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How molecular phylogenetics improve our understanding of 
bryophyte evolution, morphology and ecology – a tribute to 

the mossy side of Josef POELT

Martin NEBEL and Anna K. BEIKE

Abstract Molecular phylogenetics improved our understanding of bryophyte evolution 

logies like Tetraphis and Buxbaumia (Bryophyta) or those poor in morphological traits 
like Verdoornia (Marchantiophyta). Highlighting the relevance of molecular biology for 
bryology, we summarize recent insights into liverwort and moss systematics, morpho-
logy and ecology. In the liverwort phylogeny, clear connections between the ecology of a 
species, including mycorrhiza-like associations and its systematic position exist. Ancient 
fungi like Glomeromycota or Endogone-like fungi are associated with ancient liverworts 
like Haplomitriopsida, whereas derived taxa are associated with Asco- or Basidiomycota. 

taxa like Takakia or Sphagnum primarily lack peristomes, while taxa like Polytrichum 

-
tionary biology. Josef POELT -
tous moss genus Schistidium
of Schistidium apocarpum subsp. papillosum (CULM.) POELT, Schistidium boreale POELT, 
Schistidium grande POELT and Schistidium trichodon (BRID.) POELT are tested with mo-
lecular methods.

1. The impact of molecular phylogenetics on our  
understanding of bryophyte evolution 
Due to the emergence of marker gene analyses and molecular phyloge-

netics, our knowledge about bryophyte evolution increased faster during the 
last two decades than during the last two centuries. Bryophyte phylogenies 

included. However, in some cases, the situation is not so clear. Especially 
secondary morphological reductions present in liverworts and mosses, and in 
the gametophyte as well as in the sporophyte, resulted in incorrect taxonomic 

Verdoornia (Marchantiophyta) with one endemic species in New Zealand was 
SCHUSTER (1963, 1984, 1999) as an ancient thalloid liverwort. This 

-
wadays, a result of secondary reduction. Recent molecular studies show that 
Verdoornia belongs to the family Aneuraceae, a derived family within thalloid 
liverworts (STECH & FREY 2001, FORREST & CRANDALL-STOTLER 2004, FORREST 
et al. 2006). Later on, symbiosis with Tulasnella fungi, typical endophytes 
of Aneuraceae and Orchidaceae, were detected (DUCKETT & LIGRONE 2008, 
PREUSSING et al. 2010
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Verdoornia as an Aneuraceae. In this case, the morphology of Verdoornia was 

Not only in liverworts, but also in mosses, the morphology can be mislea-

presence of a peristome, the length of the seta or the general shape of the spore 
-

cording to recent molecular analyses, reductions of sporophytic traits evolved 
several times within mosses and are often scattered across molecular phylo-

MCDANIEL et al. 2010, 
HUTTUNEN et al. 2012, LIU et al. 2012). In addition, hybrid species were detec-
ted, e.g. within the Funariaceae (BEIKE et al. 2014), indicating that hybridiza-

are also present in mosses. Molecular analyses enable a revision of these clas-

Another advantage of molecular phylogenetics is the possibility to classify 
species with uncertain systematic position, such as Buxbaumia, Diphyscium, 
Tetraphis or Schistostega that have been excluded from systematics for many 
years due to their morphology (FRAHM & FREY 1987: 507–510). Especially the 
lack of morphological characteristics or the presence of very different charac-
teristics hinders an integration of these taxa into morphology-based systema-
tics. Nowadays, these genera are included into the phylogeny of mosses with 
good support (FREY et al. 2009, GOFFINET et al. 2009, COX et al. 2010). 

Furthermore, molecular data contribute to our understanding of moss and 
liverwort ecology in the context of evolution. The majority of ancient liver-
wort and moss taxa grows on mineral soil, whereas a few exceptions grow 
on peat or rock. With noteworthy exception of mosses, mycorrhiza-like asso-
ciations occur in all major land plant lineages (WANG et al. 2010). However, 
mycorrhiza-like associations got lost in various groups. During the last years, 
associations of liverworts with ancient fungi like Endogone (BIDARTONDO et al. 
2011, DESIRÒ et al. 2013, FIELD et al. 2015) and Basidiomycota from the orders 
Sebacinales and Tulasnellales (BIDARTONDO et al. 2003, KOTTKE et al. 2003, 
NEBEL et al. 2004, PREUSSING et al. 2010
Phylogenetically ancient liverworts (Haplomitriopsida, Marchantiopsida and 
Pelliidae) are associated with Glomeromycota, whereas Asco- and Basidio-
mycota occur in derived groups like Aneuraceae or Jungermanniales (KOTTKE 
& NEBEL 2005, PRESSEL et al. 2010). In liverworts, fungal associations are of-
ten connected to the ecology and the systematic position of a certain species. 
Liverworts growing on mineral soil are usually associated with Glomeromy-
cota, whereas species growing on wood or humus are rather associated with 
Asco- and Basidiomycota. Epiphytic species lack mycorrhiza-like associa-
tions in general. Epiphytism evolved several times independently during land 
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plant evolution within liverworts, mosses and ferns. Noticeably, it evolved 
in different groups during the same time around 150 million years ago and 
is correlated with the evolution of angiosperms that have barks suitable for 
epiphytes (HUTTUNEN et al. 2004, SCHNEIDER et al. 2004, FELDBERG et al. 2014).

Although molecular phylogenetic studies improve our understanding of 

including e.g. phylogenetic reconstructions of species-rich families within ar-

The species-rich moss genus Schistidium (Grimmiaceae) includes numerous 
BLOM (1996) provided a revision of 

the Schistidium apocarpum complex from Norway and Sweden. While the 
resulting narrow species concept has been subject of controversial discus-

GORYUNOV et 
al. 2007, IGNATOVA et al. 2009). Josef POELT described two Schistidium spe-

Schistidium is tested in this work.

2. Systematics and ecology of liverworts
Liverworts split off early during land plant evolution. Depending on the 

phylogenomic analysis, they cluster either in a sister group position to all re-
maining land plants (QIU et al. 2006) or in a sister group position to mosses 
(WICKETT et al. 2014). Within Marchantiophyta, the relationships between ma-
jor clades are phylogenetically well supported (FORREST et al. 2006, QIU et al. 
2007). The liverwort cladogram presented here (Fig. 1a) is based on the list by 
CRANDALL-STOTLER et al. (2009), which includes molecular and morphological 
data. Haplomitrium (Haplomitriidae) is with its rhizome-like thallus that lacks 
rhizoids closely connected to the soil. In contrast, the sister group Treubia 
(Treubiidae) has rhizoids at the ventral side of the thallus. All basal liverworts, 
including Marchantiopsida and Pelliidae, grow on soil, rarely on peat or rotten 
wood, and stick to the ground with their rhizoids (KOTTKE & NEBEL 2005). 
Around 150 million years ago, strong plants, which lost direct soil contact 
and developed rarely rhizoids, evolved within numerous groups of liverworts. 

epiphytic and even epilithic (FELDBERG et al. 2014). Aneuraceae, another fa-
mily of Metzgeriales, grow preferentially on rotten wood and humus in a hu-
mid environment (PREUSSING et al. 2010a). Metzgeriidae are a sister group to 
folious liverworts (Jungermanniidae) with three orders (Fig. 1a). Ptilidiales 
contain only eight species that grow on humus, and are rarely epiphytic. In 
species-rich Porellales, the majority of species are epiphytes with few epilithic 
taxa. They contain 2,095 species (NEBEL, unpublished), including taxa that 
evolved epiphylly (growth on living leaves) in the tropics. Jungermanniales 
are composed of soil-growing species as well as epiphytes that evolved sever-
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al times independently (FELDBERG et al. 2014). With 2,370 species in total (NE-
BEL, unpublished), the Jungermanniales are the most species-rich order within 
liverworts.

