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Abstract T h e L o p h o c o l e a c e a e - P l a g i o c h i l a c e a e Brevianthaceae clade is a largely terrestrial,
subcosmopolitan lineage of jungermannialean leafy liverworts that may include significantly more than 1000 species. Here we present the most comprehensively sampled
phylogeny available to date based on the nuclear ribosomal internal transcribed spacer region and the chloroplast
markers rbcL and rps4 of 372 accessions. Brevianthaceae
(consisting of Brevianthus and Tetracymbaliella) form a
sister relationship with Lophocoleaceae; this lineage is in
turn sister to Plagiochilaceae. Plagiochila is resolved
monophyletic subsequent to exclusion of Plagiochila
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radiculosa; this species is placed in a new genus
Cryptoplagiochila. Chiastocaulon and a polyphyletic
Acrochila nest in Plagiochilion; these three genera are
united under Chiastocaulon to include the Plagiochilaceae
species with dominating or exclusively ventral branching.
The generic classification of the Lophocoleaceae is still
unresolved. We discuss alternative approaches to obtain
strictly monophyletic genera by visualizing their consistence with the obtained consensus topology. The presented phylogeny will serve as a basis for follow-up studies
including several thousand accessions. These studies will
enable revision of current hypotheses on species diversity
and distribution of Lophocoleaceae-PlagiochilaceaeBrevianthaceae and allow for a reconstruction of their
evolution in time and space.
Keywords Acrochila . Bryophyte . Chiastocaulon .
Chiloscyphus . Cryptoplagiochila . Genus concept .
Liverwort . Plagiochilion
In recent years, molecular phylogenies have revolutionized
our understanding of liverwort evolution and relationships (Davis 2004; Heinrichs et al. 2005a; Hentschel et al.
2006a; He-Nygrén et al. 2006; Feldberg et al. 2010b;
Vanderpoorten et al. 2010; Devos et al. 2011; Cooper et al.
2012; Dong et al. 2013; Shaw et al. 2015). Studies at all
taxonomic levels have identified incongruence between
morphology-based classifications and molecular-based phylogenetic hypotheses, with the result that comprehensive
amendments have been made to morphology-based classification systems from species (Heinrichs et al. 2004b; Preussing
et al. 2010; Ramaiya et al. 2010; Renner et al. 2011, 2013a)
through subgenera (Devos et al. 2011; Heinrichs et al. 2012),
genera (Hentschel et al. 2007; Feldberg et al. 2010b; Preussing
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et al. 2010), family (Hentschel et al. 2006a; Hendry et al.
2007), order and class (Heinrichs et al. 2005a; He-Nygrén
et al. 2006; Crandall-Stotler et al. 2009). The rapid accumulation of molecular data presents opportunities to further improve current classification systems by testing the monophyly
of and relationships between established and recently proposed taxonomic entities on the basis of an effectively independent data source.
Molecular phylogenetic studies identified a monophyletic
lineage of jungermannialean liverworts comprising
Plagiochilaceae, Lophocoleaceae and Brevianthaceae
(Hentschel et al. 2006a; He-Nygrén et al. 2006; Engel et al.
2010; Feldberg et al. 2014). This lineage includes succubously
foliated, perianth-bearing liverworts with predominantly
polystratose capsule walls. It represents the most speciose
clade of suborder Lophocoleineae and may include more than
1000 species (Söderström et al. 2015, 2016). Most species of
Plagiochilaceae have reduced underleaves, scattered rhizoids,
undivided leaves and laterally compressed bilabiate perianths
with a truncate mouth (Crandall-Stotler et al. 2009). In terms
of species numbers, this family is dominated by Plagiochila
(Dumort.) Dumort., a cosmopolitan genus distinguished by
dioicy, alternating (rarely subopposite) foliation and nearly
exclusively lateral branching (Inoue and Schuster 1971;
Inoue 1984; Heinrichs 2002). Several putative satellite genera
originally segregated on the basis of their unusual morphology
have been identified as elements of Plagiochila based on molecular data and a reconsideration of morphological evidence,
i.e. Rhodoplagiochila R.M. Schust. (Heinrichs et al. 2004b),
Steereochila Inoue, and Szweykowskia Gradst. & M.E. Reiner
(Heinrichs 2002). Chiastocaulon Carl (Groth and Heinrichs
2003) and Dinckleria Trevis. (Engel and Heinrichs 2008)
were reinstated for the same reasons.
In contrast to the Plagiochilaceae, the Lophocoleaceae have
conspicuous, bifid underleaves, fascicled rhizoids, bifid or
undivided leaves and trigonous perianths with three conspicuous keels (Hentschel et al. 2006a). The generic classification
of the Lophocoleaceae is currently in flux, with two different
classification systems currently advocated. One is based on a
broadly defined genus Chiloscyphus Corda (Engel and
Schuster 1984; Hässel de Menéndez 1996; Hentschel et al.
2006b), which includes Lophocolea (Dumort.) Dumort. and
several putative satellite genera (Hentschel et al. 2007). The
other system is based on the recognition of Lophocolea, beside a Chiloscyphus reduced to the type species Chiloscyphus
polyanthos (L.) Corda and its diploid derivative Chiloscyphus
pallescens (Hoffm.) Dumort. (Hentschel et al. 2006b), the
retention of Pachyglossa Herzog & Grolle, plus a polyphyletic
genus Clasmatocolea Spruce and the new genus
Cryptolophocolea L. Söderstr., Crand.-Stotl., Stotler & Váňa
(Söderström et al. 2013).
Brevianthaceae was established (Engel and Schuster 1981)
to accommodate Brevianthus flavus (Grolle) J.J. Engel &
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R.M. Schust. based on its androecia and gynoecia restricted
to highly abbreviated lateral-intercalary branches lacking vegetative leaves, strictly lateral-intercalary branching, scattered
rhizoids and a supposed complete lack of underleaves (Engel
and Schuster 1982). Molecular phylogenies found
Brevianthus J.J. Engel & R.M. Schust. sister to the
Lophocoleaceae element Tetracymbaliella Grolle (HeNygrén et al. 2006). Based on this topology, Söderström
et al. (2013) transferred Tetracymbaliella to Brevianthaceae.
