utilized in mosses, specifying their
advantages and drawbacks and ii) report on a large body of recent papers that
illustrate their applications. About 100 papers were examined and referenced in an
extensive table focusing on the main subjects, the taxa studied, and the type of
molecular marker. For an easier reading, the referenced papers were grouped into
six categories, according to the main field of application: biogeography, gene
expression, phylogeny, population ecology, taxonomy and technical. This table may
represent a guideline for the choice of a suitable molecular technique in mosses.

MOLECULAR TECHNIQUES REQUIRING SEQUENCE INFORMATION

Sequencing

Apart from paralogous genes, sequencing gives the certainty to compare
homologous loci, therefore it is more reliable than markers based on banding
pattern. The nuclear ribosomal DNA is widely used to reconstruct phylogenetic
relationships (Samigullin et al., 1998; Olsson et al., 2009; Merget & Wolf, 2010),
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within families (Shaw & Allen, 2000), genera (Grundmann et al., 2006; Shaw et al.,
2010; Carter, 2012) or species (Skotnicki et al., 2004; Vanderpoorten et al., 2004;
Grundmann et al., 2006; Draper et al., 2007; Korpelainen et al., 2008b; Draper
et al., 2011). Particularly, ITS sequences were used as markers in many studies in
mosses (e.g. Korpelainen et al., 2008b; Spagnuolo et al., 2008; Carter, 2012;
Terracciano et al., 2012b).

The chloroplast (cp) trnT-F region and especially the trnljs o intron are
the most widely targeted loci, not only in bryophytes, but also in other plants
(Quandt & Stech, 2005). The locus has been complemented by the rps4 gene in
many studies aiming at resolving relationships within classes and families (Buck
et al., 2000 and 2005; Goffinet et al., 2001; Shaw & Allen, 2000; Pedersen et al.,
2007; Bell & Hyvonen, 2010), genera (Shaw et al., 2010; Carter, 2012) and even
among populations (Vanderpoorten et al., 2004; Werner & Guerra, 2004; Draper
et al., 2011). The atpB-rbcL intergenic spacer has also been frequently used in
moss phylogeography (e.g., Grundmann et al., 2006; Pedersen et al., 2007).

The idea that the mitochondrial DNA offers few loci routinely targeted
for moss phylogenetic studies is primarily due to the presumably lower variability
compared with the cpDNA (Stech & Quandt, 2010). However, the nad5 gene,
recently sequenced for many moss species (Liu et al., 2012), has been used for
reconstructing bryophyte phylogenies since 1999 (Beckert ef al., 1999), and so
have other mitochondrial DNA regions (Cox et al., 2010; Wahrmund et al., 2009
and 2010). Nonetheless, the use of single copy genes, like all chloroplast and
mitochondrial genes, in moss systematics, is strongly affected by the available
knowledge about the flanking regions of the gene itself to develop suitable
primers (Wall, 2002).

SSR (simple sequence repeats)

The microsatellites (also known as simple sequence repeats, SSRs) are
tandem repeats of short DNA sequence motifs. These markers have several
advantages: i) each locus is well-defined and codominant; ii) they are frequently
polymorphic at population level, due to differences in the number of repeats;
and iii) they are easily tested by PCR. However, sequence information is required
in order to design species-specific primers into the flanking regions of the
repeat motif.

The polymorphism of a locus is based on the number of repeats, that
increases or decreases the length of the locus, and it is commonly evidenced by
comparing PCR-fragment length by capillary electrophoresis. SSRs are highly
abundant in eukaryotic genomes (Korpelainen et al., 2007). Furthermore, the
levels of heterozygosity can be exceptionally high, even in species in which
the level of genetic variation detected by other methods may be low. In this
laborious technique, the markers act as a single-locus trait, and their development
is expensive (Korpelainen et al., 2007). These disadvantages are compensated
when the protocol optimized to amplify SSRs for a given species can be extended
to closely related taxa, as in Sphagnum (Provan & Wilson, 2006). Microsatellites
have been used to evaluate the genetic diversity (e.g., Liu et al., 2010a), to test
species delimitation (Shaw et al., 2009), to circumscribe geographic distribution of
intraspecific genets (Szovényi et al., 2008), to identify parental taxa in alloploids
(Ricca & Shaw, 2010), or to evaluate degrees of inbreeding and its consequences
(Sz6vényi et al., 2009b; Van der Velde et al., 2001 a and b). Given the versatility
of these markers their use in mosses is expected to increase.
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SCAR (sequence characterized amplified region)

The SCAR markers are locus-specific markers, which are detected
through specific primers designed from identified sequences obtained by other
methods. For example, Shen ef al. (2011) developed the SCAR primers from
specific RAPD bands; Albani et al. (2004) used instead ISSR bands. Once the
sequence of the locus is known, a pair of specific 15-30 bp primers is designed,
making this technique suitable for diagnostic purposes, like selecting a
commercially valuable crop or variety (e.g. Yang et al., 2013). These markers were
used in bryophytes to delimitate Calypogeia species (Buczkowska & Dabert,
2011) and to target three anonymous DNA regions in Sphagnum (Shaw et al.,
2003). SCAR technique provides a useful tool in order to develop new sequence
markers starting from any technique based on banding pattern. However, several
cloning-sequencing cycles may be needed before obtaining a suitable anonymous
region to be characterized.

MOLECULAR TECHNIQUES PRODUCING BANDING PATTERNS

RAPD (random amplified polymorphic DNA)

This technique is a random targeting PCR approach based on short
(10 bp) primers. A possible mutation across one or more annealing sites along
DNA template will result in the absence of the relative band, and subsequently in
a different banding profile. This technique allows fast, easy and cheap comparison
between a big set of samples when prior sequence information is not available
(Kjolner et al., 2004). Due to these advantages, this technique seemed suitable for
populations study (Selkirk er al., 1997; Skotnicki er al., 2004). However, the
typically low stringency conditions may lead to a low reproducibility of bands
(Kjolner et al., 2004). Other limitations of RAPD technique are the dominant
behaviour, the lack of knowledge on amplification products, and the co-migration
of fragments that are not homologous but of similar size. This technique thus calls
for particular caution in applying the method and interpreting its results.
Furthermore, the targeted DNA must be highly purified, because, contaminating
(endophytic or epiphytic) fungi may be amplified and lead to artefactual results
(Stevens et al., 2007). This technique has been applied to investigate genetic
variability and structure among populations, in several moss species (Hennediella
heimii, Sarconeurum glaciale and Ceratodon purpureus), and in particular
Antarctic mosses (Selkirk et al., 1997; Skotnicki et al., 1998; Skotnicki et al., 1999;
Dale et al., 1999; Skotnicki et al., 2004). It was also used to study the species
delimitation in Sphagnum recurvum (Sastad et al., 1999). However, recent
application of RAPD technique in moss populations, compared to SSR, showed
that the first lead to an overestimation of the gene diversity due to sample
contamination (Clarke et al., 2009). For this reason, the RAPD technique is now
used to study somatic mutation in in vitro cultured axenic plants (Enan, 2006).

ISSR (inter-simple sequence repeat)

ISSR technique is nearly identical to RAPD technique except that ISSR
primers are designed from microsatellite regions and are longer than RAPD



Molecular markers in mosses 233

primers. The first ISSR studies were published in 1994, focused on cultivated
species (see Wolfe, 2005 for a review). These markers are based on the
amplification of DNA segments present between two identical microsatellite
repeat regions, usually a dinucleotide or a trinucleotide motif, and oriented in
opposite directions. Therefore, the technique uses microsatellites as primers in a
single PCR reaction targeting multiple genomic loci to amplify ISSRs of different
sizes. The primers can be either unanchored or, more frequently, anchored at 3’
or 5" end with 1 to 4 degenerate bases extended into the flanking sequences
(Weising et al., 2005). ISSRs have high reproducibility, due to the use of longer
primers (16-25 bp), which allow a higher stringency and more reliable and
reproducible bands than RAPD (Vanderpoorten et al., 2003). Several studies
targeted ISSR in mosses, to estimate genetic diversity and clonal structure in
populations, in relation to bottleneck/genetic drift processes (Vanderpoorten
et al., 2003; Gunnarsson et al., 2005; Spagnuolo et al., 2007a and 2009a), to habitat
disturbance and fragmentation (Spagnuolo et al., 2007b; Spagnuolo et al., 2009b;
Patino et al., 2010), and for conservation purposes (Terracciano et al., 2012a). In
some cases this technique was applied to resolve taxonomic problems (Hassel &
Gunnarsson, 2003; Spagnuolo et al., 2008), or distinguish sexes (Korpelainen,
2008a). Furthermore, ISSR markers, similarly to RAPD, can be the basis for the
development of other markers, i.e. microsatellites (Korpelainen et al., 2007,
Provan & Wilson, 2006), or SCARs (Buczkowska & Dabert, 2011).

