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Abstract Cephaloziaceae represent a subcosmopolitan lineage of largely terrestrial leafy liverworts with three-keeled
perianths, a reduced seta, capsules with bistratose walls, filamentous sporelings, large, thin-walled cells, and vegetative
distribution by gemmae. Here we present the most comprehensively sampled phylogeny available to date based on the
nuclear ribosomal internal transcribed spacer region and the
chloroplast markers trnL-trnF and rbcL of 184 accessions
representing 41 of the 89 currently accepted species and four
of the five currently accepted subfamilies. Alobielloideae are
placed sister to the remainder of Cephaloziaceae.
Odontoschismatoideae form a sister relationship with a clade
consisting of Schiffnerioideae and Cephalozioideae.
Cephalozioideae are subdivided in three genera,
Fuscocephaloziopsis, Cephalozia, and Nowellia, the last two
in a robust sister relationship. Most morphological species
circumscriptions are supported by the molecular topologies
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but the Cephalozia bicuspidata complex and the Cephalozia
hamatiloba complex require further study. A Neotropical
clade of Odontoschisma originates from temperate ancestors.
Odontoschisma yunnanense is described as new to science.
Keywords Cephaloziineae . Fuscocephaloziopsis .
Integrative taxonomy . Jungermanniales . Liverworts

Introduction
Molecular phylogenies have greatly improved our knowledge
of liverwort evolution. Studies incorporating molecular evidence have led to numerous adjustments of morphologybased family and genus circumscriptions (Hentschel et al.
2006a; Feldberg et al. 2009; Engel et al. 2010; He and
Glenny 2010; Heinrichs et al. 2012b; Wang et al. 2014;
Shaw et al. 2015; Bechteler et al. 2016; Patzak et al. 2016;
Villarreal et al. 2016) and the recognition of ignored species
(Rycroft et al. 2004; Heinrichs et al. 2010, 2015;
Vanderpoorten et al. 2010; Ramaiya et al. 2010; Renner
et al. 2013b; Aranda et al. 2014; Bakalin and Vilnet 2014).
These studies demonstrated the need for integrative studies
combining evidence from multiple sources (Dayrat 2005;
Padial et al. 2010). They also showed that differences between
morphologically semicryptic species “are virtually impossible
to apprehend independent of molecular data corroborating
their significance” (Renner 2014). Accordingly, comprehensive species-level phylogenies with extensive population sampling are needed to estimate the actual liverwort diversity
(Fuselier et al. 2009; Kreier et al. 2010).
Jungermanniales are one of the main lineages of leafy liverworts. They include more than 3000 generalistic species
growing mainly on soil, rock, or trunk bases rather than as
true epiphytes (Heinrichs et al. 2005; Feldberg et al. 2014;
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Söderström et al. 2016). He-Nygrén et al. (2006) accepted
four suborders of Jungermanniales. One of these is the
Cephaloziineae, a cosmopolitan clade characterized by the
presence of usually succubous, undivided or two-lobed
leaves, very small or absent underleaves, scattered rhizoids,
frequent presence of ventral branches, and sporophytes usually enclosed by a calyptra (Crandall-Stotler et al. 2009). Its
families Adelanthaceae, Scapaniaceae, and Cephaloziaceae
were subject to several molecular phylogenetic studies, leading to numerous generic and subgeneric refinements (e.g.,
Feldberg et al. 2010; Vilnet et al. 2010, 2012; Heinrichs
et al. 2012a); however, the classification of Cephaloziaceae
is still controversial (Vilnet et al. 2012; Potemkin and
Sofronova 2013; Váňa et al. 2013).
Cephaloziaceae have three-keeled perianths with the third
keel ventral, a reduced, thin seta, ovoid-ellipsoidal capsules
with bistratose walls, filamentous sporelings, and usually
large, thin-walled cells. Vegetative distribution by gemmae
on ascending flagelliferous shoots is common. Until recently,
some 15 genera were accepted in this family (Gradstein et al.
2001; Crandall-Stotler et al. 2009) of which several were
paraphyletic or polyphyletic in molecular phylogenies.
Vilnet et al. (2012) and Aranda et al. (2014) showed that
Cladopodiella H.Buch and Iwatsukia N.Kitag. are nested in
Odontoschisma (Dumort.) Dumort., and Váňa et al. (2013)
and Gradstein et al. (2014) transferred its two and four respective species to the latter genus. The circumscription of
Cephalozia (Dumort.) Dumort. proved to be even more difficult. Vilnet et al. (2012) and Feldberg et al. (2013) demonstrated that representatives of the genera Metahygrobiella
R.M.Schust., Nowellia Mitt., Pleurocladula Grolle, and
Schofieldia J.D.Godfrey nest in Cephalozia. To keep the genus Nowellia in a framework of monophyletic genera, Vilnet
et al. (2012) restricted Cephalozia to include only those taxa
that were earlier treated as Cephalozia sect. Cephalozia
(Schuster 1974). These authors transferred other Cephalozia
elements to Pleurocladula, thereby overlooking that
Schofieldia had been established already 2 years earlier.
Váňa et al. (2013) pointed out this discrepancy and proposed
to extend the small Neotropical genus Fuscocephaloziopsis
Fulford to include Pleurocladula, Schofieldia, and those
Cephalozia species outside subg. Cephalozia. This treatment
was based on the Cephaloziineae chronograms presented by
Feldberg et al. (2013) who resolved the generitype of
Fuscocephaloziopsis, Fuscocephaloziopsis pulvinata
(Steph.) Fulford, in a clade with Pleurocladula albescens
(Hook.) Grolle and Cephalozia crassifolia (Lindenb. &
Gottsche) Fulford. Metahygrobiella was likewise transferred
to Cephalozia because two of its species nested in a clade with
the generitype, Cephalozia bicuspidata (L.) Dumort.
Potemkin and Sofronova (2013) pointed to the limited taxon
sampling of the available phylogenies and the weak morphological support for the new classification. They proposed to
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use a wide genus concept of Cephalozia with
Fuscocephaloziopsis, Metahygrobiella, Nowellia,
Pleurocladula, and Schofieldia as its heterotypic synonyms.
Here we present the most comprehensively sampled phylogeny of Cephaloziaceae based on three molecular markers
(nrITS1-5.8S-ITS2 region, cp trnL-trnF, rbcL) and discuss
different approaches to resolving monophyletic genera. We
test current species circumscriptions by including multiple
accessions and examine whether the recovered phylogenetic
relationships correspond to or conflict with these morphologically circumscribed entities.

