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The moss Physcomitrella patens: methods and tools
from cultivation to targeted analysis of gene function
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ABSTRACT To comprehensively understand the major processes in plant biology, it is necessary
to study a diverse set of species that represent the complexity of plants. This research will help
to comprehend common conserved mechanisms and principles, as well as to elucidate those
mechanisms that are specific to a particular plant clade. Thereby, we will gain knowledge about
the invention and loss of mechanisms and their biological impact causing the distinct specifica-
tions throughout the plant kingdom. Since the establishment of transgenic plants, these studies
concentrate on the elucidation of gene functions applying an increasing repertoire of molecular
techniques. In the last two decades, the moss Physcomitrella patens joined the established set of
plant models based on its evolutionary position bridging unicellular algae and vascular plants and
a number of specific features alleviating gene function analysis. Here, we want to provide an over-
view of the specific features of P patens making it an interesting model for many research fields in
plant biology, to present the major achievements in P patens genetic engineering, and to introduce
common techniques to scientists who intend to use P patens as a model in their research activities.
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Introduction

Thirty years ago, the first transgenic plants had been generated
and it took another eight years until the first transgenic moss — Phy-
scomitrella patens —had been established (Schaefer et al., 1991).
Since then, it took many efforts to devise new strategies and tools
to facilitate research in moss biology. The discovery of the highly
efficient integration of foreign DNA by homologous recombination
(HR)in P, patens (Kammerer and Cove, 1996) enabled the elabora-
tion of gene targeting as a precise tool to genetically manipulate any
chosen genomic DNAsequence (Schaefer and Zryd, 1997). These
milestones led to the first targeted knockout mutants in P. patens
(Girke et al., 1998; Strepp et al., 1998) that opened a new era of
reverse genetics. With the development of feasible and reliable
transformation methods, the possibilities in genetic engineering, and
the phylogenetic position of mosses between unicellular photosyn-
thetic eukaryotes and seed plants, P. patens came into the focus of
plant biology research to address multifaceted scientific questions
in evolutionary and developmental biology. The exploration of the
encoded genetic information in P. patens was strongly supported
by the completed genome sequencing (Rensing et al., 2008) and

enabled comparative studies to gain knowledge about land plant
evolution. Nowadays, manifold elegant techniques are available
for detailed analysis of gene functions in P, patens. Together with
its favourable features for laboratory experimental work, P, patens
has become a versatile model plant.

The life cycle of P. patens

The life cycle of P. patens comprises two alternating heteromor-
phic and heterophasic generations (Fig. 1A). In contrast to seed
plants, the gametophyte represents the predominant generation in
mosses. The gametophytic generation starts with the germination
of a haploid spore (Fig. 1B) that forms a branched filamentous pro-
tonema tissue by apical growth (Fig. 1C). The protonema consists
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of two distinct cell types: the chloroplast enriched chloronema cells
with perpendicular cross-walls and the caulonema cells containing
few chloroplasts and with oblique cross-walls. The transition from
the juvenile protonema tissue to the adult gametophore is initiated
by the formation of meristematic buds with three-faced apical cells.
These buds develop into gametophores (Fig. 1D) with a shoot-like
stem bearing leaf-shaped phylloids and rhizoids at its base (Fig.
1E). Sexual reproduction is initiated by the development of both
female (archegonia) and male (antheridia) sex organs at the tip
of the gametophore (monoecious species) (Fig. 1F). Within the
antheridia, motile spermatozoids are formed that are capable to
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Fig. 1. The life cycle and cultivation of P patens. (A) Scheme of the P
patens life cycle. (B) Tetrads of haploid spores derived from meiotic cell
divisions of spore mother cells released from the spore capsule of the
sporophyte. (C) Branched protonema tissue grown in liquid culture. (D)
Developing gametophore. (E) Gametophores at early (right) and late develop-
mental stages with rhizoids at their base. (F) Scanning electron micrograph
of gametangia (top view). Antheridia and archegonia are indicated by red
and blue arrows, respectively. (G) Fully developed sporophyte surrounded
by phylloids of the gametophore. At the base unfertilised archegonia are
visible (red arrow) and dark spores inside the spore capsule. On top of the
sporophyte the remaining tissue of the archegonium forms the calyptra
(black arrow). (H) Petri dishes with solidified media and moss colonies. (1)
Erlenmeyer flasks with liquid media and protonema culture. (J) Airventilated
flask with liquid media and protonema culture.

move in the presence of water where they fertilise the single egg cell
within the archegonium. Upon fertilisation, the diploid sporophyte
develops from the zygote building up a short seta and an apical
spore capsule within which meiosis takes place and hundreds of
haploid spores are produced (Fig. 1G). After ripening, the spore
capsule breaks up and releases the spores for propagation. On
top of the spore capsule the residual tissue of the archegonium
forms the characteristic calyptra.

