
​
Naturalis Repository 

 

Disentangling knots of rapid evolution: origin and diversification 
of the moss order Hypnales 
 
Sanna Huttunen, Neil Bell, Vera K Bobrova, Volker Buchbender, William R Buck, 
Cymon J Cox, Bernard Goffinet, Lars Hedenäs, Boon-Chuan Ho, Michael S Ignatov, 
Michael Krug, Oxana Kuznetsova, Irina A Milyutina, Angela Newton, Sanna Olsson, 
Lisa Pokorny, Jonathan A Shaw, Michael Stech, Alexey Troitsky, Alain Vanderpoorten 
& Dietmar Quandt 
 
 
Downloaded from: 
https://doi.org/10.1179/1743282012Y.0000000013 
 
 

Article 25fa Dutch Copyright Act (DCA) - End User Rights​
This publication is distributed under the terms of Article 25fa of the Dutch Copyright Act (Auteurswet) 

with consent from the author. Dutch law entitles the maker of a short scientific work funded either wholly 

or partially by Dutch public funds to make that work publicly available following a reasonable period after 

the work was first published, provided that reference is made to the source of the first publication of the 

work.​
 

This publication is distributed under the Naturalis Biodiversity Center ‘Taverne implementation’ 

programme. In this programme, research output of Naturalis researchers and collection managers that 

complies with the legal requirements of Article 25fa of the Dutch Copyright Act is distributed online and 

free of barriers in the Naturalis institutional repository. Research output is distributed six months after its 

first online publication in the original published version and with proper attribution to the source of the 

original publication.​
 

You are permitted to download and use the publication for personal purposes. All rights remain with the 

author(s) and copyrights owner(s) of this work. Any use of the publication other than authorized under 

this license or copyright law is prohibited.​
 

If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, 

please let the department of Collection Information know, stating your reasons. In case of a legitimate 

complaint, Collection Information will make the material inaccessible. Please contact us through email: 

collectie.informatie@naturalis.nl. We will contact you as soon as possible. 

https://doi.org/10.1179/1743282012Y.0000000013
mailto:collectie.informatie@naturalis.nl


Disentangling knots of rapid evolution: origin
and diversification of the moss order Hypnales

Sanna Huttunen1, Neil Bell2, Vera K Bobrova3, Volker Buchbender4,
William R Buck5, Cymon J Cox6, Bernard Goffinet7, Lars Hedenäs8,
Boon-Chuan Ho4, Michael S Ignatov9, Michael Krug4, Oxana Kuznetsova3,9,
Irina A Milyutina3, Angela Newton10, Sanna Olsson11, Lisa Pokorny12,
Jonathan A Shaw12, Michael Stech13, Alexey Troitsky3,
Alain Vanderpoorten14, Dietmar Quandt4

1Department of Biology, University of Turku, Finland, 2Botanical Museum, Finnish Museum of Natural History,
University of Helsinki, Finland, 3Belozersky Institute of Physico-Chemical Biology, Lomonosov Moscow State
University, Russia, 4Nees-Institute for Biodiversity of Plants, University of Bonn, Germany, 5Institute of
Systematic Botany, The New York Botanical Garden, USA, 6Centro de Ciências do Mar (CCMAR), University of the
Algarve, Portugal, 7Department of Ecology and Evolutionary Biology, University of Connecticut, USA, 8Swedish
Museum of Natural History, Department of Cryptogamic Botany, Stockholm, Sweden, 9The Main Botanical
Garden of Russian Academy of Sciences, Moscow, Russia, 10Cayzer Court, Gartmore, Stirling 11Department of
Agricultural Sciences, University of Helsinki, Finland, 12Department of Biology, Duke University, Durham, NC,
USA, 13Netherlands Centre for Biodiversity Naturalis, Section NHN, Leiden University, The Netherlands,
14Institute of Botany, University of Liège, Belgium

The Hypnales are the largest order of mosses comprising approximately 4200 species. Phylogenetic
reconstruction within the group has proven to be difficult due to rapid radiation at an early stage of evolution
and, consequently, relationships among clades have remained poorly resolved. We compiled data from
four sequence regions, namely, nuclear ITS1–5.8S–ITS2, plastid trnL–F and rps4, and mitochondrial nad5,
for 122 hypnalean species and 34 species from closely related groups. Tree topologies from both Bayesian
and parsimony analyses resolve the order as monophyletic. Although inferences were made from fast-
evolving genes, and despite strong phylogenetic signal in the nuclear ITS1–5.8S–ITS2 data, monophyly, as
well as backbone nodes within the Hypnales, remains rather poorly supported except under Bayesian
inferences. Ancestral distribution based on Bayesian dispersal-vicariance analysis supports a Gondwanan
origin of the Hypnales and subsequent geographical radiation in the area of the former Laurasian
supercontinent. Reconstruction of historical biogeography is congruent with mainly tropical and
Gondwanan distributions in the sister groups Hypnodendrales, Ptychomniales, and Hookeriales, and with
the dating for the oldest pleurocarp and hypnalean fossils. We contrast groupings in the phylogenetic tree
with recent classifications and other phylogenetic inferences based on molecular data, and summarise
current knowledge on the evolutionary history of, and relationships among, the Hypnales.
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Introduction
The Hypnales, together with the Hypnodendrales,

Ptychomniales, and Hookeriales, belong to a mono-

phyletic group called the ‘core pleurocarps’ within

which practically all species are exclusively pleurocar-

pous (Bell et al., 2007; Frey & Stech, 2009). The order

Hypnales can be distinguished from other pleurocarp

orders by tendency to have differentiated alar cells and

smooth capsules (Buck et al., 2005; Goffinet et al.,

2008). The order contains approximately 4200 species,

and comprises one-third of all mosses (Bryophyta;

Frey & Stech, 2009; Goffinet et al., 2008). Despite

significant research effort (Table 1), a well-supported

phylogeny based on extensive taxon sampling is still

unavailable for the Hypnales. Phylogenetic recon-

struction is hampered by low molecular diversity and

exceptionally short branch lengths resulting from a

rapid diversification at an early stage of evolution

(Shaw et al., 2003, 2005; Newton et al., 2007). The

deep lineages that diversified during the early stages of
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hypnalean evolution have very low statistical support

in current molecular phylogenies. The absence of a

well-supported phylogenetic tree for the Hypnales

has prevented a reliable evaluation of the order of

diversification events and therefore biogeographical,

ecological, and morphological trends within the group

have not been explored or have remained speculative

(Goffinet et al., 2008).

The first studies applying phylogenetic and/or mo-

lecular systematic methods to the Hypnales attempted

to explore the origin of the pleurocarpous growth habit

as well as relationships among pleurocarps (Hedenäs,

1995; Tsubota et al., 1999; Buck et al., 2000a,b; De Luna

et al., 2000; Newton et al., 2000). These early molecular

phylogenies had fairly limited taxon sampling, but it was

nevertheless sufficient to resolve ordinal relationships

between pleurocarpous mosses (Tsubota et al., 1999;

Buck et al., 2000a; De Luna et al., 2000; Newton

et al., 2000). Their most important finding was that

the traditional division of pleurocarps into three

orders, the Hookeriales, Leucodontales (5Isobryales),

and Hypnales was artificial, and the results led to

extensive changes in the delimitation of the Hypnales

(Buck et al., 2000a). These results were congruent

with the first phylogenetic inferences from mor-

phological data, which had already suggested that

ordinal divisions might not reflect natural relation-

ships (Hedenäs, 1995). Traditionally, the Hypnales

(Hypnobryales Fleisch. in Brotherus, 1925) included

only pleurocarpous mosses that had hypnobryoid

peristomes, while species with reduced, isobryoid peris-

tomes were assumed to form a distinct lineage including

two orders, the Leucodontales and the Hookeriales

(Buck & Vitt, 1986). Buck and Vitt (1986) defined the

Hypnales by a single synapomorphy: the ‘shouldered

exostome’, referring to the exostome teeth that are

sharply contracted above the lower half the tooth

length. Inferences from molecular data confirmed that

isobryoid, reduced peristomes have evolved several

times independently within pleurocarps and that the

Leucodontales comprise a polyphyletic group of taxa

with reduced peristomes within the Hypnales (Cox &

Hedderson, 1999; Buck et al., 2000a,b; De Luna et al.,

2000; Newton et al., 2000; Tsubota et al., 1999, 2002).