Materials and methods
Taxon sampling, outgroup selection, and morphology
Taxon sampling was based on Schuster (2002), CrandallStotler et al. (2009), Váňa et al. (2013), and Söderström et al.
(2016). Initial species identification relied on the treatments of
Fulford (1968), Váňa (1988), Schuster (1974, 2002), Piippo
(1984), Paton (1999), Bednarek-Ochyra et al. (2000),
Damsholt (2002), Engel and Glenny (2008), and Potemkin
and Sofronova (2013). Taxa used in the molecular study, including GenBank accession numbers and voucher details, are
listed in Supplementary file 1: Table S1. Depending on the
availability of material, ingroup taxa were selected to represent
the morphological variation and geographical distribution of
Cephaloziaceae. Two species of Adelanthaceae were chosen as
outgroup based on Forrest et al. (2006) and Feldberg et al.
(2013). Species resolved as non-monophyletic in the presented
molecular phylogenies were revised.
DNA extraction, PCR amplification, and sequencing
Plant tissue was isolated from herbarium collections housed at
the herbaria E, GOET, JE, and M. Total genomic DNA was
purified using Invisorb Spin Plant Mini Kit (Invitek, Berlin,
Germany) prior to amplification. Protocols for polymerase
chain reaction (PCR) were carried out as described in previous
publications: nrITS1-5.8S-ITS2 region from Feldberg et al.
(2004); rbcL gene from Hentschel et al. (2006a), trnL-trnF
region from Feldberg and Heinrichs (2006). Since published
protocols and primer combinations did not allow amplification of all accessions, we modified the protocols and designed
new primers for rbcL and the nrITS1-5.8S-ITS2 region
(Table 1).
PCR was performed in a total volume of 50 μl containing
1 μm template DNA, 38.7 μl double-distilled water, 1 μl forward and 1 μl reverse primer (Eurofins Genomics, Ebersberg,
Germany), 10 μl MyTaq-reaction-buffer, and 0.3 μl MyTaqpolymerase (Bioline GmbH, Luckenwalde, Germany). The
PCR program was carried out as follows: initial denaturation
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Table 1

Primers used in the present study. New primers designed for Cephalozioideae sequencing in bold
Method

ITS1-5.8S-ITS2 Nested PCR 1. PCR

Primer name

Primer sequence

Publication

Hep2-F
HepC-R
Hep3-F

5′-GAG TCA TCA GCT CGC GTT GAC - 3′
5′-TCT CCA GAC TAC AAT TCG CAC A-3′
5′-CGG TTC GCC GCC GGT GAC G-3′

Groth et al. (2003)

2. PCR and
sequencing HepA-R publ.
PCR and sequencing
Hep4-F
HepD-R
Additional primers for
sequencing
rbcL

Bryo5.8S-F
(ITS5.8SA-F)
ITS5.8S-R

Nested PCR 1. PCR and
rbcL-1Pl-F (Pl1por-F)
sequencing
M1390-R
2. PCR and
rbcL210-F
sequencing rbcL1200-R
Additional primers for
sequencing

rbcL680-F

5′-CGC CGC TAC TAC GGA AAT CCT A-3′
5′-CGT TGT GAG AAG TTC ATT AAA CC -3′ New
5′-CCG CYT AGT GAT ATG CTT AAA
CTC-3′
5′-GAC TCT CAG CAA CGG ATA-3′

Hartmann et al. (2006)

5′-GAC GCT CAG GCA GGC AT-3′

Feldberg et al. (2004)

5′-ATG TCA CCA CAA ACA GAA ACT AAA
GCA AGT-3′
5′-CTT TCC AWA YTT CRC AAG CAG CRG-3′
5′-TGG ACT ACG GTT TGG ACT GA-3′

Wilson et al. (2004)

5′-TGY CCY AAA GTT CCA CCA CC-3′
5′-GCY GAA ACT GGT GAA ATT AAA G-3′

Wilson et al. (2004)

rbcL700-R
5′-GTC CTT TAA TTT CAC CAG TTT C-3′
Nested PCR 1. PCR and rbcL-1Pl-F (Pl1por-F) 5′-ATG TCA CCA CAA ACA GAA ACT AAA
sequencing
GCA AGT-3′
5′-CAC GAA TAA CCT CAT TAC CTT CAC
rbcL1340-R
GAG C-3′
2. PCR and rbcL110-Ceph-F
5′-GGC AGC ATT TCG TAT GAC TCC-3′
sequencing rbcL1227-Ceph-R
5′-TGR CCT AAR GTT CCA CCA CCA
AAT-3′
Additional primers for
rbcL627-Ceph-F
5′-ACC RTT TAT GCG TTG GAG AGA-3′
sequencing
rbcL894-Ceph-R
5′-TGC ATY GCA CGG TGA AT-3′
trnL-trnF
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PCR and sequencing

trnLlej-F

5′-GGT AGA CGC TAC GGA CTT AA-3′

trnF-R (Taberlet
f-R A50272)

