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Following his talk at the BBS AGM in September 2010, Andrew Cuming 

explains why the moss Physcomitrella (=Aphanorrhegma) patens has 

become the focus for the study of lower-plant genetics.

Molecular bryology:  
mosses in the genomic era

P
hyscomitrella (=Aphanorrhegma) 
patens was adopted as a subject for 
genetic research on the recommen-
dation of H. Whitehouse (Engel,  
1968; Ashton & Cove, 1977). Like 

many genetic models, P. patens benefits from a 
rapid life cycle. It is an ephemeral colonist of  
exposed mud around the peripheries of bodies of 
water, exposed in late summer and early autumn, 
although the standard laboratory strain – the 
‘Gransden’ isolate – was collected by Whitehouse 
in 1962, apparently from furrows in a field near 
Gransden Wood in Huntingdonshire. Currently, 
for most practitioners of P. patens genetics, the 
standard habitat of the moss is a laboratory 
culture dish (Fig. 2), in which environment the 
Gransden strain has flourished for over 50 years, 
albeit with some diminution in its sexual fertility.

Life cycle
What makes Physcomitrella so suitable for 
laboratory studies? First, the plant is small and  

anatomically simple. In addition, the dominant 
phase of the life cycle is the haploid gametophyte, 
which facilitates the isolation and identification 
of mutant strains, and simplifies their subsequent 
genetic analysis (Cove et al., 2006). Germination 
of a haploid spore generates a branched network 
of protonemata, consisting of slow-growing,  
assimilatory chloronemata and fast-growing, 
colony-spreading caulonemata. Buds derived 
from caulonemal side branches give rise to the  
leafy shoots, the gametophytes. Gametophyte 
leaves, one cell thick with a rudimentary, 
differentiated midrib, are more environmentally 
resilient than protonemal cells, being covered by 
a thin cuticle, and are more capable of surviving 
dehydration. Gametophyte leaves are initiated 
until a transition from vegetative to reproductive 
growth occurs, with the formation of the anther-
idia and archegonia occurring at the tip of the 
gametophyte, but within the enclosing leaves. 
The motile sperm can self-fertilize an adjacent 
archegonium, or cross-fertilize an archegonium 
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in metabolism, hormone physiology, and growth 
and development was pioneered in the 1960s 
and 1970s (Engel, 1968; Ashton & Cove, 1977, 
Ashton et al., 1979), subsequent advances in mol-
ecular biology have enabled the delivery of foreign 
DNA into Physcomitrella protoplasts (cells that 
have had their cell wall removed), and this has led 
to the remarkable discovery that transgenes (genes 
from other organisms or products of labora- 
tory manipulation) containing DNA sequences 
identical with those in the P. patens genome are 
integrated preferentially into these host sequences 
(Fig. 3), with up to 100% of transformed plants 
integrating the transgene at the intended site 
in the host genome (Schaefer & Zryd, 1997;  
Kamisugi et al., 2005). This property allows 
geneticists to make highly precise and defined 
changes in the genome, including gene ‘knock- 
outs’ (where an organism contains a non-func- 
tional version of a gene) gene deletions and 
even directed alteration of single base pairs. 
Examination of the mutant phenotypes – 
directly evident in the haploid gametophyte 
– enable the functions of targeted genes to be 
elucidated (Fig. 4). Just as important is the ability 
to construct targeted ‘knock-ins’, i.e. the tagging 
of endogenous coding sequences with reporter 
sequences such as those encoding the variety of 
fluorescent proteins that enable the subcellular 
localization of gene products to be determined 
in living cells (Fig. 5). Crucially, the targeted 
delivery of such reporters means that their 
expression patterns result from the endogenous 
regulatory sequences present at the targeted geno- 
mic locus, rather than being subject to variable 

effects arising from integration at random sites  
in the chromosome. The ability to undertake 
such sophisticated genetic manipulation is rare 
in any organism, and the facility with which 
gene targeting occurs in Physcomitrella is shared 
only by the yeast, Saccharomyces cerevisiae.

