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Summary

Bryophytes, and in particular the mosses, Physcomitrella patens and Ceratodon purpureus
have been developed for the genetic study of development and metabolism. Their ease of
culture and the haploidy of their gametophyte stage, allow essentially microbiological tech-
niques to be used. The discovery that gene targeting occurs at high frequency in both species,
allows genes to be inactivated or modified, providing a very powerful tool for the analysis
of gene function. The sequence of the P patens genome is available and sequencing of the
C. purpureus genome is in hand. The full potential of these experimental systems is now
being realized for the study of photosynthesis.
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I. Introduction

Bryophytes were some of the earliest
species to be used for genetic analysis in
the post-Mendel era. Using natural variants
and inter-specific crosses, von Wettstein
analysed crosses and carried out some of
the pioneering analyses to establish the
basis of Mendelian genetics (reviewed in
von Wettstein 1932). Bryophytes, both
mosses and liverworts, were among the first
species in which the utility of mutagenic
treatments, both irradiation and chemicals,
was established (Knapp 1935; Barthelmess
1953). Their utility for the genetic analysis
of metabolism and development was also
recognized early (Barthelmess 1941a). These
studies had used a number of species, with
Marchantia polymorpha and Physcomitrium
pyriforme becoming preferred species.
However, as a result of encouragement by
Harold Whitehouse, an outstanding geneticist
and enthusiastic “amateur” bryologist,
Physcomitrella patens was used for mutant
isolation and genetic analysis by Paulinus
Engel (1968). Subsequently genetic method-
ology was extended and used for studying
auxin and cytokinin action using chemically-
induced mutants of P patens (Ashton et al.
1979). Funaria hygrometrica continued to
be used widely for physiological investiga-
tions, but the development of genetic
technology for P, patens, including transfor-
mation, led to a steady expansion in the
P patens community. The discovery that in
P patens, transforming DNA containing
genomic sequence was targeted to the corre-
sponding genomic sequence at high frequen-
cies, comparable to that in Saccharomyces
cerevisiae, led to it becoming the preferred
species for genetic studies and its choice as
the first non-seed land plant to have its
genome sequenced. Gene targeting has
also been shown to occur in Ceratodon
purpureus and genome sequencing of this
species is now in progress. An application
to sequence a Sphagnum genome is also
in hand.
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Il. Propagation
A. Life Cycle

In common with all bryophytes, the dominant
stage of the life cycle of P patens is the hap-
loid gametophyte. Haploid spores germinate
to produce protonemata, cell filaments growing
by the serial division of the apical cell.
Protonemal sub-apical cells can also divide
to allow branching of the filament, or to give
rise to gametophores, the leafy shoot that
produce gametes by mitosis. P patens is
monoicous, producing both sperm and eggs
on the same gametophore. Self fertilisation is
common. The sporophytes produced are there-
fore homozygous, allowing the production of
large numbers of genetically-identical haploid
spores (following meiosis). Cross fertilization
does occur, and recently a technique has been
devised that identifies hybrid sporophytes,
using fluorescent markers (Perroud etal. 2011).
The haploidy of the gametophyte has consid-
erable technical advantages; for example, much
research has been carried out on a single
genotype, Gransden, the strain, originally
isolated by Harold Whitehouse from a single
spore, and it was this strain that was chosen
for genome sequencing. Haploidy removes
the need for inbred lines and allows the
identification of mutant phenotypes directly,
following mutagenesis of either spore or
protonemally-derived protoplasts. C. purpu-
reus, in contrast, has separate male and
female gametophytes (i.e., is dioicous), and
currently a male and a female genome is
being sequenced. Although, in this species,
spores do not represent a uniform population
of identical cells for mutagenesis, this is
readily obtainable by way of protoplasting
protonemal tissue.

