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Abstract
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The evolutionary relationships between the angiosperm floral organs and the
reproductive organs of other seed plants are not known. Flower organ development
requires transcription factors encoded by the MADS-box genes. Since the evolution of
novel morphology likely involve changes in developmental regulators, I have analysed
MADS-box genes from the conifer Norway spruce, Picea abies, a representative of the
gymnosperm group of seed plants.

The results show that the MADS-box gene family has evolved via gene
duplications and subsequent diversifications in correlation in time with the evolution of
morphological novelties along the seed-plant lineage.

Angiosperm MADS-box genes that determine petal and stamen development
have homologues in the conifers, that are specifically active in pollen cones. It is,
therefore, likely that the common ancestor of these genes controlled the development of
the pollen-bearing organs in the early seed plants, and later were recruited for petal
development in the angiosperms.

Norway spruce set cones at an age of 15-20 years. One of the spruce MADS-box
genes analysed may have a function in the control of the transition to reproductive
phase, supported by expression data and the effect of the gene on development of
transgenic Arabidopsis plants.

Two of the spruce genes identified are not closely related to any known
angiosperm gene. These may have roles in gymnosperm-specific developmental
processes, possibly in the patterning of the conifer cones, as suggested by their
expression patterns.

The molecular regulation of cone- and flower development in fundamental
aspects is highly conserved between conifers and angiosperms, however, differences
detected may be informative regarding the origin of morphological complexity.
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PREFACE

__________________________________________________________________________________________________________

Evolution of morphology and the phylogeny of developmental regulators
The reproductive organs of the major groups of seed plants, the conifers and the

flowering plants, differ greatly in morphology. Most flowers have whorls of sterile
organs, sepals and petals, surrounding the pollen-bearing stamens and the ovule-bearing

carpels. Several of these organs are unique to the flowering plants, and especially the

carpel, which encloses the ovules, is a key innovation in the flowering plants lineage,

the ‘angiosperms’ (Greek for ‘vessel seed’). Contrasting to the bisexual flower of most

angiosperms, the pollen-producing- and the seed-producing reproductive structures of

all other seed plants develop from separate meristems and the ovules are not enclosed as
in the angiosperms but born on the surface of a sporophyll. The unisexuality and the

naked seeds are common features for all groups of seed plants other than the

angiosperms. The conifers, the gnetophytes, the cycads, and Ginkgo are therefore

collectively named ‘gymnosperms’ (Greek for ‘naked seed’). The evolutionary origin of

the angiosperm flower is unknown, and the homology of the floral organs of the

angiosperms and the reproductive organs of the gymnosperms is unclear.

As an alternative approach to the analysis of morphology and fossils to assess the

question of organ homology and the evolution of novel form, molecular analyses may

be used to examine the evolution of the developmental mechanisms that underlie the

diverse morphology. This approach is based on the assumption that organs with a

common ancestry are likely to share at least some aspects of the regulation of their
development. In angiosperms, MADS-box genes encode proteins required for the

regulation of flower organ development. The MADS-domain proteins act as trans-

cription factors i.e. they activate or repress transcription of other genes, some of which

encode proteins that build the different organs of the flower (Weigel and Meyerowitz,

1994). A mutation resulting in, for example, a change in amount and/or localisation of

such a regulator would result in an altered morphology of that particular organ, and may
thereby be the basis upon which selection could act in the evolution of novel plant form

(Doebley and Lukens, 1998). An analysis of the phylogeny of these developmental

regulators may therefore potentially be informative regarding the evolution of plant

form (Tandre et al., 1995; Theissen and Saedler, 1995). The importance of MADS-box

genes in flower development has been well established, but MADS-box genes have also

been identified in gymnosperms. Analyses of these indicate that MADS-box genes
needed for stamen and carpel development in angiosperms have homologues that act in

the development of the pollen- and seed-bearing structures of the gymnosperms (Tandre



7

et al., 1995). It is therefore likely that the evolution of the groups of MADS-box genes

that regulate angiosperm reproductive development predate the origin of the seed plants.

If so, it is likely that they would be of importance also for reproductive development in

the other groups of seed plants.

Aims and approaches
The aim of this thesis was to try to understand some of the molecular similarities and

differences of the regulation of the development of the reproductive organs of the

conifers and the angiosperms, with the ambition to better understand the developmental

biology of the conifer cones. I wanted to examine to what extent homologous factors are

involved in the regulation of development of reproductive organs of the conifers and
angiosperms. For example, we know that genes homologous to those regulating stamen

and carpel/ovule development in angiosperms are present in the conifers, but what about

those regulating petal or sepal development, two types of organs unique to the flowering

plants? Another question concerns the potential differences in regulation of the

development of the floral organs and of the cones. Can we find developmental

regulators that are unique to the conifers, and if so, do they regulate conifer specific
features?

To approach these questions I have isolated and analysed several MADS-box genes

form the conifer Norway spruce, Picea abies (L.) Karst. I have reconstructed the

phylogenetic relationships of the conifer genes in relation to MADS-box genes isolated

from other plant species. A detailed analysis of the temporal and spatial patterns of
expression of these genes in e.g. the seed- and pollen cones1 during development, have

been undertaken in order to formulate hypotheses regarding their functions. Genetic

analyses in Norway spruce becomes difficult and time consuming, because of their long

generation time, but methods have recently been developed that makes it possible to

genetically transform Norway spruce (Clapham et al., 2000; Walter et al., 1999).

However, these are of limited use for the study of the function of potential regulators of
reproductive development, again due to the long generation time of spruce. I have,

therefore, used an alternative method to approach the functions of the genes, and

analysed the effects of constitutive expression of these genes when active in the

development of the model plant Arabidopsis thaliana.