3. Mycorrhiza-like associations in liverworts
During transition from water to land, land plants had to cope with numerous 

biotic and abiotic stresses, including the necessity of phosphorus uptake. In 

for mycorrhiza-like associations (WANG et al. 2010). In hornworts, liverworts, 

not functional in mosses that have been analyzed so far (WANG et al. 2010). 
A mycorrhiza-like symbiosis between liverwort and fungi is given if (1) no 

injuries of the plant tissue are visible, (2) no defense reaction like e.g. cell wall 
thickenings are visible, (3) the cells associated with hyphae have intact cell 
membranes and organelles, and (4) plant cells remain stable in form and func-
tionality after fungi association (KRAUSE et al. 2011). In numerous liverworts, 
rhizoids with branched and swollen tips occur. These structures are often co-
lonized by fungi (PAUL 1916, POCOCK et al. 1984, POCOCK & DUCKETT 1985, 
DUCKETT et al. 1991, READ et al. 2000, PRESSEL et al. 2008, 2010). However, 
these structures are also formed by rhizoids that are not colonized by fungi 
(POCOCK & DUCKETT 1985, DUCKETT et al. 1991). In the genus Paraschistochi-
la, the rhizoids are not only branched and swollen, they furthermore develop 
apical thin-walled septae, induced by fungal colonization. Colonization by 
symbiotic fungal does not induce cell wall defense reactions, while coloni-
zation with non-symbiotic fungi induces rhizoid pegs as a defense reaction 
(PRESSEL et al. 2008). 

The most ancient fungi that form symbioses with liverworts are Endogone-
JAMES et al. 

(2006). Within liverworts, mycorrhiza-like associations with Endogone have 
been detected in Haplomitriopsida, Marchantiopsida, Pelliidae, Anthoceroto-
phyta and Pteridophyta. In many cases, Endogone and Glomeromycota occur 
simultaneously. Due to its high phylogenetic age, Endogone is discussed as 
one of the oldest plant-associated fungi (BIDARTONDO et al. 2011, DESIRÒ et al. 
2013, FIELD et al. 2015).

All thalloid liverworts, with exception of Metzgeriales, form symbioses 
with Glomeromycota (Fig. 1b) via arbuscular mycorrhiza (AM) (SMITH & 
READ 2008). In some taxa, usually pioneer plants like Ricciaceae, AM is se-
condarily reduced. Symbioses with Glomeromycota increase the photosynthe-

under conditions of elevated CO2 concentrations, indicating that the advanta-
ges of mycorrhiza-like associations could have been even higher during the 
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Paleozoic (HUMPHREYS et al. 2010). Until now, fungi from the genera Glomus, 
Acaulospora and Ambispora -
bionts (LIGRONE et al. 2007, BIDARTONDO et al. 2011). In contrast, nine genera 
of Glomeromycota are described from hornworts, which contain considerably 
less species (DESIRÒ et al. 2013). Since thalloid liverworts are phylogeneti-
cally older than the majority of extant land plant taxa, an origin of fungi-asso-
ciations in the liverwort lineage seems likely, although this has not been pro-
ven yet. Mycorrhiza in liverworts might also represent a secondarily evolved 
association (SELOSSE 2005).

Fig. 1a: Species diversity and mycorrhiza-like associations in the context of the liverwort phyloge-
ny – Liverworts (Marchantiophyta) represent early-diverged land plants that form mycorrhiza-like 
associations. The cladogram presented here is based on a list by CRANDALL-STOTLER et al. (2009). 

-
germanniopsida (light green) are shown in a phylogenetic context. The occurrence of fungal asso-
ciations is depicted with colored boxes at the respective branch. Mycorrhiza-like associations with 
Glomeromycota (yellow), Basidiomycota (red), Ascomycota (blue), and Asco- and Basidiomycota 
(magenta) are described from different liverwort lineages. Below, liverwort species numbers are 
depicted in a pie chart.
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Ascomycota symbionts (Fig. 1b) are restricted to Jungermanniales (as com-
piled by NEBEL et al. 2004). Most evidence for Ascomycota in liverworts has 

DUCKETT & READ 1991), where-
as ultrastructural analyses are rare (READ et al. 2000, KOTTKE et al. 2003, PRES-
SEL et al. 2008). On molecular level, Rhizoscyphus ericae has been detected in 
Cephaloziella (CHAMBERS et al. 1999, UPSON et al. 2007) and Paraschistochila 

Fig. 1b: Typical representatives of the liverwort-subclasses and fungal symbionts. Corre-

shown. From the upper left to the lower right: Blasia pusilla, Lunularia cruciata, Pellia endi-
viifolia, Metzgeria pubescens, Aneura pinguis, Frullania dilatata, Ptilidium pulcherrimum and 
Jungermannia atrovirens. Below liverwort-associated fungi are shown, namely Glomeromycota 
(yellow), Ascomycota (blue), Basidiomycota (Tulasnella) (red, PREUSSING et al. 2010a) and Asco-
mycota (Sebacina) (magenta). For Sebacina-associations, the liverwort Gongylanthus granatensis 
is shown above the porus (KOTTKE et al. 2003).
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(PRESSEL et al. 2008). As Paraschistochila is phylogenetically older than ferns 

concluded that Ascomycota-symbioses evolved here. However, also a secon-
dary colonization cannot be excluded.

Until now, Basidiomycota that associate with liverworts as non-parasitic 
endophytes are only described from the genera Tulasnella and Sebacina, that 
both belong to the basal Hymenomycetes. Both are characterized by a doli-
porus with imperforate parenthesome (WEISS et al. 2004). Aneuraceae grow 
basically on rotten wood and humus and form symbioses with Tulasnellales 
(Fig. 1b). First ultrastructural evidence of Tulasnella endosymbionts in An-
euraceae was given by analyses of Aneura (= Cryptothallus) mirabilis and 
Aneura pinguis (POCOCK & DUCKETT 1984, LIGRONE et al. 1993), followed by 
molecular evidence from Aneura mirabilis (BIDARTONDO et al. 2003). Symbio-

-
lyzed mycorrhiza-like associations in liverworts. Tulasnellales-associations 
occur in all Aneuraceae genera, namely Aneura, Lobatiriccardia, Riccardia 
and Verdoornia (DUCKETT & LIGRONE 2008, PREUSSING et al. 2010b). On mole-

DUCKETT 
& LIGRONE 2008, BIDARTONDO & DUCKETT 2010, PREUSSING et al. 2010a). How-
ever, the colonization of intact Aneuraceae cells by Sebacina has not been 

this is symbiosis or not. Transmission electron microscopy of Tulasnella in 
Aneuraceae showed a cup-shaped parenthesome (Fig. 1b) and slime bodies in 
the cell walls (LIGRONE et al. 1993, KRAUSE et al. 2011). Structures like these 
are typically known from Tulasnella fungi. 