B. Culture

P, patens, and many other moss species, are
easily cultured on a simple medium contain-
ing only inorganic salts. Protonemal growth
occurs on the surface of media solidified
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with agar, but culture in liquid media is
also possible. As culture employs essentially
microbiological techniques, it is not surpris-
ing that vitamin auxotrophs were among the
first artificially-induced mutants to be isolated
(Engel 1968; Ashton and Cove 1977). By
overlaying solid medium with sterile cello-
phane, and inoculating with blended proto-
nemal tissue, it is possible to obtain within
7 days from 90 mm Petri dish, a uniform mat
of protonemal tissue weighing about 30 mg
dry weight (200 mg fresh weight). This tissue
may be used for the extraction of DNA, RNA
or protein, and for the enzymatic isolation of
protoplasts for mutagenesis or transformation.
Such protonemal mats may also be used for
biolistic transformation.

If greater amounts of protonemal tissue
are required, growth in liquid media may be
employed. Batch culture was used originally
(Wang et al. 1980), but stirred or airlift bio-
reactors have since been developed (Boyd
et al. 1988a, b; Hohe et al. 2002; Decker and
Reski 2007). Growth rates are enhanced by
passing an air/CO, mix through the medium.
In batch culture, development proceeds in a
similar manner to growth on solid medium,
but if the culture is diluted so that the tissue
density remains more or less constant, devel-
opment does not proceed beyond the proto-
nemata. In the air lift bioreactor, the tissue
is passed through a tissue homogeniser,
restricting the size of tissue fragments to a
maximum diameter of about 100 pm. Because
of the strong regenerative capacity of proto-
nemal tissue, growth is continuous and about
4 g dry weight (about 30 g fresh weight)
can be harvested daily from a 6 1 bioreactor
(DJ Cove, unpublished data).

Protocols for most of the experimental
manipulations that may be carried out with
P, patens can be found in Cove et al. (2009).

C. Strain Storage
The storage of P patens strains can be car-

ried out in a number of ways. Where spores
can be obtained, these can be kept for many
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years, but vegetative tissue can also be
stored. Cryopreservation of protonemal
tissue (Grimsley and Withers 1983) allows
long term (at least 10 years) of some strains,
but recovery from freezing is often unsuc-
cessful. This leads to a need to freeze multiple
samples of each strain. Alternatively, tissue
can be maintained by storage at 10°-15°in a
cycle of 1-2 h bright light per 24 h day. Either
agar-grown cultures or harvested protonemal
tissue, suspended in sterile distilled water,
may be stored. Most strains survive well
for at least 2 years when stored in this way
C. purpureus can be stored by the same
techniques, and is generally more robust than
P patens. We have successfully maintained
fresh cultures of C. purpureus at low temper-
atures for 10 years.

lll. Genetic Manipulation
A. Mutagenesis

The haploidy of bryophytes is a considerable
advantage for the isolation of mutant strains.
Providing the mutant phenotype is not lethal,
mutant strains may be identified directly
following mutagenesis. Although not yet
employed extensively, the mutagenesis of
diploid strains should allow the isolation of
recessive-lethal mutants.

Successful mutagenesis of P patens has
been carried outusing X-ray or U V-irradiation
or chemicals to treat spores or protonemal
tissue (Engel 1968; Ashton and Cove 1977;
Boyd et al. 1988a, b). When protonemal tissue
is treated, single-celled propagules can be
obtained either by treating isolated protoplast
directly or by protoplasting protonemal tissue
after mutagenesis. Since C. purpureus, having
separate sexes, is an obligate out-crosser,
uniform samples of spores are not available,
however somatic mutagenesis can readily be
employed (Cove and Quatrano 2006). X-rays
have been used to induce mutation in a number
of other bryophytes including Brachythecium
rutabulum (Moutschen 1954), Marchantia
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polymorpha (Miller etal. 1962), Physcomitrium
pyriforme (Barthelmess 1941b) and Sphaero-
carpus donnellii (Knapp 1935; Schieder 1973).