                                                  
1  The seed cone does not carry seeds until after fertilisation, but will be called seed cones in all
developmental stages anyway for simplicity. In other literature the seed cones may be called ‘female

cones’, ‘ovulate cones’, or ‘megasporangiate strobili’. For the same reason I will use the word pollen

cone to denote the ‘male cones’ or ‘microsporangiate strobili’ in all stages of development.
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INTRODUCTION
__________________________________________________________________________________________________________

The conifer Norway spruce
Norway spruce, together with e.g. Pinus, Abies, Larix, Cedrus, and Tsuga, belongs to
the family Pinaceae (Farjon, 1990). It is common in boreal forests across northern

Eurasia, from the Alps in France to the Sea of Okhotsk. East of the Ural Mountains a

‘minor species’ (Picea obovata) of Picea abies can be recognised (Farjon, 1990). In

natural stands Norway spruce produces its first cones after 15-20 years or even longer.

Abundant cone production occurs only every third or fourth year, and never in two

consecutive years, as it drastically limits the vegetative growth during the following
season (Tirén, 1935). This is due to the fact that the seed cones, and sometimes also the

pollen cones, develop in apical positions on the branches and thereby terminate the

vegetative growth of the branch. The seed cones are mainly formed in upper third of the

tree, whereas the pollen cones dominate the lower parts of the tree. This pattern is

reiterated along the branches, where the pollen cones mainly occupy basal, and the seed

cones apical, positions (FIG. 1).

FIGURE 1. A seed cone of Norway spruce at pollination, and pollen cones just before

pollen release in late spring.

The primordia that develop during the elongation of the branches in the spring, are most

likely non-determined and can develop into either vegetative shoots, seed cones, or

pollen cones, during the following year. The decision on the identity of the primordia is

influenced by their position on the branch, but also by the weather conditions. In central

Sweden the temperature during the last weeks of June and the first weeks of July seems
to be important for cone development (Lindgren et al., 1977). Warm weather promotes
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cone production whereas in colder conditions a majority of the primordia develop into

vegetative shoots.

Development of the reproductive organs in Norway spruce
Cone development extends over two years. After primordium determination in the early
summer, lateral organs of both the seed cones and the pollen cones are initiated and

differentiate during the late summer and autumn, of the first year of development. In the

late spring, after the winter dormancy, the seed cones are pollinated, and the seeds

mature during following summer and autumn and are shed during the winter, the second

year.

Development of the seed cone

One of the first changes seen after seed cone primordium determination is that it

becomes dome shaped, in contrast to the vegetative shoot primordium, which remains

more pointed. Bract primordia initiate in a spiral pattern, and primordia of the

ovuliferous scales initiate in the axil of, and partly fused to, the bracts (FIG. 2). The

ovuliferous scale-bract complexes are initiated acropetaly from the apical meristem, and
will thus form a developmental series along the cone axis. Most or all ovuliferous scale

primordia have been initiated by the winter dormancy. Two ovules initiate on the

adaxial (upper) side of each ovuliferous scale. During the spring the integuments

differentiate, with a micropyle (an opening in the integuments where the pollen grains

can reach the ovule) pointing towards the cone axis (FIG. 2), and the ovuliferous scale

grows to become larger than the supporting bract, which by then appear minute
compared to the ovuliferous scale. At this point, the seed cones are erect on the

branches with the ovuliferous scales bent outwards so that pollination can occur (FIG.

1). After fertilisation, the ovuliferous scales of the seed cones close and, during seed

maturation, the cones become hanging. The development of the reproductive organs,

described for Picea abies, is similar in other Picea species (Fraser, 1965; Harrison and

Owens, 1982; Owens and Moulder, 1975; Owens and Moulder, 1977; Tompsett, 1977).

Development of the pollen cone

Similar to the seed cone primordium, the primordium of the pollen cone becomes dome

shaped by mid summer. Microsporophyll primordia initiate in a spiral pattern from the

peripheral zone of the dome. By late summer all microsporophylls have been initiated

and the meristem has thereby been consumed (FIG. 2), in contrast to the seed cone
where a meristem is discernible after lateral organ primordia initiation is completed.

The cells of the microsporophylls differentiate, such that two microsporangia develop

on the abaxial (lower) side of each microsporophyll (FIG. 2).
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FIGURE 2. Scanning electron micrographs (SEM) and sections of a developing seed

cone; one dissected ovuliferous scale during ovule development (note the integuments

developing around the nucellus of the ovules); a pollen cone, and a vegetative shoot

primordia of approximately the same age as the seed cone. b: bract; bs: bud scales; m:

meristem; ms: microsporophyll; np: needle primordia; o: ovule; os: ovuliferoous scale.

The size bar is 500 µm for the cones, and 200 µm for the ovuliferous scale.
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The pre-pollen cells within the microsporangia increase in number, but remain in a pre-

meiotic stage during winter dormancy. At resumption of growth after the winter

dormancy the tapetal cells that surround the pollen sac divide and disintegrate, and the

pollen-mother cells separate from each other. At bud break the young pollen cone is

round and red, but, by further elongation and pollen release, the pollen cones become
yellowish and oblong. After pollen release the cone soon withers.

Evolution of the seed plants
The seed plants are thought to have originated from the progymnosperms, which had a

fern-like reproduction, in the Lower Devonian, ca. 365 million years ago (mya) (Taylor

and Taylor, 1993). The evolution of the seed was preceded by a reduction of the
gametophytic generation, and a change from homospory to heterospory i.e. a repro-

ductive strategy based on spores of different sizes. Heterospory has evolved independ-

ently several times, also within the lycopod and fern lineages (Bateman and Dimichele,

1994). The sperm-producing, male, gametophyte (microgametophyte) develops inside

of the small spores (pollen in seed plants) and the egg-containing, female gametophyte

(megagametophyte) if formed inside of the large spore (Taylor and Taylor, 1993). In the
seed plants, the megaspore became retained and develops within the central body of the

seed, that is in the nucellus, a structure that is probably homologous to a mega-

sporangium, and which is surrounded by one or two integuments, or seed coats (Taylor

and Taylor, 1993), see (Herr, 1995) for an alternative interpretation of e.g the nucellus.

This mode of reproduction protected against dehydration and proved to be very

successful.