ISJ (intron-exon splice junction)

ISJs are semi-specific dominant markers being present in the majority of
plant genes (Gang et al., 2011). The longer primers used in this technique allow a
higher annealing temperature, obtaining more reproducible bands. ISJ markers
were used in plants (e.g. in cotton, Gang et al., 2011) but very few references were
found in mosses. Sawiki and Szczecinska (2007) optimized the technique in
mosses, evaluating its suitability for Sphagnum spp. and Orthotrichum speciosum,
whereas Sawiki et al. (2012) evaluated the distinction between the subgenera
Orthotrichm and Pulchella of Orthotrichum. Even if some sequence information
was required for their initial development (Weining & Langridge 1991), all
primers can be designed based on the constant oligonucleotide sequence located
at the junction between intron and exon, with the addition of a short random
sequence. In theory, by using a given primer pair, a researcher might also decide
whether to amplify exonic or intronic regions, but in practice each primer can also
act as a forward and a reverse, so the technique is comparable to the RAPD or
the ISSR.

AFLP (amplified fragment length polymorphism)

This DNA fingerprinting technique was developed by Zabeau and Vos
(1993) (but see also Vos et al., 1995 and Vos & Kuiper, 1997) and is based on PCR
amplification of selected restriction fragments of a total digested genomic DNA.
AFLP markers reveal a “restriction site” polymorphism, usually made of small
DNA fragments of few base pairs (up to 500) that must be amplified by PCR to
be visualized. The originality of the AFLP method was to design and synthesize
arbitrary primers first, and then to legate them to target DNA fragments. The
AFLP arbitrary primers are called “adapters” and consist of a known sequence of
about 20 nucleotides. The target DNA sequences are DNA fragments generated
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by restriction enzymes. Then, adapters are ligated at each end of a restriction
fragment by enzyme ligase. Finally, adapters are used in a PCR as annealing sites
to amplify the restriction fragments. Amplified products are separated by
electrophoresis on acrylamide gel or by capillary electrophoresis.

AFLP provide reliable dominant markers, which are highly reproducible
due to the specificity of restriction enzymes. The great advantage of using AFLPs
in population studies is that the number of loci scored and polymorphisms
identified in each reaction is high (Blears et al., 1998). Moreover, these markers
give an estimate of variation across the entire genome, which in turn gives a good
general picture of the level of genetic variation of the investigated organism. In
mosses, AFLP technique has been used to perform studies having different aims.
For example, linkage maps at species level were developed (McDaniel et al., 2007
and Kamisugi et al., 2008), but always combined with other techniques (like SSRs)
to ensure the accuracy of the results. Fernandez et al. (2006) inferred the presence
of cryptic species in Grimmia laevigata and Pfeiffer (2006) described the
molecular diversity and clonal structure in Rhytidium rugosum based on
AFLP data.

PCR-RFLP (PCR-Restriction Fragment Length Polymorphism)

The technique consists of a digestion by a restriction endonuclease of a
specific amplified DNA segment; the presence or the absence of a given
restriction site in the sequence will provide polymorphism between individuals.
The technique requires specific primers for locus amplification and may be
applied both to known sequences and to anonymous DNA regions; in the latter
case, SCAR primers must be designed in order to obtain the amplification
product. PCR-RFLP can be performed by single or double digestions; this choice
is generally related to the expected polymorphism of a specific DNA segment. If
expected divergence is low, then the double or triple digestions may yield more
characters.

PCR-RFLP is a fast and reliable technique if applied to known sequences
(e.g. ribosomal genes and spacers) for which universal primers are available; it
proved useful in the resolution of taxonomic problems (Vanderpoorten et al.,
2003). It could also provide a first information level in taxonomic studies, before
sequencing, but it gives too little information, compared to sequencing, to be used
in phylogeny or in biogeography; moreover, the evolution of these traits cannot
be modelled properly. Due to their theoretical high level of polymorphism, RFLP
of anonymous DNA regions may also be applied in population studies, but the
development of specific primers may be expensive and time consuming.

CONCLUSIONS

The table enclosed in this overview may provide a guideline in the choice
of suitable molecular markers to address specific questions in moss systematics.
Molecular phylogenetic inferences have revealed extremely powerful for testing
traditional taxonomic hypotheses, and this is especially true in taxa with rather
simple morphologies like bryophytes (Vanderpoorten & Shaw, 2010), particularly
when reduction in morphological complexity may obscure the phylogenetic
affinities among taxa (e.g. Goffinet et al., 2011). Of course, sequences and related
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markers are very reliable because they compare homologous DNA loci. By
contrast, a certain caution is needed while analysing molecular results from
markers grounded on banding patterns; assuming that bands having the same bp
length are homologous loci is the rationale of these techniques, but it is not
necessarily true. In addition, the co-migration of different amplification products
having the same length is a further source of artefacts. However, the critical
evaluation of a large body of literature highlights that sequence-related markers
are not applicable to all research fields. Although they result useful in phylogenies
and population studies over wide geographic ranges, in general they may not
reveal polymorphisms at small geographic scales and at low taxonomic ranks (i.e.,
between and within species). This makes it necessary to fall back on molecular
techniques based on banding pattern. Among these, the ones requiring capillary
electrophoresis, like AFLP, should be preferred because of the high
reproducibility and the precision of the detection system. But also ISSR and ISJ
may yield robust results if an accurate choice of reproducible bands is made, and
high resolution systems for band evaluation are applied. The use of labelled
primers, for example, allows for an accurate fragment separation by capillary
electrophoresis.

Differences in principles, methodologies, and applications of various
types of molecular markers require careful consideration in choosing one or more
of such methods, according to the kind of study to be undertaken. Since a
literature examination is always a good starting point, in this paper we provide an
extensive compilation of molecular studies, specifically devoted to mosses, in the
form of a table (Table 1) in which the papers are grouped under different main
subjects, specifying the techniques and the taxa studied. This could be a useful
tool to choose the most suitable technique and methodology according to the
specific research purposes.

Biogeography

Key words Molecular Technique Taxa Reference
ITS, trnL-F, phylogeographic cp/nr DNA Neckera and Draper et al., 2011
relationships, glacial refugia Exsertotheca
Bioindication, floristic province AFLP Grimmia laevigata  Fernandez et al., 2006
Bottleneck, clonal plant, gene flow, ISSR Pogonatum Hassel et al., 2005
invasive species, recombination
Allopolyploidy, interploidal SSR Sphagnum Karlin et al., 2011b
hybridization, phenotypic variation cuspidatum
ITS, neighbor-joining analysis nrDNA Hilpertia Sabovljevic et al., 2006

velenovskyi

Cryptic speciation, DNA sequence Isozymes, DNAseq Bryophyta Shaw 2001
variation, disjunctions, liverworts
Antarctica, colonization, genetic RAPD Sarconeurum Skotnicki et al., 1999
diversity glaciale
Clonal diversity and structure, cpDNA, ISSR Pleurochaete Spagnuolo et al., 2009a
geographic pattern, vegetative growth squarrosa
Allopolyploid, bayesian analysis, cpDNA, SSR Sphagnum Stenoien et al., 2011
hybridization, trnG troendelagicum
Dispersal, glacial refugia, cpDNA Sphagnum Szovényi et al., 2006
phylodemography, cp non-coding fimbriatum,
regions S. squarrosum
GapC, ITS, sequence variability, nrDNA Sphagnum Szovényi et al., 2007
multilocus dataset fimbriatum,