As shown via ultrastructural analyses, Sebacinales (Fig. 1b) form symbi-
oses with Jungermanniales (READ et al. 2000, KOTTKE et al. 2003, NEBEL et 
al. 2004, DUCKETT et al. 2006). The parenthesome of the doliporus is almost 
straight in cross-section (Fig. 1b). Furthermore, there are several molecular 

KOTTKE et al. 
2003, NEBEL et al. 2004, BIDARTONDO & DUCKETT 2010, NEWSHAM & BRIDGE 
2010). Based on a recent molecular phylogeny of Jungermanniales, this or-

SHAW et al. 2015). When mapping the 
fungal symbionts detected so far onto the phylogeny, it becomes evident that 
symbioses in the three more basal sub-orders Perssonniellineae, Myliineae 
and Lophocoleineae are formed with Ascomycota only, while Sebacinales 
are found in addition to Ascomycota in Cephaloziineae (Scapaniaceae only) 
and in different families of Jungermanniineae (Fig. 1a, b). Hence, Sebacina-
symbioses are found in derived sub-orders so far. Based on this, Sebacinales-
symbioses evolved comparably late. 
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    of mosses

With around 12,500 species (FREY et al. 2009), mosses are the second lar-
gest group of land plants. The rise of molecular phylogenetics boosted our 
knowledge about moss systematics and evolution during the last decades and 

Buxbaumia or Tetraphis
(FRAHM & FREY 1987: 507–510), the backbone phylogeny of mosses is now-
adays well supported with molecular data (e.g. COX et al. 2004, 2010). The 
moss cladogram presented here (Fig. 2a) is based on the list by GOFFINET et 
al. (2009) that considers morphological and molecular data. In the context of 
moss evolution, the architecture of the sporophyte is one of the very changea-
ble morphological characteristics highlighted in the following. In the most an-
cient and unusual moss Takakia, the mature spore capsule opens along a dia-
gonal split and releases the spores (Fig. 2b). In Sphagnum (peat mosses, Fig. 
2b), the lid of the capsule is blown off under considerable air pressure hurling 
the spores out. In Andreaea (Fig. 2b), the spore capsule has four, rarely eight 
splits. The opening mechanism of these splits depends on shrinking of the 
columella during maturity and dryness. At high humidity, the capsules close 
again due to swellings of the columella. The spore capsules of these moss 
groups have initially no peristome teeth (Fig. 2b). With around 395 species in 
total, Takakia, Sphagnum and Andreaea -
versity (FREY et al. 2009). Two major types of peristomes evolved during moss 
evolution, the nematodontous peristome and the arthrodontous peristome. A 
nematodontous peristome is ancestral in peristomate mosses and built from 
teeth of whole, elongated dead cells (COX et al. 2004). Typical nematodontous 
mosses are Polytrichum or Tetraphis (Fig. 2a, b). In Polytrichum (Fig. 2b), the 
rigid peristome teeth are connected to a membrane (epiphragm). Mature Poly-
trichum capsules release their spores like saltshakers, as their peristomes are 
not hygroscopic like in arthrodontous mosses. As the names suggest, Tetraphis 
(Fig. 2b) and Tetradontium have four nematodontous teeth. With around 235 

open or close the mouth of spore capsules via hygroscopic movements and 
contribute to climate- or water-dependent spore release. In contrast to the ne-
matodontous peristomes, the arthrodontous peristomes are hygroscopic. The 
cells of the arthrodontous peristome are thickened and only the outer cell wall 
is thin. In turgescent cells, the outer cell wall is stretched and the capsules re-
main closed. Under dry conditions, the peristome teeth open the capsule mouth 
and release the spores. At the basis of arthrodontous mosses, different peri-
stome types evolved. In principal, they are composed of two rows of teeth 
with different characteristics. The exostome usually consists of cellular teeth, 
while the endostome consists of segments or cilia. First arthrodontous peri-
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stomes with two rows are present in Buxbaumia and Diphyscium (Fig. 2b). In 
the Funariidae, a diplolepidous arthrodontous peristome is present as well. In 
the Funariaceae (Funaria hygrometrica, Fig. 2b), the teeth are arranged in an 

Buxbaumiidae, Diphysciidae, Timmiidae (Timmia bavarica, Fig. 2b) and  

By reduction of the exostome, the haplolepidous peristome (Schistidium 
crassipilum, Fig. 2b) of Dicranidae evolved. Dicranidae contain species-rich 
moss families like Grimmiaceae, Dicranaceae and Pottiaceae and represent 
around one third of extant moss biodiversity with 4,031 species (Fig. 2a). In 
numerous clades of the haplolepidous mosses, but also within the diplolepi-
dous-opposite Funariaceae, reduction of sporophytic characteristics up to clei-

Fig. 2a: Species diversity and sporophyte architecture in the context of the moss phylogeny. With 
around 12,500 species, mosses (Bryophyta) are the largest group of haploid-dominant land plants. 
The moss cladogram shown here is based on GOFFINET et al. (2009). On the right the eight moss 
classes, Takakiopsida (yellow), Sphagnopsida (orange), Andreaeopsida (brown), Andreaeobryop-

green) and Bryopsida (light green) are depicted. The species numbers are shown on the upper left. 
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stocarpy occurs. In cleistocarpic species like e.g. the model organism Physco-
mitrella patens, the capsule opens by disintegration or the capsule itself is the 
distribution unit. 

Within Bryidae, the peristome is diplolepidous (Hypnum andoi, Fig. 2b), 
but the two rows of teeth are in an alternate position. The exostome is com-
posed of teeth that develop from one cell, the endostome is composed of ci-
lia composed by two cells. The diplolepidous-alternate peristome is found in 

in the sub-class of Bryidae reductions of sporophytes are observed. Molecular 
analyses of Neckeraceae and Lembophyllaceae indicate an adaptive evolution 
upon habitat shift, but provide evidence for potential genetic or developmental 
pathways yielding comparable phenotypes (HUTTUNEN et al. 2012).