The description of the underleaf-bearing Brevianthus
hypocanthidium M.A.M. Renner & J.J. Engel (Renner et al.
2015) further blurred the morphological differences of
Brevianthaceae and Lophocoleaceae.
Here, we present the most comprehensively sampled phyl o g en y f o r t h e B r e v i a n t h a c e a e - L o p h o c o l e a c e a e Plagiochilaceae lineage to date. This phylogeny allows us to
explore the monophyly of and relationships between many
currently accepted subgenera and genera, with a higher degree
of stringency than possible previously. The phylogeny presents evidence for the polyphyly of Acrochila R.M. Schust.,
Plagiochila and Plagiochilion S. Hatt. We discuss different
approaches to resolving monophyletic genera, advocate transfer of Acrochila and Plagiochilion to Chiastocaulon and introduce the genus Cryptoplagiochila.

Material and methods
DNA extraction, PCR amplification and sequencing
Plant tissue was isolated from dried herbarium specimens and
used to extract genomic DNA with either the Invisorb Spin
Plant Mini Kit (Invitek, Berlin) or the Qiagen DNeasy 96
Plant Kit (QIAGEN, Valencia, CA). Sequences were either
generated at Ludwig Maximilians University Munich or at
the Royal Botanical Gardens Sydney. PCR was conducted
for the nuclear ribosomal internal transcribed spacer region
(nrITS1-5.8S-ITS2, hereafter ITS) and the plastid regions
rps4 and rbcL.
Munich sequencing protocols PCR and sequencing protocols followed Hentschel et al. (2006a) for rbcL, Groth and
Heinrichs (2003) for rps4 and Feldberg et al. (2004) for ITS.
Sequencing was carried out on an ABI 3730 capillary sequencer using the BigDye Terminator v3.1 Cycle Sequencing
Kit (Applied Biosystems, Foster City, CA, USA). Primers
used for PCR amplification were also used for sequencing.
New sequences were assembled and edited in CodonCode
Aligner 5.0.1 (CodonCode Corp., Dedham, MA, USA).
Sydney sequencing protocols All reaction volumes were
25 μL and contained 17 μL MilliQ water, 2.5 μL 10×
Immolase Buffer (Bioline, London), 2 μL 2.5 mM dNTPs,

A phylogeny of Lophocoleaceae-Plagiochilaceae-Brevianthaceae

1.25 μL 50 mM MgCl2, 0.25 μL 0.4 % BSA, 0.5 μL 10 μM
Forward Primer, 0.5 μL 10 μM Reverse Primer, 0.2 μL
Immolase Taq and 1 μL DNA. For amplification of rbcL and
ITS, nested PCRs were carried out. Temperature profile for
PCR 1 was 95 °C for 10 min, followed by 25 cycles of 95 °C
for 60 s, 51 °C for 50 s and 72 °C for 90 s. A final extension
step of 72 °C for 10 min completed the thermal cycle. PCR 2
included extra 5 cycles. The primer pairs used for the nested
rbcL PCR were rbcL1-Pl-F and rbcL-M1390-R (Wilson et al.
2004) for the first step using genomic DNA, and rbcL-M38F
(Wilson et al. 2004) and rbcL-1379-Pl-R (Groth and Heinrichs
2005) in the second PCR seeded with 1 μL of the product from
PCR 1. For nrITS, the primers Hep2-F and HepC-R were used
in the first step using genomic DNA, and Hep3-F and HepA-R
(Groth and Heinrichs 2003) were in the second PCR seeded
with 1 μL of the product from PCR 1. Amplification of rps4
used the primers rps5-F (Nadot et al. 1994) and trnS-R
(Taberlet et al. 1991). Temperature profile for rps4 was 95 °C
for 10 min, followed by 30 cycles of 95 °C for 60 s, 52 °C for
60 s and 72 °C for 150 s. A final extension step of 72 C for
10 min completed the thermal cycle. Some samples required a
second semi-nested PCR for rps4 using the alternate reverse
primer rps4-R (Groth and Heinrichs 2003) and identical cycling conditions. PCR cleanup, sequencing reactions and reads
were completed by Macrogen Inc., Seoul, Korea (http://dna.
macrogen.com/eng/). Sequences were assembled, checked
and edited in Geneious 6 (Drummond et al. 2012).
A total of 220 sequences were newly generated, in addition
to 561 sequences downloaded from GenBank (http://www.
ncbi.nlm.nih.gov/genbank/), many of which were included in
earlier studies (e.g. Heinrichs et al. 2005b, 2006; Groth 2006;
Hentschel et al. 2006a, b, 2007; Devos and Vanderpoorten
2009) (Table S1). Obviously misidentified GenBank sequences
or sequences from contaminants were ignored.
Phylogenetic analyses
All sequences were aligned manually in BioEdit version
7.0.5.2 (Hall 1999). Ambiguous positions were excluded and
lacking parts of sequences were coded as missing. Three representatives of Herbertaceae were chosen as outgroup according to published phylogenetic hypotheses (Davis 2004;
Heinrichs et al. 2005a; Feldberg et al. 2014). The ingroup comprised 370 accessions of Plagiochilaceae, Lophocoleaceae and
Brevianthaceae. Maximum likelihood (ML) inference was carried out using RAxML 8.0.0 (Stamatakis et al. 2008) with the
extended majority rule bootstopping criterion (Pattengale et al.
2010). The best-fit models of evolution were selected in
jModelTest 2 (Darriba et al. 2012) under the Akaike information criterion (Akaike 1973) following the suggestions given by
Posada (2008). Initial analyses were carried out for the nuclear
and the two chloroplast DNA datasets as well as for the
combined chloroplast DNA datasets. Since there was no
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statistically supported (>70 % bootstrap value) contradiction
(Mason-Gamer and Kellogg 1996), the three datasets were
concatenated, resulting in an alignment of 2580 nucleotides.