Aspects of plant evolution - P. patens as a link between
green algae and seed plants

One of the reasons to study the biology of mosses, in general,
and P. patens, in particular, lies in the key position of mossesin plant
evolution and the associated gain of specific features connecting
the aquatic and terrestrial mode of life. The first features of the basic
body plan of higher plants evolved more than 500 million years ago
(MYA) within the Charophyta: a three-dimensional and multicel-
lular gametophyte that is formed by apical meristematic cells and
consists of cells with cellulosic cell walls that are interconnected by
plasmodesmata (Fig. 2). With the transition from aquatic to terrestrial
life approximately 470 MYA, the first land plants (Embryophyta)
evolved a multicellular diploid sporophyte that is protected by an
epidermal tissue. Later, 440 MYA, the basal vascular system of the
Tracheophyta raised with specialised water-conducting cells, one
of the prerequisites for an extended longitudinal growth, and the
sporophytic generation became predominant. Approximately 400
MYA, the first seeds evolved with the earliest representatives of
Spermatophytina and, with the development of flowers 300 MYA,
the massive radiation of the angiosperms (Magnoliophyta) occurred.
In view of this evolution course, representative model species of
the respective clades were chosen forgenome sequencing projects
to link the most relevant inventions in plant evolution to changes in
the genetic repertoire (Floyd and Bowman, 2007). Within the basal
land plants, the moss P. patens holds a key position bridging the
gap between aquatic green algae, such as Chlamydomonas rein-
hardtii,and early tracheophytes, such as Selaginella moellendorffii,
or even higher seed plants, such as Arabidopsis thaliana. Given
the phylogenetic position of P. patens, the specific adaptations to
the new environmental conditions required for the transition from
aquatic to terrestrial life can be studied within this model plant.
Abiotic stresses caused by the limited water availability on land,
strong irradiation by sun light, and varying temperatures neces-
sitated extensive modifications from signalling over physiological
processes to modified body plans (Floyd and Bowman, 2007). By
comparative analysis of gene function in the species representing
different evolutionary steps, it is possible to differentiate between
gene families that emerged recently in the course of evolution
(such as by adaptation) and conserved gene families encoding
proteins with fundamental functions.

Qualities and benefits of P. patensin its use as a model
plant

Three aspects are important for the qualities and benefits of
P. patens in its use as a model plant, namely the possibilities for
cultivation and physical manipulation, the available knowledge on
the genetic information encoded in P. patens and, in particular, the
established techniques to modify P. patens genetically.



The cultivation of P. patens is reasonably simple, except for the
precautions for axenic cultivation. In fact, in approximately four
months, P. patens can go through its entire life cycle in a Petri
dish containing a simple solidified mineral medium (see below).
A striking feature simplifying considerably its cultivation is that
almost any tissue or single cell is capable to regenerate into intact
plants on hormone-free media. Thus, the generation of transgenic
lines after polyethylene glycol (PEG)-mediated transformation of
protoplasts with DNAis easy and a single plant can be cloned and
propagated unlimitedly to provide continuously genetically identi-
cal plant material for analysis (Hohe et al., 2002a). Furthermore,
P. patens is directly accessible to manipulations or diverse treat-
ments because most of the tissues consist of single cell layers
(phylloids) or filaments (protonema) that are able to take up water
and nutrients over the whole surface. Therefore, P. patens is a
suitable model plant to analyse phytohormone action (Decker et
al., 2006) and responses to biotic (Lehtonen et al., 2012) as well
as abiotic stresses (Frank et al., 2005).

The functional analysis of developmental processes is straight-
forward by the almost translucent body and the tightly structured
number of differentiated cells in the simple body plan of P. patens
(Menand et al., 2007; Harrison et al., 2009). In addition, these
features allow us to study the spatial control of gene expression,
protein localisation, and interaction by using reporter genes directly
in vivo (Nishiyama et al., 2000; Nakaoka et al., 2012).

Regarding the available knowledge on the genetic information
encoded in P, patens, noveltechniques for functional gene analysis
in P. patens had been developed in the early 80s and improved in
the following years (Fig. 3). The increasing demand for sequence
information from genomic DNA as well as transcripts had been first
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TABLE 1

GENOME SIZE AND GENE NUMBERS OF THE P. PATENS PLASTID
AND MITOCHONDRION GENOMES

Genome Genome size Protein-coding genes tRNA genes rRNA genes
Plastid 122.89 kbp 83 31 3
Mitochondrion 105.34 kbp 42 24 3

TABLE 2

COMPARISON OF GENOME SEQUENCING RESULTS

P.| S. dorffii A. thaliana
Features (version 1.6) (version 1.0) (TAIR10)
Chromosomes 27 10 5
Genome size (assembled ~ 480 Mbp (1985)  ~ 106 Mbp (768) ~ 120 Mbp (resolved to 5)
scaffolds)
Predicted protein coding 32,275 22,285 27,416
genes
Total genes 33,953 N.D. 33,602
MIR genes 229 58 299

P. patens (Rensing et al., 2008; Zimmer, 2013), Selaginella moellendorffii (Banks et al., 2011) and
A. thaliana (The Arabidopsis Information Resource, 2013)

N.D., not determined.

addressed with the generation of genomic libraries used to identify
homologues in P, patens of known genes from other species (Long
et al., 1989). Concerning transcript sequences, the first set of 82
expressed sequence tags (ESTs), ranging in size from 0.1 to 1
kb, was generated from cytokinin-treated protonema tissue and
provided sequence information useful for gene targeting experi-
ments and bioinformatic gene analysis (Reski, 1998). In the follow-

ing years, the released ESTs reached more than
100,000 sequences derived from varying tissues

Chlorobionta

and treatments. These EST sequences were as-

Streptophyta sembled into virtual transcriptomes that were used
Embryophyta for computational gene annotation and analysis
Tracheophyta SpermatonTya (Lang et al., 2005; Rensing et al., 2005). Thereby,
Vagnoliophyta more than 63% of 26,123 assembled transcripts
green a"-llea _B'V°Phyltes Leomodiontut were annotated and associated with gene ontol-
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Fig. 2. Phylogenetic tree. Phylogenetic tree repre-
senting the evolutionary relationships from red algae
(Rhodobionta) toangiosperms (Magnoliophyta). Selected
model species representing taxa with phylogenetic key
positions in land plant evolution are in parentheses.
(Modified from Pires and Dolan, 2012).
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TABLE 3