During the Carboniferous and Permian (350-300 mya) a great diversification of the seed

plants took place. By the Triassic and Jurassic (245-145 mya), the seed plants had

radiated and diversified such that 60-80 % of all species found as fossils from that time

were gymnosperms, whereas the number of fern and lycopod species decrease (Stewart

and Rothwell, 1993.). Conifers, cycads, bennettites (now extinct), ginkgos, and ferns
dominated the land flora until the diversification of the angiosperms began in the Early

Cretaceous, 130 to 90 mya (Crane et al., 1995).

Evolution of the angiosperms
Several key innovations, i.e. new characters with an indispensable biological role, that

contributed to the success of the angiosperms can be recognised (Endress, 2001b).
These include the evolution of a carpel enclosing the ovules, and the evolution of a

uniaxial, bisexual flower, instead of the unisexual structures characteristic for most

gymnosperms. The perianth surrounding the stamens and the carpels, having a

protecting and pollinator attracting function must be regarded as a key innovation.



12

Further, an evolution from a radially symmetric flower to a zygomorphic flower can be

recognised as a key innovation among several lineages of flowering plants (Dilcher,

2000; Endress, 2001b). The evolution of a herbaceous life history, in combination with

co-evolving insect pollinators may be one driving force for the enormous diversity in

form, and the high speciation rate among the angiosperms (Crane et al., 1995; Dilcher,
2000). During the Tertiary the numbers of angiosperm species increased rapidly and all

but a few species of cycadophytes, ginkgophytes, and to some extent ferns and conifero-

phytes became extinct. Only five extant seed plant groups are presently recognised: the

conifers (51 genera, ca. 550 species), the cycads (11 genera, ca. 160 species), Ginkgo

(one species), the gnetophytes (three genera, ca. 70 species), and the angiosperms (>200

000 species) (Gifford and Foster, 1988). Molecular data suggests that extant seed plants
share a last common ancestor that would have existed in the Upper Carboniferous, ca

300 mya, (Savard et al., 1994).

The question of which group of gymnosperms, among the extant seed pants, that is most

closely related to the angiosperms has been debated for a long time. Based on

morphological criteria, the gnetophytes have been suggested as the closest relative,
(Crane, 1985; Doyle, 1994a; Doyle and Donoghue, 1986). However, this is not

supported by most molecular analyses (Bowe et al., 2000; Chaw et al., 2000; Chaw et

al., 1997; Goremykin et al., 1996; Samigullin et al., 1999), but see Rydin et al., (2002).

Instead, some of the molecular analyses support a monophyly of the extant

gymnosperms and even a relationship of the Gnetales with the conifers (see Donoghue

and Doyle, 2000; and Doyle, 1998, for a discussion of the discrepancies of the results
from the molecular versus the morphological analyses). The origin of the angiosperms

is thus as unclear as ever, and, provided that the gymnosperms are a monophyletic

group, the angiosperms might have originated along a long stem lineage, dating back to

the Carboniferous, 300 mya, and the angiosperm ancestor have to be sought in the fossil

record.

What were the characteristics of the very first angiosperms? One important step towards

the answer to this question has been taken by the recognition of the most basal extant

angiosperms, almost simultaneously by several researchers. Molecular systematic

analyses have identified the ‘ANITA’ group, with the Amborellaceae, the Nympheales

(water lilies), the Illiciales, the Trimeniaceae, and the Austrobaileyaceae as the most

basal among the angiosperms (Barkman et al., 2000; Mathews and Donoghue, 1999;
Parkinson et al., 1999; Qiu et al., 1999; Soltis et al., 1999). Several traits are typical for

these basal groups of flowering plants, discussed by Endress, (2001a) and Soltis et al.,

(2000). The most basal angiosperms are united in having small, bisexual or unisexual,

flowers with a low undetermined number of spirally arranged floral organs, of which
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the perianth organs are undifferentiated, and form free carpels that are sealed by

secretion and lacks a style.

Remaining angiosperm families fall into two major monophyletic groups: the monocots

and the eudicots, except for the four orders Magnoliales (Magnolia), Piperales (true
pepper), Laurales (cinnamon), and Winterales, which form an assemblage of ‘Magnoliid

dicots’ that are relatively basal among the angiosperms (APG, 1998).

Evolutionary origin of the conifer reproductive organs
The relationship among the extant gymnosperm groups is uncertain, similar to the

uncertain relationship of the angiosperms and the gymnosperms. Phylogenetic
reconstructions of the relationship of the extant gymnosperms are inconclusive. The

conifers may be derived from the Paleozoic Cordaites, which had loosely assembled

female reproductive structures (Florin, 1951). However, more recent analyses place

these groups of plants rather as co-existing sister groups (Clement-Westerhof, 1988). In

any case, the conifers are an ancient group of seed plants that dates back ca. 300 mya.

The genera Pinus and Picea were established in the early or mid Cretaceous (140-100
mya) and are thus as old as the first angiosperms (Wang et al., 2000).

FIGURE 3. Gradual reductions in number of sterile scales, and fusions of the ovules with

the fertile scales, and of the fertile scale with the subtending bract, in the evolution of the

ovuliferous scale as seen in extant conifers, as interpreted form the fossil record of

ancestral conifers. Adopted from Meyen (1988).

By analysing a range of extant and fossil conifers, Florin (1951; 1954) concluded that

the ovuliferous scale is a highly condensed and modified fertile dwarf shoot, not a

simple sporophyll. The precursor of the ovuliferous scale is seen in fossils of the early

conifers, like the Volziales from the upper Carboniferous-Permian (Beck, 1988; Florin,

1951). According to Florin, (1951) the ovuliferous scale is the result of reductions,

modifications, and fusions. The sterile, spirally arranged, scales seen in fossil conifers
became flattened and fused with the fertile scale and the ovules recurved, inverted, and

became fused and incorporated into the fertile scale, thereby forming the ovuliferous

scale of the modern conifer (FIG. 3; Clement-Westerhof, 1988; Florin, 1951). In

"Lebachia" Volzia Mesozoic and Cenozoic conifers
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contrast to the female reproductive structures, the pollen cones appear to have changed

relatively little during the same time. However, recently, the finding of a fossil of a

compound pollen cone in an early conifer of the Upper Carboniferous was reported

(Hernandez-Castillo et al., 2001). Findings such as that indicate a greater diversity in

the morphology of the early conifers than have previously been recognised.