S. squarrosum



236

D. Crespo Pardo et al.

Biogeography

Key words Molecular Technique Taxa Reference
Shared polymorphism, intercontinental SSR Sphagnum Szovényi et al., 2008
migration, isolation with migration
Gametophytic selection, molecular DNAseq Sphagnum Szovényi et al., 2009a
adaptation, GDPH, GapC, Rpb2 fimbriatum
Genetic structure, inverse isolation SSR Sphagnum Szovényi et al., 2012
hypothesis, island colonization, long-
distance dispersal
Phylogeography, coalescent theory, SSR Sphagnum Stenoien et al., 2010
gene flow, molecular evolution angermanicum
Gene sequences, rps4, evolution, cpDNA Tortula muralis Werner & Guerra, 2004

molecular systematics

Gene expression

Key words Molecular Technique Taxa Reference
Evolution, gene expression, molecular DNAseq Ceratodon Garrocho-V.&
modeling, nonsymbiotic hemoglobins purpureus Arredondo-P., 2008
Plastid DNA, transcript profiling Microarray Physcomitrella Nakamura et al., 2005

patens
Chloroplast genome sequence, gene cpDNA Tortula ruralis Oliver et al., 2010
content, polymorphism, Physcomitrella
patens
Molecular evolution, trnT-F, trnL, cpDNA Bryophyta Quandt & Stech, 2004
groupl intron, inversion, hairpins
Molecular evolution, trnLjp 5 intron, cpDNA Bryophyta Quandt & Stech, 2005
secondary structure
Salt tolerance, transcription factors, Microarray Physcomitrella Richardt ez al., 2010
NCED, abscisic acid patens
Moss, MADS-box gene, MICK*-type, RT-PCR,DNA seq Physcomitrella Riese et al., 2005
evolution patens
Phylogeny

Key words Molecular Technique Taxa Reference
Bayes factors, incongruent gene trees, cp/nrDNA Polytrichopsida Bell & Hyvonen, 2010
phytogeography, reticulate evolution,
188
Morphological concepts, rps4, trnL-F, cpDNA Pleurocarpous Buck et al., 2000
sequences mosses
Hookeriales, nad5, rps4, trnL-F, 268 cp/mit/ntDNA Pleurocarpous Buck et al., 2005

mosses

Systematics, Timmia, atpB-rbcL, trnL- cp/ntDNA Timmiaceae Budke & Goffinet, 2006
trnF, 26S
ITS, rps4, psbA2, trnG, monophyly, cp/ntDNA Scleropodium Carter, 2012
speciation
mosses, Bryopsida, phylogeny, cp/mit/ntDNA Mosses (655 genera) Cox et al., 2010
phylogenetic diversity, Bayesian
phylogenetic analysis
Hybridization, ITS, trnG, molecular cp/ntDNA Isothecium Draper et al., 2007
and morphological incongruence
Evolution, systematics, rbcL cpDNA Orthotrichaceae Goffinet et al., 1998
Phylogenetic relationships, cryptic cp/nrDNA Pleurochaete Grundmann et al., 2006
species, transatlantic distributions, ITS
Genetic diversity and structure, ISSR Sphagnum Gunnarsson et al., 2005
postglacial, dispersal history, rare angermanicum
species
Chloroplast sequences, systematics, cpDNA Grimmiaceae and  Herndndez-M. et al., 2007
trnL-F, trnS-rps4 Ptycho-mitriaceae
Inversions, trnL, Group I intron, cpDNA Grimmiaceae and  Herndndez-M. et al., 2008

microstructural changes

Ptycho-mitriaceae
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Phylogeny
Key words Molecular Technique Taxa Reference
Linnean shortfall, Macaronesia, cp/nrDNA, SSR Rhynchostegium Hutsemékers et al., 2012
morphology riparioides,

rbcL, rps4, trnL-F, nad5, 18S rDNA,
parsimony analyses

Allopolyploidy, allotriploid
gametophytes, speciation

Founder effect, intragametophytic
selfing

Data partitioning, monophyly test,
conflict visualization, sequence
Linkage map, adk and phy2 genes,
interpopulation cross

Genealogical conflict, hybrid
speciation, reproductive isolation, adk,
apr, papr

Cytoplasmic inheritance, maternal
inheritance

Asymmetric recombination,
hybridization, introgression

Glossadelphus, Taxiphyllum,
taxonomy, evolution, Miyabeaceae,
Hypnales, phylogeny, Homaliadelphus,
Miyabea, Bissetia

Evolution, ancestral character states,
maximum parsimony, bayesian
inference

Cytotypes, peat moss, polyploidy,
allopolyploidy, homoploid
hybridization

Sphagnum subsecundum complex,
allopolyploidy

ITS, sequence

ITS, molecular taxonomy, trnH-psb A,
genetic relationships

ITS, 268, psbT, trnL, evolution,
monophyly, phylogenetics
Morphological incongruence,
geographic speciation, trnL-trnF, ITS
Bayesian inference, bryophytes,
peatmoss, phylogenetic reconstruction
Species delimitation, recombination,
gene flow, monophyly

Long-distance dispersal, northern
hemisphere biogeography, anonymous
loci

Ascertainment bias, DNA
fingerprinting

Allopolyploidy, PCR recombination,
species delimitation

Peat mosses, species delimitation

cp/mit/ntDNA
SSR

SSR

mitDNA
AFLP

cp/ntDNA

cp/mitDNA

ISSR

cp/mit/ntDNA

cpDNA

cpDNA, SSR

SSR

cp/nrDNA
cp/ntDNA, ISJ,
ISSR

cp/nr DNA
cp/ntDNA
DNA seq
cp/ntDNA

ITS, LFY1/2, trnl/G

SSR
SSR

SSR

R. alopecuroides,
and Gradsteinia
torrenticola

Polytrichales
Sphagnum
Sphagnum
Funariaceae
Ceratodon
purpureus
Physcomitrium
Sphagnum
Sphagnum
capillifolium,
Sphagnum

quinquefarium
Hypnales

Bryaceae

Sphagnum
subsecundum
complex

Sphagnum lescurii

Bryophyta
Orthotrichum

Sphagnopsida
Fontinalaceae

Sphagnopsida

Sphagnum section

Acutifolia
Sphagnum
subsecundum
complex
Sphagnum

Sphagnum
subsecundum
Sphagnum
atlanticum,
S. bergianum

Hyvonen et al., 2004
Karlin et al., 2009
Karlin et al., 2011a
Liu et al., 2012
McDaniel et al., 2007

McDaniel et al., 2009

Natcheva & Cronberg,
2007

Natcheva & Cronberg,
2007

Olsson et al., 2009

Pedersen et al., 2007

Ricca and Shaw, 2010

Ricca et al., 2011

Samigullin et al., 1998
Sawiki et al., 2012

Shaw, 2000

Shaw & Allen, 2000
Shaw et al., 2003
Shaw et al., 2005

Shaw et al., 2008a

Shaw et al., 2008b
Shaw et al., 2008c

Shaw et al., 2009
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Phylogeny
Key words Molecular Technique Taxa Reference
Bryophyte evolution, Miocene, cp/mit/ntDNA Sphagnum Shaw et al., 2010
peatlands
ITS 1 phylogeny, ribosomal DNA ITS sequences Pottiaceae Spagnuolo et al., 1999
DNA barcoding, mitochondrial DNA, Review Bryophyta Stech & Quandt, 2010
nuclear DNA, plastid DNA,
phylogenetics
Haplolepideous mosses, non-coding cpDNA Dicranidae Stech et al., 2012
plastid markers, trnL-F, rps4
Gene trees, adenosine kinase gene, cp/nrDNA Hypnum Terracciano et al., 2012b
gene duplication, paralogy, polyploids
Species concept, paraphyly, budding Review Bryophyta Vanderpoorten & Shaw,
speciation, monophyly 2010
Sequence, trnL-trnF, atpB-rbcL, cp/nrDNA Hygroamblystegium Vanderpoorten et al.,
18S-5.8S-268, adk gene 2004
Group I and II intron, indels, cp/mitDNA Bryophyta Wahrmund et al., 2009
intergenic region, RNA editing
Group I intron cobid20, inversions. mitDNA Bryophyta Wahrmund et al., 2010
Population ecology
Key words Molecular Technique Taxa Reference

Genetic diversity, Antarctica

ISSR protocol, population genetics,
PCR techniques

Genetic structure, aquatic moss

Clonality, morphological shift,
population structure, species
delimitation

Allopolyploid, clone, genetic diversity,
long-distance dispersal, vegetative
propagation

Clonal growth, genetic isolation,
genetic richness, forest disturbance
Epiphytic bryophyte, exotic tree
plantation, forest disturbance, habitat
suitability