P. PATENS GENE MODELS BASED ON THE GENOME
ANNOTATION VERSION 1.6 (ZIMMER, 2013)

Genome feature Number

Predicted protein-coding genes
Loci with transcript evidence

32,275 (100%)
26,722 (~83%)

Protein-coding transcripts 38,357
Alternatively spliced genes 3,500 (~10%)
Genes with 5" and 3’ UTR annotation 15,757 (~49%)
Genes with assigned GO term 18,786 (~58%)
Biological processes 10,326 (~32%)
Cellular components 14,839 (~46%)
Molecular functions 13,110 (~41%)

UTR, untranslated region; GO, gene ontology.

to generate the cDNAs. Also sequence information from genomic
DNAthatincludesregulatory elements, such as promoters, termina-
tors, enhancers, and further regulatory elements, was still missing.
Based on the EST-derived transcriptome, the first microarrays
were designed and used for comparative transcriptome analyses
in P. patens, focusing on the identification of genes that respond
to osmotic stress and the phytohormone abscisic acid (Cuming et
al., 2007; Richardt et al., 2010).

Complete genome sequences became at first available from
mitochondria and plastids (Sugiura et al., 2003; Terasawa et al.,
2007) (Table 1). Phylogenetic comparisons of con-
served mitochondrial genes confirmed the bryophyte
clade as sister group to flowering plants. Finally, the
complete nuclear genome sequence of P, patens
filled the major gap in sequence knowledge and
provided the breakthrough for reverse genetics
(Rensing et al., 2008) (Table 2). Several conclusions
were drawn from the first analysis of the complete
genome sequence regarding the adaptations and
changes during land plant evolution. For the last
common ancestor of land plants, a loss of genes
associated with aquatic life and dynein-mediated
transport was interconnected with a gain of genes

General milestones

9 C. reinhardtii genome release — —

ing technologies, the P. patens transcriptome was quantitatively
explored in more detail. Deep sequencing of small non-coding
RNAs (sRNAs) from the wild type, the DICER-LIKE 3 (DCL3)-
deficient APpDCL3 and APpDCL4 mutants, enlightened the origin
and biogenesis of specific SRNA classes (Cho et al., 2008; Arif et
al., 2012) and deep sequencing of 5’ ends of uncapped mRNAs
(degradome) revealed microRNA (miRNA) biogenesis and target
cleavage at a genome-wide resolution (Addo-Quaye et al., 2009).
Recently, deep sequencing of 5° mRNA ends was used for a
quantitative genome-wide expression analysis to study changes
in gene expression during the reprogramming of leaf cells upon
phylloid excision (Nishiyama et al., 2012).

Taken together, the bioinformatic analysis of the available ge-
nome sequence in combination with transcriptome data resulted
in increasingly precise gene annotations (Table 3). The last as-
pect refers to transformation methods, the principle of HR and
the diverse techniques that are established to genetically modify
P. patens. These points will be discussed in more detail in the
following sections.

Cultivation and growth

As for other model plants, the analysis of specific biologi-
cal processes requires axenic cultivation. Therefore, spores or
gametophores can be easily sterilised by, for instance, sodium

Milestones in P. patens genetics

High throughput sequencing 26
195, moellendorffiii of 5' cDNA ends

genome release

P. patens genome release 2°
Mitochondrial genome sequenced 24
& First microarray of cDNA sequences 2

Deep sequencing of small RNAs 22

First plastid transformation 2!

associated with terrestrial life (photoreception, abiotic 8 A. thaliana genome release _§ 8 Chloroplast genome sequenced 2°
stresstolerance, and transport) and hormone signal- il o &First use of RNA interference'®
ing (abscisic acid, auxin, and cytokinin). K Large scale EST collection available '®
With the advent of next-genel’atlon sequenc- 7 Human genome project comp|eted — % . . . 17
i High specificity of gene targeting proven
_ . o
Fig. 3. P patens genetics milestones aligned with se- 6 Discovery of RNA interference —‘% & First EST sequences 13

lected general ones. The major foundations for reverse
genetics are marked in blue (No. 12, 13, and 14), the first
targeted knockouts in orange (No. 16) and the P patens
genome release in green (No. 25). 1, Bevan et al., (1983),
Fraley et al., (1983), and Zambryski et al., (1983); 2, Mul-
lis et al., (1986); 3, Smith et al., (1986); 4, Adams et al.,
(1991), 5, Fleischmannetal., (1995), 6, Fireetal., (1998); 7
Collins et al., (2004); 8, Kaul et al., (2000); 9, Merchant et
al., (2007); 10, Banks et al., (2011); 11, Long et al., (1989);
12, Schaeferetal., (1991); 13, Kammerer and Cove (1996);
14, Schaefer and Zryd (1997); 15, Reski et al., (1998); 16,
Girke et al., (1998) and Strepp et al., (1998); 17 Hofmann
etal., (1999),; 18, Rensing et al., (2002); 19, Bezanilla et al.,
(2003); 20, Sugiura et al., (2003); 21, Sugiura and Sugita
(2004); 22, Axtell et al., (2006); 23, Cuming et al., (2007);
24, Terasawa et al., (2007); 25, Rensing et al., (2008); 26,
Nishiyama et al., (2012).

