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Summary

Plant development is a complex phenomenon during which various processes

interact and are simultaneously integrated at several levels. This study was focused

on the integration of growth and, more particularly, on the interactions between cell

expansion and other growth-related processes. The cell wall proteins expansins were

used as molecular tools for the manipulation of cell expansion.

The bryophyte Physcomitrella patens was employed as an experimental model system

because it allows an approach combining developmental analysis at the cellular level

(under the light microscope) with the powerful molecular genetic tools of "reverse

genetics" for the functional analysis of genes.

Seven novel expansin genes (five a-expansins termed PpExpl to PpExpS and the two

ß-expansins PpExpBl and PpExpB2) were identified in P. patens confirming the

expectation that expansins are present in all land plant phyla. Characterisation of the

expression of these genes has revealed that their transcript levels are subject to a

complex regulation and respond to diverse environmental and hormonal triggers

including light, temperature, salt, osmotic pressure, auxin and ABA. Some of these

signals only affected individual members of the expansin gene family in P. patens,

whereas others (i.e. salt and darkness) altered the transcription levels of almost all

gene family members (except of PpExpl which was found to be constitutively

expressed at high levels).

In an attempt to infer the role of cell expansion gain-of-function (i.e. overexpression)

as well as loss-of-function (i.e. KO) mutants for a series of expansin genes were

created, taking advantage of the high efficiency gene targeting in the moss P. patens.

However, none of these mutants displayed discernible phenotypes, suggesting

functional redundancy between the different members of the expansin gene family.

Multiple KO mutants might shed further light on the role of expansins (and hence

cell expansion) in plant development.
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Zusammenfassung

Die Entwicklung mehrzelliger Organismen ist ein komplexer Vorgang, in dem

mehrere Mechanismen gleichzeitig aufeinander einspielen und (auf mehreren

Ebenen) integriert werden. Diese Arbeit befasste sich mit dem Wachstum von

Pflanzen. Konkreter gilt das Interesse dem Zusammenwirken von Zellexpansion und

anderen Wachstumsprozessen. Dabei haben wir uns auf die Zellwandproteine der

Klasse der Expansine konzentriert und bedienten uns ihrer als molekulare

Werkzeuge um die Zellexpansion experimentell zu manipulieren.

Wir untersuchten diese Proteine im Moos Physcomitrella patens, weil wir in diesem

experimentellen Modellsystem zwei komplementäre Ansätze miteinander verbinden

konnten. Einerseits analysierten wir die Entwicklung dieser Pflanze auf der

Zellebene (unter dem Lichtmikroskop). Andererseits konnten wir mit speziellen

molekulargenetischen Methoden diese Pflanze gezielt mutieren (und die

Auswirkungen dieser Mutationen unter dem Lichtmikroskop studieren).

In diesem Moos wurden sieben neue Expansin-Gene entdeckt, fünf davon sind a-

Expansine (PpExpl bis PpExpS) und zwei sind ß-Expansine (PpExpBl und PpExpBl).

Damit konnte die Vermutung, dass Expansine in allen Landpflanzen zu finden seien,

bestätigt werden. Die Charakterisierung dieser Gene hat gezeigt, dass die

Transkriptmengen komplexen Regulierungsmechanismen unterworfen sind und auf

verschiedenartige äussere (Umwelt) sowie innere (Phytohormone) Einflüsse

reagieren. Einige dieser Einwirkungen beeinflussten spezifisch einzelne Mitglieder

der Familie der Expansine, während andere (insbesondere Salz und Dunkelheit) die

Transkriptmengen fast aller Mitglieder änderten. Die Ausnahme bildete PpExpl,

dessen (allgemein hohe) Expression sich als konstitutiv erwies.

In einem Versuch die Rolle der Zellexpansion zu definieren, wurden einerseits

Mutanten erzeugt, die verschiedene dieser Expansine überexprimieren. Andererseits

wurden aber auch Mutanten hergestellt, in denen diese Gene ausgeschaltet worden

sind (KO Mutanten), wobei von der Möglichkeit Gebrauch gemacht wurde,

Fremderbgut gezielt in das Genom von P. patens einzubauen. Keine dieser Mutanten

zeigte irgendeinen phänotypischen Unterschied zum Wildtyp, was die Vermutung
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nahe legt, dass sich die Funktionen der verschiedenen Expansine überlappen.

Vielleicht würde die Herstellung von Mutanten, in denen gleichzeitig mehrere

Expansine ausgeschaltet sind, weiteres Licht auf die Rolle dieser Proteine (und der

Zellexpansion im Allgemeinen) in der Entwicklung der Pflanzen werfen.



Abbreviations

ABA ABscisic Acid

BAP 6-BenzylAmino-Purine

bp basepair(s)

CaMV Cauliflower Mosaic Virus

(c)DNA (complementary) Deoxyribo-Nucleic Acid

CTAB N-cetyl-N,N,N-TrimethylAmmonium Bromide

EBR Epi-Brassinolide

e.g. for example (exempli gratia)

EST Expressed Sequence Tag

GA3 Gibberellic Acid

GFP Green Fluorescent Protein

GUS ß-GlucUronidaSe

IAA Indole-3-Acetic Acid

i.e. that is (id est)

IUB International Union of Biochemistry

kb kilobase(pairs)

kDa kiloDalton

KO Knock-Out

Ml microlitre

(m)g (milli)gram

(m)l (milli)litre

MOPS 3-MOrpholino-Propane-Sulfonicacid

MPa Mega Pascal
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(m)RNA (messenger) Ribo-Nucleic Acid

nptll neomycin-phospho-transferase II

ORF Open Reading Frame

PCR Polymerase-Chain Reaction

PEG PolyEthyleneGlycol

PpExp Expansin gene from Physcomitrella patens

RACE Rapid Amplification of cDNA Ends

RT Reverse Transcriptase

SBI Side Branch Initial

SSC Saline Sodium Citrate

Tris Tris(hydoxymethyl)aminoethane

UTR UnTranslated Region

WT Wild-Type

w/v weight/volume
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Introduction

One of the most fundamental and intriguing questions in biology is concerned with

the development of multicellular organisms. At the beginning a single cell (e.g. the

zygote) grows in volume and divides. Some of the newly formed cells differentiate

and participate in morphogenesis, which can be seen as resulting from the

cooperation of growth and differentiation (cf. figure 1).

Figure 1: Simplified scheme of the development of a multicellular

organism. Growth and differentiation act together in morphogenesis,
i.e. in generating new organs. Growth involves at least two

subprocesses, cell division and cell expansion, which are interrelated

(arrow).

The complexity of this phenomenon increases even more when we take into

consideration that growth, differentiation and morphogenesis are composed of

various subprocesses, which interact and are integrated simultaneously at various

levels in order to complete normal development. The present work is focused on

growth and the integration of two of its subprocesses, namely cell division and cell

expansion, whereby special emphasis will be put on the latter subprocess.
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Integration of cell division and cell expansion

The relationship between cell expansion and cell division in plants has been and still

is the subject of a conceptual debate. Experiments, in which some key components of

the cell cycling machinery were overexpressed, showed that faster cell divisions led

to an increased organismal growth rate (Doerner et al., 1996; Cockcroft et al., 2000).

The size of the mature cells of the transgenic plants did not significantly differ from

those of WT plants, indicating that cell expansion (as a secondary process) followed

cell division.

On the other hand, Haber and Foard demonstrated already fourty years ago in a

series of experiments that gamma-irradiated wheat grains (where mitotic divisions

were suppressed because the chromosomes were damaged) could still germinate and

that the resulting plantlets presented leaves with normal ratios of leaf width and

length in the absence of cell divisions (Foard and Haber, 1961; Haber et al., 1961;

Haber, 1962). These findings suggest that expansion is a primary process followed by

cell divisions (if they are not inhibited). Similarly, studies examining the elongation

of deep-water rice internodes upon submergence revealed that acceleration of the

cell cycle was induced only some hours after the first detectable expansion (Sauter

and Kende, 1992; Sauter et al., 1995). Moreover, experimental (micro-) manipulation

of cell expansion at the shoot apical meristem was shown to be sufficient for the

induction of leaf-like structures in tomato plants (Fleming et al., 1997) and normal

leaves in tobacco plants (Pien et al., 2001). All these findings favor the hypothesis

that cell expansion is the fundamental process in development and cell division

constitutes a secondary process, which - according to the organismal theory of plant

development (Kaplan and Hagemann, 1991) - is induced by a hypothetical size

homeostasis mechanism and only partitions the protoplasmic space into more or less

independent units.

Cell expansion

After having demonstrated the important role of cell expansion in plant

development, the next chapter deals with the mechanisms underlying this process.

Due to the high concentration of solutes in the cytoplasm, plant cells have a highly
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negative osmotic potential, leading to an inward flux of water (unless the plant is

drought stressed) and to the development of a hydrostatic pressure (i.e. turgor)

exerted on the surrounding walls. This turgor pressure is translated into strong

tensile forces in the relatively thin extracellular matrix (Nobel, 1983). The latter, also

referred to as cell wall, is fundamentally composed of paracrystalline cellulose

microfibrils interlaced by hemicelluloses and embedded in a hydrated medium

containing acidic polysaccharides (i.e. pectins) and small amounts of structural

proteins (Carpita and Gibeaut, 1993). These heterogeneous co-extensive polymeric

networks form a very rigid structure. Current models of cell wall architecture

emphasise that this mechanical strength results not only from covalent interactions,

but also from extensive hydrogen-bonding and physical entanglements of the

polymers (Carpita and Gibeaut, 1993). Resistance to the tensile forces resulting from

the turgor pressure leads thereby to the neutralisation of the latter in nongrowing

plant cells and to the establishment of an equilibrium between osmotic potential of

the protoplast and (counterbalanced) turgor pressure.

It is the regulation of cell wall plasticity which controls cell expansion. In biophysical

terms this rearrangement leads to a (partial) relaxation of the tensile stress in the

wall, thus disturbing the equilibrium between counterbalanced turgor pressure and

osmotic potential and allowing more water to enter the protoplast until the wall

stiffens again. The cell wall thus becomes more pliant to accommodate the

volumetric expansion when plant cells grow (Cosgrove, 1987). This is thought to

occur via controlled slippage of the (nearly inextensible) cellulose microfibrils and

the rearrangement of the polymers that coat and interlock them (Cosgrove, 2000a).

What is the biochemical basis for this wall loosening and concomitant turgor-driven

cell expansion? It has been thought for a long time that the wall-loosening activity is

exerted by wall hydrolases (e.g. cellulases or pectinases), which specifically cleave

the load-bearing polymers - thus enhancing wall plasticity by weakening its

structure (Fry, 1989; Carpita and Gibeaut, 1993). However, preparations of these

hydrolytic enzymes did not induce extension of heat-inactivated, isolated walls in

vitro (Ruesink, 1969; Cosgrove and Durachko, 1994), suggesting that these enzymes

are not directly responsible for wall expansion.
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Expansins

An in vitro reconstitution approach was previously designed based on essentially the

same experimental procedure: Salt-solubilised protein fractions of cell walls were

added to heat-inactivated, clamped wall specimens. Then the extension of the wall

samples was measured using an extensometer. This led to the isolation and

identification of relatively small (ca. 25-30 kDa) extracellular proteins (McQueen-

Mason et al., 1992), which were able to induce wall expansion in acidic conditions

(with a pH lower than 5.5) and which were therefore postulated to catalyze the long

known "acid-growth" response to auxin (Rayle and Cleland, 1970; Hager et al., 1971;

Rayle and Cleland, 1992) of plant cell walls. These proteins were subsequently

named expansins (Cosgrove, 1993), because they relax the (tensile) wall stress and

thus mediate cell expansion.

Subfamilies: a- and ß-expansins

Once the corresponding cDNA clones of these proteins had been identified

(Shcherban et al., 1995), it soon became evident (by similarity searches of databases),

that expansins comprise an ancient, highly conserved, multigene family. Sequence

comparisons additionally highlighted that the expansin gene family can be split into

two major subfamilies, the a- and the ß-expansins. The sequences of a-expansin

proteins share higher identity between each other (50 to 99 %) and they are

predominant in dicotyledons (26 out of 38 expansin genes in the genome of

Arabidopsis thaliana). In contrast, the ß-expansins are more divergent from both each

other (sharing just 30 to 70 % sequence identity at the amino acid level) and <x-

expansins (20 to 25 % amino acid sequence identity). In dicotyledons they form

smaller groups (10 out of 38 expansin genes in the genome of A. thaliana), but they

are predominant in monocotyledons and encompass the group I pollen allergens

from grasses and related sequences from vegetative tissues (Cosgrove et al., 1997;

Wu et al., 2001a). It is intriguing, that the a-expansins are primarily associated with

dicotyledons, whereas ß-expansins are more important in graminaceous

monocotyledons, because the extracellular matrices of these two plant groups differ

in the composition of hemicelluloses and structural proteins (Carpita and Gibeaut,

1993), perhaps indicating that the expansin subfamilies act on distinct substrates.
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Most recently, a third subfamily (consisting of two members and termed y-expansins)

has been recognised in A. thaliana, which share about 30 % amino acid sequence

identity with the other two subfamilies and are characterised by the fact that their

ORFs terminate immediately after the intron/exon boundary of the third intron 1-3

(cf. figure 2) determining thus the amino acid sequences of "truncated expansins" (Li

et al., 2001).