Clonal reproduction, dispersal, habitat,
vegetative reproduction

Genetic variation, Antarctic
populations

Genetic variation, RAPD profiling of
genetic diversity, Antarctica

Clonal moss, genetic diversity, trnlL
intron

Epiphytic moss, genetic structure,
genetic impoverishment, habitat
disturbance

Inbreeding, mating system,
reproductive skew, selective embryo
abortion

Conservation genetics, fragmentation,
habitat disturbance

AFLP, Amblistegium, polymorphism,
genetic differenziation

Clonal structure, genotypic diversity,
male fertilization success, paternity
analysis

RAPD Hennediella heimii

ISSR Pogonatum and
Sphagnum

SSR Platyhypnidium
riparioides

SSR Sphagnum cribosum

SSR Sphagnum
cuspidatum

SSR Acanthorrhynchium
papillatum

ISSR Isothecium
myosuroides

AFLP Rhytidium rugosum

RAPD Sarconeurum
glaciale

RAPD Ceratodon
purpureus

cpDNA, ISSR Pleurochaete
squarrosa

ISSR Leptodon smithii

SSR Sphagnum lescurii

ISSR Sphagnum palustre

AFLP Amblystegium tenax

SSR Polytrichum
formosum

Dale et al., 1999

Hassel & Gunnarsson,
2003

Hutsemékers et al., 2008

Johnson et al., 2012

Karlin et al., 2011c

Leonardi et al., 2012

Patifo et al., 2010

Pfeiffer et al., 2006
Selkirk et al., 1997
Skotnicki ef al., 1998
Spagnuolo et al., 2007a

Spagnuolo et al., 2007b

Szovényi et al., 2009b

Terracciano et al., 2012a

Vanderpoorten &
Tignon, 2000

Van der Velde et al., 2001
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Taxonomy
Key words Molecular Technique Taxa Reference

Genomic relationship, molecular and ~ RAPD Thuidium Alam et al., 2012
morphological congruence tamariscinum,

Hyophyla comosa
ITS, molecular systematics, Tortula nrDNA Tortula densa Frahm & Sabovljevic,
ruralis complex 2006
New Zealand, Australia, alloploid SSR Sphagnum sect. Karlin et al., 2008

Sphagnum
Allopolyploidy, eastern North SSR Sphagnum Karlin et al., 2010
America, peat mosses, species concept
Allopolyploidy, long-distance SSR Sphagnum Karlin et al., 2013
dispersal, Sphagnum, taxonomy falcatulum species

complex
ISSR, ITS, PCR-RFLP, species nrDNA, SSR Rhytidiadelphus Korpelainen et al., 2008b
concept, species delimitation
Ex situ conservation, threatened AFLP, cpDNA Orthodontium Rowntree et al., 2010
bryophytes, barcoding, trnL-F intron gracile
Sphagnum balticum, S. lindbergii, Isozymes, RAPD Sphagnum Sastad et al., 1999

population analysis

Genetic similarity, katG, ITS, species
identification

DNA sequence analysis, ITS, within-
and among-colony variation

Corsica, endemism, species concept,
incongruence, morphology

nrDNA, ISJ, ISSR,
RAPD

nrDNA, RAPD

cp/nr DNA

recurvum complex
Sphagnum sect.
Acutifolia
Ceratodon
purpureus
Leptodon corsicus,
Neckera besseri,
Homalia webbiana

Sawiki & Szczecinska,
2011

Skotnicki et al., 2004

Sotiaux et al., 2009

Genetic variation, ITS, trnL, species cp/nr DNA,ISSR  Hypnum Spagnuolo et al., 2008
concept cupressiforme
complex
Species-level systematics, sibling species ntDNA, ISSR, RFLP Rhytidiadelphus Vanderpoorten et al., 2003
ITS sequence data, Canary Islands nrDNA Platyhypnidium Werner et al., 2007
torrenticola,
P. riparioides
Haplolepidous mosses, rps4, trnL-F cpDNA Hymenoloma Werner et al., 2013
mulahaceni
Technical
Key words Molecular Technique Taxa Reference
Linkage map, genome sequence AFLP, SSR Physcomitrella Kamisugi et al., 2008
patens
Marker identification, genome ISSR, SSR Bryophyta, algae ~ Korpelainen et al., 2007
screening, cloning, SSR development
Gender ratio determination, sex ratio  ISSR Pseudocalliergon ~ Korpelainen et al., 2008a
determination, ISSR sequence
DNA barcoding, rbcL, rpoC1, rps4, cp/mit/nr DNA Bryophyta Liu et al., 2010b
trnH-psbA, trnL-trnF, sequence
Development of microsatellite SSR Ptychomitrium Liu et al., 2010a
markers, population genetics gardneri
AFLP reproducibility, genotyping AFLP Campylopus Mikuléaskova et al., 2012
error rate introflexus
Peat bogs, ISSR cloning, conservation ISSR, SSR Sphagnum Provan & Wilson, 2007
capillifolium
AFLP, ISSR, RAPD, bryophytes 1SJ Sphagnum and Sawiki & Szczecinska,
Orthotrichum 2007
Gene targeting efficiency Genetic transform  Physcomitrella Schaefer, 2001
patens
Bioinformatics, EST database, SSR Physcomitrella von Stackelberg et al.,
plant genome patens 2006




240 D. Crespo Pardo et al.

Acknowledgements. This study received financial support from the MossClone
project (GA 282952) by the European Union within the FP7 for Research and
Technological Development. This study was finalized to screen most recent molecular
techniques for characterization of the moss clone. We wish to thank the Associate Editor
Bernard Goffinet and the anonymous referee who revised our manuscript for their precise
and valuable contribution.

REFERENCES

ALAM A., KHAN S., SHARMA V., SHARMA S.C. & RANI A., 2012 — RAPD and morphological
analysis of bryophytes — Thuidium tamariscinum (Hedw.) Schimp. and Hyophyla comosa
Dixon in P. de la Varde. Researcher 4 (11): 98-103.

ALBANI M.C,, BATTEY N.H. & WILKINSON M.J., 2004 — The development of ISSR-derived
SCAR markers around the seasonal flowering locus (SFL) in Fragaria vesca. Theoretical
and applied genetics 109: 571-579.

ANDO T., KOKUBUN H., WATANABE H., TANAKA N., YUKAWA T., HASHIMOTO G.,
MARCHESI E., SUAREZ E. & BASUALDO 1., 2005 — Phylogenetic analysis of Petunia
sensu Jussieu (Solanaceae) using chloroplast DNA RFLP. Annals of botany 96 (2): 289-297.

BECKERT S., STEINHAUSER S., MUHLE H. & KNOOP V., 1999 —A molecular phylogeny of
bryophytes based on nucleotide sequences of the mitochondrial nad5 gene. Plant
systematics and evolution 218: 179-192.

BELL N.E. & HYVONEN 1J., 2010 — Phylogeny of the moss class Polytrichopsida (Bryophyta):
Generic-level structure and incongruent gene trees. Molecular phylogenetics and evolution
55: 381-398.

BLEARS M.J.,, DE GRANDIS S.A., LEE H. & TREVORS J.T., 1998 — Amplified fragment length
polymorphism (AFLP): a review of the procedure and its applications. Journal of industrial
microbiology & biotechnology 21: 99-114.

BOISSELIER-DUBAYLE M.C. & BISCHLER H., 1994 — A combination of molecular and
morphological characters for delimitation of taxa in European Porella. Journal of bryology
18: 1-11.

BOISSELIER-DUBAYLE M.C., JUBIER M.F., LEJEUNE B. & BISCHLER H., 1995 — Genetic
variability in the three subspecies of Marchantia polymorpha (Hepaticae): isozymes, RFLP
and RAPD markers. Taxon 44: 363-376.

BUCK W.R., GOFFINET B. & SHAW A.J., 2000 — Testing morphological concepts of orders of
pleurocarpous mosses (Bryophyta) using phylogenetic reconstructions based on trnlL-trnF
and rps4 sequences. Molecular phylogenetics and evolution 16 (2): 180-198.

BUCK W.R., COX ClJ., SHAW AJ. & GOFFINET B., 2005 — Ordinal relationships of
pleurocarpous mosses, with special emphasis on the Hookeriales. Systematics and
biodiversity 2 (2): 121-145.

BUCZKOWSKA K. & DABERT M., 2011 — The development of species-specific SCAR markers for
delimitation of Calypogeia species. Journal of bryology 33 (4): 291-299.

BUDKE J.M. & GOFFINET B., 2006 — Phylogenetic analyses of Timmiaceae (Bryophyta: Musci)
based on nuclear and chloroplast sequence data. Systematic botany 31 (4): 633-641.