A multigene family of MADS-box genes in plants
MADS-box genes encode transcriptional regulators with functions in development or

cell cycle progression and are present in all eukaryotes (Shore and Sharrocks, 1995). In

plants the MADS-box genes (FIG. 3), constitute a large multigene family. In a blast

search Riechmann and Ratcliffe, (2000) identified 82 putative MADS-box genes in the
genome of Arabidopsis. In the complete sequence of the Oryza sativa genome 71

MADS-box genes were reported (Goff et al., 2002). Plant MADS-box genes belong to

two distinct groups: the ‘TypeI’, related to the SRF genes, and the ‘TypeII’ related to

the MEF2 genes (Alvarez-Buylla et al., 2000b). No functional information is available

for the TypeI genes.

FIGURE 4. The MADS-domain is a highly conserved 56 amino acid motif involved in

DNA-binding- and dimerisation (Pellergrini et al., 1995). Most of the TypeII MADS-

proteins have a second conserved sequence element downstream of the MADS-domain.

This ca. 70 amino acid long ‘K-domain’ is characterised by regularly spaced hydrophobic

amino acids and, based on the similarity to the coiled-coil sequence of keratin, is

predicted to form two amphipatic helices (Ma et al., 1991). A less conserved stretch of ca.

30 amino acids, the ‘linker’ or ‘intervening’ -region, connects the MADS and the K-

domains. The K-domain, and in some of the MADS-proteins also the linker, is important

for functional specificity of the protein. The K-domain is likely to facilitate protein-

protein interactions (Krizek and Meyerowitz, 1996b). A few MADS proteins have an N-

terminal extension of unknown function. The carboxy-terminal end of the MADS-

proteins is least conserved, but short stretches of amino-acid similarity are highly

conserved among related proteins (Ma et al., 1991). The C-termini of some MADS-

domain proteins have been assigned a function in transcriptional activation (Cho et al.,

MADS KL C

DNA binding dimerisation multimerisation /
transcriptional activation
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1999) and in complex formation with other MADS-proteins (Egea-Cortines et al., 1999;

Honma and Goto, 2001).

MADS-box genes are required for flower development in Arabidopsis

The study of homeotic flower mutants in the eudicot species Arabidopsis and
Antirrhinum majus, resulted in the now famous ABC model for flower development

(Bowman et al., 1991; Coen and Meyerowitz, 1991). According to the ABC model

three factors, A, B, and C, act in a combinatorial manner to specify the identity of the

four types of floral organs (FIG. 5). The model states that expression of only A lead to

the development of sepals, A together with B result in petals, B and C in stamens and C

alone gives carpels. The model also include a negative regulation of A by C and vice
versa.

FIGURE 5. The ABC-model of flower development. Restrictions of activity patterns of

the factors A, B, and C are indicated in the floral meristem with thin lines. The activity of

A, B, and C is indicated in the floral organs of the fully developed flower.

All genes required for the A, B, and C functions, except the A-class gene APETALA2

(AP2) (Jofuku et al., 1994) from Arabidopsis, encode MADS-proteins. The A-class of

homeotic mutants, which fail to form sepals and petals, was shown to be defective in

AP1 (Gustafson-Brown et al., 1994; Irish and Sussex, 1990; Mandel et al., 1992) or AP2
(Jofuku et al., 1994). The AP1 gene is expressed throughout the flower meristem at an

early stage of development, but later becomes restricted only in the two outer whorls of

the flower, consistent with the mutant phenotypes. In two Arabidopsis B mutants, which

form sepals in positions of petals and carpels in the position of stamens, mutations were

identified in the AP3 and PISTILLATA (PI) genes (Goto and Meyerowitz, 1994; Jack et

al., 1992; Jack et al., 1994; Krizek and Meyerowitz, 1996a). The main expression

A
CB

A

B
A

B
CC

sepal

petal

stamencarpel

flower meristem



16

domains of the B-genes are in the second and third whorls of the flower, but PI is

transiently expressed also in the carpel primordia and AP3 in the integuments of the

ovules. A mutation at the AGAMOUS (AG) locus was shown to be responsible for the

C-class mutant phenotype where the stamens and carpels are replaced by petals and

sepals, and consecutive whorls of sepals and petals are formed in the centre of the
flower (Mizukami and Ma, 1992; Mizukami and Ma, 1995; Yanofsky et al., 1990).

Expression of AG was detected in the third whorl of organ primordia and in the centre

of the flower meristem, supporting the hypothesis that it is necessary for stamen and

carpel formation but also for meristem termination. The expression patterns of the

MADS-box A, B, and C genes are thus very specific, and closely reflect their functions.

This also demonstrates that the regulation of organ identity is determined mainly at the
transcriptional level.

The activities of the B and C organ-identity genes require the activities of three closely

related and functionally redundant MADS-box genes (SEP1, 2, and 3; Pelaz et al.,

2000). The molecular basis of the ABC model may be the formation of multimeric

complexes of the ABC proteins with other MADS-proteins, such as the SEP proteins
(Egea-Cortines et al., 1999; Honma and Goto, 2001), reviewed by e.g. by Jack, (2001).

Hence, the flower specific expression of SEP3 restricts the ABC activities to the flower

(Honma and Goto, 2001). Other MADS-box genes encode factors important for

determination of floral-meristem identity (e.g. AP1, CAL, FUL), whereas other regulate

the development of the fruits (SHP1, SHP2, FUL), the ovules (AGL11 , AGL13), the

endosperm, and the male and female gametophytes (AGL18) (Ferrandiz et al., 2000a;
Ferrandiz et al., 2000b; Gu et al., 1998; Liljegren et al., 2000; Rounsley et al., 1995).

Further, several are involved in the promotion (FUL , AGL24, AGL20/SOC1) or

repression (FLC, SVP, FLM) of flower initiation (Borner et al., 2000; Ferrandiz et al.,

2000a; Hartmann et al., 2000; Lee et al., 2000; Michaels and Amasino, 1999; Samach et

al., 2000; Scortecci et al., 2001; Sheldon et al., 1999; Sheldon et al., 2000).