B. Sexual Crossing

P patens produces male and female gam-
etangia on the same gametophore and so
self-fertilization is possible and usual.
Co-inoculation of two strains to be crossed,
allows hybrid sporophytes to be produced,
but these may be rare. However, early studies
established that pure cultures of vitamin-
requiring strains were unable to produce
sporophytes unless vitamin supplementation
was greatly increased. However, when two
different and complementary vitamin-requiring
mutants were co-inoculated and grown with
the standard (low) level of vitamin supple-
mentation, sporophytes were produced, all of
which were hybrid (Courtice et al. 1978).
The use of strains having vitamin auxotrophies
is not always convenient, so recently an alter-
native method of identifying hybrid sporo-
phytes has been devised. This uses transgenic
strains expressing a fluorescent protein. Since
the fluorescent phenotype is dominant,
fluorescing sporophytes borne by a non
fluorescently-tagged strain, co-inoculated with
a tagged strain, must have been produced
following fertilization by the tagged strain.
Although hybrid sporophytes may be uncom-
mon, they are nevertheless very easily identified
(Perroud et al. 2011). C. purpureus, having
separate sexes, needs no such technology,
all sporophytes being hybrid.

The haploidy of the gametophyte,
makes genetic analysis straightforward.
“Gametophytic” segregation ratios are
observed, i.e., 1:1 segregation for single gene
differences (Engel 1968; Ashton and Cove
1977; Courtice et al. 1978), and 1:1:1:1
segregations are observed for two different
unlinked genes (Ashton and Cove 1977).
Early P patens crosses detected no linkage
but with the limited number of marked genes
available and the high chromosome number
(27) this was not surprising. With the avail-
ability of molecular markers, a detailed linkage
map, anchored against the genome sequence,
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is now available (Kamisugi et al. 2008).
A similar map of molecular markers is
also available for C. purpureus (McDaniel
et al. 2007) and it should be relatable to the
genome sequence, once this is available.
This study involved crosses between geo-
graphically widely separated strains and
marked deviations from expected 1:1 segre-
gation ratios were detected. Some formal
genetic analysis has also been carried out in
Spaerocarpus donnellii (Schieder 1973).

C. Somatic Hybridisation

Although the haploidy of the gametophyte is
usually seen as an advantage for genetic
studies, it does not allow allelic dominance
to be studied directly. The sexual sterility of
some developmental mutants is also a bar
to their conventional genetic analysis. Both
these problems can be overcome by the use of
somatic hybridisation. Early studies obtained
hybrid diploid gametophytes by aposporous
regeneration of sporophyte tissue (von
Wettstein 1932), but experimental selection
of hybrid gametophytes is possible by the
use of protoplast fusion. This was first
demonstrated for Sphaerocarpus donnellii
(Schieder 1974) and P patens (Grimsley
et al. 1977a). Somatic hybrids allow not only
dominance relationships to be established but
also allow complementation to be analysed
(Grimsley et al. 1977b). Complementation
analysis by way of somatic hybrid produc-
tion is especially valuable in C. purpureus,
where hybrids can be made between two
mutant strains of the same sex (Cove and
Quatrano 2006).

D. Transformation

Genetic transformation of P, patens, was first
achieved by the treatment of isolated proto-
plasts with naked DNA in the presence of
polyethylene-glycol (Schaefer et al. 1991),
using a technique based on the transformation
of angiosperm mesophyll protoplasts.
This technique has remained essentially
unchanged and is also effective for the trans-
formation of C. purpureus. A number of
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different selection cassettes are available, but
geneticin- (G418) and hygromycin-resistance
genes driven by a 35S promoter are most
commonly used. Two classes of transformants
are obtained. The most frequent only retains
the transforming DNA sequence and the
transformed phenotype, provided selection
is maintained. Subculture onto, for example
antibiotic-free medium, leads to loss of the
transforming DNA. However, providing
selection is maintained, the transforming DNA
is replicated. The second class of transformant
is stable and retains the transformed pheno-
type in the absence of selection. In this class,
the transformed DNA is integrated into the
genome and is inherited in a Mendelian manner.
DNA containing no sequence homologous
to genomic sequence is integrated randomly,
but where the transforming DNA contains
genomic sequence, integration is targeted
to the corresponding genomic sequence
(Schaefer and Zryd 1997).