CARTER B.E., 2012 — Species delimitation and cryptic diversity in the moss genus Scleropodium
(Brachytheciaceae). Molecular phylogenetics and evolution 63: 891-903.

CLARKE L.J., AYRE D.J. & ROBINSON S.A., 2009 — Genetic structure of East Antarctic
populations of the moss Ceratodon purpureus. Antarctic science 21 (1): 51-58.

COX C. J., GOFFINET B., WICKETT NJ., BOLES S.B. & SHAW J.A., 2010 — Moss diversity:
A molecular phylogenetic analysis of genera. Phytotaxa 9: 175-195.

DALE T. M., SKOTNICKI M.L., ADAM K.D. & SELKIRK P.M., 1999 — Genetic diversity in the
moss Hennediella heimii in Miers Valley, southern Victoria Land, Antarctica. Polar biology
21: 228-233.

DRAPER I., HEDENAS L. & GRIMM G.W., 2007 — Molecular and morphological incongruence in
European species of Isothecium (Bryophyta). Molecular phylogenetics and evolution 42:
700-716.

DRAPER I, GONZALEZ-MANCEBO J.M., WERNER O., PATINO J. & ROS RM., 2011 —
Phylogeographic relationships between the mosses Exsertotheca intermedia from
Macaronesian islands and Neckera baetica from southern glacial refugia of the Iberian
Peninsula. Annales botanici Fennici 48: 133-141.



Molecular markers in mosses 241

ENAN M.R., 2006 — Application of random amplified polymorphic DNA (RAPD) to detect the
genotoxic effect of heavy metals. Biotechnology and applied biochemistry 43 (3): 147-154.

FERNANDEZ C.C., SHEVOCK J.R., GLAZER AN. & THOMPSON J.N., 2006 — Cryptic species
within the cosmopolitan desiccation-tolerant moss Grimmia laevigata. Proceedings of the
national academy of sciences 103 (3): 637-642.

FRAHM J.-P. & SABOVLIJEVIC M., 2006 — Preliminary results of the taxonomic value of Tortula
densa (Velen.) J.-P. Frahm inferred from the internal transcribed spacer (ITS) of the
nrDNA. Cryptogamie, Bryologie 27 (4): 405-412.

GANG L., KE Z., JIAN Z., ZHONGHUA T. & ZHENG-SHENG Z., 2011 — Developing exon-
targeted intron-exon splicing junction marker and establishing genetic map of upland
cotton. Acta agronomica Sinica 37 (1): 87-94.

GARROCHO-VILLEGAS V. & ARREDONDO-PETER R., 2008 — Molecular cloning and
characterization of a moss (Ceratodon purpureus) nonsymbiotic hemoglobin provides
insight into the early evolution of plant nonsymbiotic hemoglobins. Molecular biology and
evolution 25 (7): 1482-1487.

GOFFINET B., BAYER RJ. & VITT D.H.,, 1998 — Circumscription and phylogeny of the
Orthotrichales (Bryopsida) inferred from rbcL sequence analysis. American journal of
botany 85: 1324-1337.

GOFFINET B., COX CJ., SHAW A.J. & HEDDERSON T.A., 2001 — The Bryophyta (Mosses):
Systematic and evolutionary inferences from rps4 gene (cpDNA) phylogeny. Annals of
botany 87: 191-208.

GOFFINET B., BUDKE J.M. & NEWMAN L., 2011 — Micromitriaceae, a new family of highly
reduced mosses. Taxon 60: 1245-1254.

GRUNDMANN M., SCHNEIDERB H., RUSSELLA S.J. & VOGELA J.C., 2006 — Phylogenetic
relationships of the moss genus Pleurochaete Lindb. (Bryales: Pottiaceae) based on
chloroplast and nuclear genomic markers. Organisms diversity and evolution 6: 33-45.

GUNNARSSON U., HASSEL K. & SODERSTROM L., 2005 — Genetic structure of the endangered
peat moss Sphagnum angermanicum in Sweden: a result of historic or contemporary
processes? The bryologist 108 (2): 194-203.

HASSEL K. & GUNNARSSON U., 2003 — The use of inter simple sequence repeats (ISSR) in
bryophyte population studies. Lindbergia 28 (3): 152-157.

HASSEL K., SASTAD S.M., GUNNARSSON U. & SODERSTROM L., 2005 — Genetic variation
and structure in the expanding moss Pogonatum dentatum (Polytrichaceae) in its area of
origin and in a recently colonized area. American journal of botany 92 (10): 1684-1690.

HELENTJARIS T., SLOCUM M., WRIGHT S., SCHAEFER A. & NIENHUIS J., 1986 —
Construction of genetic linkage maps in maize and tomato using restriction fragment length
polymorphisms. Theoretical and applied genetics 61: 650-658.

HERNANDEZ-MAQUEDA R., QUANDT D., WERNER O. & MUNOZ J., 2007 — Chloroplast
data reveal two conflicting hypotheses for the positions of Campylostelium and Grimmia
pitardii (Bryophyta). Taxon 56: 89-94.

HERNANDEZ-MAQUEDA R., QUANDT D., WERNER O. & MUNOZ J., 2008 — Phylogeny and
classification of the Grimmiaceae/Ptychomitriaceae complex (Bryophyta) inferred from
cpDNA. Molecular phylogenetics and evolution 46: 863-877.

HORI H., LIM B.-L. & OSAWA S., 1985 — Evolution of green plants as deduced from 5S rRNA
sequences. Proceedings of the national academy of sciences 82: 820-823.

HUTSEMEKERS V., RISTERUCCI A.M., RICCA M., BOLES S.B., HARDY O.J., SHAW A.J. &
VANDERPOORTEN A. 2008 — Identification and characterization of nuclear
microsatellite loci in the aquatic moss Platyhypnidium riparioides (Brachytheciaceae).
Molecular ecology resources 8: 1130-1132.

HUTSEMEKERS V., VIEIRA C.C., ROS RM., HUTTUNEN S. & VANDERPOORTEN A, 2012
— Morphology informed by phylogeny reveals unexpected patterns of species
differentiation in the aquatic moss Rhynchostegium riparioides s.l. Molecular phylogenetics
and evolution 62: 748-755.

HYVONEN J., KOSKINEN S., SMITH MERRILL G.L., HEDDERSON T.A. & STENROSS S,
2004 — Phylogeny of the Polytrichales (Bryophyta) based on simultaneous analysis of
molecular and morphological data. Molecular phylogenetics and evolution 31: 915-928.

JOHNSON M.G., SHAW B., ZHOU P. & SHAW A.J,, 2012 — Genetic analysis of the peat moss
Sphagnum cribrosum (Sphagnaceae) indicates independent origins of an extreme infra-
specific morphology shift. Biological journal of the Linnean society 106: 137-153.

KAMISUGI Y., VON STACKELBERG M., LANG D., CARE M., RESKI R., RENSING S.A. &
CUMING A. C., 2008 — A sequence-anchored genetic linkage map for the moss
Physcomitrella patens. The plant journal 56: 855-866.



242 D. Crespo Pardo et al.

KARLIN E.F., BOLES S.B., RICCA M., TEMSCH E.M., GREILHUBER J. & SHAW A.J., 2009 —
Three-genome mosses: complex double allopolyploid origins for triploid gametophytes in
Sphagnum. Molecular ecology 18: 1439-1454.

KARLIN EF., MELISSA M.G., LAKE R.A., BOLES S.B. & SHAW A.J., 2010 — Microsatellite
analysis of Sphagnum centrale, S. henryense, and S. palustre (Sphagnaceae). The bryologist
113 (1): 90-98.

KARLIN E.F., ANDRUS R.E., BOLES S.B. & SHAW A.J., 2011a — One haploid parent contributes
100% of the gene pool for a widespread species in northwest North America. Molecular
ecology 20: 753-767.

KARLIN E.F., BOLES S.B., SEPPELT R.D., TERRACCIANO S. & SHAW A.J.,2011b — The peat
moss Sphagnum cuspidatum in Australia: microsatellites provide a global perspective.
Systematic botany 36 (1): 22-32.

KARLIN E.F., HOTCHKISS S.C., BOLES S.B., STEN@IEN H.K., HASSEL K., FLATBERG K.I.
& SHAW A, 2011c — High genetic diversity in a remote island population system: sans
sex. New Phytologist 193 (4): 1088-1097.