ML analyses of the concatenated datasets were conducted using
the GTR model (Tavaré 1986) with a proportion of invariable
characters (I) and among-site rate heterogeneity modelled as a
discrete gamma distribution with four rate categories, and its
estimated parameters (Γ). Trees were generated by selecting 10
independent runs and the multiparametric bootstrap option
autoMRE resulting in 252 bootstrap replicates. ML bootstrap
values (BVs) of each node were visualized using FigTree 1.4
(http://beast.bio.ed.ac.uk/figtree). Clades with BVs ≥ 70 % were
considered to be well supported (Hillis and Bull 1993).

Results
The ML analysis from the combined data (Figs. 1, 2, 3 and 4)
resolves three major clades corresponding to Brevianthaceae
(BV 100), Lophocoleaceae (BV 98) and Plagiochilaceae (BV
100). Brevianthaceae is placed sister to Lophocoleaceae with
a BV of 79 (Fig. 2). The family includes Brevianthus and
Tetracymbaliella. A clade with six accessions of the Tasmanian Tetracymbaliella subsimplex (Austin) J.J. Engel is placed
sister to a clade with two accessions of New Zealand
Tetracymbaliella cymbalifera (Hook. f. & Taylor) Grolle with
strong support.
The backbone of Lophocoleaceae is largely unresolved.
Heteroscyphus allodontus (Hook. f. & Taylor) J.J. Engel &
R.M. Schust. is placed sister to the remainder of the family
albeit without support. The other investigated species of
Heteroscyphus Schiffn. form an unsupported lineage with
two accessions of Heteroscyphus integrifolius (Lehm. &
Lindenb.) Fulford placed sister to the rest of the genus. The
subg. Heteroscyphus clade was found with a BV of 99. The
monospecific genus Leptophyllopsis R.M. Schust. forms an
independent lineage. Leptoscyphus australis (Gottsche,
Lindenb. & Nees) R.M. Schust. is placed sister to the rest of
the genus with a BV of 61. The latter clade has a BV of 100.
The Leptoscyphus subgenera Anomylia (R.M. Schust.) R.M.
Schust., Physoscyphus Grolle and Leptoscyphus were found
with BVs > 87. Four accessions of Leptoscyphus porphyrius
ssp. azoricus (H. Buch et Perss.) Vanderp. & Heinrichs are
placed in a clade (BV 100) that is nested in a paraphyletic
grade with five Neotropical accessions of L. porphyrius
(Nees) Grolle s.str. (BV 69). Two accessions of Leptoscyphus
gradsteinii Vanderp., Schäf.-Verw. & D.G. Long from Ecuador form a monophyletic lineage with the holotype from Costa
Rica. Five European or Macaronesian accessions of
Leptoscyphus cuneifolius (Hook.) Mitt. nest in a paraphyletic
grade formed by two accessions from Ecuador. Leptoscyphus
is placed sister to Chiloscyphus s.l. (BV < 50). The
Chiloscyphus lineage was found with a BVof 84. It splits into
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Fig. 1 Condensed maximum likelihood phylogeny of the PlagiochilaceaeLophocoleaceae-Brevianthaceae lineage based on an ITS-rbcL-rps4
dataset. Pruned clades (Figs. 2, 3 and 4) are indicated
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two main clades, of which one (BV 96) corresponds to
Chiloscyphus subg. Connati (Lindenb.) J.J. Engel/
Cryptolophocolea. The other one (BV 100) comprises
Chiloscyphus subg. Chiloscyphus (BV 100), C. subg.
Lophocolea J.J. Engel & R.M. Schust. (BV 82), C. subg.
Notolophocolea (BV 100) and several Chiloscyphus accessions that have been alternatively treated as members of
Clasmatocolea or Pachyglossa. Clasmatocolea is polyphyletic albeit without BV > 50. Accessions of Chiloscyphus
latifolius (Nees) J.J. Engel & R.M. Schust. from Europe,
Africa and South America form a clade with a BV of 98. An
accession of C. latifolius from India is placed sister to an
accession of Chiloscyphus difformis (Nees) J.J. Engel &
R.M. Schust. from São Tomé.
Dinckleria and Pseudolophocolea R.M. Schust. & J.J.
Engel are resolved in serial sister relationships with the remainder of Plagiochilaceae (Fig. 3). The sister relationship
of Dinckleria and the rest of Plagiochilaceae was resolved
with a BV of 60. Multiple accessions of Dinckleria pleurata
(Hook. f. & Taylor) Trevis. and Dinckleria fruticella (Hook. f.
& Taylor) J.J. Engel & Heinrichs form monophyletic lineages
with BVs of 100; the monophyly of Dinckleria was found
with a BV of 99. The core Plagiochilaceae (BV 85) splits into
two main clades, of which one corresponds to Plagiochila
(BV 100). The other (BV 91) consists of a lineage (BV 67)
with two accessions of Plagiochila radiculosa Mitt. (=
Cryptoplagiochila gen. nov., taxonomic treatment) placed
sister to a clade (BV 90) with Pedinophyllopsis abdita (Sull.)
R.M. Schust. & Inoue and Pedinophyllum interruptum
(Nees) Kaal. Sister to the Pedinophyllum Nordst. plus
Cryptoplagiochila lineage is a clade with a BV of 89 that
consists of a paraphyletic genus Plagiochilion, a polyphyletic
genus Acrochila and a monophylum with several accessions
of Chiastocaulon (BV 100). A clade with four accessions of
Plagiochilion proliferum (Mitt.) R.M. Schust. (BV 100) is
resolved in an unsupported sister relationship with the remainder of the Acrochila-Chiastocaulon-Plagiochilion clade.
Chiastocaulon dendroides (Nees) Carl splits into a clade with
Japanese and a clade with Indonesian, Fijian and Malaysian
accessions (each with BV 100) and is placed sister to
Acrochila biserialis (Lehm. & Lindenb.) Grolle (BV 77).
Several accessions of Plagiochilion braunianum (Nees) S.
Hatt. form a lineage (BV 100) that is sister to a clade with
two accessions of Plagiochilion conjugatum (Hook.) R.M.
Schust. (BV 100); this sister relationship was found with a
BV of 100. A maximally supported clade (BV 100) includes
Acrochila caledonica (Steph.) Inoue, Plagiochilion
theriotanum (Steph.) Inoue and a clade with 12 accessions
of Plagiochilion oppositum (Reinw., Blume & Nees) S. Hatt.