Structure ofexpansins

Protein database searches have revealed that none of the expansin sequences contain

any previously characterised motifs. Nevertheless, several structural features point

to a putative two-domain organisation of a prototypical expansin, which is shown in

figure 2. Strikingly, most expansin sequences of A. thaliana are split into three exons

by two (out of four identified) introns at the most conserved positions (i.e. 1-1 and I-

3), which correspond roughly to the borders of the putative functional domains

(Cosgrove, 1999). All expansin proteins identified to date contain a predicted signal

peptide of 20 to 30 amino acids, which is cleaved off before the mature proteins are

secreted into the apoplast. The N-terminal part of expansins contains six (in some ß-

expansins) to eight conserved cysteine residues, which are supposed to be implicated

in the folding of the protein by forming disulfide bridges. It shares limited but

significant sequence similarity with the catalytic domain of a small ß-(l-4)-

endoglucanase from Trichoderma reesei (Saloheimo et al., 1994; Cosgrove, 1999), a

member of the family 45 of glycosyl hydrolases. Interestingly, in addition to the

cysteines found in both protein classes, a motif including one of the key aspartate

residues of the putative catalytic site of these endoglucanases (HFD: histidine,

phenylalanine, aspartate) is also found in ct-expansins (whereas this motif is less

1-1

V

1-3

V

sp catalytic domain binding domain

C (x8) HFD W(x4)

Figure 2: Domain structure with putative functions of a prototypical
expansin. The position of the conserved introns is indicated by
triangles. The conserved cysteines and tryptophans are indicated

below the domains, as is the HFD motif from the endoglucanase's
active site, sp: signal peptide.
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conserved in ß-expansins). Nevertheless, expansins do not possess any detectable

endoglucanase activity (Cosgrove, 2000a). The resemblance of the putative catalytic

domain of expansins to that of family 45 endoglucanases thus remains enigmatic and

of questionable biological significance.

The C-terminal part is characterised by the presence of four tryptophan residues

with similar spacing to that of the cellulose binding domain of some bacterial

cellulases, but these domains do not share significant overall homology (Cosgrove,

1999). This portion of the protein contains a couple of additional aromatic amino

acids. These residues are known to be important in protein-carbohydrate interactions

(Quiocho, 1993), further supporting the idea of the C-terminal part being the putative

binding domain of expansins. Indeed, expansins were shown to bind to cellulose,

even if binding was enhanced when the cellulose fibers were coated with soluble

(hemicellulosic) polysaccharides (McQueen-Mason and Cosgrove, 1995).

Mechanism ofaction

The wall loosening capacity of expansins was expected to reside in an enzymatic

activity, which would rearrange and accommodate the wall by breaking up either

component of the polymeric networks constituting the cell wall. Surprisingly,

attempts to detect any polysaccharide hydrolytic (i.e. endoglucanase, exoglucanase

or pectinase) activity have failed (McQueen-Mason, Durachko and Cosgrove, 1992;

McQueen-Mason and Cosgrove, 1995), as did attempts to detect xyloglucan-

endotransferase activity (McQueen-Mason et al., 1993). The biochemical mode of

action of expansins has still remained elusive, even if they are suspected to disrupt

noncovalent bonds (i.e. hydrogen bonds) at the cellulose-hemicellulose interface

(McQueen-Mason and Cosgrove, 1994; Whitney et al., 2000).

Roles in living tissue

In addition to their demonstrated effects on wall specimens in in vitro assays, reports

on the importance of expansins in living tissue have been accumulating. Indirect

evidence that expansins play a role in cell expansion comes from studies in which

expansin expression was found to correlate with tissue growth. This correlative

evidence has been provided in deep-water rice internodes and shoots of Rumex

palustris elongating in response to submergence (Cho and Kende, 1997; Vriezen et al.,
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2000), in hypocotyl pine cuttings forming adventitious roots in response to auxin

(Hutchison et al., 1999) as well as in tomato shoot apical meristems, where expansin

transcripts accumulate at the site of incipient leaf primordia (Reinhardt et al., 1998).

More direct (and causal) evidence for the role of expansins in cell elongation has also

been provided. First, application of expansin-soaked microbeads at the tomato shoot

apical meristem induced bulging of the tissue and subsequent leaf-like structures

(Fleming et al., 1997). A variation of this approach, where expansin expression was

ectopically and locally induced in transgenic plants (successfully circumventing the

limited diffusion of expansin proteins through the cell layers of the apical dome),

showed that expansin expression could induce the entire process of leaf

development (Pien et al., 2001). Second, growth of tobacco BY2 cells was enhanced

threefold by treatment of the suspension cultures with exogenous expansins (Link

and Cosgrove, 1998). Third, manipulation of transcript levels of AtExplO, an

expansin specifically expressed in growing leaves of A. thaliana, led to altered leaf

sizes, with higher levels of AtExplO provoking larger leaves and diminished levels of

AtExplO (by transformation with antisense constructs) resulting in smaller leaves

(Cho and Cosgrove, 2000).

Additionally to their purported role in cell wall enlargement, some specific members

of the expansin gene family seem to be implicated in cell wall disassembly (rather

than expansion) during fruit ripening in tomato (Rose et al., 1997; Brummell et al.,

1999a) and strawberry (Civello et al., 1999). This points to a general role of expansins

in wall rearrangements during growth and breakdown. This idea is further

supported by the fact that enhanced expression of AtExplO resulted in facilitated

pedicel abscission in A. thaliana (Cho and Cosgrove, 2000).

Distribution ofexpansins in the plant kingdom

Expansin genes were first found in angiosperms (both in dicotyledons as well as in

monocotyledons; Shcherban et al., 1995), but expansin-like sequences have

subsequently also been recognised in gymnosperms (Hutchison et al., 1999) and

ferns (Kim et al., 2000). Based on the observations that the cell wall structure is

similar in all land plants, and that mosses also possess an "acid-growth" response

(Bittisnich and Williamson, 1989), the presence of expansins in the phylum

bryophyta was anticipated (Shcherban et al., 1995), but until now no confirmation of

this expectation has been published.
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Physcomitrella patens: a bryophyte model system

The phylum bryophyta (a division encompassing 24'000 species and the 3 classes of

liverworts, hornworts and mosses) is thought to have evolved from the same algal

precursor as all the land plants (i.e. from the charophyceae, a class of green algae),

but then to have diverged from the rest of the land plant lineage (the tracheophyta)

very soon after the colonisation of land about 400 million years ago (Sitte et al., 1998).

Life cycle ofP. patens

The life cycle of bryophytes includes two alternating generations and is characterised

by the predominance of the haploid generation (the gametophyte) over the diploid

generation (the sporophyte). In P. patens, the haploid generation can be further

subdivided in two phases (cf. figure 3): the initial phase starts with spore

germination (but also by protoplast or tissue regeneration) and consists of branched

\.
(meio-) spore

x*.

/ \

/ *'

/ 2N

V \
sporophyte

(stalk & spore capsule) > protonema
(juvenile gametophyte)
filaments - tip growth

J
..-•••

leafy

gametophores
(adult gametophyte)
shoots - isotropic expansion

Figure 3: Life cycle of P. -patens. The haploid generation (N) dominates

over the diploid phase (2N) both in temporal and spatial terms.
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filaments, which are unicellular in diameter and elongate by tip growth. This

juvenile gametophyte is also termed protonema. Two different cell types constitute

the protonema. Chloronemal filaments are the first to be formed when spores

germinate (or protoplasts regenerate). They are made of relatively short (115 ßm in

length) cells, which are densely packed with large chloroplasts and are subdivided

by perpendicular cross walls (Cove, 1992). The second cell type arises when

chloronemal apical cells undergo a developmental transition in response to auxin

(Reski, 1997). Caulonemal filaments consist of longer cells (130 to 180 urn in length),

which are more vacuolated and contain less chloroplasts. Oblique septa subdivide

these filaments, which elongate at a much faster rate (Cove, 1992). These two cell

types fulfill different essential functions: whereas the slow-growing chloronemal

filaments are responsible for photosynthesis, the faster-growing caulonemal

filaments allow the moss plant to colonise new areas. When subapical cells of

caulonemal filaments divide, side branch initials (SBIs) are formed. The latter can

adopt several developmental fates. Most of these SBIs subsequently form secondary

chloronemal filaments and a few stay dormant or form secondary caulonemal

filaments.

Some, however, swell and develop into buds, which constitutes the developmental

transition to the second, adult phase of the gametophyte. This developmental

transition is triggered by cytokinin in the presence of light (Reski, 1997). Buds are

characterised by tetrahedral apical cells, which grow isotropically (and no longer just

at the tip), and subsequently give rise to the erect leafy shoots or gametophores. The

latter are the most familiar phase of the moss gametophyte generation and bear the

sex organs (antheridia and archegonia, producing male (spermatozoids) and female

(oogonia, i.e. egg cells) gametes, respectively). Upon fertilisation zygotes give rise to

sporophytes, which consist of a short stalk and a spore capsule containing about 4000

(meio-) spores (Cove, 1992).

Almost all cells, whether gametophytic or sporophytic, are capable of regeneration

following tissue damage (or fragmentation). Regeneration proceeds by a develop¬

mental pathway analogous to spore germination, with protonemal tissue being

formed first, followed by gametophores. The ability of moss cells to regenerate a new

colony was designated with the term "redifferentiation" (Knoop, 1984; cited in Reski,

1997). The latter indicates a shift to an earlier phase in ontogeny without passing

through a "callus-like" stage of undifferentiated cells and differs, therefore, from the

dedifferentiation capacity of totipotent higher plant cells.
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Various features of this life cycle contribute to at least four advantages of using P.

patens as a model system. First, the dominance of the haploid generation facilitates

genetic analysis. Second, the entire life cycle of the plant can take place in controlled,

axenic conditions within two months in small Magenta boxes, but the regeneration

capacity also allows asexual propagation. Third, the simplicity of the anatomical

structures allows cellular and developmental processes to be pinpointed to one

particular cell, and thus to be followed and observed non-invasively under the light

microscope. Moreover, the apical cell of gametophytic moss buds could be regarded

as an unicellular counterpart and functional homologue of the much more complex

shoot apical meristems in higher plants (for both generate aerial organs in a spiral

pattern). Finally, despite its simplicity, P. patens responds to essentially the same

hormonal (auxins, cytokinins and ABA) or environmental (tropic responses to light

and gravity) triggers as higher plants (e.g. Knight et al., 1995) permitting therefore

studies on (general) plant signal perception and transduction to be carried out in this

exceptional bryophyte model system.

Stress response

In addition to the developmental transitions following spore germination or tissue

regeneration, moss cells undergo specific changes when stressed. These cellular

adaptation mechanisms contribute to the observed extraordinary plasticity of many

bryophytes allowing them to survive harsh environmental conditions (e.g. low light

intensities, low temperature or high salt concentrations). Moreover, many species are

resistant to desiccation (i.e. poikilohydric), with a very reduced metabolism when

dried out, but performing all the vital functions upon rehydration (Proctor, 1981;

Bopp and Werner, 1993). Of particular importance in the dehydration stress response

is the formation of brood cells, which was first described more than hundred years

ago (Correns, 1899). It is mediated by ABA signaling and involves the symmetrical

division of chloronemal cells, followed by swelling and rounding off of the daughter

cells, which eventually become ovoid or spherical (Goode et al., 1993). These cells

withstand the adverse environmental conditions without further changes in cell

shape and regenerate chloronemal filaments as soon as the stress is alleviated.
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Homologous recombination and "reverse genetics"

Another major advantage of using P. patens as a model system resulted from the

development of techniques for the molecular genetic analysis of this bryophyte. A

protocol for the stable integrative transformation (as opposed to replicative

transformation, i.e. transient introduction of DNA, which is lost upon removal of

selective pressure) of P. patens has been established already ten years ago (Schaefer et

al., 1991). Subsequent work has shown that the frequency of stable transformants

was one order of magnitude greater when transformed strains of P. patens were

retransformed with plasmids sharing sequence homology to the already inserted

sequences (in the plasmid backbone), but containing a second resistance cassette

(Schaefer, 1994). Segregation analysis of the double-resistant transgenic plants

revealed that the two selection markers were tightly linked in the majority of the

lines analysed (Schaefer, 1994; Kammerer and Cove, 1996). Experiments designed to

target genomic loci (rather than the artificial ones resulting from the first round of

transformation) finally yielded phenotypic, genetic and molecular evidence for the

predominance of homologous recombination (as opposed to the non-sequence-

specific illegitimate recombination) in mediating the integration of foreign DNA

molecules into the moss genome (Schaefer and Zryd, 1997; Schaefer, 2001). This

finding provided the methodological requirement for the development of "reverse

genetics" approaches in P. patens, analogous to the "new yeast genetics" elaborated in

Saccharomyces cerevisiae (Struhl, 1983), which contributed strongly to the

establishment of the latter as an experimental model system. P. patens is the first land

plant with an efficient system for "reverse genetics", since the highest reported rates

for gene targeting in higher plants (e.g. A. thaliana) range between one event in 1000

to lOO'OOO transformants (e.g. Halfter et al., 1992; Miao and Lam, 1995; Risseeuw et

al., 1995; Kempin et al., 1997).

The term "reverse genetics" indicates the reversal of the classical ("forward") genetic

approach where a mutant (with an interesting phenotype) is isolated first, followed

by the identification of the mutated gene (e.g. by mapping and positional cloning of

the gene). In other words, phenotypes are related to mutated genes. In contrast,

"reverse genetics" approaches allow investigators to directly relate genes to

phenotypes. Specific mutants are created by targeting foreign DNA molecules to the

genomic loci of the gene of interest. "Reverse genetics" approaches include gene

disruption (i.e. KO), as well as allele replacement experiments. The latter allows
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investigators to replace the WT gene with mutated versions and thus permits the fine

functional in vivo analysis of genes.

Another advantage of "reverse genetics" approaches lies in the avoidance of

problems often experienced when transgenic organisms are created via illegitimate

recombination. These problems are associated with the integration of foreign DNA at

unpredictable sites in the genome and include the possibility of generation of new

mutations by random insertion of the transgene. Moreover, the expression of the

transgene is rarely under the control of the endogenous promoter, leading in most

cases to an alteration of the spatial-temporal pattern of transcript accumulation. The

expression of the transgene is furthermore influenced by position effects or

cosuppression, ambiguities which complicate the analysis of the phenotype.