E. Gene Targeting

The ability to deliver transforming DNA to
a predetermined genetic locus provides a
powerful tool for the analysis of gene function.
Furthermore, this property is rare in eukary-
otes, being straightforward only in the yeast,
Saccharomyces cerevisiae, in which relatively
short oligonucleotides can be delivered to
cells and subsequently integrated at target
loci by homologous recombination. Other
eukaryotic systems in which gene targeting
is routinely used include the chicken DT40
cell line (a terminally differentiated and
cancerous B-cell-derived line in which the
pathway for generation of antibody diversity by
gene conversion is permanently switched on),
and mouse embryonic stem cells, which can
be transformed and regenerated, ultimately
to generate “knockout mice” that can be used
as models for the understanding of human
inherited disorders. However, the distin-
guishing feature of targeted transgene inte-
gration in P patens is its efficiency, which
is several orders of magnitude greater than
that in mouse ES cells: in some experiments,
100 % of transgenic moss plants have been
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found to have integrated the transgene at the
designated locus (Kamisugi et al. 2005).

The parameters for efficient gene targeting
in P patens have been determined, and the
principle is indicated in Fig. 11.1. Briefly,
two targeting sequences, corresponding to
the 5’- and 3’-ends of the gene to be targeted,
are cloned on either side of a selectable
marker cassette. The length of the targeting
sequences (i.e. the extent of homology
between the transforming DNA and the
target gene) is the most crucial factor, with as
little as 500 bp on either side of the selection
cassette being sufficient to achieve a targeting
frequency of 50 % (Kamisugi et al. 2005).
For maximum efficiency, the construct is
delivered as a linear fragment, either by
recovery from the original cloning vector
by restriction enzyme digestion, or, more
conveniently, by PCR amplification of the
targeting sequence. In a successful targeting
experiment, the central sequence in the targeted
gene is replaced by the selection cassette.
The creation of multiply mutated strains by
transformation with additional targeting cas-
settes can be achieved if the selection marker
can be removed from the moss genome
following targeted gene replacement. This is
possible using an initial targeting vector in
which the selection cassette is flanked by
the bacteriophage lambda loxP sites. In this
case, the selection cassette can be removed
from the targeted locus by transient expres-
sion of the Cre recombinase gene, thereby
allowing a further round of transformation
and selection (Trouiller et al. 20006).

It is probable that other moss species
share the ability to be mutagenised by gene
targeting. Certainly, this has been achieved in
Ceratodon purpureus: Brucker et al. (2005)
generated specific point mutations in the
C. purpureus heme oxygenase gene by deliv-
ery of linear fragments that had been specifi-
cally altered in a single base by site-directed
mutagenesis. The targeted transformants
were identified and selected by virtue of
their acquisition of a mutant phenotype:
the inability to respond phototropically to
unilateral red light. Trouiller et al. (2007)
compared targeting efficiencies in P patens
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Fig. 11.1. Targeted transformation in Physcomitrella (a): Targeted gene replacement. A fragment of transforming
DNA comprising a selection cassette flanked by ca.500-800 bp of sequence derived from the 5'- and 3'-ends
of the gene sequence to be replaced is delivered to Physcomitrella protoplasts by polyethylene glycol-mediated
transfection. Homologous recombination between each end of the construct and the corresponding sequence of
the target gene results in replacement of the endogenous sequence. (b): Targeted gene deletion. In this instance,
the transforming DNA contains two direct repeats of the LoxP recombination sequence from bacteriophage
lambda on either side of the selection cassette. Following the selection and regeneration of transformants in which
targeted gene replacement has occurred, delivery of an expression construct to protoplasts with subsequent transient
expression of the Cre recombinase results in removal of the selection cassette, by recombination between the two
LoxP sites. The mutant strain can now be re-transformed with another targeting cassette containing the original
selection marker, to create multiply targeted strains.