Fig. 2b: 
On top a picture of the gametophyte is shown, below a picture of the capsules with focus on the 
presence or absence of a peristome. From the upper left to the lower right: Takakia ceratophylla 

Sphagnum squarrosum, Andreaea rothii, Polytrichum 
formosum, Tetraphis pellucida, Diphyscium foliosum, Timmia bavarica, Funaria hygrometrica, 
Schistidium crassipilum and Hypnum cupressiforme. Images of Andreaea rothii, Tetraphis pelluci-
da and Diphyscium foliosum by Michael LÜTH.
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5. Schistidium – the mossy side of Josef POELT

The genus Schistidium belongs to the family Grimmiaceae (Dicranidae). 
Schistidium and Grimmia are closely related. Molecular studies revealed that 
Schistidium is monophyletic and clusters within Grimmia, hence Grimmia is 
paraphyletic (HERNÁNDEZ-MAQUEDA et al. 2008a, 2008b). All 110 Schistidium 
species worldwide grow on rock. Since monographies from the high moun-
tains, including the Alps, are lacking, the species number is likely underesti-
mated at present. BLOM (1996) wrote a monography about Norwegian and 
Swedish species of the Schistidium apocarpum complex. From 31 species 
subdivided into 36 taxa (including subspecies and varieties), 13 species and 
17 taxa were newly described, including Schistidium poeltii H.H. BLOM. His 

-
cular data (GORYUNOV et al. 2007, IGNATOVA et al. 2009). Josef POELT descri-
bed two novel species in the genus Schistidium, namely Schistidium boreale  
POELT (POELT 1953) and Schistidium grande POELT (POELT 1955). Further more, 

Schistidium papillosum CULM. as Schistidium apocarpum sub-
sp. papillosum (CULM.) POELT and Grimmia trichodon BRID. to Schistidium 
trichodon (BRID.) POELT (POELT 1953). POELT’s interest in the genera Grimmia 
and Schistidium was likely connected to the habitat of these mosses, growing 
on rock in close proximity to rock-inhabiting lichens. The molecular phylo-
geny presented in this work includes all Schistidium species described and 

POELT (Fig. 3). Based on a phylogenetic analysis of the internal 
transcribed spacer region (WHITE S. grande is 
well supported. S. grande is closely related to the two analyzed subspecies of 
Schistidium brunnescens, S. brunnescens subsp. griseum and S. brunnescens 
subsp. brunnescens. Concerning S. boreale and S. trichodon, the situation is 
not clear yet. POELT’ S. trichodon from G. trichodon is 
clearly supported, however S. boreale and S. trichodon are not unambiguous-

range of both taxa. Concerning S. apocarpum subsp. papillosum, the mole-
 S. apocarpum subsp. 

papillosum is closely related to S. apocarpum, but it clusters in a sister group 
S. pa-

pillosum CULM., rather than a subspecies is conclusive.
As a namesake of S. poeltii Josef POELT’s importance for bryological re-

search has been once more shown and acknowledged. With his excellent spe-
cies knowledge, POELT made major contributions to bryology and enriched 
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The relevance of marker gene analyses for the reconstruction of phyloge-
-
-

to lacking Schistidium monographies of the high mountains, the species di-
versity is likely underestimated at present and should be characterized with a 

phyte symbionts is also a promising branch of research. A much higher species 
diversity of Glomeromycota-symbionts in liverworts can be expected con-
sidering the symbiont diversity in hornworts. Furthermore, the relevance of 

on molecular and ultrastructural level. Associations of Jungermanniales with 

Fig. 3: Phylogenetic analysis of Schistidium POELT. The internal tran-
Schistidium samples representing eight 

GORYUNOV et al. (2007), IGNATOVA et al. 
(2009) and MILIUTINA et al. (2010) (highlighted with stars), the phylogenetic tree was calculated 
with Maximum Likelihood (1,000 replicates). The support values show Maximum Likelihood 

POELT are 
highlighted in bold.
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Sebacinales (Basidiomycota) might represent phylogenetically young sym-
bioses. A distribution of typical symbionts in Jungermanniales, but also in 

symbioses in basal land plants. 

7. References
BEIKE, A.K., VON STACKELBERG, M., SCHALLENBERG-RÜDINGER, M., HANKE, S.T., FOLLO, 

M., QUANDT, D., MCDANIEL, S.F., RESKI, R., TAN, B.C. & RENSING, S.A. 2014: Mo-
lecular evidence for convergent evolution and allopolyploid speciation within the 
Physcomitrium-Physcomitrella species complex. — BMC Evol. Biol. 14: 158. doi: 
10.1186/1471-2148-14-158.

BIDARTONDO, M.I., BRUNS, T.D., WEISS, M., SÉRGIO, C. & READ, D.J. 2003: Specialized 
cheating of the ectomycorrhizal symbiosis by an epiparasitic liverwort. — Proc. 
Royal Soc. London, Ser. B. 270: 835–842.

BIDARTONDO, M.I & DUCKETT, J.G. 2010: Conservative ecological and evolutionary pat-
terns in liverwort-fungal symbioses. — Proc. Royal Soc. London, Ser. B 277: 485–
492.

BIDARTONDO, M.I., READ, D.J., TRAPPE, J.M., MERCKX, V., LIGRONE, R. & DUCKETT, J.G. 
2011: The dawn of symbiosis between plants and fungi. — Biol. Lett. 7: 574–577.

BLOM, H.H. 1996: A revision of the Schistidium apocarpum complex in Norway and 
Schweden. — Bryophyt. Bibl. 49, 333 pp.

CHAMBERS, S.M., WILLIAMS, P.G., SEPPELT, R.D. & CAIRNEY, J.W.G. 1999: Molecular iden-
Hymenoscyphus sp. from rhizoids of the leafy liverwort Cephaloziella 

in Australia and Antarctica. — Mycol. Res. 103: 286–288. 
COX, C.J., GOFFINET, B., SHAW, A.J. & BOLES, S.B. 2004: Phylogenetic relationships 

among the mosses based on heterogeneous Bayesian analysis of multiple genes 
from multiple Genomic compartments. — Systematic Botany 29: 234–250.

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

CRANDALL-STOTLER, B., STOTLER, R.E. & LONG, D.G.
of the Marchantiophyta. — In GOFFINET, B. & SHAW, A.J. (eds.): Bryophyte Bio logy, 
pp. 1–54. — Cambridge: University Press.

DESIRÒ, A., DUCKETT, J.G., PRESSEL, S., VILLARREAL, J.C. & BIDARTONDO, M.I. 2013: Fun-

280: 20130207. doi: 10.1098/rspb.2013.0207.
DUCKETT, J.G., RENZAGLIA, K.S. & PELL, K. 1991: A light and electron microscope study 

observations on the effects of the fungi on host morphology. — New Phytol. 118: 
233–257.

DUCKETT, J.G. & READ, D.J. -
nine iodide, for selective staining of ascomycete fungi associated with liverwort 
rhizoids and ericoid mycorrhizal roots. — New Phytol. 118: 259–272.



686

M. Nebel & A.K. Beike

DUCKETT, J.G., RUSSELL, J. & LIGRONE, R. 2006: Basidiomycetous endophytes in jun-

ranges: a cytological and experimental study. — Can. J. Bot. 84: 1075–1093. 
DUCKETT, J.G. & LIGRONE, R. 2008: Basidiomycetous endophytes in New Zealand An-

euraceae (simple thalloid liverworts, Metzgeriidae) and the derived status of the 
monotypic genus Verdoornia. — Botany 86: 346–358.