(BV 100). The P. oppositum clade splits into several
subclades with BV > 80.
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Fig. 2 Maximum likelihood phylogeny of Plagiochilaceae-Lophocoleaceae-Brevianthaceae; includes Brevianthaceae and Lophocoleaceae. Deviating
classification systems of Chiloscyphus are indicated

Plagiochila sect. Denticulatae Schiffn. (BV 100) forms a
well-supported sister relationship with the remainder of
Plagiochila (BV 91) which splits into two main lineages

(BV 74 or 100 respectively). The lineage with a BV of 74
includes representatives of P. sect. Duseniae Carl (BV 100),
P. sect. Glaucescentes Carl (BV 100), P. sect. Durae Carl (BV
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Fig. 3 Maximum likelihood phylogeny of Plagiochilaceae-LophocoleaceaeBrevianthaceae; includes the early diverging lineages of Plagiochilaceae.
Chiastocaulon is extended to include Acrochila and Plagiochilion.

Plagiochila radiculosa forms a lineage separate from the remainder of this
genus and is transferred to Cryptoplagiochila gen. nov.

98), P. sect. Fuscae Carl (BV 83), P. sect. Rutilantes Carl (BV
95) and P. sect. Arrectae Carl (BV 96). The other lineage
includes a clade (BV 98) with members of P. sect.

Adianthoideae Lindenb. (BV 83), P. sect. Fuscoluteae Carl
(BV 100) and P. sect. Hylacoetes Carl (BV 94) as well as a
clade (BV 95) with Plagiochila andina Steph. and
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Fig. 4 Maximum likelihood phylogeny of Plagiochilaceae-Lophocoleaceae-Brevianthaceae; shows one main clade of Plagiochila
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representatives of P. sect. Poeltiae Inoue (BV 100), P. sect.
Peculiares Schiffn. (BV 94), P. sect. Fruticosae Inoue (BV
100), P. sect. Trabeculatae Inoue (BV 100), P. sect.
Plagiochila (BV 97), P. sect. Cucullatae Schiffn. (BV 100),
P. sect. Africanae Heinrichs (BV 94) and P. sect. Vagae
Lindenb. (BV 86). Multiple accessions of several
Plagiochila species form monophyletic lineages [e.g.
Plagiochila bifaria (Sw.) Lindenb., Plagiochila punctata
(Taylor ) Taylor, Plagiochila retrorsa Gottsch e,
Plagiochila rutilans Lindenb., Plagiochila squamulosa
Mitt.]; others are para- or polyphyletic [e.g. Plagiochila
gigantea Lindenb., Plagiochila heterophylla Lindenb.,
Plagiochila porelloides (Nees) Lindenb., Plagiochila
stricta Lindenb.].

Discussion
Plagiochilaceae
The extended sampling in the present study identifies conflicts
between the current classification of the Plagiochilaceae and
the presented phylogenetic hypothesis. Two genera belonging
to the lineage sister to Plagiochila were not monophyletic;
Acrochila was resolved polyphyletic and Plagiochilion
paraphyletic with Chiastocaulon. The paraphyly of
Plagiochilion is particularly surprising given that the genus
was erected for species possessing the apparently unique feature of leaves in opposing pairs. The tree topology suggests a
reversal to the ancestral leaf arrangement or two independent
origins of opposing leaf-pairs; these alternatives have yet to be
tested. Either way, the result highlights again the homoplastic
nature of many morphological characters employed to circumscribe sections, subgenera and genera within liverworts,
which is becoming a common theme in liverwort taxonomy
(Devos et al. 2011; Dong et al. 2012; Bechteler et al. 2015).
Plagiochila represents the largest genus of the liverworts
(Inoue 1984). In its current circumscription, the genus is characterized by dioicy, alternating, rarely subopposite foliation,
nearly exclusively lateral branching and a laterally compressed perianth with a dorsal keel which is usually slightly
longer than the ventral one (Heinrichs 2002). The presented
sectional classification (Figs. 3 and 4) is consistent with
results of earlier studies (e.g. Heinrichs 2002; Heinrichs
et al. 2004a, 2005b, 2006; Groth et al. 2004; Groth 2006;
Söderström et al. 2015) and is thus not discussed here; however, for the time being, we use the taxon Plagiochila sect.
Fuscae rather than P. sect. Tayloriae Carl (Söderström et al.
2015) for a clade depicted in Fig. 3. Plagiochila sect. Fuscae
was placed in the synonymy of P. sect. Tayloriae by
Söderström et al. (2015) based on Groth (2006). However,
the treatment of Groth (2006) of P. sect. Tayloriae relied on
Inoue and Schuster (1971) who considered the sectional type
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species Plagiochila taylorii Steph. a synonym of Plagiochila
stephensoniana Mitt. Both P. fusca Sande Lac. and
P. stephensoniana nest in the same clade (Groth 2006; this
study); however, Engel and Merrill (2009) rejected the above
synonymy and proposed that P. stephensoniana and
Plagiochila fuscella (Hook. f. & Taylor) Gottsche, Lindenb.
& Nees were conspecific. The latter species has not yet been
included in molecular phylogenies, and its systematic position
should thus be regarded as unknown.
Earlier authors included several species in Plagiochila that
are now placed in a couple of satellite genera based on morphological and molecular evidence. Dinckleria was separated
from Plagiochila (as Proskauera Heinrichs & J.J. Engel, nom.
illeg.) based on its position in molecular phylogenies and its
spherical leaf papillae (Heinrichs et al. 2006). Pedinophyllum
includes the four autoicous members of the Plagiochilaceae
(Inoue 1966); its generic status was confirmed in several molecular phylogenetic studies including the generitype
P. interruptum (e.g. Groth and Heinrichs 2003; Heinrichs
et al. 2006; Feldberg et al. 2010c). The monospecific genus
Pedinophyllopsis R.M. Schust. & Inoue was originally placed
in Geocalycaceae (Schuster and Engel 1981) but transferred to
Plagiochilaceae by He-Nygrén and Piippo (2003) based on
molecular phylogenetic evidence. It forms a well-supported
sister relationship with Pedinophyllum (Fig. 3).