Consequently, the two orders were merged to form

the Hypnales s.l. In addition to their systematic im-

plications, the phylogenetic inferences supported the

hypothesis that sporophytic characters are labile and

that reduction in Isobryalean peristomes may be a

consequence of shifts to xerophytic and epiphytic

habitats (Buck & Vitt, 1986; Buck, 1991).

After the initial focus on large-scale relationships

among pleurocarpous mosses, phylogenetic recon-

structions aimed at identifying the sister-group of the

Hypnales and testing hypotheses about their diversi-

fication. Shaw et al. (2003) explored the diversifica-

tion of the Hypnales, which has resulted in striking

differences in the levels of molecular divergence and

branch lengths between the sister orders Hypnales

and Hookeriales (see also Cox et al., 2010). The

results suggested that most of the major lineages

appeared within the first 20% of the history of

Hypnales (Shaw et al., 2003). Estimates of divergence

times suggested that the lineage radiated during the

late Jurassic or early Cretaceous, between 157–

123 mya (Newton et al., 2007). Although the rapid

radiation has often been connected to adaptive

changes, and, for example, the evolution of epiphytic

species with angiosperms as a substrate, or diversifica-

tion in the new sheltered habitats found on angiosperm

forest floors (Buck, 1991; Buck & Vitt, 1986; Shaw

et al., 2003), molecular dating suggested that early

diversification was not connected to exploitation of

new microhabitats in angiosperm forests (Newton

et al., 2007). The factors that led to the rapid

diversification of the group thus remain unknown.

Table 1 Summary of earlier phylogenetic treatments aiming at the Hypnales

Year Authors DNA regions
No. of
taxa Reference Main aim

2000 Buck et al. cp: trnL–F, rps4 86 Mol. Phyl. Evol. 16: 180–198 Delimitation of pleurocarp orders
2000 De Luna et al. cp: trnL–F, rps4, rbcL 38 Bryologist 103: 242–256 Relationships of pleurocarp orders
2002 Tsubota et al. cp: rbcL 181 Hikobia 13: 645–665 Relationships among pleurocarps
2003 Shaw et al. cp: trnL–F, rps4 241 Evolution 57: 2226–2241 Biodiversity and diversification of

HypnaleszHookeriales
2004 Tsubota et al. cp: rbcL 193 Hikobia 14: 149–170 Relationships among mosses
2007 Troitsky et al. cp: trnL–F 214 Biochemistry (Moscow)

72: 1368–1376
Relationships among Hypnales

n: ITS1–5.8S–ITS2
2007 Newton et al. cp: rbcL, rps4 160 (27) Syst. Ass. Spec. Vol. Series

71: 337–366
Dating diversification of
pleurocarpous mosses;

2007 Ignatov et al. cp: trnL–F 135 (144) Syst. Ass. Spec. Vol. Series
71: 321–336

Relationships among Hypnales,
position of Leskeaceaen: ITS1–5.8S–ITS2

2010 Cox et al. cp: trnL–F, rps4 657 (269) Phytotaxa 9: 175–195 Phylogenetic relationships and
molecular diversity among mossesmt: nad5

n: partial 26S
2010 Merget & Wolf n: ITS2 1634 BMC Res Notes 3: 320 Utility of ITS2 and its secondary structure

in Hypnales phylogeny reconstruction
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In this paper, we attempt to resolve phylogenetic

relationships within the Hypnales based on inferences

from an exhaustive sampling of available sequences

for four loci obtained from previous studies

(Table 1). The data, which are derived from multiple

exemplars of hypnalean families, are complement-

ed here with new sequences, and used to test

hypotheses on the origin, diversification and relation-

ships within the Hypnales. Since the history of pleu-

rocarp classification prior to the molecular systematic

era has recently been thoroughly reviewed by Buck

(2007), we shall here concentrate on findings con-

cerning the evolutionary history of the Hypnales at

the family level and above that have been made

during the last 20 years using molecular systematic

approaches. The new phylogeny will be used for

establishing historical biogeographical and morpho-

logical trends within the group, and for discussing the

origin and diversification of the Hypnales. In addi-

tion, we will discuss problems and weaknesses with

the methods used in recent studies, including the

present one, as well as possible future approaches to

reconstructing the phylogeny of the Hypnales.

Material and methods
Taxon sampling and molecular data
The original data set included 156 taxa (Appendix),

with 122 belonging to the Hypnales, 23 to the

Hookeriales, five to the Ptychomniales, four to the

Hypnodendrales, and two to outgroup species from

groups that are closely related to the core pleurocarps

(Bell et al., 2007; Frey & Stech, 2009). Within the

Hypnales we aimed to sample 2–4 representatives

from all families. Frey & Stech (2009) recognise 46

families within the Hypnales, whereas Goffinet et al.

(2008) accept 42. Our sampling includes species

belonging to 43 families that are recognised in these

classifications, one undescribed taxon which repre-

sents a family level operational taxonomic unit

(the OPP-clade; Appendix, Quandt et al., 2009) and

one recently described family, the Acrocladiaceae

(Tangney et al., 2010).

We sequenced four genomic regions: the nuclear

ITS1–5.8S–ITS2, the plastid rps4 and trnL–F, and the

mitochondrial nad5. The majority of the rps4, trnL–F,

and nad5 sequences were publicly available, and

missing entries were mostly sequenced from the same

DNA extractions and/or voucher specimens from

which previously existing sequences were derived

(Budyakova et al., 2003; Shaw et al., 2003, 2005,

2008; Gardiner et al., 2005; Bell et al., 2007; Olsson

et al., 2009a; Tangney et al., 2010; Cox et al., 2010;

Pokorny et al., 2012). Voucher specimens and sequence

accession numbers are listed in the Appendix.

Laboratory work for all newly produced sequences

was performed in the Laboratory of Molecular

Systematics (The Swedish Museum of Natural His-

tory, Stockholm, Sweden), the Institute of Botany,

Dresden University of Technology, or the A. N. Belo-

zersky Research Institute of Physico-Chemical Biology

(Lomonosov Moscow State University, Moscow,

Russia). Protocols for DNA extractions, PCR ampli-

fications, including primer sequences and sequencing,

are described in our earlier publications (Huttunen

et al., 2008; Olsson et al., 2009a).

Phylogenetic reconstruction
Sequences were aligned manually with PhyDEH ver. 1

(Müller et al., 2005) using an alignment of

Buchbender et al. (2006) as a scaffold. The indel

data were included in the phylogenetic analyses by

coding indel events into a separate data matrix with

SeqState (Müller, 2005) using the simple indel coding

(SIC) method developed by Simmons & Ochoterena

(2000). In the ITS1–5.8S–ITS2 alignment 2390

positions (1985 positions in ITS1 and 405 positions

in ITS2), and in the trnL–F alignment 28 positions

were excluded as mutational hotspots leading to

ambiguity in assessing homology between sequences.

The previously reported eight base-long inversion

in the trnL–F spacer (Quandt & Stech, 2004) was

included as reverse complement (Quandt et al., 2003).

Gaps were treated as missing data.