5 First genome of free living organism
sequenced (H. influenzae)

4 First expressed sequence tags (EST) —

First use of gene targeting '*

First report of homologous recombination '3

First transgenic P. patens 2

Genomic library 1

©
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T First transgenic plants —g K]
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A B C to controlled bioreactors with volumes of up
— -‘=b=\— E— to 100 L (Lucumi et al., 2005; Parsons et al.,
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Fig. 4. Principle of gene targeting mechanisms and possible side effects. (A) Integration of 5
and 3'-flanking region via HR resulting in precise gene targeting. (B) Partial gene targeting resulting
from 5" and 3" integration via HR and via IR, respectively, caused by asymmetric flanking regions.
(C) Random integration via IR. The endogenous region remains unchanged. (D) Possible formation
of concatemers prior to integration. Primers and their positions used to analyse integration events
are indicated by red (forward) and black (reverse) arrows. Exclamation marks indicate a unique

restriction site present in the construct used for Southern blot analyses.

hypochlorite, and subsequently germinated and cultured on
solidified mineral medium (Beike et al., 2010). Once an axenic
culture has been started, P. patens also can be cultivated in liquid
media by the inoculation of plant material and regular mechani-
cal disruption. For photoautotrophic growth of P. patens different
types of growth media are utilized. As a complex solid growth
medium, sterilised peat soil is used and, commonly, either liquid
or solidified simple mineral media basically containing KH,PO,,
MgSO,, Ca(NQ,),, or KNO, and FeSO, with a pH ranging from 4.5
to 6.5 as defined growth media (Reski et al., 1994). These media
are often supplemented with defined microelements (Ashton et
al., 1979; Nishiyama et al., 2000) and, depending on the need
of the cultivated line, with vitamins or a carbon source (Schween
et al., 2003). Light and temperature are controlled to maintain
standardised culture conditions. Routinely, P. patens is grown at
25°C under long-day conditions with 16 h light/8 h dark cycles or
continuous light at a light intensity ranging from 30 to 80 umol/m?
s. Formation of sporophytes is enhanced at 15°C under short-day
conditions with 8 h light at an intensity of 20 umol/m? s (Hohe et
al., 2002b).

Petri dishes or multiwell plates are the most cost-effective con-
tainers for cultivation on solid media, but there are no limitations
for other types. For sub-cultivation, small pieces of any tissue,
e.g. protonema or gametophores, can be transferred onto fresh
media. Solid media can be covered with cellophane sheets that
are permeable for water and nutrients, simplifying the transfer
and subculture of plant material onto varying growth media, for
instance, antibiotics-containing medium to select for transgenic
lines. The cultivation in liquid media can be up-scaled ranging from
growth in multiwell plates, Erlenmeyer flaks, ventilated flasks up

In addition to basic research P. patens

b:— = =

-

also emerged as a new plant model for bio-

random integration by IR
(no gene trageting)

head to head

technological applications, in particular for
the expression of therapeutic and diagnostic
recombinant proteins (Koprivova et al., 2004;
Parsons et al., 2012). The number of recom-
binant proteins produced in plant systems
increases rapidly and several plant-made
pharmaceutics have meanwhile reached the
stage of clinical studies (Faye and Gomord,
2010). Incomparisonto unicellular expression
systems, such as bacteria or yeast, P. patens
is as a higher multicellular eukaryote, able to
perform extensive posttranslational protein
processing, including glycosylation, disulphide
bridge formation, folding, and multimeric as-
sembly (Raskin et al.,2002; Gomord and Faye,
2004). In addition, compared to mammalian
cell line expression systems, the required
process technology and the associated pro-
duction costs can be significantly reduced.
Furthermore, contamination of plant-based
production systems by human pathogens can be almost entirely
excluded (Raskin et al., 2002; Fischer et al., 2004). An additional
advantage with respect to the production of recombinant proteins
is that P. patens can be photoautotrophically cultivated in a bio-
reactor under constant conditions (Decker and Reski, 2004). The
secretion of the recombinant proteins into simple mineral media
reduces the purification and downstream processing costs.

One drawback of plant-made proteins is that N-glycans from
plant cells differ considerably from those produced in mammalian
cell types and, thus, may cause allergic reactions (Foetisch et al.,
2003). However, improved P. patens strains for the expression of
recombinant proteins have been generated by the targeted knockout
of plant-specific glycoslytransferases that lack plant immunogenic
N-glycans (Koprivova et al., 2004). Furthermore, the glycosylation
pattern was humanised following a knockout-knockin strategy in
which the plant-specific 1,3-fucosyltransferase and 1,2-xylosyl-
transferase were replaced by the human 1,4-galactosyltransferase,
resulting in a proper human-type glycosylation of a recombinantly
produced protein that lacked immunogenic residues (Huether et
al., 2005). Further, as another proof of concept, the biologically
active human vascular endothelial growth factor was produced
in genetically engineered moss cells (Decker and Reski, 2012).
These specific features make P. patens highly attractive, not only
as model organism for the scientific community, but also for the
pharmaceutical industry as a producer of biopharmaceutical agents.

Homologous recombination

Currently, two main pathways are known for the repair of
DNA double-strand breaks (DSBs) in plant cells. Both the non-
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homologous end joining (NHEJ) and the HR, are highly conserved
DNA DSB repair mechanisms (Paques and Haber, 1999) that can
be found in all three domains of life and allow a cell to keep its
genome fully functional (Sung and Klein, 2006; Roth et al., 2012).
The NHEJ operates via illegitimate recombination (IR) without
sequence-specific requirements, whereas HR depends on se-
quence similarity for the DSB repair (Fig. 4).