5′-ATT TGA ACT GGT GAC ACG AG-3′

at 95 °C for 2 min, followed by 30 cycles of denaturation at
95 °C for 1 min, annealing at 52 °C (51–53 °C) for 0:50 min,
elongation at 72 °C for 1:30 min. Final elongation was carried
out in one step of 10 min at 72 °C. For rbcL, the primers rbcL1Pl-F and M1390-R or rbcL1340-R were used for the first
PCR. If no product was detected, a second (nested) PCR
was carried out with the primer pairs rbcL210-F and
rbcL1200-R or rbcL110-Ceph-F and rbcL1227-Ceph-R.
Sequencing primers were the same as employed for PCR
and an additional inner primer pair was also used. If a product
was obtained in the first PCR step, rbcL210-F and rbcL1200R or rbcL110-Ceph-F and rbcL1227-Ceph-R were used. If a
nested PCR was necessary, rbcL680F and rbcL700-R or
rbcL627-Ceph-F and rbcL894-Ceph-R were used. For
nrITS, the primers Hep2-F and HepC-R were used for the first
PCR. If no product was detected, the primers Hep3-F and
HepA-R were used for a nested PCR. Sequencing primers
were Hep3-F and HepA-R in addition to Bryo5.8S-F and
ITS5.8S-R. Alternatively, the primers Hep4-F and HepD-R
were used. PCR products were purified with the
InvisorbPCRapace purification kit (Invitek, Berlin, Germany).

Gradstein et al. (2006)

Wilson et al. (2004)
New
New
New
New
New
Feldberg and
Heinrichs (2006)
Taberlet et al. (1991)

Bidirectional sequences were generated by an ABI 3730 48
capillary sequencing machine using the BigDye Terminator
v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster
City, CA, USA). Newly generated sequences were assembled
and edited with CodonCode Aligner v5.0.2 software
(CodonCode Corporation; http://www.codoncode.com/
aligner/download.htm).
Phylogenetic analyses
Two hundred and forty-one newly generated sequences and
202 published sequences (He-Nygrén et al. 2004; Vilnet et al.
2012; Feldberg et al. 2010, 2013) were aligned manually in
Bioedit version 7.0.5.2 (Hall 1999). Positions including gaps
were excluded from all alignments and lacking data were coded as missing. Maximum parsimony (MP) analyses were carried out with PAUP* version 4.0b10 (Swofford 2000). MP
heuristic searches were conducted with the following options
implemented: heuristic search mode, 100 random-additionsequence replicates, tree bisection-reconnection (TBR) branch
swapping, MULTrees option on, and collapse zero-length
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branches off. All characters were treated as equally weighted
and unordered. Non-parametric bootstrapping values
(Felsenstein 1985) were generated as heuristic searches with
500 replicates, each with ten random-addition replicates. The
number of rearrangements was restricted to ten millions per
replicate. Bootstrap percentage values (BV) ≥70 were
regarded as good support (Hillis and Bull 1993). Where more
than one most parsimonious tree was found, trees were summarized in a strict consensus tree.
The three genomic regions were first analyzed separately to
check for incongruence. The strict consensus trees of the nonparametric bootstrap analyses were compared by eye to identify conflicting nodes supported by at least 70 % (MasonGamer and Kellogg 1996). The trees gave no evidence of
incongruence. Hence the datasets were combined.
Maximum likelihood (ML) inference was carried out using
RAxML 8.1.2 (Stamatakis 2014; http://sco.h-its.org/exelixis/
web/software/raxml/#documentation) as implemented in
raxmlGUI 1.5b1 (Silvestro and Michalak 2012; http://
sourceforge.net/projects/raxmlgui/). JModelTest 2.1.7
(Guindon and Gascuel 2003; Darriba et al. 2012) was
employed to choose a nucleotide substitution model for the
combined dataset. The Akaike information criterion (AIC) as
well as the Bayesian information criterion (BIC) supported the
TIM3 + Γ + I model. This model is not available in RAxML;
hence, the best-fitting overparametrized available model,
GTR + Γ (Rodríguez et al. 1990), was employed. This approach follows the suggestion given by Posada (2008).
Analyses were run using the thorough-bootstrap-option, 100
replicate runs, bootstrap replicates estimated with the
autoMRE option and saving branch lengths.
Bayesian inference was undertaken with MrBayes 3.2.6
(Ronquist and Huelsenbeck 2003; http://mrbayes.
sourceforge.net/index.php) on the CIPRES Science Gateway
(Miller et al. 2010; https://www.phylo.org/portal2/login!input.
action). A single partition with the GTR + Γ + I substitution
model was used. The analyses were set up with two parallel
runs with four chains, 50,000,000 generations, and sampling
every 5,000th tree. Stationarity and convergence of runs and
estimation of burnin were checked using Tracer 1.6 (http://
tree.bio.ed.ac.uk/software/tracer/). The trees of the run with
the best likelihood were summarized with TreeAnnotator 1.
8.0 (BEAST package; http://beast.bio.ed.ac.uk/) and
visualized using FigTree 1.4.2 (http://tree/bio.ed.ac.uk/
software/figtree). Bayesian posterior probability (BPP) confidence values were regarded as significant when BPP ≥0.95
(Larget and Simon 1999).