The MADS-box genes in the model plants Arabidopsis are thus important for various

aspects concerning the reproductive development, but several of them are also involved

in the regulation of other processes, such as the development of the roots (AGL12,

AGL14, AGL17, AGL21, ANR), the trichomes and the guard cells (AGL19), and the

embryo (AGL15) (Alvarez-Buylla et al., 2000a; Burgeff et al., 2002; Heck et al., 1995;

Zhang and Forde, 1998). For several of these genes only the expression pattern is
known, and no functional data has been presented. However, based on the studies of the

so far functionally characterised MADS-box genes, it is reasonable to assume that the

expression patterns of these genes are good guides to where they function.
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Conservation of flower developmental regulation in other angiosperms
MADS-box genes have since the initial cloning of the A, B, and C-class genes from

Arabidopsis, Antirrhinum and a few other eudicots, been isolated from a wide range of

angiosperms. Genes orthologous to these genes are found in all angiosperms examined,
and for most genes functional data or expression patterns indicate that related genes

perform similar functions.

B-genes have been isolated from a wide range of lower eudicots, monocots, and basal

angiosperms. From analyses of their expression pattern it is likely that the function for

B-genes in stamen development has been conserved throughout the angiosperms, but
their role in petal development appears less conserved. In the lower eudicots, and basal

angiosperms the pattern of expression during petal development may be quite diverse

(Kramer and Irish, 2000; Kramer and Irish, 1999). This may indicate one or more

independent derivations of petals during the angiosperm evolution, or alternatively, it

suggests that the control of petal development has been modified in several lineages of

angiosperm not to require one or both B-genes. The latter interpretation may be
supported by data accumulating that supports a conservation of function of B and C

genes in the monocots.

Although the grass reproductive organs, the stamens and carpels, are conserved, the

sterile floral organs, the lemma, palea and lodicules, differ from the stamens and the

petals. In maize, one mutation has been isolated in an AP3 orthologue. The silky1
mutant has a phenotype, which is consistent with a B-mutant phenotype, as the stamens

are transformed into pistils. Provided that it has a conserved function, which is indicated

by the expression patterns of the gene, other phenotypic effects suggest that the lodicule

is a modified petal and the lemma and palea may be related to sepals (Ambrose et al.,

2000). The conservation of B-function is further supported by the analysis of plants

with a loss-of function of both the SILKY1 gene and the ZAG1 gene, the C-class gene in
maize (Ambrose et al., 2000), and a conservation of B- and C-function in monocots is

supported by transgenic analyses in rice (Kang et al., 1998)

Hence, despite some variation, the ABC-model seems highly conserved throughout the

angiosperms, at least concerning the B and C functions. The A-function may be less

well conserved, and is perhaps largely performed by genes other than MADS-box
genes, for example in Arabidopsis it involves the AP2 gene (Jofuku et al., 1994). It is

possible that the AP1 related genes rather than functioning as A-genes may have

functions in floral meristem identity. The ABC model may thus be slightly modified

regarding the A function such that the activity of factor A determines the identity of a
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floral meristem destined to produce sepals, and the B-and C-factors specify the

identities of the other flower organs (discussed by Egea-Cortines and Davies, 2000).

Phylogeny of MADS-box genes reveals functional conservation
A high degree of functional conservation of closely related MADS-box genes is evident
when combining information of gene phylogeny and functional data (reviewed by

Theissen et al., 2000). Phylogenetic analyses show that the genes cluster in

monophyletic groups (clades), such that genes from various species likely to perform

similar functions, e.g. a C-function or B-function, appear closely related (orthologous =

derived by speciation) (Doyle, 1994b; Purugganan, 1997; Purugganan et al., 1995;

Tandre et al., 1995; Theissen et al., 1996). Such an analysis further shows that the
evolution of plant MADS-box genes have occurred by gene duplications followed by

structural alterations. For example, the two types of B-class genes, the PI genes and the

AP3 genes in angiosperms, as judged form the gene phylogeny, are the result of a

relatively recent duplication event, and are thus paralogous (paralogous = derived by

gene duplication; Doyle, 1994b; Purugganan et al., 1995; Tandre et al., 1995; Theissen

et al., 1996).

Further, based on the phylogenetic analyses and substitution rates of the genes, the

different homeotic gene groups are thought to have been established fairly rapidly and

early in the history of plants, (Purugganan et al., 1995). Molecular evolutionary studies

of the MADS-box gene phylogeny suggest that these genes have evolved from a

common ancestor, ca 340 mya or up to 500 mya if dating of the split between monocots
and eudicots were set earlier (Purugganan, 1997; Purugganan et al., 1995). This places

the ancestral floral homeotic gene/genes in the upper Devonian, when the seed plants

started to evolve, or maybe as early as Ordovician, predating the land plants, and genes

homologous to the angiosperm organ-identity determinators should be present even in

the green algae (Purugganan, 1997).

No homologues to the homeotic MADS-box genes in non-seed plants
MADS-box genes have been isolated from non-seed plants, including a moss species (a

representative of one of the most basal groups of land plants) a lycopod, (a sister group

to all other vascular plants) and ferns (the closest relative of the seed plants) (Krogan

and Ashton, 2000; Münster et al., 1997; Svensson and Engström, in press; Svensson et

al., 2000). In a phylogenetic analyses, the non-seed plant MADS-box genes form
separate clades among the homeotic genes, or potentially basal to the entire group of

seed plant MADS-box genes. Provided that searches in non-seed plants have been

exhaustive, the lack of genes orthologous to the angiosperm homeotic genes provide a

date for the duplication events giving rise to the main portion of the seed-plant MADS-
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box clades. As no orthologue was found in the ferns, the duplication events giving rise

to the homeotic genes must have occurred after the split of the seed plant and fern

lineages. This is in line with the more conservative estimates from molecular evolution

calculations of the age of the homeotic gene clades (Purugganan et al., 1995).