The two predominant models of HR are fundamentally similar
and are both based on homologous sequence regions (Gorbunova
and Levy, 1999). Whereas the size of the homologous regions
determines homologous or non-HR by single-strand annealing
(Puchta, 2005), the type of strand invasion specifies whether filler
DNA (via NHEJ) or gene conversion (via HR) takes place during
synthesis-dependent strand annealing (Gorbunova and Levy, 1999).
During DSB repair, the chromosomes advance pairwise, Holliday
junctions are formed, and proteins fix the DSB (Sung and Klein,
2006). Simple organisms, such as yeast or lower plants, prefer
homologous regions for the DNA DSB repair (Gorbunova and
Levy, 1999), but higher organisms, such as seed plants or mam-
mals, seem to favour microhomologies and NHEJ for DSB repair
(Puchta, 2002; Kamisugi et al., 2006). For example, in flowering
plants, the rate for HR events is dramatically lower than that for
IR. Only one out of 10,000 recombination events occur by HR,
while the remaining recombination events occur via IR (Britt and
May, 2003). In P. patens, foreign DNA harbouring homologous
sequence stretches is stably integrated into the corresponding
genomic locus with almost 100% efficiency (Kammerer and Cove,
1996; Schaefer, 2001; Cove, 2005, Kamisugi et al., 2005, 2006).
A possible explanation for the high rate of HR events in P. patens
could be a modified recombination mechanism or slight differences
in the involved proteins. However, it cannot be excluded that in
P. patens HR presents the predominant DSB repair mechanism
eveninthe presence of the IR-dependentrepair pathway (Kamisugi
et al., 2006).

Gene targeting efficiency

Even when the molecular specifics for the exceptionally high
rate of HR in mosses (Trouiller et al., 2007) are still not fully un-
derstood, it is evident that P. patens is a multicellular plant model
organism amenable to targeted gene modifications and reverse
genetic analyses. The technique of “gene targeting” specifies the
precise genetic modification in an organism using DNA constructs
with regions homologous to the target sequence and exploiting
the HR system of the cells (Fig. 4). The technology allowing gene
targeting in the nuclear DNA of eukaryotes had originally been
developed for the genetic modification of yeast (Hinnen et al.,
1978). In 1989, a targeted knockout mouse (Mus musculus) was
generated by the targeted insertion of a neomycin resistance
gene into an endogenous gene in murine embryonic stem cells
(Capecchi, 1989; awarded a Nobel Prize in 2007). The first gene
targeting experiments in P. patens were obtained with a target-
ing efficiency up to 90% via HR (Schaefer and Zryd, 1997). To
ensure a 50% probability to integrate a foreign DNA construct at
the targeted genomic locus, the construct should be flanked by
at least regions of 400 bp with perfect sequence homology to the
genomic target sequence (Kamisugi et al., 2005). An extension
of the flanking regions up to 1 kb was shown to increase targeted
recombination efficiencies to a maximum of 87% (Kamisugi et al.,

2005). The symmetry of the construct was also reported to affect
significantly the recombination probability. Choosing flanking regions
with similar sizes at the 5’ and 3’ end increases the HR events at
both sides of the construct (Fig. 4).

Further, a detailed analysis of the targeting efficiency achieved
by the transformation of linearised and supercoiled DNA constructs
revealed adirectinfluence of the conformation of the DNA construct
(Hohe et al., 2004). Transformation of P. patens protoplasts with
supercoiled DNA led to high numbers of transiently transformed
plants and the construct was stably integrated only in 0.2% of
the transformations, whereas transformation with linearised DNA
resulted in a lower number of transgenic plants, but in an increase
in stable integration to 16%. A plausible explanation for the low
number of stable transformants after transfection of circular DNA
constructsis the observed extrachromosomal replication of circular
plasmids in P. patens over along period of up to 10 years, when the
selection pressure is maintained (Ashton et al., 2000). Furthermore,
the effect on the transformation output of the previous cultivation
conditions was examined. The addition of ammonium tartrate to
the minimal media, for example, reduces the transformation rate
by a factor of four under otherwise identical cultivation conditions
(Hohe et al., 2004). The high efficiency of gene targeting in P. pat-
ens also allows the sequential disruption of individual members
of multigene families despite considerable sequence homologies
(Hofmann et al., 1999).

Transformation methods

The transformation of plants depends on a variety of factors,
mainly on the characteristics of the species itself and the different
transformation techniques that had been established in the last 30
years to transform plants in a reliable manner. However, not all ap-
proaches have become aroutine in modern laboratory use, because
not all fulfil the requested demands. In the following section, we
present different transformation techniques for P. patens in more
detail, focusing on their respective advantages and disadvantages.

Agrobacterium tumefaciens-mediated tranformation

One ofthe firstand widespread methods for plant transformation
isthe vector-mediated indirect transfer of DNAusing Agrobacterium
tumefaciens (Van Haute et al., 1983). A. tumefaciens is able to
transfer foreign DNA via the defined T-DNA region of its Ti-plasmid
into plant cells, resulting in a non-directed random integration of
the DNAinto the plant genome. However, for a long time, P. patens
was considered to be “non-transformable” via A. tumefaciens. Only
the discovery of new virulent strains enabled the transformation
with Agrobacterium (Cove, 2005) and led to the establishment of
a transformation protocol (Cove et al., 2009¢). The most striking
advantage of Agrobacterium-mediated transformation is the gen-
eration of only stably transformed mutants and the considerably
high transformation rate reaching 10*. In contrast to many seed
plants, the major disadvantage of this technique is the requirement
of protoplasts for the transformation protocol. Additionally, to date,
no reports are available on the number of T-DNA integrations into
the genome and whether gene targeting via HR is feasible by
Agrobacterium-mediated DNA transfer.

