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Abstract
For more than two decades, the moss Physcomitrella patens has been developed and
employed as a model species for comparative studies of plant biology as well as a safe
production system for biotechnology.
Early on, the generation and dissemination of transcriptomic and genomic resources
was an important focal point of Physcomitrella research, which, together with the ease
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of genetic modiﬁcation and ﬂexibility of cultivation, over the years has attracted more
and more research groups all around the world to use this moss as a model for basic
and applied research. The establishment of genomic resources has culminated in the
role of the P. patens genome as a reference genome for plant evolution. There are
two main parts of this chapter: in the ﬁrst part we provide an overview and history
of the established genomic resources and in the second part we summarize the current
biological knowledge about the genome structure, nature of nonprotein- and proteincoding genes including codon usage bias, repeats and transposable elements encoded
by the Physcomitrella genome and, where applicable, discuss these attributes in an
evolutionary context. Furthermore, we focus on the duplicated parts of the moss
genome, like the paralogous genes that were retained after ancestral, large-scale to
whole-genome duplication events and can be used to gain insights into the evolutionary history of Physcomitrella. Finally, we conclude this chapter by highlighting a
special class of ancient paralogs in the Physcomitrella genome that have been actively
retained as redundant copies and might act as pseudoalleles.

1. BRYOPHYTES AT THE FOREFRONT OF PLANT
GENETICS AND GENOME RESEARCH
Given the arguably unmerited, very limited attention bryology has
attracted in the scientiﬁc mainstream, the above statement seems rather
bold if not presumptuous. But early on, the nuclear genomes of bryophytes
were the target and focal points of genetic research, enabling some major
breakthroughs in biology. For example, the search for the genetic basis of
sex in plants was ﬁrst crowned with success in 1917, when Charles E. Allen
discovered plant sex chromosomes in the liverwort Sphaerocarpos donnellii
Austin (Allen, 1917). In 1928 Emil Heitz discovered the longitudinal partitioning of chromosomes and was the ﬁrst to coin the terms euchromatin and
heterochromatin and furthermore suggested the importance of satellite
DNA at chromosomal ends in the formation of the nucleolus when studying
the liverworts Pellia epiphylla (L.) Corda and P. fabroniana Raddi (Heitz,
1928b). In the same year he conﬁrmed the existence and further described
the cytogenetical behaviour of heterochromatin in mosses by showing that
‘with 70 species of true mosses from 20 families, always one chromosome
behaves differently. It does not disappear in telophases as do the other chromosomes’ (Heitz, 1928a; Passarge, 1979; Zacharias, 1995). In other words,
he was the ﬁrst to describe the continuity of chromosomes during the cell
cycle. This research on bryophytes did not only pioneer major aspects in
cytogenetic and chromatin biology, but also at about the same time was
accompanied by other genetic discoveries like non-Mendelian inheritance
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in the moss Funaria hygrometrica (von Wettstein, 1928) or the application of
X-ray mutagenesis in tetrad analysis in Sphaerocarpos, revealing nucleic acids
and not proteins as the molecular basis of inheritable traits (Knapp, 1936).
These studies have inspired multiple subsequent works that used mutagenesis to dissect the genetic basis of differentiation (reviewed by Reski, 1998).
A lot of time has passed since and most certainly a vast corpus of bryophyte research did not receive the proper attention it deserved, but ever since
the publication and availability of the Physcomitrella patens genome [as the
fourth genome of a land plant after Arabidopsis thaliana (The Arabidopsis
genome initiative, 2000), Oryza sativa (Goff et al., 2002; Yu et al., 2002)
and Populus trichocarpa (Tuskan et al., 2006), and as the ﬁrst nonvascular plant
genome (Rensing et al., 2008)] bryophytes, and mosses in particular, again
serve as focal points of plant and genomic research. Given their phylogenetic
position at the basis of the land plants, bryophytes are ideal for comparative
studies frequently employed to infer the state of ancestral land plants. As we
see in the following sections, today the moss P. patens is routinely employed
as an evo-devo model organism and serves as a general plant reference
genome helping to elucidate important questions about plant and genome
evolution. Due to this important role as a comparator genome, it has been
selected as one of few plant ﬂagship genomes by the US Department of
Energy.
At the same time, we also illustrate that these analyses have to be performed and interpreted with great caution, because bryophytes and mosses
in particular are not frozen in time. With estimated median stem ages between 28 Ma (Mega-annum, ie, 1E þ 06 years) and 41 Ma (Laenen et al.,
2014), the genera of extant bryophytes are undoubtedly much younger
than the assumed age of the last common ancestor (LCA) of land plants
(500 Ma; median age of 15 studies eg, Lang et al., 2010) in the time-tree
of life database (Hedges, Marin, Suleski, Paymer, & Kumar, 2015). Physcomitrella might be substantially younger (Laenen et al., 2014; McDaniel
et al., 2010), likely representing a derived state, adapted to a speciﬁc life style
and habitat (Beike et al., 2014). Thus, it should not be generalized blindly as
an ‘ancient’ land plant, because it certainly does not represent the consensus
state of other mosses and bryophytes, let alone the LCA of land plants.
Obviously this could be said for all model or ﬂagship plants e nevertheless, if we consider these limitations and choose appropriate means to correct
for them, the in-depth knowledge that can be acquired from the higher resolution, enabled by the concentrated focus on a smaller set of reference/
model organisms, enables us to perform genome-scale comparative studies
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that can inform our view on almost any aspect of plant science. Dobzhanzky’s omnipresent conclusion also applies in this case: Nothing in Biology
Makes Sense Except in the Light of Evolution (Dobzhansky, 1973).

2. PHYSCOMITRELLA, THE MODEL PLANT
P. patens unites most of the favourable attributes for a plant model
organism: a short generation time (4e8 weeks), small stature (1e5 mm),
reduced morphological complexity, traceable cell lineage, high growth
rate and simplicity of genetic transformation. These experimental traits, in
combination with the phylogenetic position as part of the early diverging,
paraphyletic group of bryophytes that harbour a haplo-dominant life cycle
which is expressed through haploid tissues in most developmental stages,
have attracted plant scientists from all ﬁelds. Over the last two decades, a
growing community of researchers around the world has established Physcomitrella as a model organism with a well-developed molecular toolbox,
including the uniquely efﬁcient gene targeting by homologous recombination (Kamisugi et al., 2006; Schaefer & Zryd, 1997; Strepp, Scholz, Kruse,
Speth, & Reski, 1998; Strotbek, Krinninger, & Frank, 2013). While these
qualities and the availability of molecular tools lead to the role of the
moss as a major model for evolutionaryedevelopmental (evo-devo) studies
(eg, Aya et al., 2011; Bartels, Gonzalez Besteiro, Lang, & Ulm, 2010; Beike
et al., 2015; Hirano et al., 2007; Landberg et al., 2013; Lind et al., 2015;
Lindner et al., 2014; Paponov et al., 2009; Rensing et al., 2008; Sakakibara
et al., 2013, 2014; Viaene et al., 2014; Zimmer et al., 2013), the moss also
has become an important system for plant biotechnology (Bach, King, Zhan,
Simonsen, & Hamberger, 2014; Decker & Reski, 2008; Lucumi, Posten, &
Pons, 2005; Reski & Frank, 2005; Reski, Parsons, & Decker, 2015; Saidi
et al., 2005; Weise et al., 2007, 2006).

3. HISTORY AND OVERVIEW OF PHYSCOMITRELLA
GENOMICS
Early on, moss researches have dedicated substantial efforts to generate
comprehensive genomics resources comprising genetic mapping (Kamisugi
et al., 2008; Reski, Faust, Wang, Wehe, & Abel, 1994; von Stackelberg,
Rensing, & Reski, 2006), Sanger-based expressed sequence tag (EST;
Lang, Eisinger, Reski, & Rensing, 2005; Nishiyama et al., 2003; Rensing,
Rombauts, Van de Peer, & Reski, 2002) and whole-genome shotgun
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(WGS) sequencing (Rensing et al., 2008) and nowadays a plethora of ‘next
generation’ sequencing projects targeting the moss transcriptome (Coruh
et al., 2015; Frank & Scanlon, 2015; Nishiyama et al., 2012; O’Donoghue
et al., 2013; Xiao, Wang, Wan, Kuang, & He, 2011), genome and epigenome (Widiez et al., 2014; Zemach, McDaniel, Silva, & Zilberman, 2010)
greatly extending the taxonomic sampling from individual laboratory strain
up to family (eg, Sz€
ovényi et al., 2013) and (in ongoing projects) to population level. These data have been made available using speciﬁc web resources
like PHYSCObase (http://moss.nibb.ac.jp/) or the more general plant
genome database Phytozome (Goodstein et al., 2012), but have been integrated and centralized early on in the Physcomitrella model organism database,
bryophyte genomics and community resource cosmoss.org (http://www.
cosmoss.org; Lang et al., 2005; Lang, Zimmer, Rensing, & Reski, 2008;
Rensing, Fritzowsky, Lang, & Reski, 2005; Rensing et al., 2008; Zimmer
et al., 2013).