C-type genes in conifers
In a search for MADS-box genes active in developing reproductive organs in the conifer

Norway spruce Tandre et al. (1995) identified three genes, DAL1, DAL2, and DAL3 (for

DEFICIENS-AGAMOUS-LIKE), with sequence similarity to the Arabidopsis genes

AGL13, AG and AGL20, respectively. A phylogenetic analysis showed that each spruce

gene was more closely related to genes in angiosperms than to each other. One of the
spruce genes, DAL2, appeared as a sister gene to the angiosperm C-class genes in the

phylogenetic tree. Expression of DAL2 was detected specifically in the ovuliferous scale

of the seed cone, and in the microsporophylls of the pollen cones (Rutledge et al., 1998;

Tandre et al., 1998). Transgenic Arabidopsis plants constitutively expressing DAL2, or

its sister gene SAG1 from Black spruce (P. mariana), displayed a phenotype that

mimicked that resulting from ectopic expression of AG (Rutledge et al., 1998; Tandre et
al., 1998). This suggests that DAL2 and AG likely have a conserved structure and

activity. The expression patterns of the C-type genes of the conifers and the

angiosperms, in combination with the results from the transgenic experiments, suggest a

function in identity determination of the reproductive organs in both these groups or

seed plants.
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RESULTS AND DISCUSSION
__________________________________________________________________________________________________________

Isolation of MADS-box genes from Norway spruce (papers I, II and IV)
The isolation of DAL1, DAL2, and DAL3 and their phylogenetic relationship to MADS-

box genes from angiosperms showed that at least some of the developmental regulators

of the angiosperms were established prior to the diversification of the extant seed plants

(Tandre et al., 1995). It further suggested that genes orthologous to other groups of

angiosperm MADS-box genes would be present in the gymnosperms, for example the
B-class genes, motivating a continued search for MADS-box genes in Norway spruce

(Tandre, 1997).

In order to isolate MADS-box cDNAs corresponding to genes active in the reproductive

organs of Norway spruce we performed a number of experiments using cDNA library or

PCR based screenings. Initially, short PCR fragments corresponding to seven new
putative MADS-box genes were isolated (I). One of these was then used to screen a

pollen cone cDNA library, resulting in the isolation the full-length clone of a gene

referred to as DAL10 (II). Next we screened a seed cone cDNA library (Tandre et al.,

1995) with three of the other fragments. This screen resulted in the isolation of 22 full-

length clones representing a gene referred to as DAL11 (I). In an alternative approach to

isolate MADS-box genes from spruce, we used the 3´-RACE (rapid amplification of
cDNA ends) method with a variety of MADS-box binding-primers, either specific,

designed to match each of the sequences of the short fragments, or degenerate, designed

to match a variety of MADS-box sequences from other species. As templates for the

RACE reactions we used RNA isolated from pollen- and seed cones in different

developmental stages. By this approach we obtained close to full-length versions of

cDNAs corresponding to genes referred to as DAL4, DAL5, DAL6, DAL9, DAL11,
DAL12, DAL13, DAL14, DAL19, DAL21, DAL22, and DAL23 (I; IV). All the DAL

genes conformed to the conserved structure of TypeII genes (Alvarez-Buylla et al.,

2000b), with a MADS-box and a recognisable K-box. A summary of all the MADS-box

genes isolated form Norway spruce is presented in TABLE 1.

Phylogeny of seed-plant MADS-box genes (papers I, II, and IV)
The relationship of the DAL genes to MADS-box genes isolated from other plants

(collected from the databases) was analysed by reconstructing the phylogeny of the

gene family. The MADS- and K-boxes were readily alignable, whereas the sequences

encoding parts of the linker and the carboxy-terminal region could not be reliably

aligned for distantly related sequences. The C-terminal region and most of the linker

region were therefore omitted in most analyses. The phylogeny reconstructions were
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performed using the maximum parsimony (MP) method as implemented in PAUP

(Swofford, 2001).

TABLE 1. A summary of the MADS-box genes identified in Norway spruce; their
predominant patterns of expression and references.

Predominant expression pattern
Gene

seed cone pollen cone veg. tissues
Reference

DAL1 + + + Tandre et al. 1995 / III
DAL2 + + - Tandre et al. 1995
DAL3 + + + Tandre et al. 1995
DAL4 nd nd nd IV
DAL5 (+) (+) + IV
DAL6 + - - IV
DAL9 nd nd nd IV

DAL10 + + - II
DAL11 - + - I
DAL12 - + - I
DAL13 - + - I
DAL14 + (+) - IV
DAL19 + + + IV
DAL21 + - - IV
DAL22 + - - IV
DAL23 + - - IV

The reconstruction of the phylogeny of the seed plant MADS-box gene family resolved
several monophyletic groups (I; IV; Doyle, 1994b; Purugganan, 1997; Purugganan et

al., 1995; Tandre et al., 1995; Theissen et al., 2000; Theissen et al., 1996; Vergara-

Silva et al., 2000). The clades identified include the AG clade, the AGL12 clade, the

AGL14 clade and the three SEP, AP1 and AGL6 clades. The SEP, AP1 and AGL6 clades

constitute one larger clade, however with a bootstrap support less than 50 %. The phylo-

genetic analysis further resolved the PI and AP3 clades, which likely form a larger
clade, however, with low bootstrap support. Further, three clades containing the SVP,

AGL17, and FLC genes, respectively, were recognised, in addition to several smaller

clades with only a few genes. A separate analysis including the MADS-box genes from

non-seed plants showed that these genes are not closely related to any of the novel

conifer genes.

The results of the phylogenetic analysis implied that DAL1 and DAL14 are paralogous

and that they are both orthologous to the AGL6 genes (III; IV). The analysis further

corroborated DAL2  as orthologous to the entire clade of AG genes, as showed

previously by Tandre et al. (1995; Tandre et al. 1998). DAL5 was found as a sister to
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AGL12 in most analyses using different data sets, although with a bootstrap support less

than 50%.