Microinjection of DNA
Another technique for the transformation of plant cells originally



developed for murine embryonic stem cells (Brinster et al., 1982)
involves the injection of foreign DNA by microinjection needles
directly into the cell or even directly into the nucleus. For microin-
jection of DNA, moss filaments have to be cultivated in complete
darkness to allow penetration of the cell wall. Even an exposure
of dark-grown filaments into the light for 10 minutes prevents
proper microinjection. The microinjection needles also have to be
introduced into the cells at a precise region basal to the nucleus,
because all attempts to inject the cells at the tip region resulted
in the bursting of the cells. Microinjection of a green fluorescent
protein (GFP) expression construct into P. patens protonema
tip cells resulted in a transformation rate of approximately 50%
(Brucker et al., 2000). As only the transient GFP expression had
been analysed, whether this technique can be used to generate
stable transgenic lines and targeted knockout mutants has not
been assessed.

Biolistic delivery of DNA

The first technique especially developed for the transformation
of plant cells and that is also applicable for the transformation of
P. patens, is the particle or gene gun technology that delivers DNA
biolistically directly into diverse plant tissues (Klein et al., 1988).
The biolistic transformation method is not restricted to specific
plants or tissue types and functions with the same efficiency in
monocotyledonous and dicotyledonous plants (Sawahel et al.,
1992). In P, patens, transient transformation was achieved by shoot-
ing DNA-coated gold or tungsten particles onto living protonemal
tissue (Cho et al., 1999, Cove et al., 2009c). However, so far, the
generation of stable transformants and targeted P. patensknockout
mutants using the biolistic delivery of DNA has not been reported.

PEG-mediated transformation of protoplasts

The PEG-mediated direct DNA uptake into protoplasts is the
most common technique to transform P. patens and to generate
targeted knockoutlines (Schaefer etal., 1991). To this end, isolation
of protoplasts (Cove et al., 2009b) from P. patenstissue is required
with driselase, a multicomponent enzyme mixture containing cel-
lulase, pectinase, laminarinase, xylanase, and amylase. During
the transformation procedure, PEG stabilises the protoplasts
and encloses the DNA to allow the negatively charged molecule
to pass the cell membrane. After the transformation process,
protoplasts can regenerate into cells with an intact cell wall in an
osmotically adjusted liquid glucose-containing medium before
they are transferred onto selective solid medium supplemented
with the respective antibiotic. Transformed plants are selected for
twice 14 days on selective medium, interrupted by a period of 14
days on non-selective medium (Egener et al., 2002; Cove et al.,
2009b; Liu and Vidali, 2011).

The main advantage of this method is the high transformation
efficiency while maintaining a relatively low rate of multiple integra-
tions (Cove, 2000). The transformation of a single knockout con-
struct has been reported to lead on average to 11 copy numbers,
ranging from independent integrations at several genomic loci to
the integration of concatemers at a single genomic locus (Cove,
2000, Kamisugi et al., 2006) (Fig. 4D). The technique does not
require any sophisticated devices and can be easily applied in
standard laboratories (Liu and Vidali,2011). Moreover, itis possible
to transform large constructs up to 45 kb fragment size (Cove et
al., 2009d; Liu and Vidali, 2011).
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Targeted knockout and knockin strategies

A targeted gene knockout is a genetic technique to inactivate
a gene of interest in an organism by completely replacing or
destroying the gene sequence via HR. The resulting knockout
mutants are used to infer the function of known, but still unchar-
acterised, genes. Independently from the organism, the genera-
tion of a knockout mutant always follows a similar strategy (Fig.
5A). To generate targeted knockout lines, P. patens protoplasts
are transfected with a gene disruption construct that harbours a
selectable marker cassette within a sequence stretch of the gene
of interest. After the first reports on the high HR rates in P. patens
(Kammerer and Cove, 1996; Schaefer and Zryd, 1997), the proof
of concept that HR-based targeted knockout of nuclear genes
is feasible was performed by the disruption of the PpFtsZ gene
encoding a plastidic protein homologous to the FtsZ protein from
Escherichia coli that is essential for bacterial cell division. Given
the prokaryotic origin of plastids, the deletion of the PpFtsZ gene
following a targeted gene knockout strategy abolished chloroplast
division and led to the formation of macrochloroplasts (Strepp et
al., 1998). In principle, these disruption constructs can be gener-
ated from genomic regions, including introns or the respective
regions amplified from cDNA. To disrupt several genomic loci
independently and to generate mutants with multiple gene dele-
tions, several selection marker cassettes have been established for
P. patens: G418/neomycin resistance cassette nptll, hygromycin
resistance cassette hpt/aph4, zeomycin resistance cassette zeo,
sulfadiazine resistance cassette sul. In addition to the generation
of targeted knockout lines P. patens allows for the generation of
targeted knockin lines, in which genomic regions can be replaced
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Fig. 5. Principles of knockout and knockin. (A) Integration of a knockout
construct. (B) Integration of a knockin construct.
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by homologues from other species for gene complementation
studies or to fuse sequences encoding reporter proteins, such as
the p-glucuronidase (GUS) and GFP versions (yellow/cyan/red)
(YFP/CFP/RFP), to the coding sequence of the gene of interest
to enable localisation and interactions studies (Nakaoka et al.,
2012) (Fig. 5B).