3.1 From EST-Based Transcriptome to Genome
First studies of the Physcomitrella transcriptome date back to the late 1990s.
cDNAs with sequence similarity to annotated genes of ﬂowering plants, as
well as putative species-speciﬁc transcripts without detectable homologs,
were found by sequencing cDNAs isolated by subtractive hybridization
(Reski, Reynolds, Wehe, Kleber-Janke, & Kruse, 1998). Sequencing of
cDNAs from tissue treated with abscisic acid (ABA) yielded similar results
and demonstrated that ABA leads to the induction of similar genes in moss
and ﬂowering plants (Machuka et al., 1999). Subsequently, several large-scale
EST sequencing projects were initiated throughout the moss community
worldwide: in the UK, the USA, Germany (Rensing, Rombauts, Hohe,
et al., 2002; Rensing, Rombauts, Van de Peer, et al., 2002) and Japan
(Nishiyama et al., 2003). Some of the libraries were normalized and/or subtracted, yielding a transcriptome representation of low redundancy and high
coverage (Lang et al., 2005).
Although access to EST-based transcriptome databases provided valuable
insights and greatly informed molecular and biotechnological research with
the moss, it became clear that many questions can only be addressed with
a sequenced genome. Thus, in an opinion article Rensing, Rombauts,
Hohe, et al. (2002) suggested that ‘this is a good time to establish an international moss-genome-sequencing project to exploit Physcomitrella patens to fullest as a model organism for functional and comparative genomics’. The
International Moss Genome Consortium was founded by Brent Mishler
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(UC Berkeley, USA), Ralph Quatrano (Washington University, St. Louis,
USA), Ralf Reski and Stefan Rensing (University of Freiburg, Germany),
Mitsuyasu Hasebe and Tomoaki Nishiyama (National Institute for Basic
Biology, Japan) and David Cove and Andrew Cuming (Leeds University,
UK) at the annual moss meeting in Freiburg in 2004. The plan to sequence
the moss genome was realized together with the US Department of Energy’s
Joint Genome Institute (JGI). Since 2010, the Physcomitrella genome has
been denoted a ‘ﬂagship’ genome (http://jgi.doe.gov/our-science/scienceprograms/plant-genomics/plant-ﬂagship-genomes/).
The draft genome sequence assembly of Physcomitrella (V1) was based on
WGS Sanger sequencing and was published in 2008 (Rensing et al., 2008).
The availability of the genomic sequence has proven an ideal foundation for
extensive comparative and evo-devo studies. This is reﬂected in the publication record e more than 750 publications (about 95 per year) have cited
the draft genome paper since its publication. An ever-growing community
of researchers from all ﬁelds apply Physcomitrella as a model organism for
comparative studies (eg, Alboresi, Caffarri, Nogue, Bassi, & Morosinotto,
2008; Axtell, Snyder, & Bartel, 2007; Aya et al., 2011; Bartels et al., 2010;
Gitzinger, Parsons, Reski, & Fussenegger, 2009; Hirano et al., 2007; Lang
et al., 2010; Lindner et al., 2014; Paponov et al., 2009; Pils & Heyl, 2009;
Pitsch, Witsch, & Baier, 2010; Ranjan, Dickopf, Ullrich, Rensing, &
Hoecker, 2014; Zimmer et al., 2013).

3.2 Evolution of Moss Genome Annotations
The digital representation of genomes (genome annotation) is usually
comprised of three entities: (1) The (super)scaffolds representing the virtual
assembly of overlapping raw reads into contiguous stretches of sequences
which are combined with gaps inferred from large-insert library end
sequencing or further scaffolded by genetic or physical mapping into the
golden path of the pseudo-chromosomes. (2) The structural gene annotation usually inferred by a combination of ab initio gene ﬁnding utilizing
Machine Learning approaches and extrinsic transcript and protein evidence
derived from mapping of cDNA, EST and assembled RNA-Seq data and
sequence homology comparisons with related taxa. (3) The functional
gene annotation ideally derived from high-quality, curated, communitycoordinated and large-scale integration of experimental evidences, but in
reality often a semi- to fully automated, noncurated homology transfer
of information gathered from multiple sources with varying quality and
coverage.
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The quality of genome annotation is the bottleneck for any downstream
analysis. Especially conclusions from large-scale, high-throughput approaches like systems biology and comparative genomics are immensely
affected by ﬂaws of these data (Van den Berg, McCarthy, Lamont, &
Burgess, 2010). Since its initial V1 release the Physcomitrella genome annotation has been iteratively improved. Like many other communities, the moss
community records changes to the genome annotation using a numerical
versioning system that provides information on both genome assembly
and annotation. Versions are indicated using a V followed by the version
of the assembly (changes once the genomic sequence e the assembly e is
altered) and the annotation (changes of the structural annotation). This
nomenclature is also reﬂected in the cosmoss.org gene ids (CGI; https://
www.cosmoss.org/physcome_project/wiki/Cosmoss_Gene_IDs). CGIs of
PpFtsZ1-1 (Martin et al., 2009) in different annotation versions are used
as an example in the following paragraphs.
The nonpublic draft V1 assembly (Pp1s275_2V0; scaffold_275, locus 2)
was based on WGS Sanger sequencing at 8.6x clone depth and comprised
2536 V1 scaffolds. This number was reduced to 2106 in the release V1.1
(Pp1s275_2V1) after the removal of bacterial contaminations (Rensing
et al., 2008). After an additional round of scaffold ﬁltering, released as
V1.2 (Pp1s275_2V2), the genome sequence of the 27 chromosomes was still
scattered over 1995 genomic scaffolds (Lang et al., 2008). The ﬁltering and
classiﬁcation of transposable elements and other nonprotein-coding regions led to a catalogue of 27,966 protein-coding genes (Lang et al.,
2008). Although clearly an improvement, V1.2 still had issues: there
were cases of well-characterized moss genes that were present in the
genomic sequence and were missing from the gene catalogue (MarkmannMulisch et al., 2007). Furthermore, in V1.2 only 4515 (w16%) gene
models had both 50 - and 30 -UTRs (untranslated regions) and over
23,000 genes lacked either 50 - or 30 -UTR annotation and thus were
incomplete. Lastly, functional annotation was only available for 41% of
the genes and hardly any of these annotations were backed by traceable
experimental evidence.
In the meantime, the consortium set forth to further improve the
genome assembly. The groups in Leeds and Freiburg joined forces to
construct a ﬁrst genetic map of the Physcomitrella genome (Kamisugi
et al., 2008) based on two mapping populations derived from crosses of
the standard laboratory strain based on the Gransden isolate initially
collected by H. Whitehouse in Cambridgeshire, UK (Cuming, 2011) and
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the Villersexel K3 isolate collected near a pond close to Villersexel/Villersla-Ville, Haute Sa^
one, France by Michael L€
uth. The joint map comprised
31 linkage groups based on the integration of 1420 AFLP (ampliﬁed fragment length polymorphisms) and SSR (short sequence repeat) markers.
Although the insights into the genetic overall structure of the moss genome
were immense, the coverage of the genome by sequence-anchored, physically locatable markers was not dense enough to reconstruct chromosome
architecture and golden path to allow overall super-scaffolding of the V1
assembly based on the map.
The quality of the genome annotation was greatly improved with V1.6
(Zimmer et al., 2013; Pp1s275_2V6): the structural annotation comprised
32,275 protein-coding genes with 8387 additional loci as compared to
V1.2, including 1456 loci with known protein domains or homologs in
Plantae; 26,722 (w83%) loci were supported by transcript evidence (ie,
Sanger ESTs or full-length cDNAs). Only 1582 gene models remained unchanged from V1.1 to V1.6. With V1.6, published genes and gene models
released by the scientiﬁc community were mapped, manually curated and
integrated into the gene catalogue. The number of protein-coding loci
with both 50 - and 30 -UTRs increased from 4515 to 15,757. V1.6 was the
ﬁrst release to include information on transcript isoforms, suggesting alternative splicing events for at least 10.8% of the loci. Furthermore, this release
also provided information on nonprotein-coding loci. Functional annotations were improved regarding quality and coverage, resulting in 58% annotated loci that comprised also 7200 additional loci with Gene Ontology term
annotations.