Several studies reported on the successful application of gene disruption (i.e. KO)

experiments in P. patens. Strepp and coworkers (1998) knocked-out/fsZ2, a nuclear

gene determining the sequence of an ancestral tubulin. Its gene product is

presumably implicated in the (constriction) division of chloroplasts, since the ftsZl

null mutants were morphologically similar to WT plants, but its cells contained only

a single macrochloroplast differing significantly in length from the (ca. 50) lens-

shaped chloroplasts in WT cells (Strepp et al., 1998). Similarly, disruption of a novel

desaturase led to an alteration of the fatty acid pattern in P. patens, but to no obvious

visible phenotype (Girke et al., 1998). In an attempt to test the specificity of the gene

disruption approach in P. patens, the genomic locus of ZLAB1, a gene determining

the sequence of a member of the chlorophyll-a/b-binding protein family, was

successfully targeted (Hofmann et al., 1999). However, no information regarding the

cross-targeting of the loci of the other members was provided. Again, no visible

phenotype (other than the conferred resistance to hygromycin) was associated with

the loss of ZLAB1. Finally, MCB2 encoding a subunit of the 26S proteasome complex

- which is involved in the ubiquitin-mediated proteolysis - was knocked-out (Girod

et al., 1999). The created KO mutants displayed higher ubiquitin conjugates levels as

expected, but also a developmental arrest in that they were unable to form

gametophores unless they were fed with exogenous cytokinins.
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Scope of this study

Our general aim can be defined as critically testing the influence of cell expansion on

other related and integrated processes (e.g. cell division and cell fate determination)

during development. For that reason we aimed to analyse the role of expansins in

adjusting plant growth and form via modulation of cell wall plasticity. Using P.

patens as a model system, we first set out to identify (and second to characterise)

expansin genes, whereby we also tested the prediction that expansins are ubiquitous

in land plants. In P. patens - and in contrast to morphologically more complex plants -

developmental transitions (which imply changes in the patterns of cell expansion

and cell division) take place at the level of one single cell. These transitions (as well

as morphogenic stress responses) were followed under the light microscope without

disturbing the tissue. Finally, in order to infer the role of expansins in P. patens we

combined this developmental analysis at the cellular level with molecular genetics,

by creating both gain-of-function, as well as loss-of-function mutants and by

studying their phenotypes. In generating expansin overexpression lines, and

especially KO mutants for a series of expansin genes, we took advantage of the fact

that genes can be targeted with high efficiency in P. patens.
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Materials & Methods

All chemicals were purchased at Fluka Chemie GmbH (Buchs, Switzerland), unless

otherwise stated.

Plant material and culture conditions

The Gransden wild-type strain (Ashton and Cove, 1977) of the moss Physcomitrella

patens (Hedw.) Bruch, Schimp and W. Giimbel, recently renamed Aphanoregma patens

(Hedw.) Lindb., was used in this study.

The plant was grown axenically in 9 cm Petri dishes on cellophane disks (W. E.

Canning, Bristol, UK) overlaid over either minimal or extended medium (based on

the recipe of Ashton et al. (1979b) and containing 2 mM KH2P04 (buffered to pH 7), 5

mM Ca(N03)2, 1 mM MgSO^ 50 ßM Fe(II)S04, and microelements in the following

concentrations: 0.2 ßM CuSO^ 0.2 uM ZnS04, 10 pM H3B03, 2 urn MnCl^ 0.2 uM

CoCl^ 0.2 juM KI, 0.1 uM Na2Mo04). The extended medium contained in addition to

the mineral salts 500 mg/1 (2.7 mM) of (di-)ammonium tartrate and 5 g/1 (ca. 25 mM)

of glucose. The Petri dishes were placed in a phytochamber with controlled

temperature and light conditions (20 hours light at 25 °C/4 hours dark at 23 °C;

quantum irradiance of ca. 120 /imol m'V1). Moss protonemal tissue was propagated

by fragmenting it once a week with a blender (Ultraturrax T25, Janke & Kunkel, IKA

Labortechnik, Staufen, Germany) in sterile water and dispensing of 2 ml aliquots to

to Petri dishes with fresh medium
.

Desiccation tolerance tests were adapted from methods developed for Funaria

hygrometrica Hedw. (Werner et al., 1991). Briefly, 6 to 7 day old P. patens protonemal

cultures were transferred to Petri dishes containing extended medium supplemented

with 0,1 or 10 jwM ABA for 24 hours before placing them into empty Petri dishes in

sterile laminar air flow for 3 hours. Following rapid drying the cellophane disks were

floated on sterile water and transferred back to Petri dishes containing extended

medium. Recovery of the colonies was judged upon visual inspection one day later.
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Moss tissue was observed under an inverted light microscope (Leica DMIL from

Leica, Wetzlar, Germany) and pictures were taken using a digital camera connected

to it (Hamamatsu C5810 from Hamamatsu Photonics, Herrsching, Germany).

Transformation and selection of stable transgenic clones

Protoplasts were isolated from 5 to 6 day old P. patens protonemal cultures as

described (Schaefer and Zryd, 1997). These protoplasts were then transformed as

described (Schaefer, 1994). Briefly, immediately after isolation, the protoplasts are

resuspended at a concentration of 1 to 1.5 million per ml in MMM solution

(containing 0.48 M mannitol, 0.1 % MES (buffered to pH 5.6 with KOH) and 15 mM

MgCl2). 15 jug (in most cases linearised) plasmid DNA are then added to 300 u\ of this

protoplast suspension and mixed with 300 ß\ PEG solution (containing 0.38 M

mannitol, 0.1 M Ca(N03)2, 40 % (w/v) PEG and 10 mM Tris pH 8). The cells are then

submitted to a heat shock (by placing them 5 minutes at 45 °C), which facilitates the

PEG mediated direct uptake of DNA. Subsequently the cells are left at room

temperature for 10 minutes before the MMM solution is diluted by slowly adding 10

volumes (i.e. ca. 6 ml) of liquid culture medium (consisting of the extended medium

without agar, but supplemented with 0.36 M (66 g/1) mannitol). After overnight

incubation in darkness, the protoplasts were not centrifuged, but embedded directly

in top layer (1.4 % agar in 0.48 M mannitol) and plated on solid culture medium (i.e.

extended medium containing 0.36 M mannitol).

After 6 days the cellophane disks with the regenerating protoplasts on top were

transferred to Petri dishes containing extended medium supplemented with either

25 mg/1 hygromycin B (Duchefa, Haarlem, Netherlands) or 40 mg/1 G-418 (geneticin

sulphate; Gibco Europe Ltd., Paisley, UK). After one to two weeks the regenerating

colonies were transferred to non-selective extended medium, on which they were left

for one to two weeks before they were subjected to a second selection (with the same

concentration of antibiotics as above) to eliminate the non-stable transformants. The

colonies surviving the second selection were picked and subcultured as individual

lines.
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Identification of PpExp genes

RT-PCR and RACE (o/PpExpl)

Total RNA was extracted from 6 day old protonemal tissue with the RNeasy kit

(Qiagen, Basel, Switzerland) according to the manufacturer's instructions. One jug of

RNA was reverse transcribed using Avian Myeloblastosis Virus (AMV) RT

(Promega, Wallisellen, Switzerland) according to the manufacturer's instructions.

The resulting cDNA served as a template in a PCR reaction using degenerate primers

(derived from aligned rice a-expansin sequences; a gift from B. Reidy, ETH Zürich)

with the following sequences: a-monocot-ff (5' atgggyggggcgktgcygg 3'; mixed

nucleotides are designated with the IUB code) and a-monocot-RV

(5' ccccarttsckssawcat 3'). Two bands were cut out (QiaexII kit from Qiagen) from a

preparative gel (NuSieve, FMC Bioproducts, Cambrex Corp., East Rutherford, New

Jersey) and reamplified using a nested a-monocot-ff2 primer

(5' tgcggitacggnaacytntac; i stands for inosine). The nested bands were cloned into

the pPCR-Script Amp vector (Stratagene, La Jolla, California). Minipreps from 12

bacterial colonies of each band were probed on a Southern Blot with a DIG-labeled

(DIG-High Prime kit from Boehringer, Roche Molecular Biochemicals, Rotkreuz,

Switzerland) full-length cDNA of OsExpl (a gift from H. Kende, Michigan State

University). The hybridising plasmid insert was sequenced (Microsynth, Balgach,

Switzerland).

The full-length cDNA was then obtained using the RACE technique.

The Marathon cDNA amplification kit (Clontech, Allschwil, Switzerland) was

used to identify the 3'-end with the following gene specific

primers: 3'RACE1 (5' aggcgatgtgcacgcagtagacatcaagg 3') and 3'RACE2 (nested;

5' tcaagggatccaatacagaatggattccc 3'). The amplified product was cloned into the

pPCR-Script Amp vector (Stratagene) and sequenced (Microsynth) as before.

The 5'-end was identified using the SMART RACE cDNA Amplification

kit (Clontech) with 0.5 jug isolated mRNA (PolyATtract kit from

Promega) as template and the following gene specific primers:

5fullRACEl (5' atctcgggatatctgggtaaagcgtgg 3') and 5fullRACE2 (nested;

5' caattcatagcgaactgacctccctcg 3'). The amplified product was cloned into the pPCR-

Script Amp vector (Stratagene) and sequenced (Microsynth) as before. The full-
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length sequence of PpExpl was submitted to GenBank and has the accession number

AY028634.

cDNA ofother expansin genes

The cDNA sequences of the other P. patens expansin genes were kindly provided by

Jens Lerchl and Elke Duwenig (BASF Plant Science, Ludwigshafen, Germany) upon

BLAST searching (http: / /www.ncbi.nlm.nih.gov/BLAST / : Altschul et al., 1990) of

their EST library. Table 1 lists the original numbers of the clones that were arbitrarily

renamed PpExpl to PpExp5, as well as PpExpBl and PpExpBl.

Table 1: The corresponding original numbers of the EST clones

obtained from BASF Plant Science.

Name EST clone number

PpExpl PP004084130R

PpExp3 PP034004086R

PpExp4 PP001058057R

PpExp5 PP001057095R

PpExpBl PP004029270R

PpExpBl PP004103011R

Sequence analysis

The deduced amino acid sequences of PpExpl to PpExp5 and PpExpBl and

PpExpBl were aligned without the predicted signal peptides

(http://www.cbs.dtu.dk/services/SignalP/; Nielsen et al., 1997) to other known

expansins using the web version of the ClustalW 1.8 program (available at

http: / / searchlauncher.bcm.tmc.edu /multi-align/multi-align.html; Thompson et al.,

1994). The accession numbers of the expansins from other plants are shown

in table 2. The alignment was further adjusted by eye and used to infer phylo-

genetic relationships by applying the parsimony method with

the Protpars program of the PHYLIP package version 3.573c
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Table 2: The different expansin sequences (available at GenBank) used

for the alignment are shown separately for each organism in which

they have been identified. The names (in parentheses the names

according to older nomenclature) and corresponding accession

numbers of these expansin protein sequences are given.

Organism Protein name
Accession

number

3-expansins

Lolium perenne
LpExpB
(Loi PI pollen allergen)

P14946

Arabidopsis thaliana
AtExpB1.5 AAD20920

AtExpB1.6 CAB79627

dicotyledons

Arabidopsis thaliana

AtExpl.4 (Exp5) BAA95756

AtExpl.8 (Exp6) AAC33223

AtExpl.23 CAB37561

AtExpl.24 (Expl2) AAF35403

AtExpl.26 (Exp 7) AAF79645

Lycopersicon esculentum

LeExpl U82123

LeExp2 AF096776

LeExp3 AF059487

LeExp4 AF059488

LeExp5 AF059489

LeExp9 AJ243340

Zinnia elegans ZeExp3 AAF35902

Cucumis sativus
CsExpl U30382

CsExp2 U30460

Nicotiana tabacum
NtExp4 AF049352

NtExp5 AF049354

monocotyledons

Oryza sativa

OsExpl Y07782

OsExp2 U30477

OsExp3 U30479

OsExp4 U85246

gymnosperm

Pinus taeda PtExp AF085330

pteridophytes (ferns)

Marsilea quadrifolia MqExpl AF202119

Regnellidium diphyllum RdExpl AF202120
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Bootstrapping was performed using the Seqboot program of the same package.

Protein distances were estimated with the programs Protdist and Fitch and then

scaled to the output of Protpars as suggested by the programmer (J. Felsenstein,

University of Washington, personal communication). The resulting tree was plotted

using NJPlot (http:/ /pbil.univ-lyonl.fr /softwareZnjplot.html; Perrière and Gouy,

1996).

Molecular cloning

Knock-Out (KO) constructs

The PCR primers used for the amplification of genomic fragments of the different

expansin genes of P. patens are listed in table 3. The amplified fragments lacked in

particular the start codon (at the 5'end) and the stop codon (at the 3'end) of the target

gene to allow for disruption even when the construct was to be inserted by a single

crossing-over event. The cycling parameters of the PCR reactions were adapted to

the melting temperatures of the specific primers. The reactions were carried out with

the HiFi Expand system (Boehringer) and 50 to 100 ng genomic DNA as template,

Table 3: Names and sequences (from 5' to 3') of the primers used for

cloning of the KO constructs. The nucleotides differing from the

coding sequence are shown in bold. The restriction site used for

cloning is shown in uppercase.

Primer name Sequence

ExplKO-ff gacactcatTCTAGAtgcactgatggttc

ExplKO-RV ctgacctccCTCGAGggtctggccgaag

Exp2KO-ff ctgaaCTCGAGgccttcggtgcttg

Exp2KO-RV gaactgGGATCCctcccacgtttg

Exp3KO-ff gatcCTCGAGctggcagcgaaactg

Exp3KO-RV ctcagGGATCCtctgaaggagag

Exp4KO-ff gcttacCTCGAGtgcttggag

Exp4KO-RV tgaactgGGATCCctcccagg

ExpB2KO-ff acctggtacggGGATCCttatggcg

ExpB2KO-RV gccatttgcacTCTAGAcctgtaag
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which was extracted with the CTAB method as described (Rogers and Bendich,

1988). The amplified fragments were then cloned into pBluescriptll (KS-) (Stratagene)

using either T4 DNA ligase (New England Biolabs, Beverly, MA) or a rapid ligation

kit (Boehringer).

Site-directed mutagenesis (QuikChange kit from Stratagene) was employed to create

an EcoRl restriction site in the middle of the PpExp3 and PpExp4 fragments

(in PpExpBl and PpExpl this site existed already naturally). The primers used

for this procedure were: 3mutl (5' gtcttccaggggaGAATTCcatcacagttac 3'; nucleo¬

tides in bold are mutagenised, in uppercase the EcoRl restriction site)

and 3mut2 (which is the reverse complement of 3mutl), as well as 4mutl

(5' ggtgttgctcttGAATTCtacagaaggtgtg 3'; nucleotides in bold and uppercase as

above) and 4mut2 (the reverse complement of 4mutl).