Overexpression and transgene expression

The ectopic and constitutive overexpression of genes is an
opposite approach to targeted knockout in the analysis of gene
functions. Thereby heterologous or endogenous promoters are
used to control the expression of the gene of interest and to
increase the amount of gene product. For an ectopic overexpres-
sion heterologous promoters, such as the cauliflower mosaic virus
(CaMV) 35Spromoter, the bacterial nospromoter, or the rice (Oryza
sativa) actin 1 (Act1) promoter, are routinely used in P. patens.
Quantitative analysis of diverse promoters in P. patens revealed
that the CaMV 35S promoter, which is widely used for transgene
expression in seed plants, does not confer high expression rates
in P. patens in contrast to the approximately 10 times stronger rice
Act1promoter (Horstmann et al., 2004). Alternatively, endogenous
P. patenspromoters of housekeeping genes, such as those encoding
ubiquitin and actin5, that display a relatively broad and constitutive
expression were shown to lead to high overexpression levels of
transgenes. Recently, an inducible gene expression system had
been established in P. patens allowing a temporally controlled
expression of transgenes. The system relies on the expression of
atranscription factor that is activated upon p-estradiol binding and
subsequently binds to activation sequences located upstream of the
transgene, thereby conferring an inducible transgene expression
upon B-estradiol application (Nakaoka et al., 2012).

RNA interference (RNAI)

In two cases, gene analysis via targeted knockout strategies is
labour intensive or even not applicable. In the first case, several
genes may possess redundant functions and, therefore, a single
knockout of one of these genes will not cause a deviating phenotype.
Here, a multiple knockout mutant needs to be generated to shut
down redundancy, a time-consuming process, in particular when
single genes are disrupted sequentially. In the second case, genes
encoding proteins with essential functions cannot be analysed by
knockout strategies because the gene disruption would be lethal.
In 2003, the mechanisms of RNA interference (RNAi) were shown
to be fully functional in P. patens that enabled specific knockdown
of genes, besides the generation of targeted knockout mutants
(Bezanilla et al., 2003). Therefore, a cDNA region of the intended
target transcript is cloned into an expression cassette as an in-
verted repeat thatis separated by aloop region. After transcription,
this effector construct generates a transcript that folds back into
a stem loop structure with a partially double-stranded RNA region
perfectly matching the sequence of the target transcript. This double
stranded RNA is recognised by the endogenous RNAi machinery
and processed into smallinterfering RNAs (siRNAs) thatbind toand
mediate the degradation of the cognate target transcript resulting
in posttranscriptional gene silencing (Fig. 6). By the selection of
a conserved cDNA region shared by different members of a gene
family, this approach allows the simultaneous silencing of an entire

gene family. Moreover, it is possible to perform gene silencing of
two independent targets by two nested inverted repeats, each
homologous to one target gene. The inducible overexpression of
such an RNAI effector construct was used to silence concurrently
the PpFtsZ2-1 gene and a constitutively expressed RFP, with the
formation of macrochloroplast and reduced RFP signal (Nakaoka
et al., 2012) as a result.

Gene knockdown by artificial microRNAs (miRNAs)

One drawback of the RNAi approach to study gene function by
posttranscriptional gene silencing is the processing of a diverse set
of siRNAs from the double-stranded RNA region that might silence
off-targets and cause unintended side effects. To circumvent this
negative effect, the highly specific endogenous gene silencing
mechanism viamicroRNAs (miRNAs) has been exploited. miRNAs
are encoded by miRNA genes (MIR genes) that are transcribed
into RNAs that partially fold back into a characteristic hairpin-like
structure. In contrast to the double stranded transcripts gener-
ated by conventional RNAI effector constructs, only one specific
small RNA — the mature miRNA —is processed and released from
a defined region of the miRNA precursor transcript. The mature
miRNA subsequently mediates the cleavage of its target transcript
(Fig. 7). This technique was established in P. patens by cloning
an expression cassette consisting of the conserved MIR319a
gene from A. thaliana in which the miRNA generating region was
replaced by a sequence designed to target the PpFisZ2-1 gene,
while maintaining the overall secondary hairpin-like structure of the
natural ath-miR319a precursor transcript (Khraiwesh et al., 2008).
Transgenic plants transformed with this artificial miRNA (amiRNA)
expression construct correctly processed the PpFitsZ2-1 amiRNA
from the precursor. Further, the amiRNA was able to target the
PpFtsZ2-1transcript and caused cleavage and posttranscriptional
silencing of the PpFtsZ2-1 transcript. The PpFisZ2-1 amiRNA
was shown to downregulate PpFisZ2-1 transcript levels efficiently
causing the formation of macrochloroplasts that phenocopied the

RNAi effector construct

*—

-

v .
siRNA
( ( (4& degradation of

target transcripts

.
gene of interest

Fig. 6. Principle of RNA interference. Expression of a RNAI effector
construct with inverted repeats homologous to an endogenous target
gene leading to the expression of a double-stranded RNA stem loop that
is processed into a diverse set of siRNAs that mediates target transcript
degradation.



reported phenotype for PpFtsZ2-1 knockout mutants (Strepp et
al., 1998).

Forward or reverse genetics to address biological
questions in P. patens

Currently reverse genetics is the method of choice for functional
gene studies in P. patens because it is the sole model plant in
which gene disruption by gene targeting is efficiently practicable.
Thereby, the selection of genes of interest that will be disrupted
is based on bioinformatic predictions or experimental indications.
Nevertheless, as approximately 1/3 of the P. patens transcripts
do not show significant homology to genes from other species
(Nishiyama et al., 2003; Lang et al., 2005), there is a particular
demand for unbiased forward genetics screens to determine novel
gene functions.

Forward genetics is the classical approach to link genes to a
particular phenotype and, thus, to obtain information about gene
functions. Mutants with altered phenotypes are isolated from satu-
rated mutant collections thathad been generated by the application
of mutagenic agents and the underlying mutation is identified and
isolated by, for instance, map-based cloning (Peters et al., 2003).