FELDBERG, K., SCHNEIDER, H., STADLER, T., SCHÄFER-VERWIMP, A., SCHMIDT, A.R. & HEIN-
RICHS, J. -
ests. — Sci. Rep. 4: 5974. (doi:10.1038/srep05974)

FIELD, K.J., RIMINGTON, W.R., BIDARTONDO, M.I., ALLINSON, K.E., BEERLING, D.J., CA-
MERON, D.D., DUCKETT, J.G., LEAKE, J.R. & PRESSEL, S. 2015: First evidence of mu-
tualism between ancient plant lineages (Haplomitriopsida liverworts) and Muco-
romycotina fungi and its response to simulated Palaeozoic changes in atmospheric 
CO2. — New Phytol. 205: 743–756.

FORREST, L.L. & CRANDALL-STOTLER, B.J. 2004: A phylogeny of the simple thalloid liver-

genes. — Monogr. Syst. Bot. Missouri Bot. Gard. 98: 119–140.
FORREST, L.L., DAVIS, E.C., LONG, D.G., CRANDALL-STOTLER, B.J., CLARK, A. & HOLLINGS-

WORTH, M.L. 2006: Unraveling the evolutionary history of the liverworts (Marchan-
tiophyta): Multiple taxa, genomes and analyses. — Bryologist 109: 303–334.

FRAHM, J.-P. & FREY, W. 1987: — Stuttgart: Ulmer.
FREY, W., STECH, M. & FISCHER, E. 2009: Syllabus of the Plant Families – A. Engler’s 

th 
ed. — Berlin, Stuttgart: Borntraeger.

GOFFINET, B., BUCK, W.R. & SHAW, A.J.
of the Bryophyta. — In GOFFINET, B. & SHAW, A.J. (eds.): Bryophyte Biology, pp. 
55–138. — Cambridge: University Press.

GORYUNOV, D.V., IGNATOVA, E.A., IGNATOV, M.S., MILYUTINA, I.A. & TROITSKY, A.V. 2007: 
Support from DNA data for a narrow species concept in Schistidum (Grimmiaceae, 
Musci). — J. Bryol. 29: 98–103.

HERNÁNDEZ-MAQUEDA, R., QUANDT, D., WERNER, O. & MUÑOZ, J. 2008a: Phylogeny and 

from cpDNA. — Mol. Phylogenet. Evol. 46: 863–877.
HERNÁNDEZ-MAQUEDA, R., QUANDT, D. & MUÑOZ, J. 2008b: Testing reticulation and adap-

tive convergence in the Grimmiaceae (Bryophyta). — Taxon 57: 500–510. 
HUMPHREYS, C.P., FRANKS, P.J., REES, M., BIDARTONDO, M.I., LEAKE, J.R. & BEERLING, 

D.J. 2010: Mutualistic mycorrhiza-like symbiosis in the most ancient group of land 
plants. — Nat. Commun. 1: 103. (doi: 10.1038/ncomms1105)

HUTTUNEN, S., OLSSON, S., BUCHBENDER, V., ENROTH, J., HEDENÄS, L. & QUANDT, D. 2012: 
-

phytic specializations in mosses. — PLOS ONE 7: e48268. (doi:10.1371/journal.
pone.0048268)



687

Molecular phylogenetics and bryophyte evolution

HUTTUNEN, S., IGNATOV, M.S., MÜLLER, K. & QUANDT, D. 2004: Phylogeny and evolution 
of epiphytism in the three moss families Meteoriaceae, Brachytheciaceae, and Lem-
bophyllaceae. — Monogr. Syst. Bot. Mo. Bot. 98: 328–361.

IGNATOVA, E.A., BLOM, H.H., GORYUNOV, D.V. & MILYUTINA, I.A. 2009: On the genus 
Schistidium (Grimmiaceae, Musci) in Russia. — Arctoa 19: 195–233.

JAMES, T.Y., KAUFF, F., SCHOCH, C.L., MATHENY, P.B., HOFSTETTER, V., COX, C.J., CELIO, 
G., GUEIDAN, C., FRAKER, E., MIADLIKOWSKA, J., LUMBSCH, H.T., RAUHUT, A., REEB, 
V., ARNOLD, A.E., AMTOFT, A., STAJICH, J.E., HOSAKA, K., SUNG, G.-H., JOHNSON, D., 
O’ROURKE, B., CROCKETT, M., BINDER, M., CURTIS, J.M, SLOT, J.C., WANG, Z., WIL-
SON, A.W., SCHÜSSLER, A., LONGCORE, J.E., O’DONNELL, K., MOZLEY-STANDRIDGE, 
S.,  PORTER, D., LETCHER, P.M., POWELL, M.J., TAYLOR, J.W., WHITE, M.M., GRIF-
FITH, G.W., DAVIES, D.R., HUMBER, R.A., MORTON, J.B., SUGIYAMA, J., ROSSMAN, 
A.Y., ROGERS, J.D., PFISTER, D.H., HEWITT, D., HANSEN, K., HAMBLETON, S., SHOE-
MAKER, R.A., KOHLMEYER, J., VOLKMANN-KOHLMEYER, B., SPOTTS, R.A., SERDANI, M., 
CROUS, P.W., HUGHES, K.W., MATSUURA, K., LANGER, E., LANGER, G., UNTEREINER, 
W.A., LÜCKING, R., BÜDEL, B., GEISER, D.M., APTROOT, A., DIEDERICH, P., SCHMITT, 
I., SCHULTZ, M., YAHR, R., HIBBETT, D.S., LUTZONI, F., MCLAUGHLIN, D.J., SPATAFORA, 
J.W. & VILGALYS, R. 2006: Reconstructing the early evolution of Fungi using a six-
gene phylogeny. — Nature 443: 818–822.

KATOH, K. & STANDLEY, D.M. -
sion 7: improvements in performance and usability. — Mo. Biol. Evol. 30: 772–780. 

KEARSE, M., MOIR, R., WILSON, A., STONES-HAVAS, S., CHEUNG, M., STURROCK, S., BUXTON, 
S., COOPER, A., MARKOWITZ, S., DURAN, C., THIERER, T., ASHTON, B., MEINTJES, P. & 
DRUMMOND, A. 2012: Geneious Basic: an integrated and extendable desktop soft-

— Bioinformatics 
28: 1647–1649.

KOTTKE, I., BEITER, A., WEISS, M., HAUG, I., OBERWINKLER, F. & NEBEL, M. 2003: Hete-
robasidiomycetes form symbiotic associations with hepatics: Jungermanniales have 
sebacinoid mycobionts while Aneura pinguis (Metzgeriales) is associated with a 
Tulasnella species. — Mycol. Res. 107: 957–968.

KOTTKE, I. & NEBEL, M. 2005: The evolution of mycorrhiza-like associations in liver-
worts: an update. — New Phytol. 167: 330–334.

KRAUSE, C., GARNICA, S., BAUER, R. & NEBEL, M. 2011: Aneuraceae (Metzgeriales) and 
tulasnelloid fungi (Basidiomycota) – a model for early steps in fungal symbiosis. — 
Fungal Biol. 115: 839–851.