Pedinophyllopsis abdita (Sull.) R.M. Schust. & Inoue differs
from other members of Plagiochilaceae by androecia on
ventral-intercalary branches, ventral intercalary gynoecial innovations and the presence of one to two very large oil bodies
that nearly fill the complete cell lumen (Grolle 1962; Schuster
and Engel 1981; Hässel de Menéndez 1990). Two accessions
of P. radiculosa are sister to the PedinophyllopsisPedinophyllum clade (Fig. 3), confirming the phylogeny of
Groth (2006). Based on its position outside of Plagiochila,
P. radiculosa is transferred to a new genus, Cryptoplagiochila
S.D.F. Patzak, M.A.M. Renner & Heinrichs. Based on morphology alone, Cryptoplagiochila would hardly be excluded
from Plagiochila, although Inoue and Schuster (1971) suggested its isolated position based on the “Jamesoniella-like”
habit of the species. Oil bodies of P. radiculosa are granular,
ellipsoidal or with tapering ends, and light brownish pigments,
four to seven per leaf medial cell. It can be separated from
other Plagiochilaceae by its specific character state
combination but not by apomorphies. Finally, the synonymy
of Plagiochila sect. Radiculosae Inoue & R.M. Schust. and P.
sect. Tayloriae suggested by Söderström et al. (2015) is best
considered as ambiguous and should not be employed until
further studies confirm the status.
The genera Acrochila, Chiastocaulon and Plagiochilion
were erected for plagiochiloid species which frequently or
exclusively produce ventral-intercalary vegetative branches.
Chiastocaulon was established for species with alternating
leaves and lateral-terminal, lateral-intercalary as well as
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ventral-intercalary branches (Carl 1931). Plagiochilion includes species with opposite leaves and predominantly or exclusively ventral-intercalary branching (Inoue 1964) while
Acrochila has alternating leaves and only ventral-intercalary
branches (Schuster 1963; Inoue and Schuster 1971). The generic status of Chiastocaulon and Plagiochilion was confirmed in several molecular phylogenies (e.g. Groth and
Heinrichs 2003; Groth 2006; Heinrichs et al. 2006; Feldberg
et al. 2014). Groth (2006) identified Acrochila as a member of
Plagiochilaceae based on an rps4 sequence; however, he treated it as a member of Jamesonielloideae based on an rbcL
dataset. According to our phylogeny, the latter must be
rejected; the incomplete rbcL sequence used in Groth (2006)
[GenBank accession DQ194104] is derived from a member of
the Adelanthaceae sensu Feldberg et al. (2010b) rather than
from Acrochila. Extension of the molecular taxon sampling in
the current study indicates that Chiastocaulon and Acrochila
nest in Plagiochilion and that Acrochila is polyphyletic
(Fig. 3). Although the backbone of the AcrochilaChiastocaulon-Plagiochilion clade is not fully resolved, we
consider current evidence sufficient to treat Acrochila and
Plagiochilion as synonyms of Chiastocaulon. We transfer only currently accepted Acrochila and Plagiochilion binomials
to Chiastocaulon. The internal structure of Chiastocaulon
oppositum (Reinw., Blume & Nees) S.D.F. Patzak, M.A.M.
Renner, Schäf.-Verw. & Heinrichs and C. dendroides provides
some evidence for further entities; however, a detailed taxonomical revision of Chiastocaulon is beyond the scope of this
study. South American taxa that were assigned to
Plagiochilion by some authors (Plagiochila bryhnii Steph.,
Inoue 1964; Plagiochila heteromalla (Lehm. & Lindenb.)
Lindenb., Hässel de Menéndez 1983) lack the typical ventral
branching systems of Plagiochilion and may belong to
Plagiochila (Heinrichs 2002; Söderström et al. 2016). Their
definite taxonomical treatment should await their inclusion in
molecular phylogenetic analyses; however, material suitable
for DNA extraction has not yet become available. Both
Plagiochila and Chiastocaulon s.l. express broad morphological variation in leaf shape, dentition and arrangement. Alternating foliation is typical for Plagiochila (e.g. Inoue 1984);
however, a few species have (sub-)opposite leaves, e.g.
Plagiochila macrostachya Lindenb. (Heinrichs 2002). Similarly to the situation in Chiastocaulon, Plagiochila includes
species with different branching systems. Several independent
lineages share lateral-intercalary plus lateral-terminal
branching [e.g. P. sect. Glaucescentes (Heinrichs et al.
2000), P. sect. Vagae (Heinrichs et al. 2002)] whereas others
produce only lateral-intercalary branches [e.g. P. sect.
Plagiochila (So and Grolle 2000), P. sect. Fuscoluteae
(Heinrichs 2002)]. The variation of leaf orientation from wide
spreading to laterally appressed in Chiastocaulon s.l. is also
seen in Plagiochila. In summary, Chiastocaulon s.l. represents
a morphologically variable lineage that can be separated from
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other Plagiochilaceae by the frequent occurrence of ventral
branches. It may include some 20 species (Söderström et al.
2016). According to our phylogeny, Plagiochilaceae consists
of Chiastocaulon, Dinckleria, Pedinophyllopsis,
Pedinophyllum, Plagiochila, Pseudolophocolea and
Cryptoplagiochila. Two further putative members,
Plagiochilidium Herzog and Xenochila R.M. Schust.
(Söderström et al. 2015, 2016) have alternatively been related
to Jamesoniella (Spruce) Carrington [= Syzygiella Spruce
(Feldberg et al. 2010a)] of the Adelanthaceae (Inoue 1963).
Their undifferentiated stems and their rhizoids restricted to
ventral leaf bases (Herzog 1931; Singh et al. 2015) are indeed
untypical for Plagiochilaceae; however, neither genus has not
yet been included in a molecular phylogeny. The Patagonian
Arctoscyphus ronsmithii Hässel, which Schuster (2001) attributed to the Jungermanniaceae may, like Bragginsella R.M.
Schust., belong to the Plagiochilaceae-LophocoleaceaeBrevianthaceae familial complex given its lateral compressed
perianths with a low basal stem-perigynium and succubously
inserted leaves (Schuster 2001); again this species has not
been included in molecular studies.