Results
Alignment of the three genomic regions resulted in a combined dataset with the following: rbcL, 1128 positions, trnL-

K. Feldberg et al.

F, 303, nrITS1-5.8S-ITS2, 581. Of a total of 2012 character
sites, 1295 were constant, 132 variable but parsimony uninformative, and 585 parsimony informative (Table 2).
Maximum parsimony analyses of the combined dataset
yielded >300.000 maximally parsimonious trees of 2363
steps, consistency index (CI) 0.42, and retention index (RI)
0.89. Since the strict consensus of these trees largely resembled the optimal ML phylogeny and the tree based on
Bayesian inference, only the latter is depicted (Figs. 1, 2, 3,
and 4). MP and ML bootstrap percentage values are displayed
on the Bayes-topology in addition to Bayesian posterior probabilities (order BPP/ML-BV/MP-BV).
Alobielloideae are represented by a clade including Alobiella
husnotii (Spruce) Schiffn. and three accessions of Alobiellopsis
R.M.Schust. (1.00/100/97); they are placed sister to the remainder of Cephaloziaceae (1/95/70). The Odontoschismatoideae
(1.00/100/100) split into two main lineages. One includes accessions of Odontoschisma jishibae (Steph.) L. Söderstr. &
Váňa, Odontoschisma fluitans (Nees) L. Söderstr. & Váňa,
Odontoschisma pseudogrosseverrucosum Gradst., S.C.Aranda
& Vanderp., and Odontoschisma sphagni (Dicks.) Dumort.
(0.65/69/55). The other comprises Odontoschisma denudatum
(Mart.) Dumort., Odontoschisma elongatum (Lindb.) A.Evans,
Odontoschisma engelii Gradst. & Burghardt, Odontoschisma
francisci (Hook.) L.Söderstr. & Váňa, Odontoschisma
grosseverrucosum Steph., Odontoschisma longiflorum
(Taylor) Trevis., Odontoschisma variabile (Lindenb. &
Gottsche) Trevis., and a so far undescribed entity,
Odontoschisma yunnanense, sp. nov. (see Taxonomic treatment) (1.00/74/72). Neotropical accessions of Odontoschisma
are placed in a derived clade. Schiffnerioideae are placed sister
to Cephalozioideae (1.00/-/-). The Cephalozioideae (1.00/68/
58) split in two main lineages. One includes Nowellia in a sister
relationship to Cephalozia (1.00/96/98). The other includes accessions of Fuscocephaloziopsis (0.90/60/62). Two accessions
of Nowellia wrightii (Gottsche ex Spruce) Steph. ex Duss are
placed sister to a clade with nine accessions of Nowellia
curvifolia (Dicks.) Mitt. (1.00/100/100). Two accessions of the
generitype F. pulvinata nest in a robust Fuscocephaloziopsis
subclade including also Fuscocephaloziopsis macrostachya
(Kaal.) Váňa & L.Söderstr., Fuscocephaloziopsis catenulata
(Huebener) Váňa & L.Söderstr., Fuscocephaloziopsis gollanii

Table 2 Distribution of constant and phylogenetically informative sites
for aligned positions of the three genomic regions
rbcL

trnL-F

ITS1-5.8S-ITS2

Total

Number of sites in matrix
Constant

1128
798

303
179

581
318

2012
1295

Variable but parsimony
uninformative
Parsimony informative

41

18

41

132

257

106

222

585
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Fig. 1 Condensed majority rule consensus tree recovered in stationary
phase of Bayesian search. Dotted branches have Bayesian Posterior
Probabilities <0.95. Pruned clades (Figs. 2, 3, and 4) are indicated

(Steph.) Váňa & L.Söderstr., Fuscocephaloziopsis loitlesbergeri
(Schiffn.) Váňa & L.Söderstr., Fuscocephaloziopsis crassifolia
(Lindenb. & Gottsche) Váňa & L.Söderstr., and
Fuscocephaloziopsis connivens (Dicks.) Váňa & L.Söderstr.
(1.00/99/95). Another robust subclade includes
Fuscocephaloziopsis monticola (J.D.Godfrey) Váňa &
L.Söderstr., Fuscocephaloziopsis leucantha (Spruce) Váňa &
L.Söderstr., Fuscocephaloziopsis affinis (Steph.) Váňa &
L.Söderstr., Fuscocephaloziopsis lunulifolia (Dumort.) Váňa
& L.Söderstr., Fuscocephaloziopsis albescens (Hook.) Váňa &
L.Söderstr., Fuscocephaloziopsis pachycaulis (R.M.Schust.)
Váňa & L.Söderstr., and Fuscocephaloziopsis pleniceps
(Austin) Váňa & L.Söderstr. (1.00/82/86). Multiple accessions
of most species form monophyletic lineages. Accessions of
Cephalozia hamatiloba Steph. are found in three independent
lineages. Cephalozia ambigua C.Massal., Cephalozia badia
(Gottsche) Steph., Cephalozia crossii Spruce, Cephalozia
grandifolia Steph., and Cephalozia drucei (R.M.Schust.) Váňa
nest in C. bicuspidata.