The wpf/Z-resistance cassette from pKO (a generous gift from D. Schaefer, Université

de Lausanne; pBluescriptll containing the 1.7 kb EcoRl fragment from pYACABl

(Bonnema et al., 1993), unpublished data) was then inserted into the EcoRl site of the

various expansin genes. This led to constructs (KOI to K04 and KOB2), where the

resistance cassette was flanked at either end by homologous sequences of a few

hundred bp (cf. results for further details).

Overexpression constructs

The primers used to amplify the full-length cDNAs of PpExpl, PpExpl, PpExp3 and

PpExpâ are listed in table 4. The PCR reactions were carried out on cDNA as template

and with the HiFi Expand system (Boehringer). The amplified fragments were

cloned into the pCOR CaMV vector (a gift from D. Schaefer, Université de Lausanne;

a derivative of pCOR 102 (McElroy et al., 1991) with the CaMV polyadenylation

signal sequence from pDH51 (Pietrzak et al., 1986) inserted as a Sall/Kpnl fragment,

unpublished data).

Marker genefusion constructs

The coding sequences of GFP (Davis and Vierstra, 1998) and GUS (Jefferson et al.,

1987) were fused to PpExpl and PpExp3. The stop codon of the expansin genes was

changed into a restriction site by PCR cloning with the primers
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Table 4: Names and sequences (from 5' to 3') of the primers used for

cloning of the overexpression constructs. The nucleotides differing
from the coding sequence are shown in bold. The restriction site used

for cloning is shown in uppercase. The start codons are underlined.

Primer name Sequence

OVExpl-ff tagcaaggggCCATGGcgag

OVExpl-RV ttcgcctaAAGCTTtcatcgag

OVExp2-ff gcctgAAGCTTatgggcacgagg

OVExp2-RV catgatccagttccatGTCGACc

OVExp3-ff gccaactgAAGCTTggggagcgatg

OVExp3-RV caatgctggaGTCGACctgtggag

OVExp4-ff cgacttaggAAGCTTgtttgtagac

OVExp4-RV cacatcacggGTCGACgagcattg

lfusion-RV and 3fusion-RV (listed in table 5). The 5'fragment of PpExpl and the GFP

fusion fragment were cloned into pBluescript II (Stratagene) digested with Xbal and

Hindlll in a triple ligation reaction. The 3' fragment was then cloned into the

resulting plasmid in a second ligation reaction. The GUS fusion construct of PpExpl

was built by cloning the GFP fusion construct into pBluescript II (Stratagene) vector

Table 5: Names and sequences (from 5' to 3') of the primers used for

cloning of the marker gene fusion constructs. The nucleotides differing
from the coding sequence are shown in bold. The restriction site used

for cloning is shown in uppercase.

Primer name Sequence

ExplKO-ff gacactcatTCTAGAtgcactgatggttc

lfusion(5')-RV tacagCTCGAGattcatagcgaactgacc

lfusion(3')-ff attctgtaAAGCTTagagcggtg

lfusion(3')-RV gataattGTCGACtttctttggc

3fusion-ff tggacgcacaGGGCCCtcaaggtg

3fusion-RV ggagaattaaCTCGAGtaggtagc

GFPfsn-ff ggagatataCTCGAGagtaaagg

GFPfsn-RV gggaaattcgaAAGCTTatttg

GUSfsn-ff gaatCTCGAGatgttacgtcctg

GUSfsn-RV ctctAAGCTTcattgtttgcctc
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where the Xhol site was deleted by digestion with Xhdl, end-filling with Klenow

fragment and religation of blunt ends (as described in Sambrook et al., 1989). Then

the GFP moiety was cut out by Xhol and Hz'ndlll digestion, and replaced by the

Xhdl IHindlll GUS fusion fragment. The fusion constructs with PpExp3 had no

3' terminal extension after the fused marker gene. The cloning strategy consisted

therefore in the sequential ligation of the Apal/Xhol fragment of PpExp3 into

pBluescript II (Stratagene), followed by the GFP fragment into the newly built

plasmid. For the GUS fusion construct the GFP coding sequence was again replaced

by the GUS Xhol/Hindlll fragment.

Expression Analysis

Stress and phytohormone treatments

Protonemal moss tissue was grown for 5 to 6 days on extended medium and then

transferred to the same medium supplemented with phytohormones or stress agents.

The concentration and the time of exposure are indicated in the figure legends.

Following the treatment, the tissue was frozen and total RNA was extracted using

the RNeasy kit (Qiagen) according to the manufacturer's instructions and quantified

by UV spectroscopy (absorbance at 260 ran).

Probe template purification

The probe templates for PpExpl, PpExpl, PpExp3, PpExp5, PpExpBl and PpExpBl

were restriction fragments of plasmids containing the full-length coding sequence of

the relevant genes. The information regarding these templates is summarised in

table 6. The probe template for PpExp4 was made by amplifying a fragment of

pPP001058057R by PCR with the following primers: 4probe-ff (5' ggcttaccttcggtgcttgg

3') and 4probe-RV (5' tgaactggctaccctcccag 3'). The restriction fragments and the PCR

product were purified on preparative gels (NuSieve or SeaKem, FMC Bioproducts)

as described for the identification of PpExpl.
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Table 6: The ends (in parentheses the plasmid of origin) and the size

of the cDNA fragments used as probe templates for the different

expansin genes.

Template
Ends created by restriction

(of plasmid of origin)
Fragment
size (kb)

PpExpl Ncol/Hindlll (from pOV-EXPl) 0.8

PpExpl Xbal (from pPP004084130R) 1.0

PpExp3 EcoRl/Hindlll (from pPP034004086R) 1.4

PpExp5 Xhol/Sail (from pPP001057095R) 1.0

PpExpBl EcoRl /Earl (from pPP004029270R) 1.0

PpExpBl Notl/Xhol (from pPP004103011R) 1.4

Gel, blotting and hybridisation

MOPS/formaldehyde gels were loaded with 15 fig of total RNA per lane, run with

low voltage, washed in sterile, distilled water and then blotted overnight to Hybond-

N nylon membranes (Amersham Pharmacia Biotech Europe GmbH, Dübendorf,

Switzerland) according to the manufacturer's instructions. Four fig of size standards

(0.24 kb - 9.5 kb RNA ladder from Gibco BRL, Invitrogen, Basel, Switzerland) were

also loaded on the same gel and blotted. Equal transfer of RNA was visualised by

methylene blue staining as described (Herrin and Schmidt, 1988). The marker lane

was cut off prior to prehybridisation and overnight hybridisation which were

conducted at 65 °C in the buffer described in the Hybond-N instruction booklet.

Probes were radiolabeled with [cc-32P]dATP using the random primer method

(Feinberg and Vogelstein, 1983) and the Primelt II kit (Stratagene) according to the

manufacturer's instructions. After probe synthesis, the labeling mix was loaded on

Sephadex G-50 columns (ProbeQuant from Amersham Pharmacia Biotech) for

separation of the probe from unincorporated radioactive nucleotides.

The membranes were washed with 2xSSC, 0.1 % SDS and finally with either lxSSC,

0.1 % SDS or 0.5xSSC, 0.1 % SDS at 65 °C. Then they were wrapped and juxtaposed

to X-ray films (X-omat AR from Kodak, Lausanne, Switzerland) with fast tungstate

intensifying screens at -80 °C. The films were placed in a developing machine (Curix

60 from Agfa, Dübendorf, Switzerland) after exposure.
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Verification of targeted insertion by PCR

The PCR primers used for the amplification of the hybrid junctions of the different

targeted expansin genes of P. patens are listed in table 7. Genomic DNA was

extracted from individual mutant lines using the Nucléon PhytoPure kit (Amersham

Pharmacia Biotech). The cycling parameters of the PCR reactions were adapted to the

melting temperatures of the specific primers. The reactions were carried out with the

Stoffel fragment (Perkin Elmer, Roche) and 10 ng genomic DNA as template and

then loaded on 1 % agarose gels for visualisation.

Table 7: Names and sequences (from 5' to 3') of the primers used for

amplification of hybrid junctions in (putative) KO mutant lines. The

locus specific primers, that were used with the neorst-RV primer for

the 5' junction, are designated with (51). Idem for (3').

Primer name Sequence

2KOcheck (5')-ff gacactcattctagatgcactgatggttc

OVExp3 (5')-ff gccaactgaagcttggggagcgatg

OVExp4 (5')-ff cgacttaggaagcttgtttgtagac

B2KOcheck (5')-ff ccgagagctcacatcgatactgc

neorst (5')-RV gtaggagccaccttccttttcc

OVExp2 (3')-RV catgatccagttccatgtcgacc

OVExp3 (3*)-RV caatgctggagtcgacctgtggag

OVExp4 (3*)-RV cacatcacgggtcgacgagcattg

B2KOcheck (3')-RV tggctggaggactatcgatgagg

neorst (3')-ff gcatcgccttctatcgccttcttg
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Results

Our general aim was to analyse the effects of (modulated) cell expansion on other

integrated processes involved in development. Consequently, this work was focused

on specific proteinaceous modulators of cell wall plasticity (and hence of cell

expansion) and their role in the bryophyte experimental model system P. patens.

Expansin gene family in P. patens

Since these proteinaceous modulators, i.e. expansins, had not been identified in

bryophytes previously, the first step of our efforts to study the role of expansins in

growth and development of P. patens consisted in the discovery of novel moss

expansin genes.

Identification ofexpansin genes in P. patens

We have undertaken a RT-PCR based approach to identify (a-) expansins in the moss

P. patens. By using heterologous degenerate primers (derived from an alignment of

rice a-expansin sequences) a fragment of 455 bp was amplified. This fragment

showed at the amino acid level 66 % sequence identity and 77 % similarity to an

expansin precursor from tomato as best hit in a BLAST search, confirming the

discovery of a novel expansin. The RACE technique was subsequently used to obtain

the full-length cDNA spanning 1167 bp, including an ORF of 792 bp preceded by a

5' UTR of 90 bp and followed by a 3' UTR of 285 bp. This codes for a protein of a

predicted molecular weight of 28.4 kDa. This gene was given the name PpExpl and,

as shown in table 8, BLAST searches still identified the same expansin precursor

from tomato as the most related a-expansin sequence.

Screening of a P. patens EST library led to the identification of six other expansin

sequences, including four novel a-expansins (arbitrarily termed PpExpl to PpExpS)

and two novel ß-expansins (termed PpExpBl and PpExpBl). Apart from PpExpl, in
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which the first few codons for the N-terminal amino acids of the predicted signal

peptide are missing, they all contain a full length ORF, which varies in length from

768 bp for PpExp3 and PpExp4 to 807 bp and 813 bp for PpExpBl and PpExpBl,

respectively. PpExp4 presents the longest 5'UTR (159 bp in length), whereas the

longest 3'UTR belongs to PpExp3 and stretches over 485 bp. The predicted molecular

masses for these proteins are 27.7 kDa for PpExp4, 26.8 kDa for PpExp3, 29 kDa for

PpExpBl and 29.9 kDa for PpExpB2.

The cDNA of PpExp5 is approximately 1.3 kb longer than all the others and includes

an ORF of 2127 bp, determining the sequence of an expansin-like protein preceded

by a very unusual and large N-terminal part of 450 amino acids (cf. figure 4), which

will be discussed in a later section. The expansin-like moiety of the polypeptide

consists of 259 amino acids, which would sum up to 27.3 kDa. Due to the unusual N-

terminal extension of PpExp5, however, the predicted molecular weight of PpExp5 is

74 kDa.

Table 8: The most related expansins to PpExpl to PpExp5, PpExpBl
and PpExpB2 as identified by best hits in BLAST searches. The

accession number of the related protein sequences, as well as the

dentity and similarity scores (in %) are listed separated v-

Related protein (organism)
Accession

number
Sequence
identity

Sequence
similarity

PpExpl expansin 5 (tomato) AAD13633 70 79

PpExp2 expansin al.5 (A. thaliana) BAB11259 48 61

PpExp3 expansin 4 (tomato) AAD13632 54 67

PpExp4 expansin 3 (Zinnia elegans) AAF35902 52 63

PpExp5 expansin 9 (tomato) CAB46492 56 71

PpExpB expansin ßl.6 (A. thaliana) AAK64163 40 56

PpExpB expansin ßl.5(A. thaliana) AAD20920 41 58

The most related sequences recognised by BLAST searches are listed in table 8. The

two putative ß-expansins - i.e. PpExpBl and PpExpB2 - are more similar to each

other than to any sequence in the database, since they share 56 % sequence identity

and 71 % similarity. The same is true for PpExp2 and PpExp4, which show 70 %

identity and 81 % similarity between their deduced amino acid sequences.
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N-terminal extension ofPpExp5

As already mentioned above, the amino acid sequence of PpExp5 contains ca. 450

extra N-terminal residues. Simple BLAST searches of the N-terminal part did not

reveal any homologies to other database entries. Visual inspection of the sequence,

however, led to the identification of a repeated 12 amino acid element in the last 250

residues of the N-terminal extension (i.e. residues 226 to 478 in the alignment shown

in figure 4). Secondary structure predictions of that portion of the polypeptide (using

the type I discrete state-space model analysis of the Protein Structure Analysis server

at http: / /bmerc-www.bu.edu /psa /request.htm) indicated that this repeated

element is likely to constitute a part of a ß-strand, and that the whole sequence forms

a four-bladed ß propeller fold (with a probability exceeding 70 %). This fold was

characterised upon solving of the crystal structure of haemopexin (Faber et al., 1995),

and has subsequently been found in members of matrix metalloproteinases, such as

collagenase (Li et al., 1995) or gelatinase (Libson et al., 1995). Interestingly, proteins

of the latter class are located to the extracellular matrix in animals, where they are

suggested to participate in the degradation of the latter (Basbaum and Werb, 1996).

These proteins have multiple domains and their four-bladed ß propeller domain is

thought to be involved in protein-protein and protein-ligand interactions. These

analogies tempt us to speculate that the C-terminal part of the N-terminal extension

of PpExp5 serves a similar role in the plant cell wall, shedding perhaps light on

putative interactions of expansins with other cell-wall related proteins. The cDNA

fragment determining the sequence of this N-terminal portion of PpExp5 has been

cloned into a vector for bacterial overexpression with the aim of performing

structural studies (S. Müller, O. S. Schipper and A. J. Fleming, unpublished data).