Species diversity is unequally distributed among the genera
of Plagiochilaceae. The Dinckleria lineage contains two described species, and the Chiastocaulon lineage (including
Pedinophyllum, Pedinophyllopsis and Cryptoplagiochila)
around 30. The Plagiochila lineage in contrast contains
around 1000 species (Söderström et al. 2016). As yet there
are no explanations for this asymmetrical distribution of species diversity among lineages of Plagiochilaceae. A similar
pattern has been recognized in the leafy liverwort family
Lejeuneaceae (Porellales) and its sister family Jubulaceae.
Lejeuneaceae includes some 1500 species (He and Zhu
2011) whereas Jubulaceae consists of less than 10 species
(Larraín et al. 2015).
Lophocoleaceae
The classification of Lophocoleaceae is in constant flux (e.g.
Engel and Schuster 1984; Hentschel et al. 2007; Engel et al.
2010; Söderström et al. 2013) and far from being satisfactorily
solved. Accordingly, we depict two recently used classification systems on our phylogenetic hypothesis (Fig. 2) and
consider a more definite treatment premature with regard to
the available evidence. Main subject of controversy is the
circumscription of Chiloscyphus that was often treated as a
speciose cosmopolitan genus (e.g. Engel and Schuster 1984;
Hässel de Menéndez 1996; Hentschel et al. 2006b) but recently reduced to two Holarctic species (Söderström et al. 2013).
The latter treatment aims to maintain several genera that were
shown to nest in Chiloscyphus (Clasmatocolea, Lophocolea,
Pachyglossa, Hentschel et al. 2007). It is also connected with
a transfer of Chiloscyphus subg. Connati to a new genus
Cryptolophocolea (Söderström et al. 2013). Hentschel et al.
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(2007) resolved members of C. subg. Connati as sister to a
clade consisting of Chiloscyphus s.l. and Leptoscyphus based
on nrITS sequence data whereas analyses of an rbcL dataset
supported a monophyletic Chiloscyphus (Hentschel et al.
2006a). Hentschel et al. (2007a) thus abstained from a definite
treatment of C. subg. Connati and pointed to the need of an
extension of the taxon and marker sampling. Now that these
data are available, C. subg. Connati/Cryptolophocolea are
resolved monophyletic with strong support and sister to the
remainder of Chiloscyphus s.l. with moderate support.
Aiming at monophyletic genus concepts, Söderström et al.
(2013) also transferred members of C. subg. Notholophocolea
to Pachyglossa although this sister relationship lacks statistical support (Hentschel et al. 2007, this study). This transfer
blurs the morphological circumscription of Pachyglossa
which was earlier characterized by its polystratose leaves
(Herzog and Grolle 1958) and is also in some conflict with
the acceptance of a polyphyletic Clasmatocolea (Söderström
et al. 2013).
The generitype of Chiloscyphus, C. polyanthos, and its
diploid sister C. pallescens (Hentschel et al. 2006b) form a
fully supported monophylum isolated on a relatively long
branch from other species attributed to this genus. However,
Chiloscyphus subg. Chiloscyphus is resolved on a polytomy
alongside lineages containing species of Clasmatocolea and
Pachyglossa. Even derivation of monophyletic subgeneric
taxa is problematic, because sister relationships between
members of this polytomy and other lineages of
Clasmatocolea are unsupported. More comprehensive sampling of species from these genera may resolve Chiloscyphus
subg. Chiloscyphus nested within a Clasmatocolea lineage
that is also rendered paraphyletic by Pachyglossa. Maintenance of Chiloscyphus subg. Chiloscyphus in its current circumscription will probably involve proposal of new
subgenera to achieve a subgeneric classification comprising
only monophyla, but the number of new subgenera will not be
known until all species have been included and the relationships of subg. Chiloscyphus fully resolved. These results suggest that the clarity of relationships presented by some earlier
studies was an artefact of undersampling a lineage that appears
to have undergone rapid early radiation. Even the more extensive species sampling and phylogeny reconstruction achieved
in this study are insufficient grounds for informed decisionmaking, and more work in this part of the phylogeny is
required.
With regard to the separation of Lophocolea from
Chiloscyphus, we consider genera to represent a necessary
evil of the binary nomenclature introduced by Linnaeus
(1753); however, genera should be identifiable by morphological characters in order to be encodable in morphology-based
floras. Engel and Schuster (1984) already pointed to a vast
morphological overlap of Chiloscyphus and Lophocolea and
thus combined them under one genus, Chiloscyphus. It is
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commonly seen that molecular phylogenies identify putative
satellite genera as ingroup elements of larger genera and that
phylogeny-based approaches lead to wider genus concepts
(Humphreys and Linder 2009). Current sampling is still inadequate to provide reliable character state reconstructions and
decide on the usefulness of the deviating classification systems. A comprehensive extension of the taxon set including
not only representatives of Chiloscyphus s.l. but also of the
remaining lophocolean genera that have not been sampled:
Deceptifrons J.J. Engel & Váňa, Evansianthus R.M. Schust.
& J.J. Engel, Hepatostolonophora J.J. Engel & R.M. Schust.,
Lamellocolea J.J. Engel, Leptoscyphopsis R.M. Schust.,
Otoscyphus J.J. Engel, Bardat & Thouvenot, Perdusenia
Hässel, Pigafettoa C. Massal., Platycaulis R.M. Schust.,
Stolonivector J.J. Engel and Xenocephalozia R.M. Schust. is
necessary to arrive at a natural subdivision of this speciose
liverwort lineage and to identify the morphological characters
that support the clades.
Thanks to studies of Vanderpoorten and Long (2006),
Devos and Vanderpoorten (2009) and Vanderpoorten et al.