Discussion
Supraspecific classification
We were able to include four of the five currently accepted
subfamilies (Söderström et al. 2016) in our molecular sampling: Alobielloideae, Cephalozioideae,
Odontoschismatoideae, and Schiffnerioideae (Fig. 1). The
small Neotropical Trabacelluloideae (Haesselia Grolle &
Gradst., two species; Trabacellula Fulford, one species) were
not available for molecular study. All subfamilies got high
statistical support, with Alobielloideae placed sister to the remainder of Cephaloziaceae. Alobielloideae is a mainly tropical subfamily. It comprises the monospecific type genus of the
subfamily, Alobiella, which is restricted to the Neotropics, and
the genus Alobiellopsis, which contains two Neotropical, one
Japanese, and two South African species. All species are rather small and generally occur as pure patches on exposed mineral soils and soil-covered rocks or banks (Schuster 2002).
Alobiella husnotii is nested in a clade with three accessions
of Alobiellopsis but this position lacks support (Fig. 2). A
decision on the taxonomic value of Alobiellopsis should thus
await an extended sampling and inclusion of the type species
Alobiellopsis acroscypha (Spruce) R.M.Schust.
The recently proposed inclusion of Anomoclada,
Cladopodiella Spruce, and Iwatsukia in Odontoschisma
(Váňa et al. 2013; Aranda et al. 2014; Gradstein et al. 2014)
renders Odontoschismatoideae monogeneric. Gradstein and
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Fig. 2 Majority-rule consensus tree of trees recovered in stationary phase of Bayesian search; includes Alobielloideae and Odontoschismatoideae.
Bayesian posterior probabilities (bold), MP- (italics), and ML-bootstrap percentage values are given at branches
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Fig. 3 Majority-rule consensus tree of trees recovered in stationary phase of Bayesian search; includes Nowellia and Cephalozia. Bayesian posterior
probabilities (bold), MP- (italics), and ML-bootstrap percentage values are given at branches
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Fig. 4 Majority-rule consensus tree of trees recovered in stationary phase of Bayesian search; includes Fuscocephaloziopsis. Bayesian posterior
probabilities (bold), MP- (italics), and ML-bootstrap percentage values are given at branches
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Ilkiu-Borges (2015) accepted 21 Odontoschisma species of
which 13 occur in the Neotropics, 8 in the Holarctic, and 8
in the Paleotropics and the pacific region. The species generally grow on organic material like humus, peat, decaying
wood, and on tree bases from the lowlands to more than
4000 m NN. Use of the nrITS region in addition to chloroplast
markers enhances the phylogenetic resolution compared to
Aranda et al. (2014); however, several basal nodes of
Odontoschismatoideae do not get posterior probabilities
≥0.95 or bootstrap percentage values ≥70 (Fig. 2). One of
the most surprising findings of previous molecular research
on Odontoschismatoideae was the observation that Iwatsukia
[now Odontoschisma sect. Iwatsukia (N.Kitag.) Gradst.,
S.C.Aranda & Vanderp.; Aranda et al. 2014] nests in
Odontoschisma (Vilnet et al. 2012). Iwatsukia differs from
Odontoschisma in the traditional sense by its bifid leaves,
evenly thickened cell walls, nodular thickenings on all longitudinal cells of the capsule wall, and the presence of leaf
surface wax (Gradstein and Ilkiu-Borges 2015). It has alternatively been aligned with Cephaloziaceae subfam.
Alobielloideae (Schuster 2002) or placed in a family of its
own, Cladomastigaceae (Fulford 1968). In our phylogeny,
O. (sect. Iwatsukia) jishibae is placed in the unsupported main
clade of Odontoschisma, sister to a clade with O. fluitans,
O. pseudogrosseverrucosum, and O. sphagni. Aranda et al.
(2014) resolved two Iwatsukia accessions in a basal polytomy
with other Odontoschisma elements. The position of
Iwatsukia inside Odontoschisma is thus not yet stable and a
sister relationship of Iwatsukia and Odontoschisma cannot yet
be safely rejected. This part of the phylogeny deserves further
study based on an extended marker and taxon sampling. The
position of the taxon within Odontoschismatoideae however
is unambiguous.
Schiffnerioideae was set up to include a single Asian
species, Schiffneria hyalina Steph. (Söderström et al.
2016). This species is renowned for its subthallose morphology that separates it from all other elements of
Cephaloziaceae, yet its sporophyte fits well within this
family (Grolle and Piippo 1984; Schuster 2002). It was
alternatively placed in a familiy Schiffneriaceae; however,
it has been identified as a member of Cephaloziaceae in
several molecular phylogenies (Heinrichs et al. 2005;
Forrest et al. 2006; He-Nygrén et al. 2006; Vilnet et al.
2012; Feldberg et al. 2013). Subthallose or thallose liverworts are rare within the “leafy liverwort” clade
Jungermanniidae and have been placed in families of their
own. Examples include the Asian genera Mizutania Furuki
& Z.Iwats. in family Mizutaniaceae of the simple thalloid
Metzgeriidae (Furuki and Iwatsuki 1989) and
Metzgeriopsis K.I.Goebel in Metzgeriopsidaceae (Engel
1982). Molecular phylogenies identified Mizutania as an
element of Jungermanniidae rather than Metzgeriidae and
were suggestive of an affiliation with Calypogeiaceae
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(Masuzaki et al. 2010). Metzgeriopsis was resolved as an
element of Lejeuneaceae and treated as a synonym of
Cololejeunea (Spruce) Steph. (Gradstein et al. 2006). In
both cases, the morphology of the generative structures
supported the re-classification, paralleling the
morphology-based treatment of Schiffneria.
Schiffnerioideae was resolved in a sister relationship with
Cephalozioideae; however, analyses of nrITS alone placed
it sister to Fuscocephaloziopsis, albeit without strong statistical support. Studies with an extended sampling including further nuclear markers are desirable to test the current
phylogenetic position.
Cephalozioideae is a subcosmopolitan clade with a center of diversity in the northern hemisphere and includes
rather small, soft-textured plants that are usually closely
attached to the substrate. They occur in a wide variety of
habitats and grow on decaying wood, trunk bases, soil,
peat, or intermingled with Sphagnum spp. Several studies
identified incongruences of morphology-based genus circumscriptions and molecular phylogenies (Vilnet et al.
2012; Feldberg et al. 2013). These studies demonstrated
that elements of Fuscocephaloziopsis, Metahygrobiella,
Nowellia, Pleurocladula, and Schofieldia nest in
Cephalozia. To establish monophyletic genera, Váňa
et al. (2013) introduced a largely revised classification.
They accepted Nowellia and recircumscribed Cephalozia to
include only taxa of C. sect. Cephalozia as well as members of
Metahygrobiella. The other elements of Cephalozia were
transferred to an extended genus Fuscocephaloziopsis that
also includes Pleurocladula and Schofieldia. Potemkin and
Sofronova (2013) pointed to the weak morphological differences of the newly circumscribed genera Cephalozia and
Fuscocephaloziopsis and proposed to include all
Cephalozioideae taxa in a single genus, Cephalozia s.l.
Our phylogeny (Figs. 3 and 4) includes a comprehensive
sampling of Cephalozioideae and exemplars of the type species of all three relevant genera (C. bicuspidata, F. pulvinata,
N. curvifolia). Cephalozioideae are split in two main lineages
of which one includes elements of Nowellia and Cephalozia
sensu Váňa et al. (2013) in a robust sister relationship (Fig. 3).
The other lineage contains elements of Fuscocephaloziopsis
in the circumscription of Váňa et al. (2013) (Fig. 4). In our
opinion, genera should be recognizable based on morphological evidence to be encodable in morphology-based floras.
Nowellia can easily be recognized by its concave leaves that
usually form a ventral water-sac whereas the separation of
Cephalozia and Fuscocephaloziopsis is far less clear-cut.
Fuscocephaloziopsis species usually have a leaf-free zone
on the dorsal side of the stem whereas leaf bases of
Cephalozia reach the dorsal stem midline. Further differences
are seen in the stem anatomy. Stem cell walls of Cephalozia
species are equally thickened in cross section while the cell
wall thickness increases towards the inner portions of the stem