Phylogenetic reconstruction was performed using

Bayesian and parsimony methods with the pro-

grammes MrBayes v3.1.2 (Huelsenbeck & Ronquist,

2001; Ronquist & Huelsenbeck, 2003; Altekar et al.,

2004) and TNT (Goloboff et al., 2008). For Bayesian

analyses, we used a parallel version of MrBayes

running on four processors in the Bioportal resources

of the University of Oslo (http://www.bioportal.

uio.no). The data were divided into seven partitions:

six DNA loci (ITS1, 5.8S, ITS2, nad5, rps4, and trnL–

F) and the binary coded indels. Evolutionary models

for DNA sequence data were tested for the partitions

(ITS1–5.8S–ITS2, nad5, rps4, and trnL–F) with

the programme MrModeltest2.3 (Nylander, 2004) in

conjunction with PAUP 4.0 (Swofford, 1998). The

Akaike Information Criterion served for the model

selection. A discrete model employing identical rates

of forward and backward transitions (Lewis, 2001) was

applied to the indel matrix. Two simultaneous runs of

Metropolis Coupled Markov Chain Monte Carlo

(MC3), both with one cold and seven heated chains,

were run for 109 generations. Posterior probabilities for

trees and parameters were saved every 500 generations

and parameters for each data partition were sampled

independently from each other. To avoid MC3 chains

becoming trapped in regions of the tree space

representing topologies with unrealistically long

branch lengths, we set an exponential prior on branch

lengths with a mean value of 0.01 (Brown et al., 2010).
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The burn-in phase for chains was determined using

plots of likelihood against generation number provided

by the Bioportal server. Trees sampled prior to the

stationarity phase were excluded.

Bayesian inference was performed on six data sets:

two combined data sets, one including all sequence

partitions but without the indel matrix and the

other including indels, and separate analyses for

each of the four DNA sequence regions, ITS1–5.8S–

ITS2, nad5, trnL–F, and rps4. Independent analyses

of sequence partitions served to explore possible

conflicting phylogenetic signal between the data

partitions. Trees resulting from these analyses were

compared, and taxa with a conflicting placement

supported by .0.95 posterior probability or .80%

jackknife support in trees based on different DNA

sequence data sets were excluded.

The parsimony analyses were performed with TNT

v.1.1 (Goloboff et al., 2008) for the two combined data

sets. We used the option ‘New Technology Search’

(NTS) in which four methods, namely sectorial

searches, ratchet, drift, and tree fusing, are alternated

during the analysis to ensure thorough exploration of

tree space. Default settings were applied for NTS and

starting trees for the analysis rounds were obtained

from 100 rounds of random addition sequence. Trees

for jackknifing were obtained from 1000 random

addition rounds similar to the original analyses.

TreeGraph 2 (Stöver & Müller, 2010) was used to

summarise the topology and support from different

analyses (Figures 1 and 2). When referring to

Figure 1 in the text, support for branches is stated,

unless otherwise indicated, for all four combined

analyses in the following order: posterior probability

from Bayesian analysis without indel coding (PP),

posterior probability with indels (PP SIC), parsimony

jackknife support without indel coding (PJ), and

parsimony jackknife with indels (PJ SIC).

Assessing the phylogenetic structure of the data
partitions
Statistical robustness, or ‘phylogenetic structure’ (R),

was compared for five data partitions: the four

DNA-sequence partitions, ITS1–5.8S–ITS2, nad5,

trnL–F, and rps4, and a partition including indels

from all four sequenced regions (compare Quandt

et al., 2003; Müller et al., 2006). Indels in the analysis

of DNA sequence partitions were treated as missing

data and did not contribute to the phylogenetic

structure of these partitions. Indel positions from all

four sequence regions were merged into a single

partition because the small number of indels in all

loci other than the ITS1–5.8S–ITS2 region prevented

meaningful independent analysis. Comparisons are

based on differences in R between data partitions in

mean support across nodes (Tables 4 and 5). When R

is 1, all branches are maximally supported by the

chosen support statistic, while R is 0 in a completely

unresolved 50% majority rule consensus tree (a

detailed definition of R is provided by Müller et al.,

2006). We used bootstrap proportions as a measure

of support in the parsimony analyses and a simple

significance test to test for differences in phylogenetic

structure between different markers or character sets.

All analyses were automated using Perl scripts within

the Linux operating system. The analysis flow is

described in detail by Müller et al. (2006), although

for the present study, the original script by Müller

et al. (2006) was modified to better account for

strongly staggered alignments, comparing the same

number of nucleotides per sample rather than the

same number of alignment positions (Krug et al.,

2012, unpublished data).

Phylogenetic diversity
Phylogenetic diversity (PD; Faith, 1992, 1994)

indicates the proportional length of a subtree in the

total minimum-spanning tree. PD was calculated

using combined sequence data (ITS1–5.8S–ITS2,

trnL-F, rps4, and nad5) for three groups: a Hyp-

nales clade, a Hypnales grade and a Hypnales crown

clade (Figure 1). The 50% consensus tree from the

Bayesian SIC analysis (Figure 1) was used for PD

calculations. For proper comparison of PDs between

groups, taxon sampling should be proportional to

the number of species in each clade (Table 2). The

Hypnales is, however, much less densely sampled

than the other orders due to its size, and therefore,

PD most likely underestimates phylogenetic diversity

within the group.

Reconstruction of ancestral distribution areas
We used Bayesian dispersal-vicariance analysis (Bayes-

DIVA; Ronquist, 1997; Nylander et al., 2008) as

implemented in the programme S-DIVA (Yu et al.,

2010) to explore historical biogeography and ancestral

distribution areas. Due to a limitation for size of data

sets in S-DIVA (a maximum of 125 terminals), taxon

sampling was reduced, and only five outgroup species,

together with all 120 Hypnales species that were resolv-

ed within a monophyletic Hypnales clade (Figure 1),

were included in the analysis. A sample of 10 000

Bayesian trees from the analysis of the combined

sequence and indel data was used for the S-DIVA

inferences. A fully resolved tree, which is required

as an output tree for presenting the results from S-

DIVA, was reconstructed by compiling a majority

rule consensus tree from the Bayesian tree sampling

(Figure 2). The S-DIVA analysis was performed on a

set of 10 000 trees using the default settings. Only

ancestral distributions that were supported by .0.95

probability are shown in Figure 2.
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Geographical distribution for all species was coded

using two areas, Gondwanan (A) and Laurasian (B)

(Figure 2), mainly following the plant geographic

boundaries presented by Wijk et al. (1967), but with

some adjustments to reflect more closely the break-

up of landmasses into two supercontinents: Gond-

wana and Laurasia, in the Jurassic and Cretaceous.

Species occurring in both areas were coded as AB.

Adjustments to the geographic boundaries of Wijk

et al. (1967) were made for four areas: As3, As4, As5,

and Afr1. In As5, species occurring only in Turkey, Iran,

and Afghanistan were coded as B (Laurasian distribu-

tion), and those only in the Arabian Peninsula as

A (Gondwanan distribution); in As4 New Guinea

was treated as part of the former Gondwanan super-

continent (A), while the rest of the area was Laurasian

(B); in As3, species occurring only in the Indian

subcontinent (India, Pakistan, Bangladesh, and Sri

Lanka) were coded as Gondwanan (A) and those in

the rest of As3 (Thailand, Myanmar, and Laos) as

Laurasian; and North Africa north of the Sahara (Afr1

in Wijk et al., 1967) was included in B. Species occurring

primarily in northern cool climatic areas but extending

into high altitude regions of the Himalayas in the

northern part of the Indian subcontinent were

coded as B. Exceptions in Afr1 and the northern parts

of the Indian subcontinent can be justified due to

close geographical connections between areas belonging

to the former Gondwanan and Laurasian superconti-

nents, which blur biogeographical distinctions between

the areas. The presence of Laurasian species in the

Himalayas or in North Africa is here assumed to result

from recent dispersal from Laurasia. In North Africa,

the Sahara acts as a strong dispersal barrier between

southern and northern Africa and therefore, the

bryophyte flora in North Africa has stronger affinities

to the European flora than to that of other parts of

Africa (Hedenäs, 2007a; Ros et al., 1999; see also

Sanmartı́n & Ronquist, 2004).