3.3 Current Progress and Perspectives
In order to derive an optimal reference to infer SNP (single nucleotide polymorphism) markers used for high-density genetic linkage analysis using the
Illumina Golden Gate assay, the group of Jeremy Schmutz at Hudson alpha
reassembled the WGS traces to yield a nonreleased V2 assembly. Gene
annotation was not performed for this version e the sole purpose of the
assembly was to map reads from an Illumina-based resequencing of the Villersexel K3 isolate and call SNPs which could be used for high-throughput
genetic screening. Doing so, for the to-be published V3 map and assembly of
the genome, of >500,000 SNPs 6003 polymorphic markers where selected
and utilized by Gerald Tuskan’s group at Oak Ridge National Laboratory,
USA to screen the Leeds and Freiburg mapping populations, the former of
which was already employed for the V1 map.
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The V3 sequence assembly and super-scaffolding into pseudo-chromosomes generated by Jerry Jenkins and Jeremy Schmutz at Hudson alpha was
annotated in multiple rounds of gene prediction: (1) The initial V3.0 was
generated with the Phytozome pipeline by David Goodstein’s group
(Pp3c22_4940V0; locus 4940 on chromosome 22). (2) V3.1 (Pp3c22_
4940V1) was derived using the cosmoss.org gene prediction pipeline based
on an extended training set, a new round of gene-caller training, extensive
single-end RNA-Seq data and a novel machine learning approach for
locus clustering and deﬁnition with subsequent variant selection (https://
www.cosmoss.org/physcome_project/wiki/Genome_Annotation/V3.1). (3)
Phytozome’s V3.2 added splice variants based on transcript assemblies utilizing the upcoming, paired-end RNA-Seq libraries from JGI’s Gene Atlas
Project (http://jgi.doe.gov/doe-jgi-plant-ﬂagship-gene-atlas/). (4) The latest version, V3.3 (Pp3c22_4940V3) again employed the cosmoss.org locus
and variant selection pipeline to classify the representative, major isoform
and alternative variants based on the gene models inferred for V3.1 and
V3.2. V3.3 is available from Phytozome and cosmoss.org as of October,
2015; the publication describing the pseudo-chromosomal genome is
work in progress.

3.4 The Physcomitrella MOD cosmoss.org
Model organism databases (MODs), like for example, Gramene (Liang et al.,
2008), TAIR (Swarbreck et al., 2008), FlyBase (Tweedie et al., 2009) or
PlantGenIE (Sundell et al., 2015), are an important prerequisite for the success and the quality of a reference genome and serve as integrated, webaccessible community resources for the respective models (Hirschman,
Berardini, Drabkin, & Howe, 2010). MODs act as central repositories for
all kinds of data and knowledge generated by the research community.
They provide the necessary infrastructure for researchers working with a
model species, serve as focal points for newcomers and act as primary interfaces for data exchange with more general data repositories, like for example,
NCBI, UniProt (UniProt Consortium, 2012), Phytozome (Goodstein et al.,
2012) and PLAZA (Van Bel et al., 2012). Thus, besides their direct importance for the respective research community, they play an important role in
enabling comparative analyses for the wider research community and are
crucial to ensure overall data quality.
Automated annotation without substantial manual curation is insufﬁcient to ensure data quality and credible knowledge discovery (Howe
et al., 2008). An actively annotating community is crucial in order to transfer
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and integrate available data, especially the biological knowledge contained
in the literature or discussed at scientiﬁc conferences that otherwise remains
‘hidden’ from any form of large-scale analysis (Mazumder, Natale, Julio,
Yeh, & Wu, 2010).
Since its initial launch in 2003, the cosmoss.org resource (http://www.
cosmoss.org/) provides access to the Physcomitrella virtual transcriptome assemblies and annotation via BLAST service, keyword search and sequence
retrieval (Lang et al., 2005). Subsequently, it was extended to provide services for splice site prediction (Rensing et al., 2005), for mining gene families
of transcription-associated proteins (Richardt, Lang, Reski, Frank, &
Rensing, 2007) and to predict dual protein targeting (Mitschke et al.,
2009). Following the completion of the initial genome assembly V1,
cosmoss.org introduced access to the draft genome sequence (Rensing
et al., 2008), the genetic map (Kamisugi et al., 2008) and all genome annotation releases (Lang et al., 2008; Zimmer et al., 2013) including a complete
history of all gene models ever called in the process from V1.0 to V3.3. More
importantly, cosmoss.org serves as a central platform to coordinate the analysis and annotation of the moss genome sequence. Thus, a wiki and several
mailing lists have been set up to report and discuss the results within the
community. Additionally, an integrative genome browser serves as a main
entry point for the exploration of the Physcomitrella genome and annotation.
The cosmoss.org browser is based on the Gbrowse software (Stein et al.,
2002) and provides base pair (bp) level resolution for large-scale annotation
data covering predictions for all different kinds of genetic regions ranging
from protein-coding genes, transposable elements and repeats to tRNA,
rRNA, miRNAs and other nonprotein-coding RNAs.
We are continuously integrating external published data, for example,
sRNAs, miRNAs and EST or short read data from the sequence read
archive (SRA) and from collaborators around the world. In addition, the
cosmoss.org gene annotation releases are shared and hosted at the NCBI
and the comparative plant resources, Phytozome and PLAZA. In 2009,
the Physcomitrella community annotation services were transferred from
the JGI to the cosmoss.org website and the resource now functions as the
central annotation repository for the moss P. patens (https://www.
cosmoss.org/physcome_project/wiki/Downloads). Traceable version control implemented in the publicly accessible repository that also collects
nightly dumps of the functional curations allows the maintenance of the
complete history of moss annotations.
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4. ECOLOGY AND PHYLOGENETIC CONTEXT OF
PHYSCOMITRELLA
4.1 Habitat and Life Cycle of P. patens
Natural populations of P. patens (Fig. 1) are reported to be frequently
selﬁng, annual opportunists growing in late summer to autumn in open, unshaded, limy, loamy, moist and disturbed, but nutrient-rich habitats, often
close to the waterline (Gofﬁnet, 2007; Nebel & Philippi, 2000). An example
of such a habitat can be found regularly on a summer fallow near Reute in
close vicinity to Freiburg, Germany (Fig. 1).
The heterophasic life cycle completes in 4e8 weeks (Collier & Hughes,
1982; Hohe, Rensing, Mildner, Lang, & Reski, 2002; Une & Tateishi,
1996). Sporophytes develop regularly, and there are no specialized tissues
for asexual reproduction. Upon stress, the protonemata (ie, the moss’ ﬁlamentous, tip-growing developmental stage) form vegetative diaspores called
brachycytes and fragment at preformed breakpoints, the tmema cells
(Goode, Stead, & Duckett, 1993; Schnepf & Reinhard, 1997).
In contrast to the diploid or polyploid seeds of ﬂowering plants, the sexual
propagation bodies of mosses are haploid spores, from which the dominant
haploid gametophytic generation develops. The ﬁlamentous protonema
forms buds from which the leafy gametophores develop (Fig. 1). On the
latter, sexual organs (gametangia: antheridia and archegonia) develop on
the same gametophore (monoicous), mixed on the same branch (synoicous).
In Physcomitrella, like in most of its Funariaceae relatives, self-fertilization or
intragametophytic reproduction seems to be the rule (Klips, 2015; Perroud,
Cove, Quatrano, & McDaniel, 2011; Sz€
ovényi et al., 2014). The motile male
gametes swim to the archegonia and fertilize the egg, from which the diploid
sporophyte develops, growing in nutritionally dependent fashion on the
gametophore. The life cycle closes with the production of several thousand
spores per spore capsule (Kamisugi et al., 2008; Perroud et al., 2011).

4.2 The Funariaceae and the Physcomitrium/Physcomitrella
Species Complex
Taxonomically, P. patens (Hedw.) Bruch & Schimp. (synonym: Aphanorrhegma patens (Hedw.) Lindb.) belongs to the family Funariaceae within
the order Funariales that is part of the class Bryopsida (Gofﬁnet, 2007).
The Funariaceae are a family of monoicous, short-lived, minute to medium-sized, light to yellow-green and annual to biennial plants that grow
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(A)

(B)

(C)

(D)

(E)

Figure 1 Habitus and natural habitat of the moss P. patens. Photographs of the natural habitus and habitat of Physcomitrella populations on a fallow acre near Freiburg,
Germany discovered by Michael L€
uth, that is forked by a small stream, visible as a
green/red grass line in Fig. 1A. Fig. 1AeE demonstrate the habitat at different resolutions. Photographs (AeD) were taken by Daniel Lang in October 2008. Arrows indicate
the location of a Physcomitrella plant with green-yellow, immature capsules. (E) was
taken at the same location in 2006 by Mark von Stackelberg. The drawing in the lower
right depicts the schematic habitus of an adult Physcomitrella gametophore with a
mature sporophyte. Diploid sporophytic [2n] tissues are annotated in orange while
haploid [1n] tissues are shown in green colour. (See colour plate)

Genomes and Evolution of Charophytes, Bryophytes and Ferns, First Edition, 2016, 97e140