KARLIN E.F., BUCK W.R., SEPPELT D.C., BOLES B.D., SHAWA.J. 2013 — The double
allopolyploid Sphagnum falcatulum (Sphagnaceae) Tierra del Fuego. Journal of bryology
35 (3) 157-172.

KJOLNER S., SASTAD S.M., TABERLET P. & BROCHMANN C., 2004 — Amplified fragment
length polymorphism versus random amplified polymorphic DNA markers: clonal diversity
in Saxifraga cernua. Molecular ecology 13: 81-86.

KORPELAINEN H., KOSTAMO K. & VIRTANEN V., 2007 — Microsatellite marker identification
using genome screening and restriction-ligation. BioTechniques 42: 479-486.

KORPELAINEN H., BISANG I., HEDENAS L. & KOLEHMAINEN 1J., 2008a — The first sex-
specific molecular marker discovered in the moss Pseudocalliergon trifarium. Heredity 99
(6): 581-587.

KORPELAINEN H., VIRTANEN V., KOSTAMO K. & KARTTUNEN H., 2008b — Molecular
evidence shows that the moss Rhytidiadelphus subpinnatus (Hylocomiaceae) is clearly
distinct from R. squarrosus. Molecular phylogenetics and evolution 48: 372-376.

KRESS J.W. & ERICKSON D.L., 2007 — A two-locus global DNA barcode for land plants: the
coding rbcL gene complements the non-coding trnH-psb A spacer region. PLoS ONE 2 (6):
e508.

LEONARDI A.A., TAN B.C. & KUMAR P.P., 2012 — Population genetics structure of the tropical
moss Acanthorrhynchium papillatum as measured with microsatellite markers. Plant
biology 15 (2): 384-94.

LEWIS L.A.,, MISHLER B.D. & VILGALYS R., 1997 — Phylogenetic Relationships of the liverworts
(Hepaticae), a basal embryophyte lineage, inferred from nucleotide sequence data of the
chloroplast gene rbcL. Molecular phylogenetics and evolution 7 (3): 377-393.

LIU Y., GE X-J.,, SUN Q.-B. & CAO T.,2010a — Development of microsatellite markers for the moss
Ptychomitrium gardneri (Ptychomitriaceae). American journal of botany 97 (3): 14-16.

LIU Y., YAN H.-F., CAO T. & GE X.-J.,, 2010b — Evaluation of 10 plant barcodes in Bryophyta
(Mosses). Journal of systematics and evolution 48 (1): 36-46.

LIU Y., BUDKE J.M. & GOFFINET B., 2012 — Phylogenetic inference rejects sporophyte based
classification of the Funariaceae (Bryophyta): rapid radiation suggests rampant homoplasy
in sporophyte evolution. Molecular phylogenetics and evolution 62: 130-145.

McDANIEL S.F., WILLIS J.H. & SHAW A.J., 2007 — Linkage map reveals a complex basis for
segregation distortion in an interpopulation cross in the moss Ceratodon purpureus.
Genetics 176: 2489-2500.

McDANIEL S.F., VON STACKELBERG M., RICHARDT S., QUATRANO R.S., RESKI R. &
RENSING S.A., 2009 — The speciation history of the Physcomitrium-Physcomitrella
species complex. Evolution 64 (1): 217-231.

MERGET B. & WOLF M., 2010 — A molecular phylogeny of Hypnales (Bryophyta) inferred from
ITS2 sequence-structure data. BMC research notes 3: 320-327.

MILLER J.C. & TANKSLEY S.D., 1990 — RFLP analysis of phylogenetic relationships and genetic
variation in the genus Lycopersicon. Theoretical and applied genetics 80: 437-448.

MISHLER B.D., THRALL P.H., HOPPLEJ S.Jr., DE LUNA E. & VILGALYS R.J., 1992 —
A molecular approach to the phylogeny of bryophytes: cladistic analysis of chloroplast-
encoded 16S and 23S ribosomal RNA genes. The bryologist 95: 172-180.

MONDINI L., NOORANI A. & PAGNOTTA M.A., 2009 — Assessing plant genetic diversity by
molecular tools. Diversity 1: 19-35.

MUNTHALI M., FORD-LLOYD B. V. & NEWBURY H. J,, 1992 — The random amplification of
polymorphic DNA for fingerprinting plants. Genome research 1: 274-276.



Molecular markers in mosses 243

MIKULASKOVA E., FER T. & KUCABOVA V., 2012 — The effect of different DNA isolation
protocols and AFLP fingerprinting optimizations on error rate estimates in the bryophyte
Campylopus introflexus. Lindbergia 35: 7-17.

NAKAMURA T., SUGIURA C., KOBAYASHI Y. & SUGITA M., 2005 — Transcript profiling in
plastid arginine tRNAccg gene knockout moss: construction of Physcomitrella patens
plastid DNA microarray. Plant biology 7: 258-265.

NATCHEVA R. & CRONBERG N., 2007 — Maternal transmission of cytoplasmic DNA in
interspecific hybrids of peat mosses, Sphagnum (Bryophyta). Journal of evolutionary
biology 20 (4): 1613-1616.

NATCHEVA R. & CRONBERG N., 2007 — Recombination and introgression of nuclear and
chloroplast genomes between the peat moss, Sphagnum capillifolium and Sphagnum
quinquefarium. Molecular ecology 16: 811-818.

OLIVER M.J., MURDOCK A.G., MISHLER B.D., KUEHL J.V., BOORE J.L., MANDOLI D.F.,,
EVERETT K.D. E., WOLF P.G., DUFFY AM. & KAROL K.G., 2010 — Chloroplast
genome sequence of the moss Tortula ruralis: gene content, polymorphism, and structural
arrangement relative to other green plant chloroplast genomes. BMC Genomics 11:
143-150.

OLSSON S., BUCHBENDER V., ENROTHJ., HEDENAS L., HUTTUNEN S. & QUANDT D.,
2009 — Phylogenetic analyses reveal high levels of polyphyly among pleurocarpous lineages
as well as novel clades. The bryologist, 112(3): 447-466.

PARKER P.G., SNOW A.A., SCHUG M.D., BOOTON G.C. & FUERST P.A., 1998 — What
molecules can tell us about populations: choosing and using a molecular marker. Ecology
79 (2): 361-382.

PATINO I, WERNER O., & GONZALEZ-MANCEBO JM., 2010 — The impact of forest
disturbance on the genetic diversity and population structure of a late-successional moss.
Journal of bryology 32: 220-231.

PEDERSEN N., HOLYOAK D.T. & NEWTON A.E., 2007 — Systematics and morphological
evolution within the moss family Bryaceae: a comparison between parsimony and Bayesian
methods for reconstruction of ancestral character states. Molecular phylogenetics and
evolution 43: 891-907.

PFEIFFER T., FRITZ S., STECH M. & FREY W., 2006 — Vegetative reproduction and clonal
diversity in Rhytidium rugosum (Rhytidiaceae, Bryopsida) inferred by morpho-anatomical
and molecular analyses. Journal of plant research 119: 125-135.

POLOK K., HOLDYNSKI C.Z., SAWICKI J., SZCZCINSKA M. & ZIELINSKI R., 2005 — Genetic
similarity of Polish Sphagnum species on the base of RAPD and ISJ markers. /n: Prus W.
& Glowacki W. (eds), Variability and Evolution — New Perspectives, Biologia, pp. 209-216.

PROVAN J. & WILSON P.J., 2006 — Development of microsatellites for the peat moss Sphagnum
capillifolium using ISSR cloning. Molecular ecology notes 7: 254-256.

QUANDT D. & STECH M., 2004 — Molecular evolution of the trnTygy.trnFgaa region in
Bryophytes. Plant biology 6: 545-554.

QUANDT D. & STECH M, 2005 — Molecular evolution of the frnLja, intron in bryophytes.
Molecular phylogenetics and evolution 36: 429-443.

RICCA M. & SHAW A.J., 2010 — Allopolyploidy and homoploid hybridization in the Sphagnum
subsecundum complex (Sphagnaceae: Bryophyta). Biological journal of the Linnean society
99: 135-151.

RICCA M., SZOVENYI P., TEMSCH E.M., JOHNSON M.G. & SHAW A.J., 2011 — Interploidal
hybridization and mating patterns in the Sphagnum subsecundum complex. Molecular
ecology 20: 3202-3218.