736

in most members of Fuscocephaloziopsis. In general,
Fuscocephaloziopsis stems appear to be more robust than
those of Cephalozia and produce only sometimes lateralterminal branches (frequently present in Cephalozia).
Considering the presented evidence, it is in general possible
to separate Cephalozia and Fuscocephaloziopsis based on
morphology. For the time being, we therefore maintain the
concept of Váňa et al. (2013) and accept the three genera
Nowellia, Cephalozia, and Fuscocephaloziopsis yet admit
that the concept of Potemkin and Sofronova (2013) may be
better suited to identify Cephalozioideae species in identification books and field guides. Fuscocephaloziopsis splits in two
robust main clades. Clade I (Fig. 1) includes species without
terminal branching, very obliquely to horizontally inserted
leaves with isodiametric cells, deeply divided female bracts
and a strongly ciliate perianth mouth. Clade II includes species
with rare lateral-terminal (“Frullania-type”) branching in addition to ventral-intercalary branching and a perianth mouth
that is usually denticulate rather than strongly ciliate. The leaf
insertion is subject to variation.
Species circumscriptions and ranges
Molecular studies of morphologically circumscribed species
incorporating variable molecular markers and a comprehensive sampling do not necessarily question the taxon’s monophyly but often point to an internal structure with geographically separated subclades. Examples include the leafy liverworts Porella cordaeana (Huebener) Moore and Porella
platyphylla (L.) Pfeiff. with separate European and North
American lineages (Heinrichs et al. 2011), Radula demissa
M.A.M.Renner and Radula tasmanica Steph. with separate
New Zealand and Tasmanian lineages (Renner et al. 2013a),
and the simple thalloid Metzgeria furcata (L.) Corda with a
North American lineage and a European lineage, the latter,
however, including a few North American accessions
(Fuselier et al. 2009). Such topologies indicate genetic differences related to geographical isolation over longer periods of
time and are suggestive of cryptic or near cryptic speciation
(Shaw 2001; Heinrichs et al. 2009). Similar examples hardly
occur in our Cephaloziaceae dataset yet an accession of
F. crassifolia from the Azores is placed sister to two
Neotropical accessions and an accession of F. connivens from
São Tomé sister to several Holarctic accessions (Fig. 4).
Several monophyletic species occur on two or more continents, in some contrast to a general trend towards the acceptance of narrower distribution ranges of bryophyte species
(Hedenäs 2008; Ramaiya et al. 2010; Renner et al. 2013b).
Examples include O. sphagni with European, Macaronesian,
North American, and Neotropical accessions (Fig. 2),
F. connivens with Holarctic and African accessions,
F. catenulata with Holarctic and West Indian accessions
(Fig. 4), and N. curvifolia with representatives from the
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Holarctic and the Neotropics (Fig. 3). The short branches in
many species crown groups provide evidence for a low molecular variation and could result from rather recent range
expansions, possibly in combination with bottleneck events
triggered by the Pleistocene glaciations (Hewitt 1996, 2000).
Range contractions and expansions are not uncommon in temperate and polar species and have been suggested for
Frullania tamarisci (L.) Dumort. (Heinrichs et al. 2010),
Scapania (Dumort.) Dumort. species (Heinrichs et al.
2012a), and Holarctic accessions of Metzgeria pubescens
(Schrank) Raddi (Fuselier et al. 2011).
Most currently accepted species concepts such as phylogenetic species concepts and the unified species concept (de
Queiroz 2007) consider reciprocal monophyly as the explicit
criterion of species. Incongruence of morphological taxa with
DNA sequence-based phylogenetic results is considered as
evidence for limitations of species concepts relying exclusively on the diagnostics of morphological features (Hutsemekers
et al. 2012). However, molecular phylogenies allow us to reconsider the morphology of non-monophyletic species and to
establish new circumscriptions for the different lineages, e.g.,
for independent lineages of the Neotropical liverwort
Lepidolejeunea involuta (Gottsche) Grolle (Heinrichs et al.
2015) and the Australasian Radula buccinifera (Hook.f. &
Taylor) Gottsche, Lindenb. & Nees (Renner et al. 2013b). In
other cases, morphology is insufficient to identify lineages
that are well separated in molecular phylogenies, e.g., in the
liverwort Ptilidium Nees (Kreier et al. 2010) and the mosses