Sequence analysis and organisation ofgenomic loci

An alignment of the 7 novel expansins of P. patens is shown in figure 4. All these

proteins contain putative signal peptides, varying in length from 21 amino acids

(PpExpBl) to 28 amino acids (PpExpl). The predicted signal peptides are consistent

with the presumed extracellular localisation of expansins. The P. patens proteins also

display all the other diagnostic features of expansins (Cosgrove, 1999; Cosgrove,

2000b): The 8 conserved cysteines are found in all the moss expansins, even in the

two ß-expansin like sequences. The 4 tryptophans near the C-terminus are strictly
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Figure 4: Alignment of PpExpl to PpExp5, and PpExpBl and

PpExpB2. Predicted signal peptides are shown in lower case. The

repeated motif in the N-terminal extension of PpExp5 is underlined. In

bold, putative N-glycosylation sites. Black boxes indicate conserved

residues, grey boxes indicate conservative substitutions. The

conserved cysteines and tryptophans are highlighted in red and green,

respectively. The positions of introns I-l and 1-3 are specified by
triangles. The a- and ß-insertions are shown. The hFD motif is

highlighted with +++. The consensus is shown at the bottom, where

uppercase letters stand for strictly conserved residues, and lowercase

letters for residues conserved in the majority of the sequences.
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conserved in the a-expansin like sequences PpExpl to PpExp5. In PpExpBl and

PpExpB2 some of these residues are substituted by other aromatic amino acids. The

first tryptophan is substituted in both proteins by a phenylalanine. In PpExpB2, the

last tryptophan is also substituted by a tyrosine. The hFD motif (at position 605 of the

alignment) is again strictly conserved in the a-expansin like sequences, whereas the

histidine is substituted by an alanine in PpExpBl and PpExpB2.

Sequence alignments between a- and ß-expansins have shown that these two

subfamilies can be distinguished by the presence or absence of short stretches of

amino acids at conserved positions within the protein sequence (termed a- and ß-

insertions, respectively; Li et al., 2001). The moss expansins clearly show this

dichotomy: PpExpl to PpExp5 contain the a-insertion spanning 7 (in the case of

PpExp2, PpExp3 and PpExp4) to 12 amino acids (in PpExp5) and ending in the

consensus motif ggwC. The ß-expansin like proteins PpExpBl and PpExpB2 lack this

insertion (although they contain the last cysteine residue). On the other hand, the

latter two polypeptides comprise the 7 amino acid ß-insertion, which is absent in

PpExpl to PpExp5. Another reported difference between a- and ß-expansins is

the occurrence of N-glycosylation sites in the latter group (Cosgrove, 1999; Wu

et al., 2001a). Indeed, asparagines that could be glycosylated are detected in

both PpExpBl and PpExpB2 (cf. figure 4, N in bold) using ScanProsite

(http: / / www.expasy.ch/tools/scnpsitl.html), but the relative position of the

glycosylation site is not conserved. Furthermore, PpExp5 has 3 N-glycosylation

motifs in its amino-terminal extension, and PpExpl has one in the signal peptide

(data not shown).

Other conserved motifs include gGaCGY (at position 509) and yrrv (at position 627).

Interestingly, these are domains that span the intron positions I-l and 1-3 (Li et al.,

2001), respectively. PCR amplification of genomic DNA revealed that the P. patens

expansin genes vary in the architecture of their genomic loci (cf. figure 5).

PpExpl and PpExp3 have the same organisation in that three exons (El, El, and E3)

are separated by two introns at the positions I-l and 1-3 (as defined by Li et al., 2001).

This organisation is presumed to be shared by the ancestor of all expansin sequences

(Li et al., 2001). The introns extend over 337 bp (I-l) and 263 bp (1-3) in the case of

PpExpl, and 197 bp (I-l) and 124 bp (1-3) for PpExp3. The genomic loci of the other P.

patens expansins are characterised by intron losses and deviate from this ancestral

scheme. Intron losses and gains have also been observed in the expansin gene family

of Arabidopsis thaliana (Li et al., 2001). PpExpl has no introns (at least in the portion
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covered by the cDNA). PpExp4 has lost the I-l intron, but still contains the 1-3 intron

(spanning 107 bp). The PpExp4 locus is furthermore characterised by an additional

intron of 320 bp in the 5'UTR (designated I-O in figure 5). A similar intron position

has not been reported in any database entry to date, perhaps suggesting that this

intron gain in P. patens is evolutionary unique. The genomic locus of PpExpBl is

distinguished by the loss of intron 1-3, while I-l (extending over 110 bp) is

maintained. This organisation differs from the ones reported to be typical for ß-

expansins (Li et al., 2001), since the described intron gains at positions 1-2 and 1-4

seem to not have occurred.

PpExpl

PpExpl

PpExp3

PpExp4

PpExpBl

1-0

L'l, E-2 & E-3

1-3 = = = = = :

200 bp

Figure 5: Genomic loci of PpExpl to PpExp4 and PpExpBl. 5' UTR and

3' UTR are depicted as simple lines, introns are depicted in dashed

lines as defined on the right hand side. Exons are depicted as open
boxes.

We failed to amplify the genomic loci of PpExpS and PpExpBl and thus cannot make

any statements concerning their intron/exon architecture.

Phylogenetic relationships

Expansin-like sequences have been identified in all major phyla of land plants - i.e.

angiosperms (Shcherban et al., 1995), gymnosperms (Hutchison et al., 1999) and ferns

(Kim et al., 2000) - with the notable exception of bryophytes so far. The latter group is

thought to have diverged very early (at the transition from Silon to Devur about 400

million years ago; Sitte et al., 1998) from the land plant lineage. It is therefore very

interesting to explore the evolutionary history of the expansin gene family by
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Figure 6: Phylogenetic tree of a- and ß-expansins derived by

parsimony analysis (cf. methods). Bootstrap values (from 100

replicates) over 90 % are indicated above the relevant branches.

Distances are approximated and given in number of changes of state

of the sequences.
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comparing the sequences from representatives of the different phyla with the first

examples of expansins in bryophytes, PpExpl to PpExp5 and PpExpBl and

PpExpB2. As shown in figure 6, the a-expansin-like sequences from the moss P.

patens cluster with the other a-expansins. PpExpl and PpExp3 branch off from the a-

expansin subfamily immediately and lie outside of any subgroup indicating that they

are more distantly related to the sequences from the other phyla. On the other hand,

PpExp2, PpExp4 and PpExp5 fall into a group with divergent a-expansins from

Arabidopsis thaliana and tomato, as well as with the fern a-expansin sequences. The

divergence of this subgroup can be seen from the longer distance bars that connect

the branches to the tree. The shortest branch belongs to PpExp5, although this

expansin is characterised by the long N-terminal extension described above. This is

not surprising, however, when we scrutinise the algorithms underlying the

construction of parsimonious phylogenetic trees. In fact, parsimony methods

construct these phylogenetic trees by computing the differences in the sequences

(and by minimising the number of changes of state necessary to evolve from one

sequence to another), whereby only the informative sites are taken into

consideration. Since informative sites are positions in the aligned amino acid

sequences, at which sequences differ, not much weight is given to the N-terminal

extension of PpExp5. Based on the tree shown in figure 6, a similar statement about

the higher divergence of the ß-expansin like sequences PpExpBl and PpExpB2 of the

moss P. patens can be asserted. Although they cluster with the other ß-expansins,

they are more separated (as shown by the longer evolutionary distance bars) and

form a divergent subgroup of ß-expansins.

Having demonstrated the existence of (both a- and ß-) expansin genes in the

bryophyte P. patens, we characterised these genes by analysing their expression

pattern.

Expression analysis of P. patens expansin genes

Response to phytohormones and stress agents

The expression patterns and the responses to phytohormones, light and salt stress of

the different expansin genes in P. patens were analysed by northern blots. As shown
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in figure 7, some members (PpExpl, PpExp3, PpExp4, and PpExp5) of the expansin

gene family in P. patens are expressed at moderate to high levels, whereas other

members have barely detectable transcript levels (PpExpl, PpExpBl and PpExpBl)

under normal growth conditions (i.e. on extended medium, supplied with glucose).
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Figure 7: Response of PpExpl to PpExp5 and PpExpBl and PpExpBl to

phytohormones, light and salt stress. Moss protonemata were grown
for 5 to 6 days on extended medium and then transferred to to Petri

dishes with fresh medium for 24 hours prior to RNA extraction. With

the exception of the control and dark treatments, the fresh dishes

contained media supplemented with either 1 f/M IAA, 1 j«M BAP,

100 nM EBR, 1 juM GA3 or 100 mM NaCl, respectively.

Treatment of P. patens with the phytohormone IAA led to an accumulation of

PpExpBl mRNA, with no alteration of the other transcript levels. None of the

transcript levels was visibly altered after exposure to the cytokinin BAP. Treatment

with EBR apparently raised the transcript level of the moss expansins PpExp3,

PpExp4 and PpExpBl (cf. figure 7), but this effect was not reproducible when the time

course and the concentration dependence of the responses were analysed (data not

shown). Similarly, the level of PpExp3 mRNA was upregulated by GA3 treatment,



43

without influencing the other transcript levels. Again, efforts to reproduce this

transcript accumulation by studying the time course and concentration dependence

did not yield convincing uniform data (not shown).

Apart from PpExpl, whose steady-state level of mRNA appeared to be constitutively

high, the transcript levels of all other expansins were downregulated after 24 hours

in darkness (cf. figure 7). In contrast, salt treatment led to an accumulation of the

transcripts of all P. patens expansins.

Salt and osmotic stress response

We were interested in this general upregulation of P. patens expansin genes and

further investigated this phenomenon for the PpExpl, PpExp3, PpExp4 and PpExpBl

genes. The transcript accumulation was studied as a function of the salt

concentration in the medium. As shown in figure 8, the transcripts of PpExp4 and

PpExpBl accumulate maximally at 100 mM salt concentration. The transcript level

then declines (drastically in the case of PpExp4), if the salt stress increases. PpExpl

and PpExp3 respond differently to the salt concentrations in the medium. The

accumulation of transcripts is visible at 100 mM NaCl, but their mRNA levels

Figure 8: Concentration dependence of transcript accumulation as a

response to salt or osmotic stress. Moss protonemata were grown for 6

days on extended medium and then transferred to to Petri dishes with

fresh medium for 24 hours prior to RNA extraction. The fresh dishes

contained media supplemented with either NaCl or mannitol at the

concentrations indicated.
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continue to increase with increasing salt stress.

In order to find out whether the accumulation of the P. patens expansin mRNAs was

specifically due to the presence of NaCl in the medium, or if it was a consequence of

the high osmotic potential of the medium containing millimolar amounts of NaCl,

we treated moss tissue with osmotic equivalents of mannitol (1.8 mM mannitol per

mM NaCl) prior to RNA extraction. The transcripts of PpExpl and PpExpBl did not

accumulate in response to this osmotic stress (cf. figure 8). In contrast, the response

of PpExp3 and PpExp4 to osmotic stress is comparable to the one to salt stress,

suggesting a link between the two responses of these genes.

The transcript accumulation resulting from the salt treatment was also analysed as a

function of time (cf. figure 9). It is clearly visible that the mRNA levels start to

increase after 2 hours and then reach their maximum abundance after 8 hours salt

stress in the case of PpExpl, PpExp3 and PpExpBl, whereas the transcripts of PpExp4

continue to accumulate in the first 48 hours after the salt treatment and only decline

during the third day (the lower band intensity after 4 hours in the PpExp4 panel of

figure 9 is attributable to unequal loading as confirmed by methylene blue staining,

data not shown).
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Figure 9: Time course analysis of the salt stress response. Moss

protonemata were grown for 6 days on extended medium and then

transferred to to Petri dishes with fresh medium supplemented with

100 mM NaCl for the time period indicated prior to RNA extraction.

Interestingly, there is a correlation between the concentration dependence and time

course of the transcript accumulation. The mRNAs of PpExpl and PpExp3 - genes



45

which respond stronger to higher amounts of salt in the medium - accumulate (and

fall off again) faster than the transcripts of PpExp4. This indicates perhaps that the

first two genes mediate processes that are linked to rapid wall rearrangements under

high stress conditions, while the latter is implicated in subsequent slower and

adaptive stress response processes.

Response ofPpExpBl to IAA

As was shown already in figure 7, in addition to the salt stress response - a feature

conserved in the regulation of all the P. patens expansin genes - some expansins

specifically displayed an altered transcript level in response to phytohormone or

stress treatment. The response of PpExpBl to auxin (IAA) treatment was further

analysed by examining its time course as well as the influence of auxin concentration

on PpExpBl transcript accumulation. The level of PpExpBl mRNA increased with

0.3 ßM IAA in the medium, but did not reach significantly higher levels with higher

external auxin concentration (cf. figure 10).

Figure 10: PpExpBl mRNA accumulation as a function of auxin

concentration in the medium. Moss protonemata were grown for 6

days on extended medium and then transferred to to Petri dishes with

fresh medium for 24 hours prior to RNA extraction. The fresh dishes

contained media supplemented with IAA at the concentrations

indicated. The lower panel shows the methylene-blue stained

membrane and confirms equal nucleic acid loading and transfer.

Analysis of the time course of PpExpBl transcript accumulation following auxin

treatment revealed that the maximum transcript level was reached within 4 hours,

with the first visible elevation of transcript concentration after 2 hours. The
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concentration of PpExpBl dropped off again after 8 hours and decreased to

background levels after 24 hours (cf. figure 11). This finding is in contrast to the

results shown in figures 7 and 10, where higher PpExpBl mRNA concentrations

persisted for 24 hours. Nevertheless, the conclusion that PpExpBl responds rapidly

to IAA can be drawn without conceptual contradictions.