Results
DNA sequence data and phylogeny
After exclusion of hypervariable DNA regions, the

aligned lengths of the DNA regions included in the

phylogenetic analysis were 3091 sites for ITS1–5.8S–

ITS2, 1283 sites for nad5, 699 sites for rps4, and 871

sites for the trnL–F region (Table 3). The matrix

including indels had 1609 sites. The majority of these

indel events came from ITS1–5.8S–ITS2 (1303 char-

acters in the indel matrix). Gaps in the rps4 alignment

added 35 characters to the indel matrix, and nad5 and

trnL–F 100 and 171 characters, respectively. MrModel

test favoured a general time-reversible model of

nucleotide substitution with gamma distributed rates

for substitutions among sites and a proportion of

invariable sites (GTRzczI) for all four tested data

partitions (ITS1–5.8S–ITS2, nad5, trnL–F, and rps4).

After independent analysis of the four sequence

regions, one species, Rhynchostegium conostomus, was

omitted from the data set due to significant conflict in

the resolution of its affinities based on individual data

partitions. Mitochondrial nad5 and plastid rps4 re-

solved R. conostomus with high support within the

Amblystegiaceae clade, whereas ITS1–5.8S–ITS2 and

trnL–F placed it with high support in the Brachy-

theciaceae. The final combined analysis thus included

155 species (Appendix, Figures 1 and 2).

The two MC3 chains sampled 40 000 trees in all

Bayesian analyses: the two combined data sets and the

four analyses of individual data sequence regions. In

the Bayesian analysis of the combined data without

indels, 32 812 trees were retained after exclusion of

trees sampled during the burn-in phase and these were

summarised in a majority-rule consensus tree. When

indel data were included, 30 715 trees were sampled

after stationarity and these were also used to construct

a majority-rule consensus tree (Figure 1).

Parsimony analysis of combined data without indels

found 59 most parsimonious trees with a length of

6958. When the matrix including indel informa-

tion was added, the set of most parsimonious trees

comprised 74 trees of length 9640 steps.

Phylogenetic relationships
Parsimony analysis including indels (MP SIC), and

Bayesian analyses both with (Bayes SIC) and without

indels (Bayes), yielded congruent results, although the

topology from the parsimony analysis was consider-

ably less resolved within the Hypnales (Figure 1). The

phylogeny inferred under parsimony from sequence

data alone (i.e. without indels; MP) differed from the

previously mentioned ones in the branching order of

groups, but none of these differences were supported

by .50% jackknife frequencies (results not shown). In

Figure 1, only support for branches that are shared

with other analyses is provided. The major differences

between the MP topology and the other analysis were

that (1) the Hypnales were not resolved as mono-

phyletic, due to the nested position of the Hookeriales

among the early-diverging hypnalean lineages; and (2)

relationships below family level within the Hypnales

crown clade were mostly unresolved.

In the other three analyses (MP SIC, Bayes, and

Bayes SIC), the Hypnales were resolved as mono-

phyletic but received high support only from Bayesian

inferences (Figure 1; PP 1.0/PP SIC 1.0/PJ and PJ

SIC). One hypnalean family, the Orthorrhynchiaceae,

was consistently resolved with very high support (1.0/

1.0/99/100) as sister to the Ptychomniales. The

Hypopterygiaceae composed a robust monophyletic

group (1.0/1.0/98/99) that was inferred to share a
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unique ancestor with the sister group comprising the

remaining Hookeriales only in the Bayes SIC analysis

(pp 0.95). In all other analyses, the Hypopterygiaceae

was the sister group to the Hypnales and Hookeriales

s.str. The Hookeriales s.str. (i.e. excluding the Hypop-

terygiaceae) are recovered as monophyletic with high

support in all analyses (1.0/1.0/97/98), and hence

formed the sister group to the Hypnales, except as

mentioned above in the Bayes SIC analysis. The

monophyly of the remaining pleurocarpous orders was

always well supported: the Ptychomniales (1.0/1.0/99/

100) and the Hypnodendrales (1.0/1.0/99/99).

Relationships within the Hookeriales were well-

resolved and highly supported. By contrast, succes-

sive cladogenic events in the Hypnales, especially

those associated with early diversification, were poor-

ly supported except in the Bayes SIC analysis. Two

nodes in the Hypnales backbone gained full support

from both Bayesian analyses: the shared ancestry of

all Hypnales and that of a hypnalean crown clade

(Figure 1). The earliest diverging families within the

Hypnales clade are mainly tropical and Southern

Hemisphere taxa representing rather few species,

whereas the crown clade comprises species-rich

Figure 2 Ancestral distribution of Hypnales taxa according Bayes-DIVA analysis based on 10000 trees sampled from Bayesian

analysis of nuclear ITS1–5.8S–ITS2, plastid trnL–F, and rps4, and mitochondrial nad5 sequence data. Indels were included as a

separate presence/absence matrix. Coding for each terminal is given in parenthesis after species name (A5modern distribution in

area of former Gondwanan supercontinent; B5modern distribution in area of former Laurasian supercontinent; AB5distribution in

both areas). Pie diagrams show probabilities for states A/B/AB at each node where the probability of an obtained ancestral

distribution at a given node taking into account phylogenetic uncertainty is >0.95. These probabilities are indicated numerically

above branches. Support for branches from phylogenetic analysis is indicated by branch shading. Branches well supported in all

analyses (PP>0.95 and J>75) are in bold with black highlighting and those well supported only in Bayesian analysis (PP>0.95) are

in bold with grey highlighting.
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Northern Hemisphere families (Figure 1). Despite

their almost exclusively Northern Hemisphere dis-

tributions, the Fontinalaceae and Plagiotheciaceae

are resolved within the grade of lineages that

branched off earliest within the Hypnales.

Within the Hypnales crown clade in the Bayesian

analysis (Figure 1), a well-supported node (PP 0.97/

PP SIC 0.99) separates the clade containing the most

apical hypnalean families, such as the Amblyste-

giaceae, Brachytheciaceae, Lembophyllaceae, Necke-

raceae, Sematophyllaceae and Thuidiaceae, from

the Phyllogoniaceae, Pterobryaceae, Prionodontaceae,

Cryphaeaceae, Leucodontaceae, and Pterigynandraceae,

as well as from taxa in the grade subtending the

Hypnales crown clade in the Bayesian analysis

(Figure 1). The MP SIC analysis also resolves this

grouping but without support. Branching order

differed in poorly supported (PP and PP SIC ,0.95)

parts of the tree. For example, the sequence of clades

composing the grade subtending the Hypnales crown

clade differed after the inclusion of indel data. The

divergence order of groups among the most apical

Hypnales families also varied between analyses and the

relationships between these families remain unclear.