Several of the novel DAL genes appeared in the tree as closely related to DAL3 (Tandre
et al., 1995), including DAL4, 9, and 19. The DAL3-related genes are orthologous to the

angiosperm root specific AGL14 genes (Rounsley et al., 1995) and the flowering

promoting SOC1 genes (Borner et al., 2000; Lee et al., 2000; Samach et al., 2000)). In

addition to DAL3, 4, 9, and 19, several short PCR fragments resulting form a screen

with a degenerate primer pair are likely also related to DAL3. Similarly, six different

DAL3-related genes have been reported from Pinus radiata (Walden et al., 1998),
suggesting an extensive diversification of the DAL3-related genes in conifers. Because

GGM1 from Gnetum occupies a basal position relative all conifer genes in this clade, it

is likely that the diversification of the DAL3 genes have taken place specifically within

the conifer lineage. No function has been associated with any of the DAL3 genes, but all

examined show expression in reproductive as well as vegetative tissues (IV; Tandre et

al., 1995; Walden et al., 1998).

DAL11 and DAL13 appeared in a paralogous relationship at the base of the PI and AP3

clades, the angiosperm B-class genes. In most analyses also DAL12 occupied a position

basal to the B-genes (I). The closely related DAL6, 22, and 23 genes are the putative

orthologues to one monocot and one basal angiosperm gene; ZMM17 and AeAP3-2,

from Zea maize and Asarum europaeum, respectively. Together with GGM13 from
Gnetum , these genes constitute a clade basal to the B-genes. One gene from

Arabidopsis, ABS (which likely is identical to AGL32), appeared in an analysis by

Becker et al. (2002) in this clade, but this position of AGL32 is not supported by our

analysis (IV). A second gene (DEFH21), from Antirrhinum, was also assigned to this

clade (Becker et al., 2002), but this gene was not included in the current analysis, as it

was not publicly available at the time when the analysis was performed.

DAL10 and DAL21 are related to GpMADS4 from Gnetum. The phylogenetic analyses

did not recognise any of the angiosperm clades as orthologous to these genes (II; IV).

In the phylogenetic tree, most genes from the conifers appeared as orthologous to genes

from Gnetum, including DAL2 and GGM3; DAL5 and GGM10; DAL3, 4, 9, 19 and
GGM1; DAL1 and GGM9; DAL14 and GGM11; DAL10 and 21 with GpMADS4; and

DAL6, 22, and 23 with GGM13. Further, orthology of DAL11, 13 and GGM2, and

DAL12 and GGM15 has been suggested (Becker et al., 2000; Winter et al., 1999). The

finding of monophyletic clades consisting of genes from the conifers and Gnetum is an
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independent evidence against the hypothesis assigning the gnetophytes as the sister

group to the angiosperms (IV; Winter et al., 1999).

To summarise, the phylogenetic analyses of seed plant MADS-box genes reveal that

genes from conifers and Gnetum form monophyletic groups. Seven clades can be
recognised that contains genes from angiosperms and from a conifer, from Gnetum, or

from both. This means that at least these seven clades were established in the ancestor

of the extant seed plant groups (IV; Becker et al., (2000). Due to low support for the

basal branches connecting the major clades of the tree, the series of duplications that

have resulted in these clades could not be determined. It is, however, clear from the

analyses, performed by us and others (Doyle, 1994b; Purugganan, 1997; Purugganan et
al., 1995; Tandre et al., 1995; Theissen et al., 2000; Theissen et al., 1996), that the

angiosperm MADS-box gene clades are the result of an extensive duplication history.

The analyses reveal both relatively recent duplications that may have taken place within

a particular species, as well as duplications predating the split of the monocots and the

eudicots. An independent evolution by duplications, followed by a divergence in

sequence by the duplication products is evident also among the gymnosperm MADS-
box genes. One consequence of this is that a particular angiosperm gene can have

several orthologous gymnosperm genes, and vice versa. The paralogous genes may

display a range of functional divergence, from a complete redundancy for recent

duplication products, to fully distinct functions for genes that have been separated for a

longer time.

In the following sections, I will evaluate the information resulting from the phylogenetic

analysis regarding questions concerning the conservation and divergence of function of

putatively homologous genes. In particular I will focus on some of the clades of MADS-

box genes presented above, including the B-genes, the putatively gymnosperm specific

DAL10 genes, and the DAL1 genes.

B-type genes are present in the gymnosperms (papers I and IV)
Identification of conifer genes homologous to the angiosperm B-genes

Three of the MADS-box genes isolated, DAL11 , DAL12 , and DAL13, in most

phylogenetic analyses group with the angiosperm B-class genes (I). The phylogenetic

relationship with the angiosperm B-genes is well supported by structural data. The

DAL11, 12, and 13 proteins all have linker regions, connecting the MADS-and the K-
boxes, similar in size to those of all angiosperm B-genes, and they have a characteristic

sequence motif in the C-termini of their deduced protein sequences, which has

previously been found only in angiosperm B-genes. This ‘PI-motif’, was identified in

the search for B-genes in different angiosperm species (Kramer et al., 1998). It is
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present in most PI sequences of diverse angiosperms, and in AP3 sequences from all but

the core eudicots, which have a recognisable, but divergent PI-motif. Further, in the

AP3 sequences, the PI-motif is subterminaly positioned and followed by a second

conserved motif, the ‘PaleoAP3-motif’ in sequences mainly from the basal angiosperms

and the monocots, and a ‘EuAP3-motif’ in sequences from the eudicots (Kramer et al.,
1998). All three DAL proteins have a recognisable PI-motif. In addition, DAL12 has a

putative ‘PaleoAP3-motif’(I).

The phylogenetic analyses place these DAL  genes as the closest relatives to the

angiosperm B-genes. Their position relative the AP3-PI branching point could not be

reliably established. Based on the presence of C-terminal motifs, DAL12 would be basal
to the AP3 clade, and DAL11 and 13 to the PI clade, suggesting that the duplication

event resulting in the PI- and AP3 clades occurred before the split of the angiosperm and

gymnosperm lineages. In contrast, the intron/exon pattern of the MADS-box genes

support a basal position of the DAL genes relative the AP3-PI branching point, implying

that the duplication event that resulted in the AP3 and PI clades occurred later, within

the angiosperm lineage.