LIGRONE, R., POCOCK, K. & DUCKETT, J.G. 1993: A comparative ultrastructural study of 
the endophytic basidiomycetes in the parasitic hepatic Cryptothallus mirabilis and 
the closely allied photosynthetic species Aneura pinguis (Metzgeriales). — Can. J.  
Bot. 71: 666–679.

LIGRONE, R., CARAFA, A., LUMINI, E., BIANCIOTTO, V., BONFANTE, P. & DUCKETT, J.G. 2007: 
Glomeromycota associations in liverworts: A molecular, cellular, and taxonomic 
analysis. — Am. J. Bot. 94: 1756–1777. 

LIU, Y., BUDKE, J.M. & GOFFINET, B. 2012: Phylogenetic inference rejects sporophyte 
-

pant homoplasy in sporophyte evolution. — Mol. Phylogenet. Evol. 62: 130–145.



688

M. Nebel & A.K. Beike

MCDANIEL, S.F., VON STACKELBERG, M., RICHARDT, S., QUATRANO, R.S., RESKI, R. & REN-
SING, S.A. 2010: The speciation history of the Physcomitrium-Physcomitrella spe-
cies complex. — Evolution 64: 217–231. 

 2010: 
[The phylogeny of Schistidium (Bryophyta, Grimmiaceae) based on primary and 
secondary structure study of nuclear rDNA internal transcribed spacers]. — Mol. 
Biol. Mosk. 44: 994–1009.

NEBEL, M., KREIER, H.-P., PREUSSING, M., WEISS, M. & KOTTKE, I. 2004: Symbiotic fungal 
associations of liverworts are the possible ancestors of mycorrhizae. — In AGERER, 
R., PIEPENBRING, M. & BLANZ, P. (eds.): Frontiers in Basidiomycote Mycology,  pp 
339–360. — Eching: IHW.

NEWSHAM, K.K. & BRIDGE, P.D. 2010: Sebacinales are associates of the leafy liverwort 
Lophozia excisa in the southern maritime Antarctic. — Mycorrhiza 20: 307–313.

PAUL, H. 1916: Beitrag zur Ökologie der Lebermoose. — Bryologische Zeitschrift 1: 
52–59.

POCOCK, K. & DUCKETT, J.G. 1984: A comparative ultrastructural analysis of the fungal 
endophytes in Cryptothallus mirabilis Malm. and other British thalloid hepatics. — 
J. Bryol. 13: 227–233.

POCOCK, K., DUCKETT, J.G., GROLLE, R., MOHAMED, M.A.H. & PANG, W.C. 1984: Branched 
and swollen rhizoids in hepatics from montane rain forest in Peninsular Malaya. — 
J. Bryol. 13: 241–246.

POCOCK, K. & DUCKETT, J.G. 1985: On the occurrence of branched and swollen rhizoids in 
British hepatics: Their relationship with the substratum and associations with fungi. 
— New Phytol. 99: 281–304.

POELT, J. 1953: Zur Kenntnis der Gracile-Formen der Sammelart Schistidum apocarpum 
(L.) Bryol. Eur. — Svensk Bot. Tidskr. 47: 248–262.

POELT, J. — Feddes Rep-
ert. 58: 157–179.

PRESSEL, S., LIGRONE, R., DUCKETT, J.G. & DAVIS, E.C. 2008: A novel ascomycetous en-
dophytic association in the rhizoids of the leafy liverwort family, Schistochilaceae 
(Jungermanniidae, Hepaticopsida). — Am. J. Bot. 95: 531–541. 

PRESSEL, S., BIDARTONDO, M.I., LIGRONE, R. & DUCKETT, J.G. 2010: Fungal symbiosis in 
bryophytes: New insights in the Twenty First Century. — Phytotaxa 9: 238–253.

PREUSSING, M., NEBEL, M., OBERWINKLER, F. & WEISS, M. 2010a: Diverging diversity pat-
terns in the Tulasnella (Basidiomycota, Tulasnellales) mycobionts of Aneura pin-
guis (Marchantiophyta, Metzgeriales) from Europe and Ecuador. — Mycorrhiza 20: 
147–159.

PREUSSING, M., OLSSON, S., SCHÄFER-VERWIMP, A., WICKETT, N.J., WICKE, S., QUANDT, D. 
& NEBEL, M. 2010b: New insights in the evolution of the liverwort family Aneu-
raceae (Metzgeriales, Marchantiophyta) with an emphasis on the genus Lobatiric-
cardia. — Taxon 59: 1424–1440.

QIU, Y.-L., LI, L., WANG, B., CHEN, Z., KNOOP, V., GROTH-MALONEK, M., DOMBROVSKA, 
O., LEE, J., KENT, L., REST, J., ESTABROOK, G.F., HENDRY, T.A., TAYLOR, D.W., TES-



689

Molecular phylogenetics and bryophyte evolution

TA, C.M., AMBROS, M., CRANDALL-STOTLER, B., DUFF, R.J., STECH, M., FREY, W.,  
QUANDT, D. & DAVISK, C.C. 2006: The deepest divergences in land plants inferred 
from phylogenomic evidence. — Proc. Natl. Acad. Sci. USA 103: 15511–15516.

QIU, Y.-L., LI, L., WANG, B., CHEN, Z., DOMBROVSKA, O.,  LEE, J., KENT, L., LI, R., JOBSON, 
R.W., HENDRY, T.A., TAYLOR, D.W., TESTA, C.M. & AMBROS, M. 2007: -

mitochondrial, and nuclear genes. — Int. J. Plant Sci. 168: 691–708.
READ, D.J., DUCKETT, J.G., FRANCIS, R., LIGRONE, R. & RUSSELL, A. 2000: Symbiotic fun-

gal associations in ‘lower’ land plants. — Philos. Trans. Roy. Soc. London, Ser. B 
355: 815–831.

SCHNEIDER, H., SCHUETTPELZ, E., PRYER, K.M., CRANFILL, R., MAGALLÓN, S. & LUPIA, R. 
— Nature 428: 553–557.

SCHUSTER, R.M. 1963: Studies on antipodal Hepaticae I. Annotated keys to the genera 
of antipodal Hepaticae with special reference to New Zealand and Tasmania. — J. 
Hattori Bot. Lab. 26: 185–309.

SCHUSTER, R.M. — In 
SCHUSTER, R.M. (ed.): New Manual of Bryology, Vol. 2, pp. 892–1070. — Michi-
nan: The Hattori Bot. Lab.

SCHUSTER, R.M. 1999: Verdoornia and the phylogeny of the Metzgeriales. — J. Hattori 
Bot. Lab. 86: 71–87.

SELOSSE, M.-A. 2005: Are liverworts imitating mycorrhizas? — New Phytol. 165: 345–
350.

SHAW, B., CRANDALL-STOTLER, B., VÁNÂ, J., STOTLER, R.E.,VON KONRAT, M., ENGEL, J.J., 
DAVIS, E.C., LONG, D.G., SOVA, P. & SHAW, A.J. 2015: Phylogenetic relationships 
and morphological evolution in a major clade of leafy liverworts (Phylum March-
antiophyta, Order Jungermanniales): Suborder Jungermanniineae. — Syst. Bot. 40: 
27–45.