Author's personal copy
Physcomitrella

109

gregarious to open tufts (McIntosh, 2007). The worldwide occurring family
consists of about 15e31 genera containing 250e400 species (Liu, Budke, &
Gofﬁnet, 2012; as of 09/2015 the Global Biodiversity Information Facility
lists 271 species; http://www.gbif.org/species/4645).
With regard to their mode of sexual reproduction, within the mosses, the
Funariaceae belong to a minority: only 40% of all mosses are monoicous
while 60% are dioicous (ie, have separate sexes; McDaniel, Atwood, &
Burleigh, 2013). This is drastically different from angiosperms, where only
6% of all species have individuals of distinct sexes (Villarreal & Renner,
2013). While it is still unclear which of these represents the ancestral state,
it has now become evident that transitions between sexual systems are
frequent in all bryophytes (Devos et al., 2011; McDaniel et al., 2013;
Villarreal & Renner, 2013). Apparently this has happened also within families or genera, for example, in liverworts in the large genus Radula (Devos
et al., 2011) or within the moss genus Encalypta (Nebel & Philippi, 2000). In
mosses the switch from mono- to dioicy is more common than the switch
from di- to monoicy (McDaniel et al., 2013). Thus, the Funariaceae either
represent an ancestral state or are the result of a reverse transition. Such a
switch from dioicy to hermaphroditism in the Funariaceae could be the
result of a genome duplication by autopolyploidization or hybridization
(Rensing, Lang, & Zimmer, 2009).
Within the Funariaceae, P. patens belongs to a clade frequently called the
Physcomitrium/Physcomitrella complex, comprised of species belonging to the
genera Physcomitrium and Physcomitrella, clustering distinctly from the more
basal Funaria clade (Beike et al., 2014; Liu et al., 2012; McDaniel et al.,
2010; Medina et al., 2015).
The Funariaceae are characterized by a rather uniformly looking, vegetative, gametophytic body, but harbour substantial morphological and
ecological diversity in terms of sporophyte architecture, ranging from indehiscent capsules almost entirely enclosed within the leaves, to sporangia
elevated on a long seta with a complex annulus (ie, ring of cells involved
in capsule opening) and double peristome (ie, tooth-like structure emerging
from the annulus formed of dead cells with thickened cell walls that enables
gradual spore release). One extreme is the cosmopolitan F. hygrometrica
Hedwig, with a long seta and dehiscent capsules with a complex peristome
adapted to humidity- and wind-dependent spore dispersal (Budke, Gofﬁnet,
& Jones, 2011; Shaw, 1991). At the opposing end of the spectrum is the
cleistocarpous Physcomitrella (Fig. 1), whose large spores are thought to be
dispersed locally, restricted by rupture and decay of the capsule, while
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mid-to-long-range dispersal is thought to occur by moving water or by
random events like the adherence to the feathers or feet of migrant water
birds (Beike et al., 2014). It has a very short seta and an indehiscent, emergent capsule lacking a peristome (Gofﬁnet, 2007) e features proposed to
represent the evolutionarily derived state, that is, comprising secondarily
reduced features (Beike et al., 2014; Liu et al., 2012).

5. GENOMIC INSIGHTS INTO THE EVOLUTION OF
P. PATENS, THE FUNARIACEAE AND LAND PLANTS
From a genomic perspective many questions arise considering the
fundamental differences between diploid-dominant and haploid-dominant
organisms: How is the undoubtedly lower morphological complexity of
mosses as compared to angiosperms mirrored in their genomes? How is
genomic integrity maintained in land plants where genomes are present in
the haploid phase (ie, homozygous) for the larger part of the life cycle, where
inbreeding and asexual reproduction is frequent and metabolic activity is
largely suspended upon harsh environmental conditions? Population genetic
theory predicts a reduction of effective population size and a lower rate of
recombination for primarily self-fertilizing species (Wright, Kalisz, & Slotte,
2013), which should result in a stepwise accumulation of deleterious mutations and ultimately extinction (Muller, 1964). How did these mosses escape
Muller’s Ratchet?
While the above or similar questions likely are addressed in most chapters
of this book, lineage- and species-speciﬁc trends should also be taken into
consideration: How is the speciﬁc life style as a pioneer plant that is a fastgrowing (for a moss), but short-lived opportunist reﬂected in the gene
complement?
In the following sections we present our current knowledge regarding
these questions and highlight future research avenues to further our knowledge about this species.

5.1 Global Genome Complexity: Genome Size
In terms of genome size, bryophytes still can be considered as underinvestigated: as of September 2015, the Kew Royal Botanical Garden
C-value database (Zonneveld, Leitch, & Bennett, 2005) lists 48 liverworts,
184 mosses and no hornworts (Greilhuber, Leitch, & Bennett, 2010). For
mosses this only covers about 1.5% of the expected species diversity (Leitch
& Leitch, 2013). With this limitation in mind, based on the data in the
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C-value database, we can nevertheless come to some conclusions: Mosses,
do not (yet) puzzle us with exceptionally enormous genome sizes like gymnosperms, ferns or some angiosperms and also do not show a great deal of
variation in sizes, in contrast to angiosperms (Leitch & Leitch, 2013). Instead,
they tend to have small genomes ranging from 170 to 2004 Mbp, with a
median size of 433 Mbp and most values contained in the interval of
379e498 Mbp (25% and 75% quantiles). With a median genome size of
744 Mbp, ranging from 206 to 7791 Mbp, liverworts seem to have slightly
larger genomes than mosses.
In the current C-value database release, usual angiosperm genomes are 3
(eudicot median: 1320 Mbp) to 14 (monocot median: 6030 Mbp) times
larger, revealing a much larger variance comprising values ranging from
63 Mbp to 148,900 Mbp (quantiles: 25%: 880 Mbp, 75%: 6103 Mbp).
Considering these data (Bennett & Leitch, 2012), which also represent
only about 1.8% of the expected species diversity (Leitch & Leitch, 2013)
of angiosperms, the generalizability of conclusions drawn from comparative
analysis relying on the commonly used angiosperm model plants, A. thaliana
(156 Mbp), P. trichocarpa (484 Mbp) and O. sativa (489 Mbp), needs to be
assessed carefully.
Beike et al. (2014) have published DNA amounts for multiple isolates
from different locations of representative Funariaceae species and particularly
the Physcomitrium/Physcomitrella complex. As these data have not yet been
integrated into the Kew Plant C-value database, we employed these measurements and the GC content of the assembled pseudo-chromosomes of
Physcomitrella to infer bp-level genome-size estimates including 95% conﬁdence intervals (Table 1). Based on these data we can infer a median genome
size of 518 Mbp for the Funariaceae, ranging from the smallest genome in
F. hygrometrica (238 Mbp) to the biggest genome in Physcomitrium eurystomum
(815 Mbp). How can this 3.5x change be explained in a family that arose
somewhere in between 30 and 172 Ma (Laenen et al., 2014; Newton,
Wikstr€
om, Bell, Forrest, & Ignatov, 2006; Rensing, 2014)? We revisit this
question in a later section of this chapter.
If we now reassess the genome size of the model moss P. patens, we can
conclude that with a size of 518 Mbp, Physcomitrella surely is an excellent
representative for mosses and Funariaceae, while it is only half the size of
the average liverwort genome size measured so far.
Based on the assembled nuclear genome sequence of Physcomitrella, we
now can ask how much sequence information is missing or how well the
sequence data and the DNA amount measurements agree: Considering
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Species

FCM
Measurements

Mean
Relative 1C

Aphanorrhegma serratum
Funaria hygrometrica
Physcomitrella magdalenae
Physcomitrella patens
Physcomitrella readeri
Physcomitrium collenchymatum
Physcomitrium eurystomum
Physcomitrium pyriforme
Physcomitrium sphaericum

1
2
1
8
3
2
6
15
5

0.9
0.44
0.92
0.96
0.96
1.51
1.27
1.33
0.78

Standard
Deviation
Relative 1C

0.03
0.15
0.05
0.44
0.32
0.42
0.43

Mean
Absolute
1C (pg)

0.50
0.24
0.51
0.53
0.53
0.83
0.70
0.73
0.43

Lower
Limit (Mbp)

215.08
496.78
488.72
483.74
546.68
603.17
216.77

Mean (Mbp)

485.98
237.59
496.78
518.38
518.38
815.36
685.77
718.17
421.18

Upper
Limit (Mbp)

260.10
539.97
548.03
1146.98
824.86
833.17
625.59

Inferred from mean and standard deviations of relative 1C values measured using ﬂow cytometry (FCM) of 43 natural isolates published by Beike et al. (2014). Relative
values were converted to absolute 1C values in relation to the published value of Physcomitrella (0.53 pg) identiﬁed by Schween, Gorr, Hohe, & Reski (2003). The GC
content of the P. patens V3 pseudo-chromosomes (0.34) was used for all species to calculate genome sizes in megabase pairs (Mbp).
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that genome-size estimation based on DNA content does have its limitations
depending on the method, used reference and assumed GC content, we can
conclude that the sequenced size of about 480 Mbp, which is comprised by
the sequence data partitions classiﬁed to represent nuclear DNA in all
genome assembly releases generated so far, largely agrees with the 95% conﬁdence interval presented in Table 1. This suggests that most of the P. patens
nuclear DNA is represented by the current sequencing data. Nevertheless
the genome is not yet complete in terms of closure of the 1.2% gaps (length:
100 bp to 43 kbp) that still do remain in the assembly. This is also demonstrated by the known examples of genes that are missing from the sequence
assembly, but have been identiﬁed in dedicated studies (eg, RAD51b in
Rensing et al., 2008 or Aux/IAA1b in Prigge, Lavy, Ashton, & Estelle,
2010). We later discuss a possible source for these missing data.