Sphagnum subsecundum Nees s.l. (Shaw et al. 2008) and
Rhynchostegium riparioides (Hedw.) Cardot (Hutsemekers
et al. 2012).
Several such examples are present in Cephalozia s.str.
C. hamatiloba is paraphyletic and includes Cephalozia
(Metahygrobiella) albula Steph., Cephalozia cf. neesiana,
Cephalozia conchata (Grolle & Váňa) Váňa, and the
C. bicuspidata complex. It exhibits a considerable morphological variation but current evidence is insufficient for a revised classification. A possible solution is the recognition of
several independent entities yet morphological boundaries
still need to be established. Revisionary studies also need to
consider the presence of different chromosome numbers in
C. hamatiloba s.l. (Váňa 1988). Similarly problematic is the
circumscription of the generitype C. bicuspidata. Extension of
the sampling of Vilnet et al. (2012) demonstrates that accessions of C. ambigua, C. badia, C. grandifolia, C. crossii, and
C. drucei nest in the robust C. bicuspidata clade. Váňa and
Long (2011) consider species concepts within Cephalozia
(s.l.) “in a state of considerable uncertainty” and identify the
C. bicuspidata complex as one of the most problematic
groups. This view is clearly confirmed in our study.
According to Váňa and Long (2011) “all species of the complex exhibit phenotypic plasticity under different ecological
conditions”; however, this hypothesis has not yet been tested
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in a phylogenetic context. Problems in identifying biological
species within the C. bicuspidata complex may also be related
to the occurrence of populations with different chromosome
numbers (n = 9, 18, 27). Forms with n = 9 have been recognized as C. ambigua; C. bicuspidata s.str. is considered to
have n = 18 and Cephalozia lammersiana (Huebener) Spruce
n = 27; the latter two taxa however have no differentiating
morphological characters (Paton 1999). Chromosome numbers of the investigated DNA vouchers are unknown; hence,
we feel unable to identify the clade with C. bicuspidata s.str.
This species was described by Linnaeus (1753: 1132) to occur
“in Europae umbrosis humidis” yet eastern Holarctic accessions are present in several crown group clades of
C. bicuspidata s.l. Cephalozia badia is considered to represent
a (sub-)antarctic species that differs from C. bicuspidata by its
relatively poorly developed hyalodermis, strong brownishpurplish pigmentation, and absence of gemmae; its sex distribution is unclear (Bednarek-Ochyra et al. 2000; Schuster
2002). Six accessions of C. badia form a monophyletic lineage within C. bicuspidata s.l. We included four accessions
from the type locality South Georgia and thus consider our
material correctly identified. C. crossii and C. grandifolia are
two Neotropical taxa that nest in the C. bicuspidata complex.
The autoicous C. crossii has been separated from
C. bicuspidata by its whitish green color, long ciliate perianth
mouth, and narrow leaf lobes (Schuster 2002). C. grandifolia
has been considered as dioicous (Fulford 1968) but nevertheless treated as a synonym of C. bicuspidata by Váňa (1988).
The two New Zealand accessions of C. drucei have earlier
been considered to belong to a different genus,
Metahygrobiella (now considered a synonym of Cephalozia,
Váňa et al. 2013). Lumping all these taxa into a morphologically variable C. bicuspidata would allow identification of the
taxon based on morphological evidence yet would hardly explain the evolutionary processes that led to the current diversity. A key to a deeper understanding of the complex lies in the
study of accessions of which the chromosome numbers are
known, and involvement of variable marker systems including
a larger set of loci. Such studies are available for several liverworts including the Reboulia hemisphaerica (L.) Raddi
complex (Boisselier-Dubayle et al. 1998) and Pellia Raddi
(Odrzykoski et al. 1996). Another promising candidate for
such a study is F. pleniceps. This species is split into two
robust lineages with overlapping geographical ranges.
With the exception of the above examples, our phylogenetic hypothesis is in good accordance with current
morphological-typological species concepts as well as current
estimates of species diversity (Söderström et al. 2016). Our
molecular investigation of Cephaloziaceae led to the recognition of only a single so far undescribed entity, O. yunnanense,
sp. nov. (see Fig. 4 and Taxonomic treatment), clearly demonstrating that the taxonomy of Odontoschisma has already been
improved by several integrative studies (Aranda et al. 2014;