Deleted gene

and C. purpureus and found the targeting
frequency in the latter to be ca. 10-fold less
efficient than in P, patens, but still two orders
greater than that achievable in flowering
plants.

The realisation that efficient gene targeting
was possible in P patens led to a significant

burgeoning of interest in the use of this
organism as a vehicle for gene function
analysis. In particular, the evolutionary
distance between the mosses and flowering
plants (ca. 200 million years between the
respective divergences of the bryophyte
and angiosperm lineages) suggested that
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Physcomitrella might be most valuable as a
model in which to study the evolution of
gene function within the plant kingdom.
However, in order to realize its potential, it
was clearly important to develop resources
that would enable any Physcomitrella gene
to be cloned and manipulated without delay.
The initiation of the Physcomitrella Genome
Project met this requirement.

IV. Genomic Data and Applications
A. Genome Sequence

The first development of Physcomitrella
genomic resources took the form of EST-
based gene discovery projects in Freiburg,
supported by substantial industrial funding
from BASEF, in Okazaki and in Leeds and
St. Louis. Subsequently, at the annual moss
conference, “Moss 2004” in Freiburg, a
consortium was assembled to undertake the
sequencing of the Physcomitrella genome,
through the auspices of the Community
Sequencing Program of the United States
Department of the Energy’s Joint Genome
Institute. Co-ordinated by Brent Mishler and
Ralph Quatrano, the proposal was successful,
and the sequencing of the genome commenced
in 2005.

Using a whole-genome shotgun sequencing
approach, the first genome assembly was
completed in 2006 and made available through
the Joint Genome Institute website (http://
genome.jgi-psf.org/Phypal_1/Phypal_1.
home.html). The salient features of the genome
were published early in 2008, following a
community-wide gene curation and annotation
effort (Rensing et al. 2008).

The “Version 1” genome assembly com-
prised nearly 2000 sequence scaffolds, corre-
sponding to a sequence length of 480 Mbp.
This was in good accord with previous
genome size estimates based on flow cytom-
etry of 511 Mbp (Schween et al. 2003), and
is about 3% larger than the Arabidopsis. As is
the case in most multicellular eukaryotes, the
genome size is correlated with the proportion
of repetitive DNA, rather than the number of

193

genes, and although the initial annotation
indicated a gene content of nearly 40,000
genes, subsequent annotations reported in the
“Cosmoss” database (http://www.cosmoss.org)
and replicated through the “Phytozome”
resource (http://www.phytozome.net/phy-
scomitrella) have reduced this number to
ca. 32,000 protein coding loci.

Improvements to the genome assembly
are continuing as additional genomic
resources are developed. Importantly, the US
Department of Energy has recognized the
importance of the Physcomitrella genome
in a commitment by the JGI to develop the
genomic resources as one of its “flagship”
plant genomes. Further enhancements to the
genome assembly are expected to be released
within the calendar year 2013, as a result of
the integration of genetic linkage data in to
the scaffold ordering process. Until recently,
no genetic linkage map was available for
P patens, rendering “forward genetic”
identification of the sequences underpinning
mutant phenotypes problematic. However, a
sequence-anchored linkage map based on
molecular markers (Amplified Fragment
Length Polymorphisms and Simple Sequence
Repeats) was developed in 2008 (Kamisugi
et al. 2008) and the development of a
chromosome-scale genome assembly is
being made possible through the high-
density genotyping of SNP markers. These
rapid improvements are being underpinned
by next-generation sequencing technologies:
data reported at the “Moss 2011 conference
described the identification of nearly 600,000
SNPs between the standard “Gransden”
laboratory strain and the genetically diver-
gent “Villersexel” strain, collected by
Michael Liith, from the Haute Sadne region
of South-East France. This represents a SNP
density of approximately 1/800 bp: a rich
resource for linkage mapping (T Nishiyama,
personal communication).