5.2 Structural Genome Complexity and First Hints at
Genome Evolution in Funariaceae: Chromosome Counts
Although one might expect to ﬁnd similar genome sizes and chromosome
complements in related species, due to interspecies variation in the rates
of mechanisms driving genome expansion and shrinkage, these measures
of global genome complexity usually do not carry sufﬁcient phylogenetic
signal and also cannot serve as proxies to measure organismic complexity
(Lang et al., 2010), a phenomenon known as the C-value enigma (Gregory,
2005). This problem seems even more pronounced in chromosome number
than on overall DNA content. Thus, we forgo a global comparative discussion of chromosome counts and simply review the status quo for Physcomitrella and its Funariaceae relatives.
The ancestral, base chromosome number in true mosses has been reported to be n ¼ 4e7 (Frahm, 2001; Fritsch, 1991). As we can see in
Fig. 2A, chromosome counts greatly vary in the genera of Funariaceae
(descriptive statistics and graph based on chromosome count collections
published in Fritsch, 1991; Rensing et al., 2007; Rice et al., 2015). The
right-skewed distribution contains data from 40 species and culminates at
27e28 chromosomes (25e75% quantile range: 25e28) which encompass
counts for all genera but Funariella curviseta (comprising only one count of
5). But the distribution is trimodal with a secondary peak at 14 chromosomes
(25e75% quantile range: 14e17) which comprises species from the genera
Funaria (F. hygrometrica: 18, F. wallichii: 1) and Physcomitrella (P. patens: 2).
There is a tertiary peak at 52 chromosomes (25e75% quantile range:
51e54), which comprises counts reported for the genera Physcomitrium
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Figure 2 Chromosome numbers of selected Funariaceae. Fig. 2A depicts a stacked
histogram (bin width ¼ 2) of Funariaceae chromosome counts collected from Rensing
et al. (2007) and the Chromosome Count Database (CCDB; http://ccdb.tau.ac.il/
Bryophytes/Funariaceae/); 158 data points for 40 species were mapped to synonyms,
curated and aggregated at genus level. Fig. 2B depicts an edited digital scan of an
original meiotic chromosome squash published by Reski et al. (1994). Image processing
was applied to select chromosomal boundaries and to highlight them in red.
Putatively overlapping chromosomes are depicted in distinct red tones. (See colour
plate)

(P. pyriforme: 6, P. eurystomum: 3, P. coorgense: 2, P. cyathicarpum: 2, P. repandum: 2, P. immersum: 1, P. japonicum: 1) and Funaria (F. muhlenbergii: 3,
F. hygrometrica: 5, F. hungarica: 1).
These data also exhibit surprising levels of intraspecies variation. If we
take P. patens, whose accepted chromosome complement is 27 as an
example, we ﬁnd counts of 14, 16, 26 and 27. This is similar for many of

Genomes and Evolution of Charophytes, Bryophytes and Ferns, First Edition, 2016, 97e140

Author's personal copy
Physcomitrella

115

the 40 species in Fig. 2A. The observation can be explained either by an
exceptional genomic instability in natural populations of Funariaceae, high
rate of hybrid species with variable chromosome complements (Beike
et al., 2014), misclassiﬁcations or by experimental difﬁculties in studying
these tiny chromosomes. To illustrate this further, Fig. 2B reevaluates the
original meiotic chromosome squashes (Reski et al., 1994) which lead to
the manifestation of the chromosome number of 27 in the community.
Contours of meiotic bivalents were identiﬁed by image processing and coloured to allow distinction of overlapping image layers, in order to demonstrate possible sources of ambiguity in such data.
Given the available Funariaceae chromosome counts and assuming an
ancestral chromosome number of 7, two rounds of whole-genome duplications (WGDs) in the Funariaceae were previously hypothesized (Rensing
et al., 2007, 2009): Beginning with an ancestral transition from dioicous
(n ¼ 7) to a monoicous (n ¼ 14) state, which could have been the result
of either hybridization (allopolyploidization) or autopolyploidization due
to meiotic failure leading to the merger of two (male and female) parental
chromosome sets in the LCA of the lineages leading to Funaria and the Physcomitrium/Physcomitrella species complex clades. According to this hypothesis,
subsequently, at least the lineage leading to the extant Physcomitrella/Physcomitrium complex species underwent one to two additional, independent
(auto- or allo-) polyploidization events (n ¼ 28; n ¼ 56), that in some cases
were accompanied or followed by aneuploidization, resulting in the loss of
one or several chromosomes (n ¼ 27; n ¼ 52e54; hypothesis suggested in
Beike et al., 2014; McDaniel et al., 2010; Rensing et al., 2007, 2009; chromosome counts corresponding to the peaks in Fig. 2A were obtained from
Fritsch, 1991; Rensing et al., 2007; Rice et al., 2015). This hypothesis requires molecular validation based on genomic or genome-scale data.

5.3 Gene Density and Repeat Content
Based on the data of the V3.1 genome annotation (https://www.cosmoss.
org/physcome_project/wiki/Genome_Annotation/V3.1), the P. patens
chromosomes have a gene density of 149 genes/Mbp. This is substantially
smaller (1.7x) than the chromosomal gene density of A.s thaliana (248
genes/Mbp, TAIR 10; https://www.arabidopsis.org/portals/genAnnotation/
gene_structural_annotation/annotation_data.jsp), similar to that of O. sativa
(116 genes/Mbp, 1.4x smaller than A. thaliana, MSU 7 http://rice.plant
biology.msu.edu/annotation_pseudo_current.shtml) and higher than that of
P. trichocarpa chromosomes (100 genes/Mbp, 2.4x smaller than A. thaliana,
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JGI Ptr V2 ftp://ftp.jgi-psf.org/pub/JGI_data/phytozome/v5.0/). The
A. thaliana genome represents a secondarily reduced genome (Hu et al.,
2011). Which factors contribute to the differences in gene densities and
genome size? The obvious answer to this question is twofold: (a) gene number
and (b) repeat content.
The analysis of the draft genome sequence of P. patens revealed that
about half of the genome is repetitive (Lang et al., 2008; Rensing et al.,
2008). As illustrated in the cosmoss.org genome browser snapshot of the
V1.6 genome annotation in Fig. 3, protein-coding genes are encoded on
islands surrounded by areas mostly comprised of long terminalerepeat retrotransposons (LTR-Rs), most of which are fragmented or nested. In the
V1 assembly only 4795 LTR-Rs were predicted by the MIPS ANGELA
pipeline to be intact. Gypsy-like LTR-Rs are the predominant class (46%)
while only 2% are Copia-like LTR-Rs. Nested insertions of LTR elements
into other LTR-Rs are common (14%). The activity of these LTR-Rs
seems to be tightly controlled by posttranscriptional gene silencing via
sRNA-mediated epigenetic silencing (Coruh et al., 2015), as indicated by
the overlapping data in the genome browser tracks comprising the mapping
of sRNA reads, the CG/CHG/CHH methylation histograms (Zemach
et al., 2010) and the repressive histone marks (red colour) of peak regions
derived from the analysis of H3 ChIP-Seq data (Widiez et al., 2014) in
Fig. 3. Up to 3% of a given Sanger-based EST library (see above) originate
from regions annotated as LTR-Rs. Timing of insertion ages of LTR-Rs
suggests multiple possibly distinct waves of activity of the two LTR-R classes, with the most recent peaks dating back longer than 1e3 Ma (Fig. 4).
In contrast to other eukaryotic genomes, P. patens contains only one
family of Helitron rolling-circle DNA transposons (Rensing et al., 2008).
Further, class II DNA-transposable elements could not be detected in
large-scale analyses (Lang et al., 2008). Transposons are not the only type
of genomic intruders that Physcomitrella had to cope with in its evolutionary
past e like several algae and the lycophyte Selaginella moellendorﬁi, the moss
genome harbours evidence of genomic integrations of nucleocytoplasmic
large DNA viruses (Maumus, Epert, Nogué, & Blanc, 2014).
Comparing the repeat or transposon content (Lang et al., 2008) of Arabidopsis (10%), rice (30%) and poplar (37%), we see that the Physcomitrella
genome has a substantially larger repeat content, providing part of the
answer to the differences in genome size. Then again, why isn’t this pattern
directly reﬂected in the chromosomal gene density? A possible answer might
be given considering the ages of the most recent insertion waves (Fig. 4), the
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Figure 3 Genomic region of Physcomitrella in the cosmoss.org genome browser.
Snapshot of the cosmoss.org genome browser displaying available V1.6 annotation
as tracks comprising chromosomally localized features. Tracks represent (from top
to bottom): (1) Mappings of AFLP markers used for genetic map (blue segments).
(2) Assembly gaps (red segments). (3) LTR-Rs (brown segments). (4) PFAM protein
domains speciﬁc for LTR-Rs (brown segments). (5) Uniquenome: histogram of
sliding-window analysis of uniqueness of 50 bp windows (black). (6) Peak regions of
histone 3 ChIP-Seq data derived from protonema cultures (red ¼ repressive mark;
green ¼ activating mark). (7) Histogram of spliced alignments of sRNA Illumina reads.
(8e10) Histograms of CHH (red), CHG (blue) and CG (black) methylation on the plus
strand. (11) V1.6 gene models for splice variants (red segments ¼ coding sequence;
light-grey segments ¼ UTR). (12) Mapping of RNA-Seq reads derived by Trueseq
single-end Illumina sequencing. (See colour plate)
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Figure 4 Insertion ages of LTR-Rs in P. patens. Density plot of estimated insertion ages
(in Ma; estimated based on substitution rate described in Rensing et al., 2007) of Copialike (purple (grey in print versions)) and Gypsy-like (orange (light grey in print versions))
LTR-Rs in the P. patens genome. Copia- and Gypsy-like LTR-Rs are autonomous retrotranscribing mobile genetic elements, which are usually comprised of ORFs for Gag
and Pol precursor proteins that in return are ﬂanked on both sides by the LTRs and variable-sized noncoding regions. Both classes are distinguished by the structure of the Pol
precursor protein, namely the position of the integrase among the protease, reverse
transcriptase and ribonuclease H. Depending on the subfamily other protein domains
like the chromodomain are also observed in Physcomitrella and other plants. The distributions suggest recurring cycles of LTR-Rs activity that partly overlap for the two types.
Like in most plant genomes, Gypsy-like are more abundant. Reanalysis of raw data from
Rensing, S. A., Lang, D., Zimmer, A. D., Terry, A., Salamov, A., Shapiro, H., . Boore, J. L.
(2008). The Physcomitrella genome reveals evolutionary insights into the conquest of land
by plants. Science, 319(5859), 64e69. http://doi.org/10.1126/science.1150646.