Figure 11: Analysis of the time course of the response of PpExpBl to

auxin treatment. Moss protonemata were grown for 6 days on

extended medium and then transferred to to Petri dishes with fresh

medium supplemented with 1 ßM IAA for the time period indicated

prior to RNA extraction. The lower panel shows the methylene-blue
stained membrane and confirms equal nucleic acid loading and

transfer.
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Figure 12: PpExp3 mRNA accumulation as a function of ABA

concentration in the medium. Moss protonemata were grown for 6

days on extended medium and then transferred to to Petri dishes with

fresh medium for 24 hours prior to RNA extraction. The fresh dishes

contained media supplemented with ABA at the concentrations

indicated. The lower panel shows the methylene-blue stained

membrane and confirms equal nucleic acid loading and transfer.
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Since the analysis of the expression pattern of the P. patens expansins showed that

they were upregulated when the plant was stressed, we wondered if these genes

were also responsive to ABA - a phytohormone implicated in stress responses

(Zeevaart and Creelman, 1988). This proved not to be the case for the P. patens

expansins (data not shown) with the exception of PpExp3. Transcripts of the latter

accumulated above background level with 0.3 jitM ABA in the medium and

continued to augment with increasing ABA concentrations in the medium until

10 jitM (cf. figure 12). The time course analysis of PpExp3 transcript accumulation

reveals that the highest transcript abundance is reached within 4 to 8 hours. The

transcript level then slowly declines, thus remaining high for 48 hours (cf. figure 13).
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jugm^ ^j^. jÊm^^ jg^g» jg|^j^ ^mg^ ^gmi^

Figure 13: Analysis of the time course of the response of PpExp3 to

ABA treatment. Moss protonemata were grown for 6 days on

extended medium and then transferred to to Petri dishes with fresh

medium supplemented with 1 juM ABA for the time period indicated

prior to RNA extraction. The lower panel shows the methylene-blue
stained membrane and confirms equal nucleic acid loading and

transfer.

Response ofPpExp4 to cold

In order to ascertain whether the general response to salt stress displayed by the P.

patens expansins was linked to responses to other stresses as well, we treated the

moss tissue either with heavy metals, changed the pH of the medium or placed it in

the refrigerator at 4 °C for cold stress. These adverse conditions did not lead to

altered transcript concentrations (data not shown) with the exception that the PpExp4

mRNA level dropped to the limits of detection after 24 hours cold treatment (cf.

figure 14).
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Figure 14: Response of PpExp4 to various forms of stress. Moss

protonemata were grown for 6 days on extended medium and then

transferred to Petri dishes with fresh medium for 24 hours prior to

RNA extraction. These Petri dishes contained either normal extended

medium (at pH 6.5; control and cold), or medium supplemented with

100 uM CdCl^ or the pH of the medium was adjusted to either pH 5 or

pH 8, respectively. For the cold treatment the sample was placed at

4 °C. The lower panel shows the methylene-blue stained membrane

and confirms equal nucleic acid loading and transfer.

Interaction of light and stress in gene regulation

The transcripts of most of the P. patens expansins diminish in darkness (with the

exception of PpExpl), whereas they increase when moss tissue is treated with salt.

What happens when both conditions are encountered simultaneously by the plant?

We addressed this question by transferring moss protonemal cultures on to Petri

dishes with fresh medium supplemented with either salt, ABA or IAA and

incubated these dishes in darkness for 24 hours prior to RNA extraction. As shown in

figure 15, the absence of light inhibited the accumulation of transcripts in response to

stress or phytohormones in most cases.

An exception was found in the accumulation of PpExp3 after salt treatment, even

though the mRNA concentration did not reach a significantly higher level than that

of the control treatment. Nevertheless, this finding proves that salt and ABA act

differently on the regulation of PpExp3 mRNA level, since darkness inhibited the

accumulation of PpExp3 transcripts in response to ABA, but not (or only partially) to

salt.
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Figure 15: Response of PpExpl, PpExp3, PpExp4 and PpExpBl to

darkness and salt or phytohormone treatment. Moss protonemata
were grown for 6 days on extended medium and then transferred to to

Petri dishes with fresh medium for 24 hours prior to RNA extraction.

These Petri dishes contained either normal extended medium (control
and dark), or medium supplemented with 100 mM NaCl, or 1 yM
ABA (in the case of PpExpl, PpExp3 and PpExp4), or 1 fiM IAA (in the

case of PpExpBl). Apart from the control treatment, all the samples
were placed in light-tight boxes.

The next step towards elucidation of the role of expansins in growth and

development included a careful developmental analysis under the light microscope.

We hence looked for specific changes in shape or growth in the hope that some of

them would correlate with any of the characterised expression profiles of the P.

patens expansins.

Morphogenic responses to stress

Brood cell formation

We examined moss protonemal tissue exposed to various forms of stress or

phytohormones (which had been found to influence the level of some of the expansin

transcripts) under the light microscope and searched for morphological changes.

Only one of these conditions led to alterations in cell shape and thus provided some

indirect, correlative clues about the potential functions of expansin proteins: P. patens

colonies formed chains of (swollen ovoid or spherical) brood cells (cf. figure 16)
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when treated with micromolar amounts of ABA. These structures have been noticed

in a variety of bryophytes when they encountered suboptimal growth conditions

(e.g. ageing cultures in Petri dishes; Goode et al., 1993).

Figure 16: Micrographs of protonema of P. patens. Top panel:
chloronemal filament of 6 day old untreated cultures as control.

Central panel: chloronemal filaments and brood cells (arrows) of 6 day
old cultures treated for the last 48 hours with 1 juM ABA. Bottom

panel: chloronemal filaments as in the central panel, but after rapid
drying treatment. Brood cells (arrows) resist drying in contrast to

unadapted chloronemal filaments, which have undergone plasmolysis
(arrowhead). The size marker at the upper right corner measures

50 /im in length.

Desiccation tolerance

Brood cells are specifically linked with resistance and survival to adverse

environmental conditions (Goode et al., 1993): They withstand rapid drying
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conditions - illustrated by the green color and the non plasmolysed protoplast (cf.

figure 16) - but do not develop further until the stress is alleviated. If the colonies are

transferred to fresh medium (without ABA), the brood cells regenerate by producing

one or two chloronemal filaments (data not shown; Goode et al., 1993). This response

to environmental stress involves not only biochemical and cytoskeletal

modifications, but also changes in cell shape and thus wall architecture - an ideal

context for expansin action.

The identification and characterisation of expansin genes in P. patens, as well as the

developmental analysis of changes in growth and form, provide the basis for the

crucial experiments elucidating the role of expansins. These crucial experiments

consist in the creation of both loss-of-function and gain-of-function mutants and the

concomitant inspection of their phenotypes.

Creation of expansin KO mutants

KO strategy

To empirically test the importance of expansin action in brood cell formation and

other potential roles of expansins in the moss P. patens, we created KO mutants for
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Figure 17: General scheme of the KO strategy adopted in this study. A
selectable marker cassette (shown in green) is flanked by fragments
homologous to the target locus. The 5' flanking sequence is shown by a

thick red line, the 3' flanking sequence by double red lines. The

crossing-over events take place in the homologous regions and are

indicated by double-headed arrows. The target locus is an idealised

expansin gene and shown in red. The primer pairs used in the PCR

analysis to verify the targeted insertion are indicated by light blue (for
the 5' hybrid junction) and dark blue (for the 3' hybrid junction).
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PpExpl, PpExp3, PpExp4, and PpExpBl. The strategy consisted in the construction of

KO plasmids in which a selectable marker (in this case the nptll gene conferring

resistance to G-418) was flanked on both sides by fragments homologous to parts of

the genomic loci targeted (cf. figure 17). The 5' genomic flanking sequence started 10

to 70 bp downstream of the ATG start codon of the targeted expansin gene and

ranged in size between 387 and 616 bp (cf. table 9). The length of the 3' genomic

flanking sequence varied between 263 bp and 841 bp and stopped at least 10 bp

before the stop codon of the target locus. The absence of the start and the stop codon

in the KO constructs ensures that even single crossing-over events lead to disruption

of the target gene (Hofmann et al., 1999).

Table 9: Summary of the creation and isolation of KO mutants. For

each knockout construct, the length of 5' and 3' genomic sequences

flanking the selectable marker is given. The numbers of stable

transformants obtained, and how many of these lines were analysed,
are listed. The confirmed knockout lines (as assayed by lack of

relevant transcript accumulation) are indicated in absolute numbers,

as well as in percentages.

construct
5' flanking
region (bp)

3' flanking
region (bp)

stable

transformants

lines

analysed

KO

lines

%

(KO lines in

lines analysed)

KOI 412 841 21 10 0 0

K02 432 263 14 10 1 10

K03 430 494 14 5 4 80

K04 387 408 22 4 4 100

KOB2 616 282 26 5 4 80

Verification ofabsence ofrelevant transcripts

The KO constructs were then introduced into moss protoplasts by PEG-mediated

direct DNA uptake. The stable transformants were isolated two months later and

analysed at the RNA level to verify the absence of the transcript of the targeted gene.

As shown in figure 18, in four out of five cases KO mutants were obtained. Apart

from PpExpl - where only one out of ten analysed lines proved to be a true KO

mutant - four independent stable transformants with no detectable accumulation of

target gene transcripts were found for PpExp3, PpExp4 and PpExpBl (cf. figure 18 and

table 9). Despite repeated efforts to create KO mutants of PpExpl we have not been
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able to isolate stable transformants in which PpExpl mRNA was not detectable (cf.

figure 20).

Figure 18: Northern blot analysis of putative KO lines (true KO lines

are underlined). Total RNA was extracted from 6 day old protonemal
tissue derived from individual stable transformants. Apart from the

samples used in the PpExpl blot, the tissue was transferred to Petri

dishes containing fresh medium supplemented with 100 mM NaCl for

24 hours prior to RNA extraction to allow for accumulation of

expansin transcripts in the controls. The latter were either KO lines in

which a separate expansin gene had been successfully disrupted
(K03D, K04F, KOB2A), lines in which the targeting attempt had

failed (KOIB, K02P) or simply wild type (WT).

Total RNA of some of these KO mutant lines was used to test the presence of

transcripts of other expansin genes. As has already been noticed (Hofmann et al.,

1999), the specificity of the KO approach is high, thus perfectly permitting disruption

of one gene without affecting the other members of the family.
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When we compare the efficiency of the KO approach for the various expansin genes

a marked difference between PpExpl and the other genes becomes evident: In the

case of PpExpl only 10 % of the analysed lines were KO mutants, whereas for the

other genes the percentage of KO mutants amongst analysed stably transformed

lines ranged between 80 % and 100 %. Whether this difference is due to the fact that

the flanking regions in the PpExpl construct are shorter than the ones used in the

other constructs remains open to speculation.

Verification oftargeted insertion

Although the absence of relevant transcripts is the most direct proof of gene KO,

complementary and corroborating information can be obtained by verifying if the

transgene has inserted into the moss genome at the target locus. One possibility to

ascertain correct targeting is to amplify (by PCR) the hybrid junctions: One primer

anneals to a part of the genome that resides outside (upstream in the case of the 5'

junction, and downstream in the case of the 3' junction) of the homologous flanking

sequences of the targeting construct. The other primer is complementary to a part of

the resistance cassette (cf. figure 17). These PCR reactions thus are expected to

produce a band in correctly targeted mutants, but not in mutants where the targeting

construct was inserted elsewhere, and not in WT plants. The results of such a PCR

analysis of PpExpBl KO mutants correspond fully to these expectations and are

shown in figure 19. PCR amplification of genomic DNA from the mutant lines

KOB2A, KOB2D and KOB2E produces fragments of the predicted sizes for both the

5' and the 3' hybrid junctions. These fragments are neither amplified in the WT, nor

in the mutant line KOB2H, in which the PpExpBl transcript was still detected in

northern blot analysis (cf. figure 18) and thus did not disrupt the target locus,

because it presumably inserted elsewhere in the genome via illegitimate

recombination events.

PCR amplifications of the other targeted KO lines gave similar results, with the

exception that in most cases one of the two junctions failed to amplify. This failure is

difficult to interpret in the absence of further information. Technical problems of the

PCR could simply explain the amplification failure, but the absence of amplified

fragments could also reflect insertion of the targeting construct following only a

single crossing-over event (instead of double crossing-over events at both sides of the

resistance cassette). Due to the cloning strategy taken even these events are expected
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to lead to gene disruption and do thus not contradict the results of the northern blot

analysis.

Figure 19: PCR amplification of hybrid junctions in KO mutant lines of

PpExpBl. Expected amplified fragment sizes are 939 bp for the

5' junction and 636 bp for the 3' junction.

No overt phenotypes ofKO mutants

In parallel to the described molecular characterisation of the KO mutants, we

compared the shape of individual cells and the general growth of these mutant lines

to WT moss under the light microscope. No qualitative difference could be observed,

when protonemal tissue was grown under normal growth conditions (which was,

however, also due to the great variability of WT growth). Similarly, the responses of

KO mutants and WT to salt, light and phytohormones were indistinguishable. In

particular, the PpExp3 KO mutant was able to form brood cells in response to ABA.

Moreover, these brood cells resisted rapid drying conditions as well as those of WT

protonema pretreated with ABA (data not shown).

In addition to the (potential) data from loss-of-function mutants important

supplementary information about the role of a specific gene can be obtained from

gain-of-function (e.g. overexpression) mutants.
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Creation of expansin overexpression lines

The overexpression constructs were designed by placing the entire coding sequence

of either PpExpl, PpExpl, PpExp3 or PpExp4 under the control of the rice actin 1

promoter, which was shown to drive constitutive transgene expression in

graminaceous monocotyledons (McElroy et al., 1990,1991) and P. patens (D. Schaefer,

Université de Lausanne, personal communication). These constructs were co-

transformed (together with a plasmid bearing a selectable resistance cassette) into

protoplasts of P. patens and stable transformants were isolated.

Verification of transcript accumulation

In order to characterise these stable transformants at the molecular level (in an

analogous manner as the KO mutants were analysed), total RNA was extracted from

mutant lines stably transformed with the overexpression construct of PpExpl. The

result of the northern blot analysis for two independent mutant lines is shown in

Figure 20: PpExpl mRNA accumulation in transgenic lines. Total RNA

was extracted from moss protonemata of individual stable

transformants, which were grown for 6 days on extended medium.

The lower panel shows the methylene-blue stained membrane and

confirms equal nucleic acid loading and transfer.
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figure 20. Both overexpression lines are characterised by a massive increase of

PpExpl transcript level, thus confirming that the rice actin 1 promoter drives high

level transgene expression in P. patens. This remarkable degree of functional

conservation of ds-acting sequences was also noted in a study focused on the wheat

Em ABA-responsive promoter, which was introduced into the moss P.patens (Knight

et al., 1995).