(2010, 2012), the phylogeny and morphological evolution of
Leptoscyphus is already well understood. Here again
Leptoscyphus is resolved monophyletic with weak support,
though Leptoscyphus excluding subg. Austroleptoscyphus
Vanderp., Schäf.-Verw. & D.G. Long is monophyletic with
full support. Extension of the sampling leads to the recognition of L. gradsteinii new to Ecuador and points to the need for
a recircumscription of Leptoscyphus hexagonus (Nees)
Grolle. The recently proposed transfer of Lophocolea
trapezoïdes Mont. to Leptoscyphus (Söderström et al. 2013)
is also confirmed. Our phylogeny points to a deep split between the Australasian L. australis and South American/
Holarctic or African species that deserves further investigation
with inclusion of additional Australasian species such as
Leptoscyphus compactus (Colenso) J.J. Engel and
Leptoscyphus normalis (Steph.) J.J. Engel (Engel 2015a) in
future phylogenetic studies. Heteroscyphus is paraphyletic but
taxon sampling still inadequate to arrive at definite conclusions. According to Söderström et al. 2016), Heteroscyphus
includes some 100 species, of which we could include only
15. We thus feel also unable to comment on the subgeneric
classification.
Species diversity is more evenly distributed among lineages within the Lophocoleaceae than in the Plagiochilaceae,
most lineages contain several tens of species, and the two
largest around 100 to 150. Total diversity within the
Lophocoleaceae is approximately one third that of the
Plagiochilaceae (Söderström et al. 2016).
Brevianthaceae
Brevianthaceae was set up for a single species, B. flavus
(Engel and Schuster 1981). Renner et al. (2015) described a

A phylogeny of Lophocoleaceae-Plagiochilaceae-Brevianthaceae

second species and Söderström et al. (2013) added
Tetracymbaliella based on the sister relationship of
T. cymbalifera and Brevianthus recovered by He-Nygrén
et al. (2006) and Feldberg et al. (2010c, 2014). Here, we include further accessions of Tetracymbaliella and confirm its
sister relationship with Brevianthus. We also provide evidence
for the species status of the Tasmanian T. subsimplex (Engel
2015b). The earlier treatment of Tetracymbaliella as a subgenus of the lophocolean genus Heteroscyphus (Engel and
Schuster 1984) was not supported by molecular evidence
(Engel et al. 2010) and is also not confirmed in the present
phylogeny yet demonstrates the extensive morphological
overlap of Lophocoleaceae and Brevianthaceae. According
to the presented phylogeny, Brevianthaceae could be treated
as a synonym or subfamily of Lophocoleaceae; however, with
regard to the limited sampling of Lophocoleaceae, we
consider such treatments premature.

Species concepts
Species concepts in liverworts are still largely based on morphology, despite the increasing availability of molecular data.
Schuster (1980) regarded species of Chiloscyphus as polymorphous as Inoue (1984) regarded species of Plagiochila. Subsequent revisers usually adapted this perspective and applied
wide species concepts (e.g. Heinrichs et al. 2000; So 2001).
The increasing availability of molecular data points to a complex internal structure of many morphologically
circumscribed liverwort species and the presence of many
unrecognized morphologically cryptic or near cryptic species
(Shaw 2001). Molecular data on the other hand facilitate reconsideration of morphological evidence (Hutsemekers et al.
2012) and revision of current species circumscriptions (e.g.
Renner et al. 2013a, b; Heinrichs et al. 2015). Several of the
investigated species of Lophocoleaceae or Plagiochilaceae
(e.g. C. oppositum, C. latifolius, L. cuneifolius, P. stricta)
show a considerable molecular variation and are promising
candidates for expanded studies. Some intercontinental ranges
that were earlier proposed based on morphological (and phytochemical evidence) are confirmed by the molecular phylogeny, e.g. the American-Macaronesian range of P. retrorsa
(Rycroft et al. 2004); however, an extension of the sampling
is desirable to elucidate if a rather polytomous crown group is
present or if geographically separated lineages exist. Examples of geographically separated lineages assigned to a single
species include the simple thalloid liverwort Metzgeria
furcata (L.) Corda (Fuselier et al. 2009) and the leafy liverworts Mastigolejeunea auriculata (Wilson) Steph.
(Sukkharak et al. 2011) and Porella cordaeana (Huebener)
Moore (Heinrichs et al. 2011). It is thinkable that such lineages
exist in many intercontinentally distributed species, and it also
needs to be seriously considered that our current estimates of
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species diversity do not reflect the actual number of biospecies
and their ranges (Heinrichs et al. 2015).
Perspectives
The presented phylogeny reflects current state of the art in our
attempts to reconstruct the evolution of the BrevianthaceaeLophocoleaceae-Plagiochilaceae clade and to improve its
classification. An extension of the taxon sampling is necessary
to revise the genus circumscriptions as well as the current
hypotheses on species diversity and distribution. Multiple accessions of morphologically circumscribed species need to be
included in follow-up studies to check the reliability of the
molecular data published to date, and to introduce integrative
approaches (Dayrat 2005) that will allow for a better understanding of the global diversity. Considering the high number
of published taxa of Lophocoleaceae and Plagiochilaceae,
such approaches should include several thousand accessions
that cover both the assumed taxon ranges as well as the observed molecular variation. Special attention should be given
to topotype material that could serve as a basis for understanding and improving species concepts. Such studies will not
only improve the classification but also provide the
datasets needed for biogeographical reconstructions and estimates of diversification rates. Work to obtain these data is
underway.

Taxonomic treatment
Chiastocaulon Carl, Flora 126: 58, 1931. Type: C. dendroides
(Nees) Carl.
= Acrochila R.M. Schust., J. Hattori Bot. Lab. 26, 285.
1963, syn. nov. Type: Acrochila simpsonii (W. Martin &
E.A. Hodgs.) R.M. Schust. [= A. biserialis (Lehm. &
Lindenb.) Grolle fide Inoue and Schuster (1971: 21)].
= Plagiochilion S. Hatt., Biosphaera 1(1): 7. 1947, syn.
nov. Type: P. oppositum (Reinw., Blume & Nees) S. Hatt.
Chiastocaulon biserialis (Lehm. & Lindenb.) S.D.F. Patzak,
M.A.M. Renner, Schäf.-Verw. & Heinrichs, comb. nov.
Basionym: Plagiochila biserialis Lehm. & Lindenb., Sp.