In addition to the nuclear genome, both
organellar genomes have also been sequenced
(Sugiura et al. 2003; Terasawa et al. 2007), as
have those of a number of basal land plants,
including the liverwort, Marchantia poly-
morpha (Ohyama et al. 1986; Oda et al.
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1992) — the first plant chloroplast genome to
be completely sequenced — and the hornwort,
Anthoceros formosa (Kugita et al. 2003),
together with organelle genomes from the
charophyte algae (Turmel et al. 2002, 2006):
a group believed to represent the immediate
aquatic ancestors of the land plants.

With the rapid advance in genome
sequencing technologies, Physcomitrella is
no longer the only bryophyte with a genome
sequencing programme. The genome
sequence of the liverwort, Marchantia
polymorpha, is currently being annotated
prior to release by a JGI consortium led
by John Bowman (Monash University). This
will substantially enhance the potential for
investigating the roots of the land plant
lineage, since M. polymorpha resources
include an efficient Agrobacterium-mediated
transformation system (although without the
ability to undertake gene targeting, as in mosses)
and the potential to identify mutants through
genetic map-based cloning methodologies.
Additionally programmes to sequence the
genomes of Ceratodon purpureus and
Sphagnum are in progress, whilst EST collec-
tions are available for a number of aquatic
algae (including Chara, Coleochaete and
Spirogyra — Timme and Delwiche 2010).

B. Genomics

What questions have the availability of a moss
genome sequence allowed us to address?
Principally, the interesting questions are
evolutionary. How has the form and function
of land plants evolved, and what processes
led to the domination of terrestrial ecosys-
tems by green plants? — an event of funda-
mental importance to the natural history of
our planet.

One of the defining features of plant
evolution, in general, is the propensity for
polyploidization to act as an engine for
evolutionary change, by enabling immediate
reproductive isolation. Evidence of polyploidy
is widespread throughout the Plant Kingdom,
and Physcomitrella is not excepted from this.
Analysis of the genome sequence enabled
the identification of a large-scale (probably
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whole-genome) duplication having occurred
relatively recently in its evolutionary history
(between 30 and 60 MYA). Originally
predicted from the similarity of paralagous
gene pairs identified in the EST collection
(Rensing et al. 2007), the remnants of this
event can be found in the genome assembly
where syntenic regions of conserved genes
are found interspersed with additions or
deletions (Fig. 11.2).

Since modern bryophytes are the direct
descendants of the first plants to colonize
terrestrial habitats, it is likely that a number of
Physcomitrella genes encode “primitive” traits
that were advantageous for this step-change
in plant evolution. Comparative functional
analysis of genes between Physcomitrella
and angiosperms can highlight some of
these traits.

A particularly elegant example of this
derives from the identification of two
Physcomitrella orthologs of the Arabidopsis
gene, RDHG6, encoding a transcription factor
regulating root hair development. Targeted
knockout of the Physcomitrella genes dem-
onstrated that their function was to regulate
rhizoid formation, and the conservation of a
biological function necessary for interaction
with the substratum was further demon-
strated by the ability of one of the moss
genes to cross-complement a mutant rdh6
allele and restore root hair development in
A. thaliana (Menand et al. 2007).