Phylogenetic structure of data partitions
Analysis of phylogenetic structure in each data partition

revealed that base substitutions in the ITS1–5.8S–ITS2

region had both a higher information content and a

stronger phylogenetic signal compared to the other

DNA sequence partitions and the indel data (Tables 4

and 5). Information content and signal in the indel data

partition were clearly lower than in any of the four

DNA sequence data partitions. Variation in informa-

tion content in tested sequence partitions followed

DNA sequence divergence; the partition with the

highest divergence (ITS1–5.8S–ITS2) had the highest

information content while the least divergent had the

lowest (nad5) (Tables 3 and 4). The quality of the

phylogenetic signal (measured in a comparison of

Table 3 Information on sequenced DNA regions

Region Aligned length (bp) % variable sites % PI sites % divergence Ranking all sites Ranking PI sites only

ITS1–5.8S–ITS2 3091 24.3 12.8 10.69 1 1
trnL–F 871 29.6 18.0 5.31 2 3
rps4 699 44.6 27.0 4.53 3 4
nad5 1283 34.0 17.7 2.19 3 2
indels 1609 100 37.9 5.16 4 5

Table 4 Comparison of phylogenetic structure (R) for all sites between data partitions used in phylogenetic analysis.
Four data partitions, ITS1–5.8S–ITS2, trnL–F, rps4, and nad5, contained DNA sequence data where gaps were treated as
missing data, while the fifth consisted of combined indel information from all four DNA regions. A statistically
insignificant difference in R statistics is indicated by ns

Comparison Winning partition Mean difference in R SE 95% confidence interval

ITS versus nad5 ITS 0.0610 0.0018 0.0575 0.0645
ITS versus rps4 ITS 0.0502 0.0009 0.0484 0.0521
ITS versus indels ITS 0.0633 0.0010 0.0613 0.0653
trnL–F versus ITS ITS 20.0268 0.0015 20.0298 20.0238
trnL–F versus nad5 ns 0.0024 0.0022 20.0020 0.0068
trnL–F versus rps4 trnL–F 0.0293 0.0014 0.0265 0.0320
trnL–F versus indels trnL–F 0.0296 0.0011 0.0274 0.0318
rps4 versus nad5 ns 0.0030 0.0018 20.0006 0.0066
rps4 versus indels rps4 0.0164 0.0012 0.0141 0.0187
indels versus nad5 nad5 20.0059 0.0010 20.0079 20.0039

Table 2 Numbers of genera in each of the ‘core pleurocarp’ orders (% of total number of genera in core pleurocarps, or
within Hypnales, % of total number of genera in the order: see Bell et al., 2007; Frey & Stech, 2009), number of genera
included in this study (% of total number of genera in the group) and phylogenetic diversity (PD) of clades within the
Hypnales compared to entire tree and to Hypnales clade. PDs are calculated by contrasting the total tree length (55.46)
with the minimum spanning tree length of the clade in question

No. of genera
(Frey & Stech,
2009)

No. of
sampled
genera

PD (% of
total tree)

PD (% of
Hypnales
clade)

Length of min.
spanning tree

Hypnodendrales 14 (2.9%) 4 (28.6%)
Ptychomniales 13 (2.7%) 5 (38.5%)
Hookeriales 52 (10.7%) 22 (42.3%)
Hypnales 406 (83.7%) 116 (28.6%) 57.5 100.0 3.14

Basal grade 32 (7.9%) 17 (53.1%)
Crown clade 374 (92.1%) 99 (26.5%) 45.6 79.3 2.49
The apical group sister
to Pterobryon densum

327 (80.5%) 88 (26.9%) 39.6 68.8 2.16
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parsimony informative [PI] sites), however, showed

a different pattern. For example, despite low diver-

gences in nad5 sequences, PI positions in nad5 had a

stronger phylogenetic signal compared to those in

the more variable trnL–F and rps4 regions (Tables 3

and 5).

Phylogenetic diversity
Although the number of genera in the Hypnales is

significantly greater than in the three other core

pleurocarp orders combined, the Hypnales contain

only 57.5% of the total phylogenetic diversity (Table 2).

This may be biased by scarcer taxon sampling; only

28.6% of genera in the Hypnales are sampled, while

the proportion of sampled genera is clearly higher in

the Ptychomniales (38.5%) and Hookeriales (42.3%).

Within the Hypnales, the earliest diverging lineages

comprising the Hypnales grade (Figure 1) are much

better sampled compared to the large number of genera

in the Hypnales crown clade (Table 2). Genera in the

Hypnales grade comprise 7.9% of the total number of

genera in the Hypnales, while the Hypnales crown clade

comprise 92.1% and the apical Hypnales group 80.5%.

Phylogenetic diversity in the Hypnales crown clade and

in the apical Hypnales group is 45.6% and 39.6%,

respectively, of the total diversity in the tree, and 79.3%

and 68.8% of the diversity in the Hypnales clade.

Ancestral distribution areas and historical
biogeography
Dispersal-vicariance analysis suggested a Gondwanan

distribution for the ancestor of the Hypnales (Figure 2).

A shift to Laurasian distributions is indicated at the

base of the Hypnales crown clade (Figure 2), although

several recent dispersals to (and subsequent radiations

in) former areas of the Gondwanan supercontinent are

also indicated within the Hypnales crown clade, e.g.

within the Lembophyllaceae–Neckeraceae clade and

the Sematophyllaceae. A shift from the Gondwanan

distribution that characterises the grade of lineages

branching off first within the Hypnales to a Laurasian

distribution in the most apical hypnalean groups

manifests as a gradual transition through a series of

tropical and warm temperate families, i.e. the earliest

diverging lineages in the Hypnales crown clade. The

families that have radiated most extensively in cool

climates in fragments of the former Laurasian super-

continent occur within the apical clade of the Hypnales

crown clade. Although Gondwanan distributions are

otherwise in the majority in the grade subtending the

Hypnales crown clade, the Fontinalaceae and Plagio-

theciaceae lineages represent shifts to Laurasian dis-

tributions. Owing to low support for the Hypnales

backbone nodes, probabilities of ancestral distributions

remain low (,0.95).

Discussion
Overview of phylogenetic relationships within the
Hypnales inferred from sequence data
The Hypnales are resolved as monophyletic, but only

Bayesian analyses provide strong support for the clade

(Figure 1). Other than in the inferences of Buck et al.

(2000a,b), the Hypnales s.l. have almost invariably

been resolved as a clade with either low (Tsubota et al.,

2002, 2004; Olsson et al., 2009a), or strong support

(Buck et al., 2005; Stech et al., 2008), but their unique

ancestry has recently been questioned (Cox et al.,

2010). A sister-group relationship with the Hookeriales

is recovered here, as in most earlier studies (Figure 1;

Tsubota et al., 2002, 2004; Buck et al., 2005). The core

Hookeriales form a robust lineage (Figure 1; Tsubota

et al., 2002; Buck et al., 2005), but the affinity of the

group to the Hypopterygiaceae is controversial. While

the monophyly of the Hypopterygiaceae is well-

supported (Figure 1; Shaw et al., 2008), topologies

indicating relationships with the Hookeriales s.str. and

the Hypnales typically lack strong support (Figure 1;

Buck et al., 2000b), and the family has even been

resolved within the Hypnales (Cox et al., 2010).

However, recent analyses using sequence data from

all three genomes infer the Hypopterygiaceae as the

first branching lineage among the Hookeriales with

significant support (Pokorny et al., 2012).