Chemical or UV mutagenesis is feasible for P. patens (Cove et
al., 2009a) and mutants generated by methylnitronitrosoguanidine
mutagenesis of spores exhibiting alterations in gravitropism were
isolated (Knight et al., 1991), but, to our knowledge, the underlying
mutations causing the phenotypic deviations could not be identi-
fied so far. One reason is the lack of sufficient molecular markers
available from different P. patens ecotypes that enable map-based
cloning of the affected genomic loci in such mutants. Neverthe-
less, a first set of 110 simple sequence repeats (SSR) markers
displaying size polymorphisms between the Gransden ecotype and
the Villersexel-K3 ecotype could be identified (von Stackelberg et
al., 2006). Subsequently, 42 SSR markers were combined with
additional 1,378 amplified fragment length polymorphism (AFLP)
markers identified from a mapping population generated by the
crossing of the Gransden and the Villersexel-K3 ecotype to 31 link-
age groups (Kamisugi et al., 2008). In addition, after the release
of the complete genome sequence of the P. patens Gransden
ecotype (Rensing et al., 2008), this combined SSR and AFLP map
could be anchored to the genomic sequence of 94 out of 2,106
sequence scaffolds (genome version 1.1). Still, this combined and
genome-anchored genetic map needs to be refined for feasible
map-based cloning in forward genetic approaches. Besides chemi-
cal or UV mutagenesis, mutant collections of P. patens have been
generated by transformation of tagged insertion constructs derived
from gDNA or cDNA libraries that are suitable for integration by
HR. In a first approach, a genomic DNA library was generated and
tagged with shuttle mutagenesis and mini transposons containing
selectable marker genes or an additional promoterless uidA(GUS)
reporter gene construct (gene trap) (Nishiyama et al., 2000). Upon
transformation into P. patens and selection, a total of 5,264 stably
transformed transgenic plants were recovered out of which 203
mutants showed developmental and morphological deviations.
In plants stably transformed with gene trapping constructs, GUS
activity was detected histochemically in different tissues, including
young leaves, apical cells of young buds, and chloronema and
caulonema cells. Related to that, enhancer trap lines have been
generated in which a CaMV 35S minimal promoter was fused to
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Fig. 7. Gene knockdown by artificial microRNAs. Expression of artifi-
cial miRNA precursors harbouring miRNA complementary to the target
transcript resulting in the processing of the amiRNA that mediates target
transcript cleavage.

the uidA reporter gene to screen for adjacent enhancer elements
(Hiwatashi et al., 2001).

Another approach followed a similar strategy to generate tagged
insertion mutants, but selectable marker genes were introduced
into a cDNA library by transposon-mediated shuttle mutagenesis
(Egener et al., 2002). The tagged insertion constructs derived from
cDNA libraries were assumed to integrate preferably by HR into
transcribed genes and those derived from gDNAwill integrate across
the whole genome. High-throughput transformation of random
and defined pools of cDNA-derived tagged insertion constructs
resulted in a mutant collection of 65,198 stably transformed plants
that have been grouped into 16 categories according to deviations
in development, morphology, physiology, and growth parameters
(Schween et al., 2005). Phenotypically catalogued mutants were
depositedinto a searchable database (mossDB) and cryopreserved
forlong-term storage. Although the generation of mutant collections
using tagged insertion constructs derived from gDNA and cDNA
libraries resulted in a high rate of various deviating phenotypes in
P. patens reports on the identification of the affected genes are still
missing and mightbe due to several causes. (i) Molecular analysis of
tagged insertion mutants revealed severalindependent integration
loci in the genome either because of illegitimate integration events
or integration of several independent constructs by HR, hamper-
ing the identification of the mutation causing the phenotype. (ii)
Integration of concatenated constructs into a genomic locus was
observed (Fig. 4D) and, consequently, polymerase chain reac-
tion (PCR)-based techniques to isolate flanking regions, such as
TAIL-PCR, adapter-ligation-mediated PCR, or inverse PCR, are
not applicable. (iii) The 5’- and 3’-flanking regions of transformed
constructs are homologous to endogenous regions and, therefore,
need to be discriminated from chromosomal sequences flanking the
insertion site in sequencing results of plasmid rescue or PCR-based
methods mentioned above. (iv) Co-transformed vector backbones
may integrate into the genomic DNA by IR and may underlie the
altered phenotype.

Apromising alternative method to identify new genes by forward
genetics approaches uses next-generation sequencing technology
for the complete sequencing of nuclear DNA from the wild type
and mutants and subsequent advanced bioinformatic analysis
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(Nordstrém et al., 2013). This method allows the simultaneous
detection of mutations and sequence recovery of the corresponding
loci. With decreasing sequencing costs, next-generation sequenc-
ing can turn into a high-throughput technology to analyse existing
or new P, patens mutants generated by diverse forward genetics
approaches.

Future prospects

Further progress in the identification of molecular markers will
refine the genetic map of P. patens to enable map-based cloning
of mutations underlying the altered phenotypes of mutants pro-
duced by forward genetics approaches. In addition, the genera-
tion of unbiased mutant collections by the transformation of DNA
constructs that serve as molecular anchors for mutant analysis
are highly desirable. Protocols for genetic crosses in P. patens
have to be established and used more frequently to exploit the
experimental power of plant genetics. The already established
International Moss Stock Center (IMSC; www.moss-stock-center.
org) opens the way to provide extensive P. patens mutant collec-
tions for forward or reverse genetics in a manner comparable to
the available A. thalianaresources. The IMSC currently comprises
39 different ecotypes of P. patens, Physcomitrium, and Funaria
and 64 additional transgenic P. patens lines, mainly representing
published targeted knockout lines stored in cryopreservation. In
the future, all reported transgenic P. patens lines should be stored
at the IMSC to extend it to a versatile resource providing mutants
for P. patens genetics.
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