The Physcomitrella genome sequence
The Physcomitrella genome has been sequenced 
by an international consortium in collaboration 
with the US Department of Energy Joint 
Genome Institute, under the auspices of the 
DoE Community Sequencing Program. The first 
draft sequence assembly was published in 2008, 
and revealed that the Physcomitrella genome 
contains approximately 486 million base pairs: 
about three times larger than the Arabidopsis 
genome (Rensing et al., 2008). The genome 
is estimated to contain approximately 35,000 
genes: a surprisingly large number, considering 
the simple developmental plan of the moss, and 
many of these genes encode metabolic functions 
that may reflect the requirement to endure 
environmental and abiotic stresses by a plant that  
lacks anatomical adaptations associated with 
stress tolerance. The P. patens genome can be 
examined through a number of online genome 
browsers and search tools, including www.
cosmoss.org and http://genome.jgi-psf.org/
Phypa1_1/Phypa1_1.home.html). Another very  
useful resource, especially for its range of 
laboratory protocols, is Physcobase (http://moss. 
nibb.ac.jp), established at the National Institute 
for Basic Biology at Okazaki, in Japan, one of 
the world’s leading centres for P. patens research.

borne on another plant, although self-fertilization 
is more common. The diploid zygote develops 
into the sporophyte, which is entirely dependent 
on its attachment to the maternal gametophyte, 
and is small, spherical and borne on a short seta 
only 1–2 mm in length (Fig. 1). Meiosis within 
the sporophyte generates between 1,000 and 
5,000 haploid spores.
 All cells of the gametophyte are totipotent, and  
can dedifferentiate to initiate a new culture, as 
can protoplasts which are readily isolated from 
chloronemata. Protoplasts regenerate with very 
high efficiency and undergo a programme of 
development essentially identical with that under- 
taken by a single spore. They are thus excellent 
targets for genetic manipulation by mutation or 
by transformation with exogenous DNA.

Molecular biology
The development of high-throughput DNA 
sequencing techniques has enabled the genome 
of model organisms to be sequenced. For 

animal biologists, these include the nematode 
worm Caenorhabditis elegans and the fruit fly 
Drosophila melanogaster. For plant scientists 
Arabidopsis thaliana has become the pre-eminent 
model species, but recently P. patens has become 
recognized as a complementary model. 
 Several factors have propelled Physcomitrella 
into the limelight. Most importantly, it is a 
bryophyte, the first group of green plants to 
colonize terrestrial habitats. This was a key event 
in our planet’s evolutionary history, and the 
bryophytes represent the first group to diverge in 
the land plant lineage. For this reason alone, the 
study of developmental and adaptive processes in 
bryophytes and their similarities and differences 
with those in the flowering plants is important, 
since it helps us to unravel the evolutionary 
processes that shaped the emerging functions of 
plant genes during the last 450 million years. 
 Just as important in the selection of P. patens 
as a model organism are the advances made in its 
genetic analysis. Whilst the isolation of mutants 

m	Fig.	2.	Physcomitrella in captivity, grown on agar medium as either ‘spot inocula’ (a) or as lawns of protonemata on 
cellophane overlays (b). The latter enables easy harvest of highly uniform tissue for molecular studies. A. Cuming