The molecular tree suggests that the family

Orthorrhynchiaceae may need to be excluded from the

Hypnales and transferred to the Ptychomniales. The

Table 5 Comparison of phylogenetic structure (R) for parsimony informative sites between data partitions used in
phylogenetic analysis. Analyses were performed for four DNA sequence data partitions, ITS1–5.8S–ITS2, trnL–F, rps4, and
nad5, and a partition including combined indel information from all four DNA regions. A statistically insignificant
difference in R statistics is indicated by ns

Comparison Winning partition Mean difference in R SE 95% confidence interval

ITS versus indels ITS 0.0757 0.0010 0.0737 0.0777
nad5 versus ITS ITS 20.0312 0.0011 20.0334 20.0290
nad5 versus indels nad5 0.0541 0.0012 0.0518 0.0565
trnL–F versus ITS ns 0.0028 0.0014 20.0000 0.0055
trnL–F versus nad5 nad5 20.0125 0.0015 20.0155 20.0095
trnL–F versus rps4 trnL–F 0.0242 0.0013 0.0216 0.0268
trnL–F versus indels trnL–F 0.0432 0.0011 0.0410 0.0454
rps4 versus ITS ITS 20.0297 0.0015 20.0327 20.0266
rps4 versus nad5 nad5 20.0253 0.0015 20.0283 20.0224
rps4 versus indels rps4 0.0308 0.0012 0.0285 0.0332
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family was established by Lin (1983) to accommo-

date the single genus Orthorrhyncium Reichardt. The

genus was previously placed in the Phyllogoniaceae

(Hypnales), while recent classifications (Goffinet et al.,

2008; Frey & Stech, 2009) have followed Lin’s (1984)

original placement among the Hypnales. The molecular

data, however, surprisingly resolves it with high support

as sister to the Ptychomniales (Figure 1). Morphological

characters, such as the absence of pseudoparaphyllia

and the presence of axillary rhizoids in the Orthorrhyn-

chiaceae, contrast with the leaf-like pseudoparaphyllia

and rhizoids on stems just below the costa insertion

found in Phyllogoniaceae species. These characters

certainly support a distant relationship between the

families. Although further studies are required to

confirm the relationship of the Orthorrhynchiaceae to

the Ptychomniales, it should be noted that both have

axillary rhizoids.

The families in the Hypnales can be segregated

into two groups: a Hypnales crown clade and a

series of taxa forming a Hypnales grade (Figure 1).

Ten families, the Trachylomataceae, Rutenbergia-

ceae, Stereodontaceae, Catagoniaceae, Plagiotheciaceae,

Lepyrodontaceae, Fabroniaceae, Acrocladiaceae, Hab-

rodontaceae, and Fontinalaceae comprise the Hypnales

grade (Figure 1). These families typically contain few

taxa and have predominantly tropical and Southern

Hemisphere distributions (Figure 1). The only excep-

tions are the Plagiotheciaeae (approximately 100 species;

Pedersen & Hedenäs, 2002) and the Fontinalaceae (27

species), which occur predominantly in the Northern

Hemisphere. Morphological characters that are frequent

among taxa in the Hypnales grade include naked branch

primordia (i.e. a lack of pseudoparaphyllia) and axillary

rhizoids (Hedenäs, 1995). The absence of pseudopar-

aphyllia is shared with the Hookeriales and may

represent a plesiomorphic character state in pleurocar-

pous mosses.

The families comprising the Hypnales grade are

recovered among lineages branching off earliest within

the Hypnales in various studies, although always

without significant support unless gaps are treated as a

fifth character state in the phylogeny reconstruction

(Buck et al., 2000a; Tsubota et al., 2004; Ignatov et al.,

2007; Troitsky et al., 2007; Cox et al., 2010; Merget &

Wolf, 2010). Family delimitation has been tested using

molecular systematic methods for at least four families

in the Hypnales grade: the Acrocladiaceae, Fontina-

laceae, Habrodontaceae, and Plagiotheciaceae (Shaw

& Allen, 2000; Pedersen & Hedenäs, 2002; Budyakova

et al., 2003; Tangney et al., 2010). Delimitation of the

Plagiotheciaceae has remained controversial as sup-

port for the first diverging lineages in the family is low

(Pedersen & Hedenäs, 2002). Our results support a

broad family circumscription as suggested by Pede-

rsen and Hedenäs (2002), although Acrocladium,

Rhizofabronia, and Catagonium are not resolved

within the family (Figure 1; Tangney et al., 2010). As

in earlier molecular analyses, the Acrocladiaceae,

Fontinalaceae, and Habrodontaceae are resolved here

as monophyletic with high support and thus warrant

recognition as independent families (Figure 1; Shaw &

Allen, 2000; Pedersen & Hedenäs, 2002; Budyakova

et al., 2003; Troitsky et al., 2007; Tangney et al., 2010).

Even if more detailed familial studies are still lacking,

well-supported core-groups also exist for the Stereo-

phyllaceae and Rutenbergiaceae (Figure 1; Tangney

et al., 2010).

Within the Hypnales crown clade, relationships

between the six earliest diverging lineages (i.e. the

Phyllogoniaceae, Pterobryaceae, Prionodontaceae, Cry-

phaeaceae, Leucodontaceae, and Pterigynandraceae)

are poorly supported and the topology is sensitive to

small changes in the data such as additions of data

partitions (Figure 1). These families are relatively small

in terms of species numbers (Figure 1) and are

distributed in tropical and warm temperate areas with

only a few species occurring in areas with cool temperate

to arctic climates. Although all of these families contain

an unambiguous small core of taxa, precise delimitation,

especially for the Cryphaeaceae, Pterobryaceae, and

Leucodontaceae, awaits confirmation (Figure 1; Maeda

et al., 2000; Quandt et al., 2004; Stech et al., 2011). A

monogeneric Antitrichiaceae has already been segre-

gated from the Leucodontaceae by Ignatov and

Ignatova (2004; see also Ignatov et al., 2007; Troitsky

et al., 2007; Frey & Stech, 2009) and its independent

position is supported here (Figure 1).

Among the apical clade, the most species-rich

hypnalean families, such as the Amblystegiaceae,

Brachytheciaceae, Sematophyllaceae, and Pylaisiadel-

phaceae, have remained rather stable and well-

supported across phylogenetic inferences and their

monophyly are confirmed here (Figure 1; Cox et al.,

2010). The apical group, sister to Pterobryon densum

in Figure 1, contains 80.5% of the genera, but only

68.8% of the phylogenetic diversity in the Hypnales

(Table 2), although the low value for phylogenetic

diversity may be partially due to scattered taxon

sampling as compared with, for example, the basal

Hypnales grade. Buck et al. (2000b) presented a

detailed discussion of relationships among pleuro-

carps, and compared to the knowledge of familial

circumscriptions at that time our results and other

recent molecular inferences represent significant

progress, especially in family delimitations of the

Amblystegiaceae (Vanderpoorten et al., 2002a,b,

2003), Brachytheciaceae (Ignatov & Huttunen, 2002;

Huttunen & Ignatov, 2004; Huttunen et al., 2004,

2007), Entodontaceae (Tsubota et al., 2001, 2002),

Lembophyllaceae (Huttunen et al., 2004; Quandt

et al., 2009), Meteoriaceae (Quandt & Huttunen, 2004;
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Quandt et al., 2004; Huttunen et al., 2004; Huttunen &

Quandt, 2007), Neckeraceae (Olsson et al., 2009b,

2010, 2011), Pseudoleskeaceae (Gardiner et al., 2005),

and Sematophyllaceae (Tsubota et al., 2001, 2002,

2004). Following some taxonomic revision, mono-

phyly of these families is now well-supported. In

molecular trees, a well-supported core group also

exists for many other families, such as the Callier-

gonaceae, Hylocomiaceae, Pylaisiaceae, Scorpidia-

ceae, and Thuidiaceae (Figure 1). Although their

delimitation has already been explored using molecu-

lar inferences, they are still in need of further re-

vision (Chiang & Schaal, 2000; Gardiner et al., 2005;

Hedenäs, 2006; Ignatov et al., 2007; Hedenäs &

Vanderpoorten, 2007; Stech et al., 2008; Garcia-

Avila et al., 2009; Cox et al., 2010; Wang et al.,

2010).