level of fragmentation and low abundance of full-length LTR-Rs (Fig. 3),
the relatively high uniqueness of LTR-R regions (Uniqueome track in
Fig. 3) and also the almost complete absence of class II transposons. Leitch
and Leitch (2013) previously suggested that this might be the result of an
efﬁcient silencing machinery and elimination of DNA by recombination.
Thus, this could be the result of the prevalence of the moss to repair
DNA double-strand breaks (DSBs) by homologous recombination rather
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than nonhomologous end joining (Kamisugi et al., 2012), yielding a higher
degree of fragmentation of repeats and reshufﬂing of gene and transposon
regions than in seed plants and thus resulting in a higher than expected
gene density. Possibly this could also be related to the efﬁcient purging of
deleterious mutations observed in the primarily selﬁng Funariaceae Physcomitrella and Funaria (Sz€
ovényi et al., 2014).

5.4 Complements of Protein-Coding and NonproteinCoding Genes
The V1.6 release of the P. patens genome annotation (Zimmer et al., 2013)
comprises 32,275 protein-coding genes, 432 tRNA loci, 798 rDNA regions,
229 miRNA precursors (108 families), 213 snRNA genes and 6 SRP (signal
recognition particle) loci.
While the accuracy and completeness of gene structures is greatly
improved due to the increased experimental support from comprehensive
RNA-Seq data, the global number of protein-coding genes remains largely
stable comparing the published V1.6 to the latest, yet unpublished V3.3
release (adding about 2000 genes).
A comprehensive annotation of Physcomitrella sRNA loci based on 10
sRNA-Seq libraries from 10-day-old protonemata (Coruh et al., 2015)
identiﬁes 1462 loci sRNA, 1090 of which are annotated as heterochromatic
siRNAs (23e24 bp). These siRNA loci are localized mostly in ‘intergenic
regions with dense DNA methylation’: that is, LTR-Rs and other repetitive
regions (Fig. 3). Employing very stringent ﬁltering criteria, from the remaining loci the authors deduce 130 miRNA-encoding genes (114 of which
overlap with miRBase release 21, also incorporated into V1.6). Coruh
et al. (2015) suggest that the remainder of the miRBase annotations should
not be considered miRNA sensu strictu, attributing these potential misannotations to a lower sequencing depth in previous studies and less strict parameters for identifying miRNA hairpins. Depending on which sRNA mapping
tool and parameters are employed, the mere number of sRNA-overlapping
loci in our experience varies at least tenfold. From these candidate loci, again
the choice of program and parameters used to deﬁne miRNA hairpins and
true miRNAs (‘Dicer-calls’) largely affect how many miRNAs are annotated
subsequently. Some of these parameters are based on results obtained in
other species. What is missing so far is an unbiased selection of attributes
determining the action and precision of moss DCL proteins. The efﬁciency
of gene targeting in Physcomitrella should enable an experimental setup to
identify ‘true’ miRNAs and their characteristics, for example, based on
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mutant analysis. Until these results are available the topic remains open for
debate, and we can only conclude that the P. patens genome harbours about
114e229 miRNA-encoding genes.
The comparative analysis of gene complement and structural evolution
along the green plant lineage (Zimmer et al., 2013) demonstrated that overall (excluding recent polyploids) gene complements are consistent in size,
and gene structures e especially positioning and length of introns in coding
sequences e are highly conserved among land plants. There might be a
trend towards reduction of intron lengths in land plants. In contrast, the
algae of the Volvocales seem to have acquired introns independently, resulting in longer genes with more and longer introns. There was one striking
feature that distinguishes P. patens genes e a comparatively high number
of loci with more and longer 50 -UTR introns in the moss than in any other
of the studied Viridiplantae. Considering the inﬂuence of 50 -UTR introns
on gene expression level, regulation, translation and nonsense-mediated
mRNA decay and the fact that almost 50% of all genes encode for transcripts
with 50 -UTR introns, Zimmer et al. (2013) hypothesized that Physcomitrella
frequently relies on these mechanisms of co- and posttranscriptional gene
regulation. Another possible explanation could be that the additional and
longer introns arose by the recombination-driven reshufﬂing of DNA to
eliminate transposable elements (see above). Possibly only the observed,
highly efﬁcient purging of deleterious mutations in the primarily selﬁng
haploid species (Sz€
ovényi et al., 2014) prevents an additional accumulation
and expansion of such introns in the coding sequences.
Compared to the ﬂowering plant Arabidopsis, the open reading frames
(ORFs) of protein-coding genes in Physcomitrella display low to no codon
usage bias (Rensing et al., 2005; Zimmer et al., 2013, Fig. 5). This is
mirrored in the ORFs of moss Ceratodon purpureus and the liverwort Marchantia polymorpha which also peak at 57 effective codons (Fig. 5). Further evaluation and taxonomic sampling is necessary to allow conclusions about the
generalizability of this trend.
Comparative analysis of the functional annotation of the Physcomitrella
genome to that of other land plants consistently revealed expansions of
moss housekeeping and metabolic genes (Lang et al., 2005; Zimmer et al.,
2013) and further possibly adaptive, lineage-speciﬁc expansions and gains
including at least 13% orphan genes (ie, species- or lineage-speciﬁc genes;
Zimmer et al., 2013).
Possible functions for some of these orphan genes have been suggested
by a time series analysis of the cold response in Physcomitrella (Beike et al.,
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Figure 5 Comparison of the effective number of codons (ENC) suggests low codon usage bias. The ENC was calculated with CodonW v1.4.4
(http://codonw.sourceforge.net/) for nuclear encoded primary transcripts of P. patens V3.1 and A. thaliana vTAIR10. In addition, transcrip€vényi
tome assemblies of two other bryophyte species, namely M. polymorpha (Sharma, Jung, Bhalla, & Singh, 2014) and C. purpureus (Szo
et al., 2015), were used to infer coding sequences with estscan2 (http://sourceforge.net/projects/estscan/ﬁles/ESTScan2/) and subsequently
cluster them using CD-HIT-EST v4.6.1 reducing 99% identical isoforms to a representative sequence. Compared to A. thaliana (3.0%), P.
patens and two other bryophyte species show a high proportion of transcripts with no codon bias (P. patens: 7.9%; M. polymorpha:
11.1%; C. purpureus: 5.3%). While A. thaliana peaks at 53.3 ENC, the studied bryophyte species peak at about57 ENC (P. patens: 57.0; M. polymorpha: 57.2; C. purpureus: 56.8).
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2015). Orphan genes are among the earliest loci responding to cold treatment. Nevertheless, the analysis also suggested that most of transcriptional
regulation and physiological/developmental response to this abiotic stress
is largely conserved. For example, a consistent global specialization of transcriptional regulators was observed resulting in up-regulation of conserved
stress-responsive regulators and a down-regulation of conserved developmental regulators. The results are consistent with a conserved regulatory
toolkit of land plants (Floyd & Bowman, 2007; Frank & Scanlon, 2015;
Hiss et al., 2014; Richardt et al., 2007) and supported by the observation
that the majority of transcriptional regulators either were acquired or
expanded in the LCA of land plants (Lang et al., 2010).
A study (Yue, Hu, Sun, Yang, & Huang, 2012) of horizontal gene transfer in the green linage identiﬁed 57 families of nuclear genes that were
putatively acquired from prokaryotes, fungi or viruses. While 18 of these
gene families could be detected in all studied Viridiplantae, 39 were only
identiﬁed in embryophytes. From the latter set 19 families were restricted
to Physcomitrella and might represent linage-speciﬁc acquisitions, for example,
like the insertions of nucleocytoplasmic large DNA viruses discussed earlier
(Maumus et al., 2014).
Utilizing the wealth of expression data that now is available for various
conditions, developmental stages and even tissue or cell types (Beike
et al., 2015; Cooper et al., 2013; Cuming, Cho, Kamisugi, Graham, &
Quatrano, 2007; Frank & Scanlon, 2015; Hiss et al., 2014; Nishiyama
et al., 2012; O’Donoghue et al., 2013; Shinde, Behpouri, McElwain, &
Ng, 2015; Wolf, Rizzini, Stracke, Ulm, & Rensing, 2010; Xiao et al.,
2011), we now can obtain a better understanding of how the more than
30,000 protein-coding genes in the Physcomitrella genome are expressed
along the gametophytic and sporophytic generations of the moss.
According to microarray data (Hiss et al., 2014), at least 74% of the protein-coding genes show evidence of expression in the gametophytic generation. About 13% of these genes appear only to be active in gametophores,
while about 3% appear to be speciﬁcally expressed in protonemal ﬁlaments.
O’Donoghue et al. (2013) found 12% of all protein-coding genes to be
affected by the transition from gametophyte to sporophyte; 7% of all genes
were found to be active speciﬁcally in the sporophytic tissues. A lower
number of generation-biased genes were reported for the close relative
F. hygrometrica (Sz€
ovényi, Rensing, Lang, Wray, & Shaw, 2011; Sz€
ovényi
et al., 2013). In their studies comparing RNA-Seq data from gametophores
and sporophytes, Sz€
ovényi et al. found only 2e3% of all expressed genes to
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be generation biased. They found the majority of genes (97%) in Funaria to
be expressed in both generations. Comparative analysis of Arabidopsis and
Funaria revealed only limited conservation of generation-biased gene
expression, supporting the view of an ancestral regulatory toolkit that
operates in the respective dominant generation of the life cycle (Frank &
Scanlon, 2015).
O’Donoghue et al. (2013) attributed the observed difference in generation-biased genes between the two Funariaceae (Physcomitrella and Funaria)
to experimental problems in the Funaria study, like a lower number of
sampled genes and the exclusion of protonemal tissues. But if we consider
that numbers of speciﬁcally expressed genes in the latter are only relatively
low and most genes are detectable in both gametophytic stages, we can raise
the question whether the observed difference has other, biologically
founded sources? If so, why does the cleistocarpous P. patens with a possibly
secondarily reduced sporophyte harbour a larger genome with more generation-biased genes than F. hygrometrica, which harbours one of the most
complex sporophyte morphologies found in mosses (Budke, Gofﬁnet, &
Jones, 2012)?