SMITH, S.E. & READ, D.J. 2008: Mycorrhizal Symbiosis. 3. Edition. — New York: Aca-
demic Press.

SPAGNUOLO, V., CAPUTO, P., COZZOLINO, S., CASTALDO, R. & DE LUCA, P. 1999: Patterns 
of relationships in Trichostomoideae (Pottiaceae, Musci). — Pl. Syst. Evol. 216: 
69–79.

STAMATAKIS, A. 2006: RAxML-VI-HPC: maximum likelihood-based phylogenetic analy-
ses with thousands of taxa and mixed models. — Bioinformatics 22: 2688–2690.

STECH, M. & FREY, W. 2001:
(Hepaticophytina, Bryophyta). — Nova Hedwigia 72: 45–58.

STECH, M., QUANDT, D., LINDLAR, A. & FRAHM, J.-P. 2003: The systematic position of 
 (Pterobryaceae, Bryopsida) based on molecular data. Studies 

in austral temperate rainforest bryophytes 21. — Austral. Syst. Bot. 16: 561–568. 
UPSON, R., READ, D.J. & NEWSHAM, K.K. 2007: Widespread association between the eri-

coid mycorrhizal fungus Rhizoscyphus ericae and a leafy liverwort in the maritime 
and sub-Antarctic. — New Phytol. 176: 460–471. 



690

M. Nebel & A.K. Beike

WANG, B., YEUN, L.H., XUE, J.-Y., LIU, Y., ANÉ, J.-M. & QIU, Y.-L. 2010: Presence of 
three mycorrhizal genes in the common ancestor of land plants suggests a key role 
of mycorrhizas in the colonization of land by plants. — New Phytol. 186: 514–525.

WEISS, M., BAUER, R. & BEGEROW, D. 2004: Spotlight on heterobasidiomycetes. — In 
AGERER, R., PIEPENBRING, M. & BLANZ, P. (eds.): Frontiers in Basidiomycote Myco-
logy, pp 7–48. — Eching: IHW.

WHITE, T.J., BRUNS, T., LEE, S. & TAYLOR, J.W. -
ing of fungal ribosomal RNA genes for phylogenetics. — In INNIS, M.A., GELFAND, 
D.H., SNINSKY, J.J. & WHITE, T.J. (eds.): PCR Protocols: A Guide to Methods and 
Applications, pp. 315–322. —  New York: Academic Press, Inc.

WICKETT, N.J., MIRARAB, S., NGUYEN, N., WARNOW, T., CARPENTER, E., MATASCI, N., AYY-
AMPALAYAM, S., BARKER, M.S., BURLEIGH, J.G., GITZENDANNER, M.A.,  RUHFEL, B.R., 
WAFULA, E., DER, J.P., GRAHAM, S.W., MATHEWS, S., MELKONIAN, M., SOLTIS, D.E., 
SOLTIS, P.S., MILES, N.W., ROTHFELS, C.J., POKORNY, L., SHAW, A.J., DEGIRONIMO, L., 
STEVENSON, D.W., SUREK, B., VILLARREAL, J.C., ROURE, B., PHILIPPE, H., DEPAMPHILIS, 
C.W., CHEN, T., DEYHOLOS, M.K., BAUCOM, R.S., KUTCHAN, T.M., AUGUSTIN, M.M., 
WANG, J., ZHANG, Y., TIAN, Z., YAN, Z., WU, X., SUN, X.,  WONG, G. K.-S & LEEBENS-
MACK, J. 2014: Phylotranscriptomic analysis of the origin and early 
of land plants. — Proc. Natl. Acad. Sci. USA 111: E4859–68. (http://www.pnas.org/
content/111/45/E4859.full.pdf)

8. Appendix

phylogenetic analysis
From each herbarium sample, dried tissue was disrupted in a Tissue Ly-

ser (Qiagen, Hilden, Germany) for 2 min at 20 Hz. Genomic DNA was ex-
tracted from 2–10 mg dry weight using the Genomic DNA from Plant Kit 
II (Macherey-Nagel GmbH & Co. KG, Düren, Germany) according to the 
manufacturer’s protocol. The internal transcribed spacer regions ITS1-ITS2 
(WHITE SPAGNUOLO et 
al. (1999): 5’-GGAGAAGTCGTAACAAGGTTTCCG-3’ and STECH et al. 
(2003): 5’-TCCTCCGCTTAGTGATATGC-3’. The PCR was done in a reac-
tion volume of 25 �L [2.5 
St. Leon-Rot, Germany), 2.5  deoxyribonucleotide triphosphates (dNTPs, 

-
merase (5 U/
primer (10 pmol/�L), 1 �L genomic DNA]. After an initial denaturation at 
94 °C for 5 min, the cycling conditions consisted of a denaturation step of  
45 sec at 94 °C, an annealing step at 55 °C for 45 sec and elongation step for  

 
72° C for 5 min. The PCR was controlled via agarose gel electrophoresis and 
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Schistidium species of interest were downloaded from 
GORYUNOV et al. (2007), IGNATOVA et al. (2009) and MILIUTINA et al. (2010). The 

(KATOH & STANDLEY 2013) 
using the Geneious 8.0.5 software (KEARSE et al. 2012). Maximum Likelihood 
analysis was done with RAxML 7.2.8 (STAMATAKIS 2006) using the GTR gam-
ma nucleotide model and a rapid bootstrapping analysis of 1,000 replicates. 

generated using Inkscape (www.inkscape.org).

The species, subspecies and varieties analyzed in this work are listed on the 
left. The region as depicted in the tree and the voucher are included for each 

-
loaded from GORYUNOV et al. (2007), IGNATOVA et al. (2009) and MILIUTINA et 
al. (2010) are marked with a *.
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Species Region (tree) Voucher Genbank ID
(reference)

Schistidium apo-
carpum (HEDW.) 
BRUCH & SCHIMP.

Caucasus
Russia, Karachaevo-
Cherkessia, Ignatov 
& Ignatova #05-3764 
(MW)

DQ822033/HM031074 *

Schistidium apo-
carpum (HEDW.) 
BRUCH & SCHIMP.

St. Petersburg
Russia, St.-Petersburg, 
25.10.1996, Ignatov s.n. 
(MHA)

DQ822034/HM031075 *

Schistidium apo-
carpum (HEDW.) 
BRUCH & SCHIMP.

United 
Kingdom

United Kingdom, 
08.09.2004, Ignatov s.n. 
(MHA)

HM031076 *

Schistidium apo-
carpum (HEDW.) 
BRUCH & SCHIMP.