The generic circumscription of less than one-third

of hypnalean families has been tested against a

criterion of monophyly based on molecular phyloge-

netic inference. The most species-rich family in the

Hypnales, the Hypnaceae, is consistently recovered as

polyphyletic and redefining the family and testing the

affinities of its taxa is one of the most challenging

tasks (Figure 1; Tsubota et al., 2002, 2004; Ignatov

et al., 2007; Troitsky et al., 2007; Olsson et al., 2009a;

Cox et al., 2010). As the species currently placed in

the Hypnaceae appear to be scattered in distant parts

of the Hypnales phylogeny (Figure 1), any study

aiming to clarify familial delimitation and taxonomy

needs to include a very large number of species from

across the entire Hypnales crown clade. The

Leskeaceae are also still resolved as polyphyletic

(Figure 1; Frey & Stech, 2009), although Ignatov and

Ignatova (2004) have already divided it into three

families, the Leskeaceae, Pseudoleskeellaceae, and

Pseudoleskeaceae (Gardiner et al., 2005). Unlike in

the Ignatov et al. (2007) and Troitsky et al. (2007)

topologies, the core Thuidiaceae (incl. Helodiaceae)

appears here as sister to Leskea, a position which

allows retention of the family name Leskeaceae.

Although the Anomodontaceae in a very narrow

sense appears here as monophyletic, the family was

resolved as severely polyphyletic in earlier studies

(Tsubota et al., 2002; Olsson et al., 2009a).

Morphological delimitation of higher-level taxo-

nomic entities revealed by molecular inferences is

often difficult. The taxonomic value of some charac-

ters that may be useful in family level delimitations,

such as the structure and arrangement of pseudo-

paraphyllia, the colour, surface structure, position,

and arrangement of rhizoids on shoots and pre-

sence of dwarf males, is still underexplored in the

light of groupings revealed by molecular infer-

ences (Iwatsuki, 1987; Hedenäs, 1987, 1989, 2007b;

Ignatov & Hedenäs, 2007; Hedenäs & Bisang, 2011).

Most morphological characters that have been

considered to be taxonomically important in pleuro-

carpous mosses have evolved independently in

several unrelated lineages. The results presented

here add to the evidence for parallel evolution of,

for example, sporophytic reductions, examples of

which can be found in almost all larger hypnalean

families; short, double costae (e.g. in the Hypnaceae

and Plagiotheciaceae); complanate shoots (Neck-

eraceae, Plagiotheciaceae); short, rhombic cell shape

(Pterigyandraceae, Leskeaceae, Cryphaeaceae s.l.);

and pendent growth forms (Meteoriaceae, Brachy-

theciaceae, Lembophyllaceae, Cryphaeaceae) (Buck

& Vitt, 1986; Vanderpoorten et al., 2002a; Quandt &

Huttunen, 2004; Huttunen et al., 2004; Gardiner

et al., 2005; Olsson et al., 2009b). Factors that could

lead to lability and parallel evolution of mor-

phologies are rapid evolutionary shifts between

character states, for example due to simple genetic

regulation, plasticity, and natural selection (Grout,

1908; Vitt, 1981; Vitt & Glime, 1984; Buck, 1991;

Hedenäs, 2001; Vanderpoorten et al., 2003; Huttu-

nen et al., 2004; Vanderpoorten & Jacquemart, 2004;

Vanderpoorten & Goffinet, 2007; Olsson et al.,

2009c; Sotiaux et al., 2009; Huttunen & Ignatov,

2010).

Origin and diversification of the Hypnales in the
light of phylogeny, dispersal-vicariance analysis,
and fossil data
Reconstruction of ancestral distributions favours a

Gondwanan origin of the Hypnales followed by a

radiation of the most species-rich families in Laurasia

(Figure 2). A Gondwanan origin is also support-

ed by the extant distributions of groups most close-

ly related to the Hypnales. The majority of the

Hypnodendrales, Ptychomniales, and Hookeriales

occur in the Southern Hemisphere and in tropical

areas. Based on the shared distributions of these three

orders, Bell et al. (2007) proposed that the common

ancestor of the Hypnales arose in the Southern

Hemisphere. Such a transition from an ancestral

Gondwanan to a Laurasian distribution also char-

acterises the evolutionary history of the Sphagnales

(Shaw et al., 2010).

Fossil data for early pleurocarps are very scanty

and provides no evidence for a Gondwanan origin.

The first moss fossils similar to pleurocarps, the

genera Uskatia Neub. and Rhizinigerites Meyen, are

from the Upper Permian (260–251 mya) deposits in

Angaraland and Subangaraland, areas that are today

situtated in North Eastern European Russia and

North Asia (Neuburg, 1960; Gomankov & Meyen,

1986; Ignatov, 1990; Ignatov & Shcherbakov, 2007).

Hence, the origin of the pleurocarpous growth habit

predates the breakup of Pangea, which began in the
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early Jurassic, ca 190 mya (Sahabi et al., 2004;

Labails et al., 2010), although the location of these

fossils does not support a Gondwanan origin.

However, due to the unique morphological charac-

ters of the fossils, such as leaves attached to shoots

only by the costa (Uskatia Neub.) and leafless axes

supporting clusters of rhizoids (Rhizinigerites Meyen),

these Permian pleurocarps cannot be assigned to any

modern lineages, and they may even represent an

extinct lineage of pleurocarps (Newton et al., 2007).

Their relationships to modern pleurocarpous mosses

and significance in estimating the timing of the origin

of the Hypnales remains dubious.

Extinct lineages that are morphologically closer to

modern Hypnales appear later in the fossil record, in

the Mesozoic era. Palaeodichelyma sinitzae Ignatov &

Shcherbakov from the late Jurassic closely resembles

modern hypnalean mosses, and in the protologue was

placed close to Dichelyma (Fontinalaceae; Ignatov &

Shcherbakov, 2007). Some putative members of the

Hookeriales that are dated to the late Jurassic and

early Cretaceous have also recently been found in

many localities in the Transbaical area of Siberia and

in Mongolia (Ignatov, 1992; Ignatov & Shcherbakov,

2011; Ignatov et al., 2011). Molecular dating suggests

that at the time these fossil taxa were extant, rapid

radiation was underway among hypnalean mosses

(the Jurassic, ca 157–198 mya; Newton et al., 2007).

The former Gondwanan and Laurasian superconti-

nents were gradually separating and Laurasia was

further fragmented and divided by the widen-

ing Atlantic and epicontinental seas (Cox, 1974;

Sanmartı́n et al., 2001 and references therein). The

rapid radiation may thus have occurred in the area

of the Laurasian supercontinent (Figure 2; Newton

et al., 2007) and, therefore, climatic and geological

changes in the Northern Hemisphere could have been

important factors behind the diversification. For

example, during the same time period, the evolution

of woody vegetation in Gondwana and in Laurasia

followed different patterns. Conifer forests in

Laurasia were more diverse and had more endemic

species than in Gondwana, while, for example, the

Pinaceae diversified during the early Cretaceous in

the Northern Hemisphere with no equivalent radia-

tion taking place in the Southern Hemisphere

(Philippe et al., 2004). This could have been due to

the fragmentation of Laurasia into several disjunct

provinces, while a smaller number of more wide-

spread vegetation zones were present in Gondwana

(Philippe et al., 2004).

Emerging cool climates, the origin of the boreal

biome during the Cenozoic in the Northern Hemi-

sphere (Taggart & Cross, 2009), and complex geo-

logical events in areas of the former Laurasian

supercontinent may have favoured diversification

within some hypnalean families (Figure 2; Krassilov

& Schuster, 1984). Almost all large families with

high levels of extant species diversity in cool climate

areas are resolved within the Laurasian apical

Hypnales group. In contrast with the postulated

antiquity of the ancestors of the pleurocarps, the

relatively recent radiation within the crown group is

consistent with the short branch lengths that

characterise its internal relationships (Figure 1),

lower phylogenetic diversity in the Hypnales crown

clade than in the basal grade (Table 2), and young

age estimates for some of the most species-rich

families (e.g. a ca 65 my age for the Brachy-

theciaceae, node 96 in Newton et al., 2007). Buck

& Vitt (1986) considered the Hypnales (excluding the

Leucodontales) to be the only pleurocarpous order

that successfully diversified in northern temperate

regions. The young age of the boreal flora as a whole

may also explain the similarity of boreal floras on

different continents (Hedenäs, 2007a). Recent radia-

tion in cool Laurasian climates may also explain

differences in radiation patterns and branch lengths

between the tropical Hookeriales and the Hypnales.