5.5 Remnants of Ancestral Funariaceae Speciation Events in
the P. patens Paranome?
As discussed in the previous sections, the suggested direction of the evolution of sexuality from an ancestral dioicous to a monoicous state resulting
from the merger of unisexual parental genomes and the inspection of available DNA content and chromosome count data early on implicated the
occurrence of one or multiple genome duplication events in the lineage
of the Funariaceae (Beike et al., 2014; McDaniel et al., 2010; Rensing
et al., 2007, 2009, 2008).
Genome duplication as the result of autopolyploidization or hybridization seems to be a widespread phenomenon among land plants (Blanc,
Hokamp, & Wolfe, 2003; Bowers, Chapman, Rong, & Paterson, 2003;
Cheng et al., 2013; Chester et al., 2012; Cui et al., 2006; Freeling &
Thomas, 2006; Jiao & Paterson, 2014; Maere et al., 2005; Panaud, Jackson,
& Wendel, 2014; Rensing et al., 2007, 2008; Soltis & Soltis, 2012; Tang
et al., 2008; Tuskan et al., 2006; Vandepoele, Simillion, & Van de Peer,
2003; Vanneste, Baele, Maere, & Van de Peer, 2014; Vanneste, Sterck,
Myburg, Van de Peer, & Mizrachi, 2015; Wu et al., 2013). Large-scale or
WGD events are commonly thought to have acted as driving forces behind
radiation, diversiﬁcation and speciation of plant lineages that shaped the
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evolution of organismal complexity (Carroll, 2001; Crow & Wagner, 2006;
Freeling & Thomas, 2006). The latter hypothesis was corroborated by
phylogenetic comparative analysis of land plants suggesting a strong correlation of WGD with morphological complexity (Lang et al., 2010).
In evolutionary terms, the impact of genome duplication can be
condensed to two major aspects: (1) The facilitation of biological innovation
resulting from the expansion of gene families with subsequent neo- and
subfunctionalization of duplicates (paralogs). (2) The role as a motor of
speciation by establishment of reproductive isolation of polyploids due to
post-duplication chromosome loss, rearrangements of the genome and
biased fractionation of paralogs, for example, in the (re)diploidization of tetrapolyploids (Freeling & Thomas, 2006).
The analysis of synonymous, silent substitution (Ks) rates of codons across
all P. patens paralogs (ie, the paranome) based on assembled EST data provided initial, molecular conﬁrmation of the suggested paleopolyploid history
(Rensing et al., 2007). The distribution plot of pairwise Ks values revealed a
peak at 0.85 (0.6e1.1). Based on molecular clock analysis of linearized
phylogenetic trees inferred for the moss, Arabidopsis, poplar and rice, this
peak was dated to have occurred 30e60 Ma (mean 45 Ma). Duplicates
which arose from such a paleoploidy are frequently termed paleologs.
The distribution pattern was largely conﬁrmed by subsequent analyses
based on genomic data (Rensing et al., 2008), including the analysis with
an alternative method that particularly focuses on transversion rates of fourfold degenerate codons (4DTv; Kumar & Subramanian, 2002) shown in
Fig. 6. The distribution of pairwise 4DTv distances derived for the V1.2
gene predictions mirrors that inferred from Ks rates on both transcriptomic
and genomic data (Fig. 6). There is one broad peak comprising 4342 paralog
pairs involving 5586 unique loci in the 4DTv range between 0.1 and 0.4
(blue vertical lines). This broad pattern could be either the result of multiple,
subsequent events in ‘short’ evolutionary time resulting in overlapping distributions of mutation rates or could be due to a large variation of synonymous substitution rates of paleologs from the same event. Additional,
possibly older peaks cannot be reliably detected by these methods due to
the problem of multiple substitution (black line Fig. 6; 4DTv > 0.5;
Ks > 1).
The existence of further genome duplication events that are either contained in the broad peak or cannot be detected due to the problem arising
from multiple substitution so far can only be assumed by the analysis of
independent gene trees. Phylogenetic trees of P. patens gene families
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Figure 6 The analysis of paralogs in the Physcomitrella genome provides evidence for
at least one large-scale genome duplication event. Histogram of pairwise synonymous
substitution rates among pairs of paralogs in the V1.2 genome measured using the
4DTv method demonstrates at least one broad peak comprising 4342 paralog pairs
involving 5586 unique loci. This peak is consistent with what was observed using
assembled EST data (Rensing et al., 2007). A higher, sharper peak is observed at bin
0, comprising 647 loci. Further, possibly older peaks cannot reliably be detected by
this method due to the problem of multiple substitution (4DTv > 0.5). (See colour plate)