737

Gradstein and Ilkiu-Borges 2015). Molecular investigations of
tropical liverworts tend to identify a larger number of unrecognized entities (Dong et al. 2012; Renner et al. 2013b), providing some evidence that the liverwort diversity within cold
and temperate regions is better known than that of the tropics.
This hypothesis, however, needs to be tested by additional
species-level studies with extensive population sampling.
Origin of tropical Cephaloziaceae diversity
Cephaloziaceae represents a subcosmopolitan lineage with
numerous species occurring in tropical regions (Gradstein
et al. 2001; Gradstein and Ilkiu-Borges 2015). The tropics
have been considered as a museum of diversity but also the
cradle of temperate lineages, especially for genera with a center of diversity in the tropics (Jablonski et al. 2006; Marshall
2006; McKenna and Farell 2006). This hypothesis is in accordance with a global phylogeny of the liverwort genus
Lejeunea whose temperate lineages nest in tropical clades
(Heinrichs et al. 2013). Subcosmopolitan liverworts that occur
in tropical highlands rather than lowlands may show different
patterns including colonization of the tropics from temperate
regions. A good example is the leafy liverwort Scapania
whose tropical lineages nest in temperate clades (Heinrichs
et al. 2012a). According to our present sampling,
Cephaloziaceae fits the latter pattern, being in accordance with
its tropical center of diversity at the higher altitudes. A
Neotropical clade of Odontoschisma (O. engelii,
O. longifolium, O. variabile) is resolved in a derived position
and seems to originate from Holarctic ancestors. Neotropical
accessions of N. curvifolia nest in a Holarctic clade as do
Neotropical representatives of the C. bicuspidata complex.
Perspectives
Different chromosome numbers are known from several taxonomically difficult jungermannialean liverworts including
Calypogeia Raddi (Buczkowska et al. 2015) and
Chiloscyphus Corda (Hentschel et al. 2006b). Studies involving chromosome counts and variable marker systems
(Buczkowska et al. 2004) may shed light on the evolutionary
history of such species complexes and allow consideration of
phenomena such as polyploidy as an explanation for the observed diversity (Buczkowska et al. 2012). Our investigation
identifies the C. bicuspidata complex as a promising candidate for such studies and tags several taxa that have not yet
been considered as members of this group. Micro-evolution
will possibly become a prime topic of future bryology, especially when comprehensive global species-level phylogenies
are available.
Although we were able to extend the taxon sampling of
Cephaloziaceae to 41 of the 89 currently accepted species
(Söderström et al. 2016), we must admit that several critical
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species still need to be added to the datasets, e.g., Haesselia
roraimensis Grolle & Gradst. and Trabacellula tumidula
Fulford. Extension of the sampling will permit further
balancing of the different generic concepts of
Cephaloziineae and better understanding of morphological
evolution and biogeographical patterns within this lineage.
Our study identifies the genera Alobiella and Alobiellopsis
as a target for follow-up studies and points to some uncertainties with the systematic position of the enigmatic genus
Schiffneria. Extension of the nuclear marker sets will allow to
explore if some nuclear and chloroplast genomes of
Cephalociaceae include conflicting phylogenetic signals.
Fig. 5 O. yunnanense, sp. nov. A
Shoot in dorsal view. B Shoot in
ventral view. C Leaves. D
Underleaves. E Marginal leaf
cells. F Cross section of stem [all
from holotype]
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Taxonomic treatment
Odontoschisma yunnanense K.Feldberg, Váňa, D.G.Long
& Heinrichs spec. nov. (Fig. 5). Type: China. Yunnan
Province. Fugong County, Lumadeng Xiang, Yaping
Cun, E slope of Gaoligong Shan (Nu Jiang catchment),
Burma/Yunnan border ridge, above lake south of “Yaping
Pass”, 27° 12′ 17.2″N, 98° 41′ 48.6″E. Steep alpine slope
with block scree, low cliffs and dwarf Rhododendrons; in
humid mossy crevices of granite outcrop. Alt. c. 3660 m,
12.08.2005, D. G. Long 34657 (holotype, E 00250469;
isotype M).
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Plants up to ca. 20 mm long, 1.5 to 1.7 mm wide with
leaves, prostrate to ascending from a rhizomatous base of
geotropic stolons and old axes; green to yellowish green, without reddish or purplish secondary pigmentation, older shoots
becoming brownish with age. Shoot apices sometimes tapering into geotropic stolons with subsequently smaller leaves
that give way to numerous rhizoids; ventral- (or ventrolateral) intercalary branches often present, in part without basal leaves, others with ascending sectors with small leaves in
the lower part and well-developed leaves in the upper part, the
latter branches often producing a stolon near base. Stem ca.
0.25–0.3 mm broad, soft-textured, green to brownish; epidermis cells mostly rectangular in surface view, just below a leaf
insertion elongated, ca. 2–2.5 times as long as wide; in cross
section with two rows of small thick-walled cortical cells,
subsequent cells less thick-walled and gradually merging into
larger, thin-walled medula cells. Rhizoids numerous, scattered
along stem, often present up to shoot apex; on main shoots
only ventral, on stolons on all sides of the stem. Leaves ca.
0.4–1.0 mm broad, ca. 0.6–1.0 mm long, succoubous and
imbricate on main axes, distant on branches, obliquely
inserted, not decurrent; insertion line extending to stem midline dorsally (two to three cells overlap); leaves of welldeveloped shoots laterally spreading, on branches often laterally compressed, often distally directed near the shoot apex;
strongly concave (“bowl-shaped”), short ovate (ca. 0.8 to 1.2
times as long as broad), dorsally orientated, somewhat asymmetric with ventral margin more strongly curved than dorsal
margin; branch leaves smaller, flatter and more elongated
(1.2–1.3 times as long as broad); well-developed leaves often
with one to two small teeth (1/2–1 superposed cell terminated
by a slime papilla) at ventral and less frequently dorsal margin
near leaf insertion point. Often one to four additional slime
papillae borne near the ventral leaf insertion, dorsally with
zero to two slime papillae. Cells near leaf insertion ca. 17–
22 μm broad, ca. 25–44 μm long, elongate (ca. 1.5 to 2.0
times as long as broad), soon becoming +/− isodiametric and
ca. 17–20 μm long, 16–20 μm broad, with distinct
subnodulose, sometimes confluent trigones; cells of the leaf
margin not eminently thickened, not forming a distinct border;
cell surface smooth. Underleaves small and irregularly
shaped, ca. 0.1–0.25 mm long, ca. 0.07–0.1 mm broad; with
slime-papillae, sometimes shallowly bifurcated with short
blunt lobes or acute lobes bearing a slime papilla; margins
sometimes with teeth of one to two superposed cells bearing
slime papillae; cells of the underleaves without trigones, walls
evenly and moderately thickened. Oil-bodies, gemmae, and
generative structures not observed.
Differentiation
O. yunannense is morphologically similar to Odontoschisma
zhui Gradst., S.C. Aranda & Vanderp. yet differs by its often
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laterally compressed branch leaves, lack of crenulate leaf margins, and marginal leaf cells without considerably thickened
outer walls. Gemmiparous shoots (as present in O. zhui) have
not been observed.
Ecology
The type of O. yunnanense was collected on the “Biotic
Survey of Gaolingshan” survey close to the border of
Yunnan with Myanmar. The area was a steep mountain slope
with scree and rock outcrops, dominated by dwarf
Rhododendron shrubberies and dense, liverwort-rich mats.
Associated species included the moss Takakia lepidozioides
S.Hatt. & Inoue, and the liverworts Anastrophyllum alpinum
Steph., Anastrophyllum joergensenii Schiffn., Bazzania
pearsonii Steph., Calycularia crispula Mitt., Gymnomitrion
revolutum (Nees) H.Philib., Gymnomitrion rubidum (Mitt.)
Váňa, Crand.-Stotl. & Stotler, Gymnomitrion verrucosum
W.E. Nicholson, Plicanthus hirtellus (F.Weber) R.M.
Schust., Solenostoma subacutum (Herzog) Váňa, Crand.Stotl. & Stotler, and Tritomaria quinquedentata (Huds.)
H.Buch.
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