An interesting exception within the Hypnales crown

clade is the tropical Sematophyllaceae, in which

branch lengths are clearly longer than in other

families (Figure 1).

Problems within phylogenetic reconstruction in
the Hypnales: limitations due to sampling,
markers, and phylogenetic signal
Although some well-supported clades have been

resolved within the Hypnales, published phylogenies

have yet to reliably identify deep diversification

events defining the evolutionary history of the group.

This could be explained by (1) reliance on single

DNA sequence regions; (2) scarce taxon sampling

and poor selection of outgroups; and 3) limited

phylogenetic information content in the data.

Early attempts at reconstructing evolutionary

histories relied on inferences from single loci and

focused on deeper taxon sampling (e.g. the plastid

rbcL gene; Tsubota et al., 1999, 2002, 2004). Very

recently, Merget and Wolf (2011) tested the utility of

the nuclear ITS2 region for phylogeny reconstruc-

tion in the Hypnales, although they concentrated

on showing the value of combining primary and

secondary structure information in phylogenetic

reconstruction rather than on exploring relationships

among the Hypnales. Although some groupings in

these single gene phylogenies deviate from each other

and from the other published studies, well-supported

families, such as the Sematophyllaceae, are resolved

as monophyletic. Merget and Wolf (2011) resolved

only 11 out of 35 included hypnalean families as

clades and many families that are monophyletic in
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most other phylogenies, such as the Brachytheciaceae

(Figure 1), were polyphyletic. In both rbcL and ITS2

trees branch support, especially at deep nodes, is low

or missing (Tsubota et al., 1999, 2002, 2004; Merget

& Wolf, 2011). In addition, possible deviations from

organismal phylogeny reduce the utility of these

studies, for example, in revising taxonomy or further

exploring the evolution of the Hypnales.

Early phylogenies were limited by the time and

expense involved in collecting data, hence typically

only a few taxa were sampled (Table 1). In family-level

studies, taxon selection often suffers from limited

outgroup sampling, partly due to poor understanding

of large-scale relationships among the Hypnales.

When results from these familial studies are compared

with large-scale ordinal level studies (Figure 1;

Tsubota et al., 2004; Ignatov et al., 2007; Troitsky

et al., 2007; Cox et al., 2010), it is apparent that in

many of them, taxon selection is clearly insufficient to

properly evaluate monophyly at the family level. Even

in some of the published large-scale phylogenies of the

Hypnales, difficulties in selecting appropriate out-

groups hampers evaluation of relationships and

evolutionary trends among the oldest members of

the order (e.g. Merget & Wolf, 2011).

Owing to awareness of low molecular diversity

within the Hypnales, many recent projects have

attempted to overcome problems with sequence

variation by using the fastest evolving DNA regions,

especially the nuclear ITS1–5.8S–ITS2 and plastid

trnL–F regions (Troitsky et al., 2007; Ignatov et al.,

2007; Olsson et al., 2009a). Results from analysis of

phylogenetic structure in the data partitions show

that phylogenetic signal per PI position in the ITS1–

5.8S–ITS2 region is very strong compared to less

divergent sequence regions (Tables 3–5). This result is

in line with the comparison of plastid regions by

Müller et al. (2006), and supports the view that some

qualitative differences exist in phylogenetic signal

from slowly and rapidly evolving genes. Because the

majority of the positions in the indel data matrix were

from the ITS1–5.8S–ITS2 region, strong phylogenetic

signal from substitution events in ITS1–5.8S–ITS2

(i.e. the ITS sequence partition) compared to that

from the indel partition indicates that substitutions

and indel events differ in their utility for phylogeny

reconstruction (Tables 3 and 5). However, high

sequence length variation and variation in repeat

structures between species, which is typical for ITS1–

5.8S–ITS2, also hampers alignment. Strict guidelines

that make use of data on molecular evolution and

secondary structure are needed for alignment, and

exclusion of ambiguous regions, such as mutational

hotspots for which no positional homology exists, is

necessary due to dissimilar repeat structures between

terminals (Kelchner, 2000; Borsch et al., 2003;

Quandt et al., 2003; Quandt & Stech, 2004, 2005).

Methods that rely on the treatment of gaps as a fifth

character state in phylogenetic analysis, may, how-

ever, be overly optimistic for analyses of fast evolving

sequence regions due to heavy overweighting of long

indel events (Quandt et al., 2004).

Future challenges in phylogenetic reconstruction
of the Hypnales
Despite increasing quantities of data being used in

phylogenetic analyses of the Hypnales, we are still

lacking a well-supported phylogeny which can be

used for exploring the relationships and diversifica-

tion of the group. The data set analysed here is the

largest for the order Hypnales in terms of numbers of

sequenced bases. Even if it is able to cast new light on

some aspects of evolution of the order, phylogenetic

signal is not strong enough to resolve family level

relationships. Although we also aimed here to

maximise the phylogenetic information content in

the data by using the most rapidly evolving DNA

regions in combination with some relatively slowly

evolving ones (Stech & Quandt, 2010), alignment of

highly divergent ITS sequences is a challenging and

time-consuming task. The best solution to these

problems would be to use a large number of both

nuclear and plastid loci from coding or other

moderately divergent genomic regions. This alter-

native has only recently become realistic as a result of

the development of Next Generation Sequencing

techniques, which will hopefully have an important

role to play in the future in helping to resolve the

Hypnales backbone.

Many hypnalean families have yet to be revised

using modern phylogenetic methods in combination

with a thorough re-assessment of morphological

characters. Recent work on higher-level taxonomic

relationships provides valuable information for

taxon selection in future studies as well as tools for

planning projects on some of the most severely

polyphyletic families, such as the Hypnaceae and

Leskeaceae. Ancestral distributions at deep hypna-

lean nodes and information from fossil data suggest

that radiation at an early stage of hypnalean

evolution within the order may have been influenc-

ed by major environmental and climatic changes

between the early Permian and mid-Cretaceous. This

hypothesis could be tested by molecular dating of

diversification events in the Hypnales phylogeny, but

due to weak support at backbone nodes, such studies

must await improvements in data and phylogenetic

inferences.
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Voucher specimens and EMBL/GenBank accession

numbers for sequenced taxa. Classification is after

Frey and Stech (2009), except for families for which a

literature reference is given in the table.
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ü
ll.

H
a
l.

H
E

6
6
0
0
1
9

A
F
1
6
1
1
6
9

A
Y

9
0
8
7
1
8

A
F
1
4
3
0
7
6

IT
S

—
C

h
u
rc

h
ill
e
t
a
l.

s
.n

.
(H

;
H

3
1
2
1
8
1
7
);
tr
n
L
–
F
,

n
a
d

5
,
rp
s
4

-
C

h
u
rc

h
ill
e
t
a
l.

1
9
0
6
8

(N
Y

)
P
s
e
u
d
o
le
s
k
e
a
c
e
a
e

L
e
s
c
u
ra
e
a
in
c
u
rv
a
ta

(H
e
d

w
.)

E
.L

a
w

to
n

A
Y

6
9
3
6
6
1

A
Y

6
8
3
5
9
5

…
…

Ig
n
a
to

v
3
9
4

(M
H

A
)

L
e
s
c
u
ra
e
a
ra
d
ic
o
s
a

(M
it
t.

)
M

ö
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