The endogenous PpExpl transcripts (visible in the lanes of the expected KO lines)

migrate at a lower rate through the gel and form a band, which is located above the

one of the PpExpl transgene transcripts. This difference in migration rate is

presumably due to a size difference resulting from variable lengths of the 5' and

3' UTR of the endogenous and the transgene transcripts. An additional band at

around 4 kb is apparent in the lanes of the overexpression lines. The presence of that

band could be interpreted as and explained by an incompletely recognised stop

codon and read-through transcripts. Further experiments are needed, however, to

clarify the identity of the 4 kb band unequivocally.

Due to time limitations, we were unfortunately not able to complete the molecular

characterisation of the stable transformants resulting from the experiments with the

overexpression constructs of the other expansins. However, we consider the

verification of transcript accumulation in these mutants important, because they

were created by co-transformation of two different plasmids and the selection

procedure is based only on the presence of the second plasmid (bearing the

resistance cassette; cf. discussion).

No discernible phenotype ofoverexpression mutants

Although the molecular characterisation of most mutant lines still remains to be

done, we submitted these lines (analogously to the KO mutants) to different growth

conditions and compared them to WT in the hope to find and to define a phenotype.

Upon careful examination of the shape of the cells, general growth and the responses

to various phytohormones or stresses, however, no differences between WT and the

(putative) overexpression mutant plants could be noted.
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Discussion

The aims of this study were to analyse the interdependence of cell expansion and

other growth related processes during plant development. To do so, we have used

the cell wall proteins expansins as molecular tools for the manipulation of plant cell

expansion in P. patens. The first steps, therefore, consisted in the identification and

characterisation of these moss proteins.

Divergent expansin genes of P. patens

We have identified novel expansins in the bryophyte P. patens, thereby confirming

the expectation that expansins were to be found in all land plants and supporting the

idea of the general importance of expansin-mediated modulation of cell wall

plasticity in plant physiology. The expansin gene family in P. patens comprises at

least seven genes, including both a- and ß-expansins. This has been found to be the

case for every plant analysed to date and is in agreement with the hypothesis raised

by Li and coworkers (2001) stating that the expansin family has diversified and split

into subfamilies already before the origin of land plants. One way to test this

hypothesis further would therefore be to screen for expansin genes in other

bryophytes, as well as in representative species of the charophyceae from which the

land plants are thought to have evolved. Expansin genes from this group of green

algae would help to clarify the origin of expansins and to establish the ancestral

relationship between them.

Interestingly, out of the seven expansins identified in P. patens five belong to the a-

subfamily, and only two to the ß-expansin subfamily. There is a clear bias towards

the a-expansins, suggesting that they are predominant in P. patens. To our

knowledge, the composition of the extracellular matrix of mosses has not been

characterised. It is therefore unclear whether the cell wall of mosses is more similar

to that of dicotyledons (type I walls) or to that of graminaceous monocoyledons (type

II walls; Carpita and Gibeaut, 1993). Since the predominance of a- or ß-expansins
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correlates with the different composition of the extracellular matrices, and a-

expansin like sequences seem to be predominant in P. patens, we conclude and

speculate that mosses possess extracellular matrices similar to type I walls. One

should bear in mind, however, that these expansin sequences probably constitute

only a fraction of the comprehensive expansin family in P. patens, since EST

collections in A. thaliana led to the identification of only roughly half (i.e. 54 %) of the

sequences actually present in the genome (Li et al., 2001). Based on this number, we

would anticipate that the expansin family in P. patens may comprise 10 to 20

members. It can, therefore, not be excluded that the identified sequences

misrepresent the expansin family and that the observed predominance of a-

expansins is not reflected at the genome level.

The phylogenetic comparison between the expansin sequences from all the different

phyla of land plants has shown that the expansins from P. patens are more divergent,

at least at the level of the primary sequence. Indeed, some of the moss expansins

branch off immediately from the rest of the a-expansins without falling into

subgroups (PpExpl and PpExp3, cf. figure 6), whereas the others are attached with

longer branches to the tree, underlining the evolutionary distance to the other

members of the subgroups. In the absence of an understanding of the biochemical

mode of action of these proteins the functional significance of this diversity is not

predictable. Nevertheless, there is another line of evidence also suggesting that the P.

patens expansins are more distantly related to those of the other phyla: We were not

able to detect cross-reacting proteins in Western Blots with an antibody raised

against the cucumber a-expansin CsExpl (data not shown). This might be simply

due to low amounts of active proteins in growing protonema, since the filaments

constituting it extend only at their tips and the majority of the tissue is not growing

at all and does thus presumably not depend on expansin activity. However, at the

RNA level at least some of the P. patens expansins are expressed at a moderate level,

since their transcripts were detected amongst total RNA on northern blots.

Alternatively, the absence of cross-reacting proteins on western blots could be

attributed to the divergence of the expansins from P. patens. This diversity could

reflect the specialisation of expansin protein structure and function for (hypothetical)

substrates specific to the extracellular matrix of mosses. This second interpretation is

consistent with the fact, that we were not able to measure any expansin activity using

cell wall extracts from P. patens in in vitro assays developed for expansins from

higher plants (data not shown). The adaptation of this assay to moss proteins by for
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example placing heat-inactivated moss wall preparations between the clamps of an

extensometer, instead of cucumber cell walls or artificial composites derived from

cellulose synthesised by Acetobacter xylinus and tamarind xyloglucans (Whitney et

al., 2000) would therefore open interesting perspectives in future studies aiming at

better understanding the role and function of expansins in P. patens.

Regulation of expansin gene expression

By characterising these novel expansin genes, we have shown that the regulation of

the expression of these genes is complex and responds (at the RNA level) to various

environmental and hormonal signals including light, temperature, salt, osmotic

pressure, auxin and ABA. Some of these signals only affected individual members of

the expansin gene family in P. patens. For instance, only the level of PpExpBl

transcripts was influenced by the phytohormone IAA, whereas the other genes were

non-responsive (cf. figures 7, 10 and 11). Similarly, cold treatment of moss

protonemata led specifically to the downregulation of PpExp4 transcripts without

altering the transcript level of any other gene (cf. figure 14). The expression of

individual members of large gene families is often subjected to different regulatory

mechanisms, resulting in specific (spatial and/or temporal) expression patterns and

allowing for (functional) specialisation of the various genes. This general rule applies

also to the expansin gene families in tomato (Rose et al., 1997; Brummell et al.,

1999b), rice (e.g. Cho and Kende, 1997), maize (Wu et al., 2001a), and A. thaliana (e.g.

Cho and Cosgrove, 2000), as well as to the one in P. patens characterised in this study.

Budformation

Treatment of protonemal cultures with the phytohormone cytokinin reportedly leads

to the swelling of many more SBIs, which subsequently undergo bud differentiation

and produce gametophores (Cove and Knight, 1993; Reski, 1997). These established

changes in adopted cell fate correspond to the transition between different steps in

the life cycle of P. patens. They involve also changes in cell shape and thus

architectural changes of cell walls. The response of protonemal cultures of P. patens

could thus constitute another example of a hormonal signal affecting the activity of

specific member(s) of the expansin gene family. However, none of the P. patens
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expansins studied here displayed an alteration of its transcript level in response to

cytokinin treatment. Moreover, all the expansin KO mutants still were able to form

buds and gametophores, suggesting that the swelling of the SBI is either mediated by

other cell wall related proteins (e.g. xyloglucan endotransglycosylases) or by another

yet unidentified member of the expansin gene family. It is also conceivable, however,

that cytokinins act on expansins via post-transcriptional or -translational

modifications (e.g. Downes and Crowell, 1998; Downes et al., 2001), thereby altering

their activity without changing their transcript level. One future direction of research

to test the role of expansins in the swelling of SBIs (and therefore in the transition

from the juvenile to the adult gametophyte) should envisage altering the expression

level of expansins in previously characterised developmental mutants of P. patens

(Ashton et al., 1979a, 1979b). We have obtained strains for both bud overproducing

(ove) mutants and mutants deficient in bud formation (bud), but have not yet

transformed these strains due to time constraints.

Light regulation

In addition to environmental or hormonal triggers affecting the expression of specific

genes or the stability of their respective mRNAs, we have also identified signals

which influence the transcript levels of the majority of the P. patens expansin genes.

Placing moss protonemal tissue in darkness for 24 hours, for instance, led to the

downregulation of all expansin transcript levels, with the exception of PpExpl which

proved to be constitutively expressed (cf. figure 7). This compares to the reported

regulation of LeExpl, the major expansin gene expressed in stem and hypocotyl

tissue of tomato: The mRNA level decreases when the plants are transferred to

darkness (Caderas et al., 2000). Since hypocotyls elongate much faster in darkness (a

phenomenon and process termed etiolation), the transcript abundance of LeExpl

correlates negatively with the growth rate.

This contrasts with the situation in P. patens, although the influence of light on the

expression of expansin genes is apparently identical in the two organisms.

Intriguingly, chloronemal cell division is light dependent and chloronemal cells do

not grow in darkness, even if supplied with an organic carbon source (Cove, 1992).

Since the protonemal cultures were routinely grown on extended medium which

contains ammonium tartrate (in addition to glucose), and since the ammonium ion

promotes the development of chloronema (Jenkins and Cove, 1983), the protonemata
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that were placed in darkness consisted mainly of chloronemal filaments. The

downregulation of the majority of the expansins from P. patens therefore correlates

(positively) with the arrest of growth of the majority of cells, supporting the idea of

the implication of expansins in growth processes in the moss P. patens.

In the future, interesting questions concerning this correlation between chloronemal

tip growth and expression of the majority of expansins in P. patens could be

addressed by placing protonemal cultures into chambers illuminated by a light

source of defined wavelengths. Is chloronemal growth restored by illumination with

the same wavelengths (i.e. by the same action spectrum) to which expansin gene

expression responds?

Regulation ofexpansins by stress responses

The response to salt stress was another observed example of an environmental

trigger altering the mRNA levels of the majority of expansin genes analysed. In fact,

only the PpExpl transcript concentration was found to remain at the same

(constantly high) level after 24 hours salt treatment, whereas the transcript levels of

all the other expansin genes were elevated (cf. figure 7). This finding was unexpected

and adds to the growing body of evidence for the involvement of expansins in plant

stress responses. The latter theme has emerged upon three observations. First,

transgenic A. thaliana mutants overexpressing AtExplO were characterised by

facilitated pedicel abscission in addition to altered leaf sizes (Cho and Cosgrove,

2000). The timing of AtExplO expression (which is predominant in pedicels of young

rather than mature siliques), together with the lack of a morphologically distinct

abscission zone and the fact that the flowers and fruits do not abscise in A. thaliana,

however, speak against a direct implication of AtExplO in the abscission process and

raise some confusion about the function of this particular expansin at the pedicel's

base. Second, transcript levels of five ß-expansins were elevated after the excision of

stem segments and after wounding of intact rice plants (Lee and Kende, 2001).

Further experiments are needed, however, to corroborate the biological significance

(i.e. the implication of expansins in plant wound responses) of this correlation.

Finally, the third observation linking expansin expression to stress responses was

made in drought-stressed maize roots, in which the transcript levels of specific

members of the expansin family (including both a- and ß-expansins) were increased

upon transfer of the roots to vermiculite mixtures with low water potential (Wu et
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al., 2001b). The authors hypothesised that the functional significance of the

upregulation was to permit unrestricted root growth (and hence the capacity to

pursue a receding water source into deeper soils) at reduced internal turgor pressure

by increasing the cell wall yielding properties.

In biophysical terms, the upregulation of expansin transcript levels in P. patens in

response to osmotic stress is related to the situation in maize roots, because the

greatly negative solute potential (resulting from high salt or mannitol concentrations)

also decreases the external water potential. Thus, based on this analogy, we speculate

that the higher mRNA levels of the P. patens expansins are indicative of elevated

expansin activity, which would be necessary for increased cell wall elasticity

allowing growth with decreased turgor. One way to test this hypothesis would

reside in measuring the wall extension properties of the moss extracellular matrix

before and after salt (or osmotic) stress. The decreased water potential, however,

cannot explain why PpExpl and PpExpBl respond to high salt treatments, because

treatments with osmotic equivalent concentrations of mannitol (resulting in the same

decrease in water potential) did not result in the accumulation of their transcripts (cf.

figure 8). The salt stress response of these genes might thus be linked to toxic effects

of the Na+ or CI" ions. This assumption, as well as the influence of the individual ions,

could be tested by treating moss tissue with osmotic equivalent amounts of either

Na2S04, KCl or K2S04.

The responsiveness of PpExp3 to ABA - a stress-associated phytohormone - is

another piece of evidence supporting a role of expansins in plant stress responses.

Since the upregulation of the PpExp3 mRNA level precedes the formation of brood

cells in response to ABA, it is tempting to speculate that this expansin is required for

the wall rearrangements associated with the specific changes in cell shape. The

observation that protonemal cultures of P. patens form brood cells in response to IAA

even in the dark, however, speaks against this simple view, because dark treatment

was shown to inhibit the accumulation of PpExp3 transcripts in response to auxin (cf.

figure 15).

The requirement of expansins in brood cell formation would imply that expansins

play a role in the acquisition of desiccation tolerance in P. patens. We have addressed

these important questions using a molecular genetic approach in which we created

targeted KO mutants of individual expansin genes.
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Gene targeting in P. patens

It has been shown that the integration of foreign DNA sequences into the genome of

P. patens occurs at a tenfold higher rate when part of the foreign DNA shares

homology to moss sequences and that the foreign DNA is predominantly integrated

at the genomic locus with which it shares homology (Schaefer and Ziyd, 1997). This

avoids laborious and time-consuming screening procedures and thus facilitates the

isolation of mutants in which the transgene is targeted, because the majority of stable

integrative transformants (in which the transgene is incorporated in the genome and

not lost upon omission of selective pressure) is expected to result from targeting

events, i.e. from insertion of the transgene mediated by homologous recombination.

The data provided in this study confirm this expectation, and further corroborate the

utility of "reverse genetics" approaches in that we were able to generate complete KO

mutants for four (out of five) targeted expansin genes.