Vologda
Russia, Vologda 
Province, 14.08.2001, 
Ignatov & Ignatova s.n. 
(MHA)

DQ822035/HM031077 *

Schistidium bore-
ale POELT

Altai Russia, Altai, Ignatov 
#0/285 (MHA) DQ822025/HM031060 *

Schistidium bore-
ale POELT

Anabar 1 Russia, Anabar Plateau, 
Fedosov #06-208 (MW) HM053888 *

Schistidium bore-
ale POELT

Anabar 2 Russia, Anabar Plateau, 
Fedosov #06-694 (MW) HM053889 *

Schistidium bore-
ale POELT

Bashkortostan
Russia, Bashkortostan, 
06.2000, Martynenko 
#14 (MW)

DQ822024/HM031069 *

Schistidium bore-
ale POELT

Sweden
Sweden, 20.07.1990, 
Hedenäs & Aronsson 
#B1748 (S)

HM053890 *

Schistidium 
brunnescens 
Limpr. subsp. 
griseum (NEES & 
HORNSCH.) H.H. 
BLOM

Austria

Austria, Steiermark, 
Eisenerzer Alpen, 
Köckinger, 10.02.1993, 
Köckinger, 93-05 
(Herbarium Köckinger)

KT715466

Schistidium brun-
nescens LIMPR. 
subsp. brunnes-
cens

Austria 1
Austria, Kärnten, Hohe 
Tauern, Köckinger, 
10.10.1995, 95-763 
(Herbarium Köckinger)

KT715465
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Species Region (tree) Voucher Genbank ID
(reference)

Schistidium brun-
nescens LIMPR. 
subsp. brunnes-
cens

Austria 2

Austria, Steiermark, 
Eisenerzer Alpen, 
Köckinger, 13.06.2005, 
14980 (Herbarium 
Köckinger)

KT715464

Schistidium 
crassipilum H.H. 
BLOM

Caucasus
Russia, Krasnodar 
Territory, Seregin #M-
564 (MW)

DQ822021/HM031070 *

Schistidium 
crassipilum H.H. 
BLOM

Germany

Germany, Baden-
Württemberg, 
Bodenseegebiet, 
Schäfer-Verwimp, 
14.06.2009, 30679 
(STU)

KT715462

Schistidium 
crassipilum H.H. 
BLOM

Poland
Poland, 10.03.1995 
Ignatov & Ochyra, s.n. 
(MHA)

DQ822020/HM031073 *

Schistidium ele-
gantulum H.H. 
BLOM

Caucasus
Russia, Krasnodar 
Territory, 05.08.2002, 
Ignatov &Ignatova s.n. 
(MHA)

DQ822022/HM031071 * 

Schistidium ele-
gantulum H.H. 
BLOM

Germany
Germany, 
Niedersachsen, Harz, 
Preußing, 15.09.2003, 
MP04414 (STU)

KT715473

Schistidium ele-
gantulum H.H. 
BLOM

Norway
Norway, Bergen, 2002 
Ignatov & Ignatova 
#06-5062 (MW)

DQ822023/HM031072 *

Schistidium gran-
de POELT

Austria 1
Austria, Kärnten, 
Nockberge, Köckinger, 
30.07.2004, 14982 
(Herbarium Köckinger)

KT715470

Schistidium gran-
de POELT

Austria 2
Austria, Tirol, Hohe 
Tauern, Köckinger, 
10.09.2000, 14981 
(Herbarium Köckinger)

KT715469

Schistidium gran-
de POELT

Germany

Germany, 
Wettersteingebirge, 
Zugspitze, Preußing, 
05.09.1997, 630, 
Topotypus (Herbarium 
Köckinger)

KT715468
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Species Region (tree) Voucher Genbank ID
(reference)

Schistidium gran-
de POELT

Italy
Italy, Trentino, 
Dolomiten, Schütz & 
Preußing, 07.09.2001, 
MP010062 (STU)

KT715467

Schistidium gran-
direte H.H. BLOM

Severnaya 
Zemlya

Russia, Severnaya 
Zemlya, 04.08.2000, 
Matveeva s.n. (LE)

HM053911 *

Schistidium 
helveticum 
(SCHKUHR) 
DEGUCHI

Germany

Germany, Baden-
Württemberg, 
Neckarbecken, Nebel, 
21.03.2013, MN132170 
(STU)

KT715463

Schistidium pa-
pillosum CULM. Caucasus

Russia, Kabardino-
Balkaria, 27.07.2004, 
Ignatov & Ignatova s.n. 
(MW)

DQ822012/HM031061 *

Schistidium pa-
pillosum CULM. Germany 1

Germany, Baden-
Württemberg, 
Schwarzwald, Holz 
& Lüth, 08.05.1998, 
IH98039 (STU)

KT715460

Schistidium pa-
pillosum CULM. Germany 2

Germany, Baden-
Württemberg, 
Schwarzwald, Nebel 
& Sauer, 20.09.1997, 
NS97133 (STU)

KT715461

Schistidium pa-
pillosum CULM. Germany 3

Germany, Baden-
Württemberg, Randen, 
Nebel, Sauer & Holz, 
13.06.1997, IH97059 
(STU)

KT715459

Schistidium pa-
pillosum CULM. Irkutsk

Russia, Irkutsk 
Province, 08.06.2005, 
Ignatov & Kazanovsky 
s.n. (MHA)

DQ822013/HM031062 *

Schistidium pa-
pillosum CULM. Kamchatka

Russia, Kamchatka, 
31.08.2003, 
Czernyadjeva #120 
(MW)

DQ822014/HM031063 *

Schistidium pa-
pillosum CULM.

Kommander 
Islands

Russia, Kommander 
Islands, Bering Island, 
Fedosov #1-3-177 
(MW)

HQ890520 *
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(reference)

Schistidium pa-
pillosum CULM. Taimyr

Russia, Taimyr, 
15.06.2004, Fedosov 
#Sch7 (MW)

DQ822015/HM031065 *

Schistidium 
pulchrum H.H. 
BLOM

Anabar 2
Russia, Taimyr, 18. 08. 
2004, Fedosov #HK-9 
(MW)

HQ890521 *

Schistidium ro-
bustum (NEES & 
HONSCH.) H.H. 
BLOM

Austria
Austria, Kärnten, 
Südwestlich Villach, 
Schütt, Koperski, 
07.09.2003 (STU)

KT715471

Schistidium ro-
bustum (NEES & 
HONSCH.) H.H. 
BLOM

Germany

Germany, Baden-
Württemberg, 
Schwäbische Alb, 
Wental, Nebel, 
24.04.2001, MN1012 
(STU)

KT715472

Schistidium tri-
chodon (BRID.) 
POELT

Germany 1
Germany, Bayern, 
Allgäuer Alpen, Schäfer-
Verwimp, 27.09.2009, 
30584 (STU)

KT715457

Schistidium tri-
chodon (BRID.) 
POELT

Germany 2

Germany, Baden-
Württemberg, 
Schwäbische Alb, 
Nebel, 24.04.2001, 
MN1010 (STU)

KT715458

Schistidium tri-
chodon var. nu-
tans H.H. BLOM

Austria Austria, Köckinger 
#12261 (MW) HM053953 *

Schistidium tri-
chodon var. nu-
tans H.H. BLOM

Caucasus
Russia, Kabardino-
Balkaria, Kharzinov 
#1721 (MW)

HM053954 *
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