RICHARDT S., TIMMERHAUS G., LANG D., QUDEIMAT E., CORREA L.G.G., RESKI R,
RENSING S.A. & FRANK W., 2010 — Microarray analysis of the moss Physcomitrella
patens reveals evolutionarily conserved transcriptional regulation of salt stress and abscisic
acid signalling. Plant molecular biology 72: 27-45.

RIESE M., FAIGL W. QUODT V. VERELST W. MATTHES A. SAEDLER H. &
MUNSTERT., 2005 — Isolation and characterization of new MIKC*-type MADS-box
genes from the moss Physcomitrella patens. Plant biology 7: 307-314.

SABOVLJEVIC M., FRAHM J-P. & SCHAUMANN F., 2006 — The origin of the German
populations of Hilpertia velenovskyi (Pottiaceae, Bryopsida): inferences from variation in
the nuclear ITS region. Cryptogamie, Bryologie 27 (3): 357-364.

SAMIGULLIN T.H., VALIEJO-ROMAN K.M., TROITSKY A.V., BOBROVA VK, FILIN V.R,,
MARTIN W. & ANTONOV AS., 1998 — Sequences of rDNA internal transcribed
spacers from the chloroplast DNA of 26 bryophytes: properties and phylogenetic utility.
Federation of European biochemical societies letters 422: 47-51.



244 D. Crespo Pardo et al.

SASTAD S.M., STEN@IEN H.K. & FLATBERG K.I., 1999 — Species delimitation and relationships
of the Sphagnum recurvum complex (Bryophyta) as revealed by isozyme and RAPD
markers. Systematic botany 24 (1): 95-107.

SAWICKI J. & SZCZECINSKA M., 2007 — Semi specific intron-exon splice junction markers in
bryophyte studies. Biodiversity: research and conservation 5 (8): 25-30.

SAWICKI J. & SZCZECINSKA M., 2011 — A comparison of PCR-based markers for the molecular
identification of Sphagnum species of the section Acutifolia. Acta societatis botanicorum
Poloniae 80 (3): 185-192. .

SAWICKI J., PLASEK V. & SZCZECINSKA M., 2012 — Molecular data do not support the current
division of Orthotrichum (Bryophyta) species with immersed stomata. Journal of
systematics and evolution 50 (1): 12-24.

SCHAEFER D.G., 2001 — Gene targeting in Physcomitrella patens. Current opinion in plant biology
4: 143-150.

SEMAGN K., BIGRNSTAD A & NDJIONDJOP M.N., 2006 — An overview of molecular marker
methods for plants. African journal of biotechnology 5 (25): 2540-2568.

SELKIRK P.M., SKOTNICKI M., ADAM K.D., CONNETT M.B.,, DALE T., JOE T.W. &
ARMSTRONG J.,, 1997 — Genetic variation in Antarctic populations of the moss
Sarconeurum glaciale. Polar biology 18: 344-350.

SHAW AlJ., 2000 — Phylogeny of the Sphagnopsida based on chloroplast and nuclear DNA
sequences. The bryologist 103 (2): 277-306.

SHAW AlJ. & ALLEN B., 2000 — Phylogenetic relationships, morphological incongruence, and
geographic speciation in the Fontinalaceae (Bryophyta). Molecular phylogenetics and
evolution 16 (2): 225-237.

SHAW AlJ., 2001 — Biogeographic patterns and cryptic speciation in bryophytes. Journal of
biogeography 28: 253-261.

SHAW AJ., COX CJ. & BOLES S.B., 2003 — Polarity of peat moss (Sphagnum) evolution: who says
Bryophytes have no roots? American journal of botany 90 (12): 1777-1787.

SHAW A.J., COX CJ. & BOLES S.B., 2005 — Phylogeny, species delimitation, and recombination
in Sphagnum Section Acutifolia. Systematic botany 30 (1): 16-33.

SHAW A.lJ., BOLES S.B. & SHAW B., 2008a — A phylogenetic delimitation of the “Sphagnum
subsecundum” complex (Sphagnaceae, Bryophyta). American journal of botany 95 (6):
731-744.

SHAW AlJ., CAO T., WANG L.-S., FLATBERG K.., FLATBERG B., SHAW B., ZHOU P,
BOLES S.B., TERRACCIANO S., 2008b — Genetic variation in three Chinese peat
mosses (Sphagnum) based on microsatellite markers, with primer information and analysis
of ascertainment bias. The bryologist 111 (2): 271-281. o

SHAW AJ.,POKORNY L., SHAW B., RICCA M., BOLES S.B. & SZOVENYTI P., 2008c — Genetic
structure and genealogy in the Sphagnum subsecundum complex (Sphagnaceae:
Bryophyta). Molecular phylogenetics and evolution 49: 304-317.

SHAW AlJ., DEVOS N., COX J.C, BOLES S.B., SHAW B., BUCHANAN A.M., CAVE L. &
SEPPELT R., 2010 — Peatmoss (Sphagnum) diversification associated with Miocene
northern hemisphere climatic cooling? Molecular phylogenetics and evolution 55: 1139-1145.

SHAW B., TERRACCIANO S. & SHAW A.J., 2009 — A genetic analysis of two recently described
peat moss species, Sphagnum atlanticum and S. bergianum (Sphagnaceae). Systematic
botany 34 (1): 6-12.

SHEN A., LI H.,, WANG K., DING H., ZHANG X., FAN L. & JIANG B., 2011 — Sequence
characterized amplified region (SCAR) markers-based rapid molecular typing and
identification of Cunninghamia lanceolata. African journal of biotechnology 10: 19066-
19074.

SKOTNICKI M.L., SELKIRK P.M. & BEARD C., 1998 — RAPD profiling of genetic diversity in
two populations of the moss Ceratodon purpureus in Victoria Land, Antarctica. Polar
biology 19: 172-176.

SKOTNICKI M.L., NINHAM J.A. & SELKIRK P.M., 1999 — Genetic diversity and dispersal of the
moss Sarconeurum glaciale on Ross Island, East Antarctica. Molecular ecology 8: 753-762.

SKOTNICKI M.L.,, MACKENZIE A.M., NINHAM J.A. & SELKIRK P.M., 2004 — High levels of
genetic variability in the moss Ceratodon purpureus from continental Antarctica,
subantarctic Heard and Macquarie Islands, and Australasia. Polar biology 27: 687-698.

SOLEIMANI V.D., BAUM B.R. & JOHNSON D.A., 2003 — Efficient validation of single nucleotide
polymorphisms in plants by allele-specific PCR, with an example from barley. Plant
molecular biology reporter 21: 281-288.

SOTIAUX A., ENROTH J., OLSSON S., QUANDT D. & VANDERPOORTEN A., 2009 — When
morphology and molecules tell us different stories: a case-in-point with Leptodon corsicus,
a new and unique endemic moss species from Corsica. Journal of bryology 31: 186-196.



Molecular markers in mosses 245

SPAGNUOLO V., CAPUTO P., COZZOLINO S., CASTALDO R. & DE LUCA P., 1999 —
Patterns of relationships in Trichostomoideae (Pottiaceae, Musci). Plant systematics and
evolution 216: 69-79.

SPAGNUOLO V., MUSCARIELLO L., COZZOLINO S., CASTALDO-COBIANCHI R. &
GIORDANO 8., 2007a — Ubiquitous genetic diversity in ISSR markers between and
within populations of the asexually producing moss Pleurochaete squarrosa. Plant ecology
188: 91-101.

SPAGNUOLO V., MUSCARIELLO L., TERRACCIANO S. & GIORDANO S., 2007b —
Molecular biodiversity in the moss Leptodon smithii (Neckeraceae) in relation to habitat
disturbance and fragmentation. Journal of Plant research 120: 595-604.

SPAGNUOLO V., TERRACCIANO S., COBIANCHI R.C. & GIORDANO S, 2008 — Taxonomy
of the Hypnum cupressiforme complex in Italy based on ITS and trnL sequences and ISSR
markers. Journal of bryology 30: 283-289.

SPAGNUOLO V., TERRACCIANO S. & GIORDANO S, 2009a — Clonal diversity and geographic
structure in Pleurochaete squarrosa (Pottiaceae): different sampling scale approach. Journal
of Plant research 122: 161-170.

SPAGNUOLO V., TERRACCIANO S. & GIORDANO 8S., 2009b — Trace element content and
molecular biodiversity in the epiphytic moss Leptodon smithii: two independent tracers of
human disturbance. Chemosphere 74: 1158-1164.

STECH M. & QUANDT D., 2010 — 20,000 species and five key markers: the status of molecular
bryophyte phylogenetics. Phytotaxa 9: 196-228.