frequently display a peculiar pattern in the clustering of paralogs that arose
subsequent to speciation (inparalogs). They usually comprise 2e3 times
nested clades of closely related inparalogs, hinting at additional polyploidization events. An example of this can be observed in genes of the Physcomitrella
MADS-box superfamily (Barker & Ashton, 2013). The parsimonious model
of lineage-speciﬁc expansions MADS-box type I and II families of Elizabeth
Barker and Neil Ashton assume three segmental duplications, of which at
least two are suspected to be WGD events. Indeed, if we analyse 4DTv distances for the nodes in the phylogeny of the two type II subfamilies MIKCC
and MIKC* by median-condensing pairwise rates, we can observe at least
two distinct signals (MIKCC/MIKC*: 0.2/0.27, 0.37/0.46).
Due to the status of the V1 genome assembly these data can only be
considered as preliminary. For higher resolution and conﬁdence, identiﬁcation of syntenic blocks and structural analysis of chromosome evolution is
required. The analysis of the now available V3 pseudo-chromosomes will
shed further light on this topic. For the time being, we can conclude that
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there is convincing evidence for one WGD and initial evidence for one or
two older WGD events in the genomic sequence of P. patens.
In light of this data, it is tempting to speculate which of these events is
shared with other Funariaceae. Preliminary insight again can be found in a
study focussing on the MADS-box type 2 MIKC* gene family (Zobell,
Faigl, Saedler, & M€
unster, 2010). Zobell et al. inferred phylogenetic trees
of the MIKC* family in the ﬂowering plant A. thaliana, the liverwort
M. polymorpha and the mosses Sphagnum subsecundum, P. patens and
F. hygrometrica. The phylogenetic clustering of the Funaria and Physcomitrella MIKC* proteins clearly suggests 1:1 orthologous relationships and
does not suggest the existence of additional paleologs in the lineage of Physcomitrella. Thus, combining the data from these two studies and considering
the phylogenetic relationship of the two species, we can formulate the
working hypothesis that the WGD event(s) detectable in the Physcomitrella
patens genome happened in the lineage leading to the LCA of Funaria and
Physcomitrella.
There is evidence for more recent, subsequent genome duplication events
in the Funariaceae based on the analysis of gene trees and SSR markers in
multiple isolates (Beike et al., 2014; Klips, 2015; Liu et al., 2012; McDaniel
et al., 2010). These data suggest hybridizations within the Physcomitrium/
Physcomitrella species complex that gave rise to recent allopolyploid species
with increased DNA content and chromosome complement: Physcomitrium
pyriforme, P. collenchymatum and P. eurystomum (Beike et al., 2014).

5.6 Initial Evidence for Concerted Pseudoalleles
The analysis of the moss paranome highlights an additional peculiarity
(Fig. 6). Strikingly, all plots of synonymous substitution rates of paralogs
in Physcomitrella generated so far reveal a higher, sharper peak at bin 0. While
paralogs clustering in this bin are usually assumed to result from recent, local
and small-scale duplications which are observable in most plants, there seems
to be an additional, unique source for the low mutation rates observed in
these paralogs in Physcomitrella.
Closer inspection of the paralogs included in bin 0 of histograms inferred
from pairwise synonymous substitution rates revealed that many of them
represent tandem arrayed genes (TAGs) residing physically close with no
or only few genes in between them (Rensing et al., 2008). TAGs are
thought to originate from small-scale duplication events like unequal crossover, that is, the reciprocal transfer of DNA between sister chromatids in
mitosis or homologous chromosomes in meiosis. Their genomic distribution
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pattern has been shown to be positively correlated with the recombination
rate (Rizzon, Ponger, & Gaut, 2006; Zhang & Gaut, 2003), for example,
resulting in low abundance of TAGs in the centromeric regions.
TAGs found in the Physcomitrella genome signiﬁcantly deviate from those
observed in di- and polyploid ﬂowering plants in terms of frequency, orientation and conservation. Most analysed plant and animal genomes contain
about 10e15% of all genes in tandem arrays (Pan & Zhang, 2008; Rizzon
et al., 2006; Semple & Wolfe, 1999; Zhang & Gaut, 2003), and these
TAGs account for about one-third (30e34%) of all paralogs in the genomes.
The Physcomitrella genome contains signiﬁcantly less genes in tandem
arrays (Rensing et al., 2008). Only 1% of all protein-coding genes in V1.1
where identiﬁed to be tandemly arrayed.
The distribution of tandem array sizes corroborates what has been reported for other organisms (Pan & Zhang, 2008; Rizzon et al., 2006): the
majority of tandem arrays detected in Physcomitrella comprise only two
members that are separated by short, unrelated, mostly gene-free, spacer regions. An example for a genomic region comprising such a TAG paralog pair
is shown in Fig. 7, which depicts the loci encoding the LHCB1N6 protein, a
component of the LHCII major antenna (Rensing et al., 2008; Lang et al.,
2008). As indicated by the green, interconnected segments in Fig. 7, the
entire coding region, most of the UTRs and the promoter regions are
part of inverted, perfectly identical repeat regions. Only some bases differ
in the exon-encoding 30 -UTR region, resulting in polymorphic ESTs
which can be used to conﬁrm that indeed both loci are expressed. Additional, nonconnected green segments indicate repetitive blocks that are
identical to a remote location in the genome. These perfectly identical regions frequently lead to difﬁculties in genome assembly. This was also the
case for the missing second Aux/IAA locus mentioned earlier, which is
part of a TAG that could not be assembled properly. As these cases can usually only be resolved via primer-walking, the genome-wide extent of this
problem cannot be assessed easily (eg, in the analysis of the CHS family performed by Wolf et al., 2010).
This high level of sequence conservation is reﬂected on the functional
level e while ﬂowering plant paralogs derived from small-scale duplications
(SSD) like TAGs harbour higher sequence and functional divergence rates
than those retained after WGD, the contrary was observed in Physcomitrella
(Carretero-Paulet & Fares, 2012; Rensing, 2014).
Unsurprisingly, these perfectly identical regions are found among the
paralogs clustering in bin 0. Do these paralogs really represent recent local
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Figure 7 Example of a putative pseudoallele with identical coding sequences in the P. patens genome. cosmoss.org genome browser snapshot displaying the inverted, head-to-head tandem duplication pair encoding the LHCB1N6 protein, a component of the LHCII major
antenna (Rensing et al., 2008; Lang et al., 2008). Coding regions of two splice variants at each locus are shown as red boxes, while UTR regions
are displayed as light grey boxes. In order to demonstrate overlaps with other features, the respective exonic regions are highlighted in grey
in all tracks. Additional tracks (top to bottom) are putative promoter elements from the plant promoter database (Hieno et al., 2014), spliced
alignments of Sanger EST evidences used for V1.6 predictions from multiple tissues (dark green sporophytes, bright green gametophores,
green protonema; original number reduced for brevity), identical repeats longer than 60 bp with less than 50 loci in the genome identiﬁed
by Vmatch (dark green; pairs connected by dashed lines; http://www.vmatch.de/), Uniqueome (black histogram; level of uniqueness in a
sliding-window approach of 50 bp), full-length and fragmented LTR-Rs (brown segments; Rensing et al., 2008).
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duplication events? An alternative source for such homogenization could
be concerted evolution of these regions due to unequal crossover and
gene conversion. The latter describes the unidirectional, nonreciprocal
transfer of genetic information between duplicated regions (Chen, Cooper,
Chuzhanova, Férec, & Patrinos, 2007) and is thought to be mainly the result
of DSB repair via homologous recombination.
Thus, this pattern might be related to the high rate of DNA repair of
moss by homologous recombination (Kamisugi et al., 2012; MarkmannMulisch et al., 2007), resulting in concerted evolution of these loci via
gene conversion allowing the haploid-dominant organism to maintain
‘pseudoalleles’ (Lewis, 1951) of highly expressed and other dosage-sensitive
genes (Lang et al., 2008).

6. CONCLUDING REMARKS AND OUTLOOK
Over the last 20 years, the dedication and hard work of the international moss community has amounted in substantial genomic resources for
the moss P. patens. These efforts have led us from the early beginnings starting
with a few sequenced cDNA clones, via EST-based transcriptome representations to the present, tentatively cumulating in the ﬁrst pseudo-chromosome
assembly of a nonvascular plant, which give us genome-scale, single bp resolution of genetic and epigenetic regulation of protein- and nonproteincoding genes, transposable elements and other genetic regions in the moss.
Building on these resources, in combination with the comprehensive
molecular toolbox which has been developed in parallel, the model Physcomitrella continues to attract an increasing community of researchers from all
ﬁelds. The accumulated knowledge and genomic resources serve as ﬂagship
and reference frameworks to extend our genomic resolution of bryophytes
beyond the P. patens genome. As illustrated by some of the other chapters in
this book, the community has begun to extend genomic and transcriptomic
resolution to other bryophyte taxa and even to population level. Bryophyte
research has arrived in the genomic and post-genomic age.
In order to serve as a reliable reference, we need more than a few
sequencing runs and gigabytes on our hard drives e the backﬂow of information inferred from the genomic resources and a continued, communitydriven effort to improve and extend the structural and functional annotation
of the Physcomitrella and other bryophyte genomes are vital to the success of
these endeavours.
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Most certainly, mosses and other bryophytes still present us with many
riddles about their ancestry, biology and the evolutionary mechanisms
that shaped their genomes and morphology. As demonstrated with the discovery of heterochromatin (Heitz, 1928a), solutions to these puzzles can
lead to important biological insights with an impact beyond the taxonomic
level of bryophytes. The answers to the questions that attracted the early pioneers of genetic research to mosses and other bryophytes are now within
our reach. Genomic, phylogenomic and population genomic insights into
the biology and evolutionary history of Physcomitrella and the Funariaceae
surely will continue to contribute to this progress.
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