Targeting efficiencies

The numbers for PpExp3, PpExp4 and PpExpBl listed in table 9 are consistent with

the targeting efficiencies of around 90 % reported previously (Schaefer and Zryd,

1997; Girke et al., 1998; Schaefer, 2001). They are also in agreement with the observed

tenfold increase of stable transfomants when homologous sequences are present in

the transforming DNA (Schaefer and Zryd, 1997), for approximately one tenth (in

total 2 out of 14 analysed lines) of the transformed mutants were not targeted and

resulted from illegitimate recombination (which mediates the integration of foreign

DNA ten times less efficiently).

In the case of PpExpl, however, the targeting efficiency was greatly reduced to 10 %,

i.e. only one out of ten analysed lines lacked the relevant transcript as assayed on

northern blots. This reduced efficiency might be due to the limited length of

homologous sequences in the targeting construct (cf. table 9). Alternatively, the locus

of PpExpl could be situated in a genomic region which is less accessible to the

machinery mediating the integration of foreign DNA, thereby increasing the relative

incidence of illegitimate recombination. These two explanations are not mutually

exclusive, and perhaps the combination of both arguments is the most convincing

rationalisation for the observed reduction in targeting efficiency.
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Another interesting molecular aspect of the gene targeting approach adopted in this

study should be mentioned: PCR analysis of the stably transformed PpExpBl KO

mutants revealed that both hybrid junctions were present in the mutated moss

genome (cf. figure 19) indicating that mostly double crossing-over events led to the

insertion of the transgene at the target locus. In our case, this finding is not of further

importance because of the design of the KO constructs which ensures gene

disruption even after an insertion event mediated by a single crossing-over at either

side of the resistance cassette. The frequency of double crossing-over events

mediating targeted insertion is, however, of crucial importance when allele

replacement experiments are planned. This frequency was found to be high, at least

in the case of PpExpBl, and thus supports the feasibility of allele replacements in P.

patens.

Expansin genefusions

Another approach potentially contributing to the understanding of the role of

expansins in P. patens consists in the transformation of moss protoplasts with

constructs, in which marker genes (e.g. the GUS or the GFP gene) are translationally

fused to expansin genes. Homologous recombination mediated insertion of the gene

fusion construct places the marker gene under the control of all regulatory elements,

which normally act on the targeted genomic locus. This contrasts with marker gene

fusion reports in higher plants, where only a few kb of the 5' region of the studied

gene were used for the regulation of marker gene expression (e.g. Donnelly et al.,

1999; Favery et al., 2001). Subsequent visualisation of the marker genes eventually

yields complementary information to the direct loss- and gain-of-function approach

in that the spatial expression pattern of the studied genes is revealed.

We added the GFP marker gene (Davis and Vierstra, 1998), as well as the GUS

marker gene (Jefferson et al., 1987) to the coding sequences of both PpExpl and

PpExp3 by mutating the stop codons of the latter. This is expected to lead to a C-

terminal translational fusion product. Due to time limitations, however, we

undertook only preliminary molecular characterisation of the resulting stable

transformant lines and checked by PCR the presence of the transgene in genomic

DNA. Although many lines proved positive (data not shown), we were not able to

detect GFP upon inspection under the fluorescence microscope (even in salt treated
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plants). Future work should envisage testing N-terminal fusion constructs for the

visualisation of expansin genes.

Co-transformation

Since neither the overexpression nor the gene fusion constructs used in this study

comprised a selectable resistance cassette, protoplasts of P. patens were co-

transformed with equal amounts of pKO, which does not contain any sequences

homologous to parts of the moss genome, but includes the nptll cassette conferring

resistance to G-418. Two possible mechanisms can account for the integration of the

resistance cassette into the moss genome and the concomitant creation of stable

integrative transformants. First, pKO can insert into the moss genome via illegitimate

recombination events, which, however, are reportedly rare (Schaefer and Zryd,

1997). Second, pKO and the overexpression constructs may recombine

extrachromosomally (as their plasmid backbones share significant sequence

homology), prior to the insertion of the hybrid construct into the moss genome at the

target locus. The second mechanism thus involves a combination of two homologous

recombinations and is consequently more likely to take place. In fact, this expectation

was confirmed by our partial molecular characterisation of the overexpression

mutants (i.e. of the PpExpl overexpressing lines) as well as by PCR screening of the

stable transformants isolated from the gene fusion experiments, because the presence

of the marker gene used in the fusion constructs was revealed in most of the lines

(data not shown).

Lack ofphenotype in KO and overexpression mutants

Although we have isolated KO mutants for four different expansin genes, we could

not identify discernible phenotypical differences associated with the loss of an

expansin gene in any of these mutants. Similarly, overexpression of individual

expansin genes did not result in any visible alteration of growth or shape of moss

cells and colonies under various growth conditions. The growth conditions included

all the treatments in response to which a transcript accumulation of the target gene

had been observed in the expression analysis of expansin genes in WT plants. Of

particular importance in this context was the ABA-induced accumulation of PpExp3

mRNA, since it correlated with a morphogenic stress response implicating changes
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in cell shape and thus potentially a precisely defined role of expansin action.

However, KO mutants of PpExp3 still formed brood cells in response to ABA

treatment (as did WT protonemal cultures placed in darkness), and these brood cells

were functional in that they resisted rapid drying (data not shown), implying that

PpExp3 is not required for the formation of desiccation tolerant brood cells.

The absence of informative phenotypes in "reverse genetics" approaches has been

remarked upon in many cases (Bouché and Bouchez, 2001), and various reasons

could account for it. First, (partial) functional redundancy allows the organism to

compensate the loss of a gene. In large gene families - as that of expansins in land

plants - this compensation is likely to occur. Second, the lack of informative

phenotypes can, however, also result from the difficulties associated with the

detection of weak physiological changes. For instance, it has been shown in the yeast

Saccharomyces cerevisiae that many disruption mutants suffer from small, but

significant reductions of fitness, which are not large enough to be detected by

conventional methods. These mutants thus did not display any discernible

phenotype, but they were at a significant selective disadvantage when they were

grown (on rich medium) under normal laboratory conditions in direct competition

with their "wild-type" progenitor (Thatcher et al., 1998). Again, since these two

reasons do not exclude each other, a combination of both arguments might best

explain the lack of identifiable phenotypes.

Multiple KO mutants

One way to circumvent the problems associated with functional redundancy is to

alter simultaneously the expression of all gene family members. This could be

achieved by virus-induced gene silencing (Baulcombe, 1999), a technology which is

rapidly evolving. It is unclear, however, if higher plant viruses are capable of

infecting mosses. This has to be tested before adopting that technique for P. patens.

It is also conceivable to employ an approach which is presumably mechanistically

related to virus-induced gene silencing. This method uses double-stranded RNA to

mediate genetic interference. Investigations in various experimental model systems

(including animals and plants) have proven the usefulness of double-stranded RNA

to trigger gene silencing (reviewed in Fire, 1999). These aberrant RNA molecules are

injected in most animal systems, but it has been shown in A. thaliana that

transformation with constructs in which a strong constitutive promoter drives the
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expression of a transcript encompassing the sense as well as the antisense strand of a

gene of interest results in the same (specific and heritable) genetic interference

(Chuang and Meyerowitz, 2000). Transformation of P. patens with a construct in

which the cDNA determining the sequence of the most conserved region of

expansins is followed by its antisense fragment could therefore constitute a

promising approach to influence the activities of several expansin genes

simultaneously (although the sequence specificity for genetic interference remains to

be established).

Another strategy to overcome the lack of phenotypes resulting from functional

redundancy is to create multiple KO mutants, in which several members of gene

families are disrupted. In A. thaliana, two recent reports have demonstrated the

convenience of this strategy. Individual KO mutants of MADS-box transcription

factors without discernible phenotypes were combined and resulted in double

(Liljegren et al., 2000) or triple (Pelaz et al., 2000) mutants with phenotypes from

which the function of the mutated genes could be deduced, i.e. mutants with

informative phenotypes.

One way to create multiple KO lines is to cross individual transgenic KO strains.

Since P. patens is a monoecious plant (i.e. the same plant forms both female and male

sexual organs and gametes) and self-fertile, the outcome of sexual crosses would be a

large population of single KO plants in which the double KO mutants would have to

be screened for. Similarly, protoplast fusions between different KO strains would

generate diploid WT gametophytes (because of the mutual complementation).

Parthenogenetic development of the egg cell of the diploid gametophyte would then

produce a diploid sporophyte (Cove and Knight, 1993). The latter would finally

produce haploid spores through meiosis, during which the two transgenes segregate

(if they are not on the same chromosome). The double KO mutants would again have

to be found by screening a large population consisting mainly of single KO mutants.

Alternatively, the creation of multiple KO could be envisaged via successive rounds

of targeted KO. In order to prevent insertions into the resistance cassette of

previously targeted loci, homologous sequences in the different targeting constructs

have to be avoided. The avoidance of homologous sequences in the transgenes,

however, imposes a major limitation on this method, because of the restricted

number of constitutive promoters and (characterised) resistance genes. This

limitation could be overcome by placing the resistance cassette in the targeting

constructs, for instance, between (modified) lox sites. Transient expression of the Cre
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recombinase between the successive rounds of targeted KO would subsequently

excise the resistance cassette and leave only the 34 bp short mutated lox site, which

would not participate in future recombination reactions, because it is less well

recognised by the Cre recombinase (Dale and Ow, 1991; Albert et al., 1995). We have

cloned these mutated lox elements to flank the nptll resistance cassette, but have not

yet performed multiple rounds of targeted KO.

Is PpExpl essential for protoplast regeneration andfilament outgrowth?

In contrast to the other four targeted expansin genes, which were disrupted with

relative ease, our repeated attempts to create KO mutants for PpExpl did not meet

with success. Several targeting constructs were designed and introduced into

protoplasts of P. patens, but northern blot analysis of the resulting stable

transformants revealed that they all still expressed PpExpl. The difficulties associated

with the isolation of PpExpl KO mutants are perhaps due to a vital role of this

particular member of the expansin gene family in the regeneration process of

protoplasts. In this view, protoplasts in which the insertion of the transgene was

targeted and therefore PpExpl disrupted, acquired a lethal mutation, since they

lacked an essential gene for either cell wall synthesis, germination or subsequent

initial protonemal development. In addition, this gene was shown to be

constitutively expressed and its mRNA level not to be subject to changes in response

to any tested treatment. This could be interpreted in the way that P. patens depends

constantly and under every circumstance on the gene product. One way to answer

these questions and to find out more about the function of PpExpl in P. patens would

consist in the downregulation of this gene in precisely defined places and/or at

specific stages of the life cycle. The spatial definition of PpExpl downregulation

could be achieved by placing the transgene in the opposite orientation (i.e. antisense)

under the control of promoter elements identified from gene-trap and enhancer-trap

studies, which mediate tissue- (and in some cases even cell-) specific expression

(Hiwatashi et al., 2001). Alternatively, the downregulation of PpExpl could be

limited temporally by using an inducible promoter system (e.g. the estrogen

receptor-based XVE transactivation system; Zuo et al., 2000). This would first include

transformation of P. patens (via illegitimate recombination) for constitutive

expression of the chimaeric transactivator. In these lines, the endogenous gene would

then have to be disrupted by the insertion of the targeting construct (consisting of the
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inducible promoter driven PpExpl coding sequence). The expression of PpExpl could

be maintained during protoplast regeneration by including the inducing substance

(estradiol in the case of the XVE system) in the medium, and downregulated by

omitting the latter in the medium, as soon as the stable transformants have

completed regeneration.
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Conclusion

We are interested in the interactions between cell expansion and other growth-

related processes in plant development. Focusing on expansins as molecular tools for

the manipulation of cell expansion and using the bryophyte P. patens as experimental

model system, we have confirmed the expectation that expansins are present in all

land plant phyla by identifying seven novel expansin sequences. Characterisation of

these genes has revealed that their transcript levels are subject to a complex

regulation and respond to diverse environmental and hormonal triggers.

In order to explore the role of expansins, and thus cell expansion, we created gain-of-

function (i.e. overexpression) as well as loss-of-function (i.e. KO) mutants for a series

of expansin genes in the moss P. patens. However, these mutants did not display

discernible phenotypes and leave the question of the roles of expansins in the

development of P. patens essentially unanswered and open to speculation. In this

conclusion, we thus propose "educated guesses" about the importance of expansins,

based on four different situations met in the life cycle of P. patens.

The juvenile gametophyte, which arises upon spore germination (or tissue

regeneration), consists of a branched system of filaments. These filaments only

extend at their ends by tip growth. Tip growth is characterised by the fact that cell

wall material is added locally to an elsewhere rigid extracellular matrix and differs

therefore radically from (isotropic) cell expansion where expansin action was shown

to play a role. It is thus likely that expansins catalyse different molecular

rearrangements in protonemal tips and expanding plant cells. This would also

explain why we were not able to measure expansin activity with cell wall extracts of

moss protonemal tissue.

Other putative sites of expansin action, however, are the branching points of the

filaments: The tubular cell wall of a protonemal filament bulges out locally before

subsequent cellular divisions give rise to side branch initials. It is tempting to

speculate that this outgrowth results from a localised increase in cell wall

extensibility in a part of the extracellular matrix. In this case, i.e. in the formation of

side branch initials, the presumed role of expansin resides in the biophysical
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regulation of cell growth by locally relaxing wall stress. A corollary of this

hypothesis (i.e. of the implication of expansins in the formation of side branch

initials) is that expansins have to be locally excreted to the extracellular matrix and

accumulate specifically where the side branch initial will form. This could be tested

with GFP fusion constructs that allow the detection of expression.

A third event, differing from both former growth processes, is encountered when

buds swell and the erect leafy shoots subsequently emerge. This swelling and the

growth of the cells constituting the gametophore occurs by isotropic cell expansion

and is therefore more similar to the "classical" expansin mode of action (in higher

plant cells).

Finally, the formation of brood cells in response to ABA (whose signalling

transduces the reception of adverse environmental conditions) constitutes yet

another example of cell shape changes involving putatively expansin-mediated wall

rearrangements. We speculate that different members of the expansin gene family

mediate each of these distinct growth processes, explaining the diversity and

divergence of the identified expansin gene family in P. patens.
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