STECH M., McDANIEL S.F., HERNANDEZ-MAQUEDA R., ROS R.M., WERNER O,
MUNOZJ. & QUANDT D., 2012 — Phylogeny of haplolepideous mosses — challenges and
perspectives. Journal of bryology 34 (3): 173-186.

STENQ@IEN H.K., SHAW AlJ., STENGRUNDET K. & FLATBERG K., 2011 — The narrow
endemic Norwegian peat moss Sphagnum troendelagicum originated before the last glacial
maximum. Heredity 106: 370-382.

STEVENS M.I., HUNGER S.A., HILLS S. F.K. & GEMMILL C.E.C., 2007 — Phantom hitch-hikers
mislead estimates of genetic variation in Antarctic mosses. Plant systematics and evolution

263:191-201.

SZOVENYI P., HOCK Z.S., URMI E. & SCHNELLER J.J., 2006 — Contrasting phylogeographic

patterns in Sphagnum fimbriatum and Sphagnum squarrosum (Bryophyta, Sphagnopsida)

_ in Europe. New phytologist 172: 784-794. .
SZOVENYI P., HOCK Z.S., SCHNELLER J.J. & TOTH Z., 2007 — Multilocus dataset reveals
_ demographic histories of two peat mosses in Europe. BMC Evolutionary biology 7: 144-156.

SZOVENYI P., TERRACCIANO S., RICCA M., GIORDANO S. & SHAW A.J., 2008 — Recent
divergence, intercontinental dispersal and shared polymorphism are shaping the genetic

_ structure of amphi-Atlantic peatmoss populations. Molecular ecology 17: 5364-5377.

SZOVENYI P., HOCK Z.S., KORPELAINEN H. & SHAW A.J., 2009a — Spatial pattern of
nucleotide polymorphism indicates molecular adaptation in the bryophyte Sphagnum
fimbriatum. Molecular phylogenetics and evolution 53: 277-286.

SZOVENYI P., RICCA M. & SHAW A.J., 2009b — Multiple paternity and sporophytic inbreeding

_ depression in a dioicous moss species. Heredity 103: 394-403.

SZOVENYI P., SUNDBERG S. & SHAW A.J., 2012 — Long-distance dispersal and genetic structure
of natural populations: an assessment of the inverse isolation hypothesis in peat mosses.
Molecular ecology 21: 5461-5472.

TERRACCIANO S., GIORDANO S., BONINI I., MISERERE L. & SPAGNUOLO V., 2012a —
Genetic variation and structure in endangered populations of Sphagnum palustre L. in Italy:
a molecular approach to evaluate threats and survival ability. Botany 90: 966-975.

TERRACCIANO S., GIORDANO S. & SPAGNUOLO V., 2012b — A further tessera in the two-
centuries-old debate on the Hypnum cupressiforme complex (Hypnaceae, Bryopsida). Plant
systematics and evolution 298: 229-238.

VANDERPOORTEN A. & TIGNON M., 2000 — Amplified fragment length polymorphism between
populations of Amblystegium tenax exposed to contrasting water chemistry. Journal of
bryology 22: 252-262.

VANDERPOORTEN A., HEDENAS L. & JACQUEMART A.-L., 2003 — Differentiation in DNA
fingerprinting and morphology among species of the pleurocarpous moss genus
Rhytidiadelphus (Hylocomiaceae). Taxon 52: 229-236.

VANDERPOORTEN A., SHAW AlJ. & COX CJ., 2004 — Evolution of multiple paralogous
adenosine kinase genes in the moss genus Hygroamblystegium: phylogenetic implications.
Molecular phylogenetics and evolution 31: 505-516.

VANDERPOORTEN A. & SHAW AlJ. 2010 — The application of molecular data to the
phylogenetic delimitation of species in bryophytes: A note of caution. Phytotaxa 9: 229-237.



246 D. Crespo Pardo et al.

VAN DER VELDE M., VAN DER STRATE H.J., VAN DE ZANDE L. & BIJLSMA R., 2000 —
Isolation and characterization of microsatellites in the moss species Polytrichum formosum.
Molecular ecology 9: 1678-1680.

VAN DER VELDE M., DURING HJ., VAN DE ZANDE L., & BIJLSMA R., 200la — The
reproductive biology of Polytrichum formosum: clonal structure and paternity revealed by
microsatellites. Molecular ecology 10: 2423-2434.

VAN DER VELDE M., VAN DE ZANDE L. & BIJLSMA R., 200lb — Genetic structure of
Polytrichum formosum in relation to the breeding system as revealed by microsatellites.
Journal of evolutionary biology 14 (2):288-295

VON STACKELBERG M., RENSING S.A. & RESKI R., 2006 — Identification of genic moss SSR
markers and a comparative analysis of twenty-four algal and plant gene indices reveal
species-specific rather than group-specific characteristics of microsatellites. BMC Plant
biology 6: 9-22.

VOS P., HOGERS R., BLEEKER M., REIJANS M., VAN DE LEE T. HORNES M.,
FRIJTERS A., POT J., PELEMAN J., KUIPER M. & ZABEAU M., 1995 — AFLP: a new
technique for DNA fingerprinting. Nucleic acids research 23 (21): 4407-4414.

VOS P. & KUIPER M., 1997 — AFLP analysis. /n: Cactano-Anollés G. & Gresshoff P.M. (eds), DNA
markers: protocols, applications and overviews. New York, Wiley-Liss Inc, pp 115-132.

WAHRMUND U.,, REIN T., MULLER K.F., GROTH-MALONEK M. & KNOOP V., 2009 — Fifty
mosses on five trees: comparing phylogenetic information in three types of non-coding
mitochondrial DNA and two chloroplast loci. Plant systematics and evolution 282: 241-255.

WAHRMUND U., QUANDT D. & KNOOP V., 2010 — The phylogeny of mosses — addressing open
issues with a new mitochondrial locus: Group I intron cobi420. Molecular phylogenetics and
evolution 54: 417-426.

WALL D.P., 2002 — Use of the nuclear gene glyceraldehyde 3-phosphate dehydrogenase for
phylogeny reconstruction of recently diverged lineages in Mitthyridium (Musci:
Calymperaceae). Molecular phylogenetics and evolution 25: 10-26.

WATERS D.A., BUCHHEIM M.A., DEWEY R.A. & CHAPMAN R.L., 1992 — Preliminary
inferences of the phylogeny of bryophytes from nuclear-encoded ribosomal RNA
sequences. American Journal of botany 79: 459-466.

WEINING S. & LANGRIDGE P., 1991 — Identification and mapping of polymorphisms in cereals
based on the polymerase chain reaction. Theoretical and applied genetics 82: 209-216.

WEISING K., NYBOM H., WOLFF K. & KAHL G.,2005 — DNA fingerprinting in plants. Principles,
methods and applications. Boca Raton, CRC Press, 472 p.

WERNER O. & GUERRA J.,2004 — Molecular phylogeography of the moss Tortula muralis Hedw.
(Pottiaceae) based on chloroplast rps4 gene sequence data. Plant biology 6: 147-157.

WERNER O., PATINO J., GONZALEZ-MANCEBO J.M. & ROS R.M., 2007 — The taxonomic
status of Platyhypmdmm torrenticola based on ITS sequence data. Cryptogamie, Bryologie
28 (3): 187-195.

WERNER O., RAMS S., KUCERA J., LARRAIN J., AFONINA O.M., PISA S. & ROS R.M., 2013
— New data on the moss genus Hymenoloma (Bryophyta) with special reference to
H. mulahaceni. Cryptogamie, Byologie 34 (1): 13-30.

WOLFE A.D., 2005 — ISSR techniques for evolutionary biology. Methods in enzymology 395:
134-144.

WOOD A.J., DUFF R.J. & MELVIN J.0., 1999 — Expressed Sequence Tags (ESTs) from desiccated
Tortula ruralis identify a large number of novel plant genes. Plant cell physiology 40(4):
361-368.

YANG L., FU S., ASADUZZAMAN K. MD., ZENG W. & FU J., 2013 — Molecular cloning and
development of RAPD-SCAR markers for Dimocarpus longan variety authentication.
SpringerPlus 2: 501-508.

ZABEAU M. & VOS P., 1993 — Selective restriction fragment amplification: a general method for
DNA fingerprinting. European Patent Application. Publication # 0534858-Al. Office
européen des brevets, Paris.