Hepat. 1(fasc. 5): 126. 1843 ≡ A. biserialis (Lehm. &
Lindenb.) Grolle, J. Jap. Bot. 39: 236. 1964.
Chiastocaulon braunianum (Nees) S.D.F. Patzak, M.A.M.
Renner, Schäf.-Verw. & Heinrichs, comb. nov. Basionym:
Jungermannia brauniana Nees, Enum. Pl. Crypt. Jav. 80.
1830 ≡ P. braunianum (Nees) S. Hatt., Biosphaera 1: 7. 1947.
Chiastocaulon caledonicum (Steph.) S.D.F. Patzak, M.A.M.
Renner, Schäf.-Verw. & Heinrichs, comb. nov. Basionym:
Plagiochila caledonica Steph., Rev. Bryol. 35: 32.
1908 ≡ A. caledonica (Steph.) Inoue, J. Jap. Bot. 42: 182.
1967.
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Chiastocaulon combinatum (Mitt.) S.D.F. Patzak, M.A.M.
Renner, Schäf.-Verw. & Heinrichs, comb. nov. Basionym:
P l a g i o c h i l a c o m b i n a t a M i t t . , F l . Vi t . 4 0 8 .
1871[1873] ≡ Plagiochilion combinatum (Mitt.) Inoue,
J. Hattori Bot. Lab. 27: 55. 1964.
Chiastocaulon conjugatum (Hook.) S.D.F. Patzak, M.A.M.
Renner, Schäf.-Verw. & Heinrichs, comb. nov. Basionym:
Jungermannia conjugata Hook. Musci Exot. 22. pl. 91.
1818 ≡ P. conjugatum (Hook.) R.M. Schust., J. Hattori Bot.
Lab. 26: 285. 1963.
Chiastocaulon fimbriatum (Mitt.) S.D.F. Patzak, M.A.M.
Renner, Schäf.-Verw. & Heinrichs, comb. nov. Basionym:
Plagiochila fimbriata Mitt., J. Proc. Linn. Soc., Bot. 5: 97.
1860[1861] ≡ Plagiochilion fimbriatum (Mitt.) Inoue,
J. Hattori Bot. Lab. 27: 57. 1964.
Chiastocaulon giulianettii (Steph.) S.D.F. Patzak, M.A.M.
Renner, Schäf.-Verw. & Heinrichs, comb. nov. Basionym:
Plagiochila giulianettii Steph., Bull. Herb. Boissier, sér. 2, 4:
30. 1906 ≡ Plagiochilion giulianettii (Steph.) Inoue,
J. Hattori Bot. Lab. 27: 57. 1964.
Chiastocaulon herzogii (Inoue) S.D.F. Patzak, M.A.M. Renner, Schäf.-Verw. & Heinrichs, comb. nov. Basionym:
Plagiochilion herzogii Inoue Bull. Nat. Sci. Mus. 14: 270.
1971.
Chiastocaulon mayebarae (S. Hatt.) S.D.F. Patzak, M.A.M.
Renner, Schäf.-Verw. & Heinrichs, comb. nov. Basionym:
Plagiochilion mayebarae S. Hatt., J. Hattori Bot. Lab. 3: 39.
f. 34. 1948[1950].
Chiastocaulon oppositum (Reinw., Blume & Nees) S.D.F.
Patzak, M.A.M. Renner, Schäf.-Verw. & Heinrichs, comb.
nov. Basionym: Jungermannia opposita Reinw., Blume &
Nees, Nova Acta Phys.-Med. Acad. Caes. Leop.-Carol. Nat.
Cur. 12: 236. 1825 ≡ P. oppositum (Reinw., Blume & Nees)
S. Hatt., Biosphaera 1: 7. 1947.
Chiastocaulon proliferum (Mitt.) S.D.F. Patzak, M.A.M.
Renner, Schäf.-Verw. & Heinrichs, comb. nov. Basionym:
Plagiochila prolifera Mitt., Bot. antarct. voy. II (Fl. Nov.Zel. 2): 130. pl. 94: 5. 1855 ≡ P. proliferum (Mitt.) R.M.
Schust., J. Hattori Bot. Lab. 26: 285. 1963.
Chiastocaulon theriotanum (Steph.) S.D.F. Patzak, M.A.M.
Renner, Schäf.-Verw. & Heinrichs, comb. nov. Basionym:
Plagiochila theriotana Steph., Sp. Hepat. (Stephani) 6: 228.
1921 ≡ Plagiochilion theriotanum (Steph.) Inoue, J. Hattori
Bot. Lab. 27: 59. 1964.
Cryptoplagiochila S.D.F. Patzak, M.A.M. Renner &
Heinrichs, gen. nov. ≡ Plagiochila sect. Radiculosae Inoue
& R.M. Schust., J. Hattori Bot. Lab. 34: 115. 1971. Type:
Cryptoplagiochila radiculosa (Mitt.) S.D.F. Patzak, M.A.M.
Renner & Heinrichs, comb. nov. Basionym: P. radiculosa
Mitt., Bot. antarct. voy. II (Fl. Nov.-Zel. 2): 132. 1854.
Diagnosis: Plants dioicous, resembling Syzygiella in general habit, greenish in life, initially growing appressed to substrate and producing geotropic, minute-leaved flagella,
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eventually forming patches; stem with well-developed cortex;
leafy branches infrequent, (ventro-)lateral-intercalary; rhizoids scattered on ventral side of stem. Leaves closely imbricate, alternating, (sub-)obliquely spreading, ampliate, forming
a distinct ventral keel, ovate, apex triangularly narrowed,
(0-)2-dentate, ventral and lateral margins entire; oil bodies
granulate, brown-pigmented, two to three/leaf cell;
underleaves lacking. Androecia with two to three pairs of
bracts, each with a single antheridium. Gynoecia terminal,
with one to two lateral-intercalary innovations in the absence
of fertilization, bracts similar to vegetative leaves in size and
shape; perianth campanulate, unwinged, with truncate to
slightly arched, denticulate mouth. Sporophyte capsule oblong, valves five to seven stratose, with cell wall thickenings
in all layers. Elaters bispiral. Spores one to four celled at time
of release.
For a detailed description, see Inoue and Schuster (1971:
115–121).
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