b	Fig.	4.	Phenotype of a targeted knockout of the 
PEX11 gene required for peroxisome formation. 
The mutant chloronemal filament containing a 
giant peroxisome is easily identified by microscopic 
inspection. A. Cuming
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.	Fig.	3.	Gene targeting in Physcomitrella. When linear fragments of DNA containing a mutant gene with identical 
terminal sequences (‘a’ and ‘d’) to an endogenous gene (sequence ‘a-b-c-d’) are delivered into protoplasts, they will 
Integrate into the chromosome at the target site with high frequency, enabling the construction of defined mutants.
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Drought tolerance
Since they lacked anatomical adaptations to  
enable them to withstand the vagaries of a ter-
restrial habitat, the ability to withstand drought 
must have been ‘hard-wired’ into early land 
plants. Vegetative desiccation tolerance remains 
widespread among the mosses, whilst among the 
vascular plants the ability to survive desiccation 
has been developmentally sequestered and is  
limited to spores and seeds (Alpert, 2005; Proctor 
et al., 2007). 
 In seed development, the acquisition of 
desiccation tolerance is induced by the action 
of the plant hormone, abscisic acid (ABA), 
triggering the accumulation of a spectrum of 
protective metabolites (principally disaccharide 
sugars) and proteins generically described as 
late embryogenesis abundant (LEA) proteins. 
The genes encoding LEA proteins are highly 
conserved, and are found in all plant genomes 
that have been sequenced to date. Indeed, some 
LEA proteins are also found in animals that 
feature a dessication-tolerant stage in their life 
cycle, including nematodes, crustaceans, rotifers 
and tardigrades (‘moss bears’), indicating that 
desiccation tolerance is an extremely ancient 
evolutionary trait (Wise, 2003).
 ABA-induced stress tolerance is highly 
conserved in all land plants. The Physcomitrella 
genome contains approximately 48 genes 
encoding LEA proteins (Table 1) that are 
synthesized in response both to the imposition 
of drought stress and by treatment with ABA. 
The molecular mechanisms responsible for 
this are highly conserved between mosses and 
flowering plants (Knight et al., 1995; Kamisugi 
& Cuming, 2005; Khandelwal et al., 2010). 
Additionally, mutants have been isolated that do 
not respond to ABA, and whilst the growth of 
these plants under standard culture conditions 
appears normal, they exhibit a hypersensitivity to 

on the activity of a specific transcription factor 
(a protein that is able to control gene expression)
encoded by the ABI3 gene (mutants are ABA-
insensitive). All sequenced vascular plant genomes  
contain a single copy of this gene. By contrast, 
the Physcomitrella genome contains four copies 
of this gene, and at least three of these cooperate 
in the moss drought response: only mutants in  
which three of the P. patens ABI3 genes are 
knocked out display drought intolerance (Khan- 
delwal et al., 2010). It is likely that the evolu-
tionary loss of ABI3 genes in vascular plant 
lineages enabled the ‘capture’ of the remaining 
copy by the seed/spore developmental pathway, 
and the consequent loss of vegetative desiccation 
tolerance (Rensing et al., 2008). 

Concluding remarks
The availability of a range of molecular tools 
for the analysis of bryophyte biology provides 
the opportunity to unravel the processes that 
occurred during the colonization of land by 
plants, and their subsequent diversification to 
dominate the planetary ecosystem. Physcomitrella 
is indeed a mighty moss!

Andrew C. Cuming
Centre for Plant Sciences, Leeds University, 
Leeds LS2 9JT (e a.c.cuming@leeds.ac.uk)
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Table	1. Physcomitrella genes encoding LEA proteins

LEA protein class No. of genes

Group 1 (‘Em-like’) 3

Group 2 (‘Dehydrins’) 6(?)

Group 3 (Dodecapeptide repeat) 29

Group 4 (‘D-113-like’) 0

Group 5 (‘D-34/rab28-like’) 3

‘Atypical Group 5’ 0

‘LEA14-A class’ 3

‘LEA D-95-like’ 4

m	Fig.	5.	Subcellular live imaging in P. patens 
protonemata. (a) Bright-field image; (b) localization of 
a peroxisomal protein tagged with a red fluorescent 
protein; (c) localization of the vacuolar membrane 
tagged with a green fluorescent protein; (d) images  
(b) and (c) merged. A. Cuming
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drought – the gametophyte leaves (normally the 
most resilient part of the plant body) undergoing 
early senescence unless continually irrigated. 
 Why do so many mosses exhibit vegetative 
desiccation tolerance, whilst vascular plants retain  
this property only in their reproductive cycle? A 
key to this question emerges from comparative 
genome analysis. In flowering plants, LEA 
protein synthesis in seeds is crucially dependent 
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