The first plants to colonise the land must
necessarily have developed adaptations to
resist a wide range of abiotic stresses
associated with the terrestrial environment.
Chief among these are resistance to drought
and enhanced radiation, and genes known
to be required for resistance to both stresses
in flowering plants play similar functions in
Physcomitrella. Thus, the genes encoding
the ABA-mediated drought stress response
are present in the moss genome, and regulate
a similar suite of responses as are seen in
angiosperms. This includes the ABA-activated
closure of stomata (present on the moss
sporophyte) (Chater et al. 2011), ABA signal-
ling using the ABI1-like protein phosphatases
(Komatsu et al. 2009) and the transcriptional
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activation of LEA gene expression by ABA
(Cuming et al. 2007) through the activity of
ABI3 transcription factors (Khandelwal
et al. 2010) — a function restricted to seed
development in angiosperms. Vascular plants
possess only a single ABI3 gene, whereas in
Physcomitrella there are three ABI3 ortho-
logs with redundant function in the initiation
of the drought response. It is suggested that
evolutionary loss of the additional copies in
the vascular plants led to the sequestration of
ABA-mediated desiccation tolerance in the seed
development pathway (Rensing et al. 2008).
By contrast with the conservation of the ABA
signalling pathway, the status of the
gibberellin signalling pathway is less clearly
defined. The Physcomitrella genome contains
genes encoding enzymes of the gibberellin
biosynthetic pathway (ent-kaurene synthe-
tase, and GA20- and GA3-oxidases). It also
contains genes encoding the vascular plant
GA receptor (GID) protein and its interact-
ing DELLA growth-repressive factor, but
whilst knockout mutants of the ent-kaurene
synthetase gene produce an abnormal pro-
tonemal phenotype (Hayashi et al. 2010), it
is unclear whether this can be ascribed to a
gibberellin-like activity, at least so far as this
is understood in vascular plants. Analyses of
the Physcomitrella GID-DELLA interaction
and its participation in GA signalling indicate
that the PpGID protein does not bind gibber-
ellins, and that while the GID-DELLA inter-
action is fully functional in the lycophyte
Selaginella, this is not the case in
Physcomitrella, indicating that this hormone
signalling pathway evolved subsequent to
the divergence of the bryophytes, and is
characteristic of the vascular plant lineages
(Hirano et al. 2007; Yasumura et al. 2007).

V. Potential for Photosynthetic
Studies

The availability of genomic tools and
resources for mosses, together with the ease
with which the model species can be grown
and manipulated in culture provides new
opportunities for photosynthetic research.

D.J. Cove and A.C. Cuming

Thus, whilst the parameters of photosynthesis
established in both Physcomitrella and
Ceratodon appear essentially similar to those
in vascular plants, the ability to undertake a
genetic analysis of these processes — either
through “forward genetic” mutagenesis or
“reverse genetic” approaches — offers con-
siderable promise. Because Ceratodon is
more amenable to heterotrophic growth
than P, patens , this species has been used
to generate a large number of mutants
(via UV-irradiation) that are deficient in
photosynthetic processes, exhibiting charac-
teristic alterations in chlorophyll fluorescence,
and in chlorophyll synthesis and accumulation
(Thornton et al. 2005). The development of
genomic resources for this species over the
next 2 years should enable a map-based
cloning pipeline to be established by which
such mutants can be characterised.

The availability of genomic resources in
Physcomitrella is already being exploited
for photosynthetic studies. A bioinformatic
interrogation of the photosynthetic gene set
has been used to to determine the evolution
of the photosynthetic process during the col-
onisation of land by green plants (Alboresi
et al. 2008), and the capacity for gene targeting
has enabled the interrogation of components
of the photosynthetic light harvesting and
electron transport chain under varying envi-
ronmental conditions (Alboresi et al. 2010,
2011; Gerotto et al. 2011).

Other aspects of chloroplast function
addressed in Physcomitrella patens include
the mechanisms of chloroplast division and
of protein import into plastids. Indeed, the
very first mutant phenotype to be obtained
by gene targeting in P patens was the forma-
tion of giant chloroplasts, that resulted from
the disruption of the FtsZ gene (Strepp et al.
1998) — an ancient member of the tubulin
family, subsequently shown to form cyto-
skeletal networks in chloroplasts (Klessling
et al. 2000). Both plastid and cytosolic iso-
forms of FtsZ exist, and both isoforms are
required for the correct specification of
plastid division (Gremillon et al. 2007).

Import of proteins by plastids — an essential
process in the establishment of the original
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endosymbiotic event that gave rise to the
green plants — is (unsurprisingly) conserved
between moss and angiosperms (Hoffman
and Theg 2003), suggesting that the targeted
mutagenesis of moss import proteins could
provide a powerful means of identifying key
residues in the protein uptake polypeptides.

In summary, the existing and future
genomic resources available for the molecular
analysis of life processes in bryophytes will
aid us in the unravelling of the complexity of
the evolution of gene function throughout
the Plant Kingdom.
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