Pollen cone specific expression of the conifer B-type genes

DAL11, 12, and 13 are all expressed exclusively in developing pollen cones. The three

genes, however, show different spatial and temporal patterns of expression (I). DAL11 is

expressed throughout the development of the pollen cone, from the initiation of

microsporophyll primordia until pollen release. As detected by RNA in situ
hybridisation it is expressed at a relatively uniform level throughout the cone (FIG. 6;

I). This is similar to the expression pattern of DAL12, but DAL12 is expressed only in

early stages of development, prior to the winter dormancy (I; Sundström, 2001). The

expression pattern of DAL13  is more specific; its expression is detected in the

differentiating microsporophylls and, in later developmental stages, in the

microsporangium wall surrounding the pollen sac (FIG. 6). The difference in expression
patterns between the paralogous DAL11 and DAL13 genes indicate that the genes have

undergone a functional diversification. This if further supported by the fact that the two

genes, when constitutively expressed in Arabidopsis, result in different phenotypic

deviations (Sundström, 2001). Gymnosperm MADS-box genes related to the

angiosperm B-genes have been isolated from two other conifer species, P. radiata

(PrDGL) and Cryptomeria japonica (CjMADS1 and 2; Fukui et al., 2001; Mouradov et
al., 1999), and from Gnetum (GGM2 and GGM15; Becker et al., 2000; Winter et al.,

1999). Also these genes are expressed exclusively in the microsporophyll-bearing

organs (Becker et al., 2000; Fukui et al., 2001; Mouradov et al., 1999; Winter et al.,

1999).
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FIGURE 6. Expression of some of the DAL genes in developing pollen cones and seed

cones, as detected by RNA in situ hybridisation, see the text for further explanations of

the expression patterns. The signals appear as black dots.
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DAL10 DAL21

DAL14 DAL2

pollen cone

seed cone
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The expression patterns of the gymnosperm B-type genes strongly indicate that they

function in the development of the pollen-producing organs. Angiosperm B-genes

function in the determination of both petal and stamen (the pollen-producing organs)

development (Irish, 2000). This suggests that the function of an ancestral B-type gene

concerned the development of the microspore-producing organ. It further supports the
notion that the B-genes in the angiosperm lineage later were recruited for a function in

petal identity determination. This might have occurred in several independent

occasions. An alternative interpretation would be that the petals in most angiosperms

are simply modified sterile stamens that have remained under the control of the,

originally, pollen-bearing organ determining genes. The origin of petals is discussed

further by Albert et al. (1997); Baum (1998); Irish (2000); and Takhtajan (1991).

The DAL6 genes are sisters to the B-genes and expressed in female structures

The phylogenetic analyses indicate a relationship of the clade containing the DAL6, 22,

and 23 genes, with the B-genes (IV). The bootstrap support for the sister relationship of

this clade and the B-genes is low (less than 50%), but the presence of a recognisable PI-

motif within the C-termini of the deduced amino acid sequences of theses genes, as well
as for their Gnetum orthologue (Becker et al., 2002), provide an independent support for

the relationship.

According to the results of an RT-PCR experiment, DAL6 , 22 , and 23  are all

specifically expressed in maturing seeds, and at least DAL23 in seed cones prior to

pollination. The expression of these genes in seed cones during late developmental
stages supports a function for these genes in the regulation of developmental processes

relating to ovule differentiation. The sister gene from Gnetum, GGM13, is expressed

during seed cone development and later in developing ovules (Becker et al., 2002). Two

angiosperm genes are related to the DAL6  genes. The Z. maize gene ZMM17  is

expressed in the female inflorescence and in the ovules (Becker et al., 2002), and the

gene from A. europaeum in the carpels (Kramer and Irish, 2000), however, no
functional data have been presented for these genes. The patterns of expression support

the notion of a functional conservation of these genes concerning the seed-bearing

structures between the angiosperms and the gymnosperms. It is likely that the ancestral

DAL6 gene functioned in the development of female reproductive structures such as the

ovule.

Implications for the evolution of the seed plants

Because the function of both the DAL6 and B-genes may concern different aspects of

reproductive development, it appears possible that the gene ancestral to these two clades

also had a function in reproductive development. A duplication event leading to these
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two clades might have taken place either in the very first seed plants or along the

lineage leading to the seed plants. In any case it would have been predated by the

duplications and diversifications resulting in the C- and B ancestral genes. As no gene

homologous to the homeotic angiosperm genes exist in the extant representatives of the

deeper branches of the plant tree, it is possible, or even likely, that the diversification of
these genes coincided in time with some of the first steps leading to the evolution of the

seed plants, like the evolution of heterospory from a homosporous ancestor, and the

evolution of the ovule (Taylor and Taylor, 1993). Separation in function, after

duplications into ‘male’ (the B-genes) and ‘female’ (the C-genes and the DAL6 genes),

might have been important during the establishment of a heterosporic mode of

reproduction and of the ovule during the evolution of the seed plants (I; IV).

MADS-box genes specific to the gymnosperms? (papers II and IV)
DAL10 and DAL21 are putatively gymnosperm-specific genes

DAL10 and DAL21 in addition to a gene from Gnetum parvifolium, GpMADS4 (and the

orthologous GGM7 gene from G. gnemon), constitute a well supported clade. In

contrast to the other DAL genes, we, and others, have not been able to recognise the
putative orthologous angiosperm gene/clade to the DAL10 clade (II; Becker et al., 2000;

Shindo et al., 1999). It is interesting to note that, in contrast to most of the other DAL

genes, we do not find any apparent orthologue to the DAL10 genes among the entire set

of Arabidopsis MADS-box genes, or among the publicly available rice genes. It may be

that an extensive sequence diversification has taken place hampering the recognition of

orthologous genes. However, there is still a possibility that a recognisable orthologue to
the DAL10 genes may exist in the basal angiosperms. Alternatively, the orthologous

gene may have been lost during the evolution of the angiosperms. In either case, the

genes in the DAL10 clade may regulate processes specific to the gymnosperms or, if

present, other factors may regulate the comparable processes in angiosperms.

DAL10 may act in reproductive identity determination
DAL10 is expressed exclusively in pollen- and seed cones, from a very early stage of

development until pollination. The expression was detected within the axis of the seed-

and pollen cones but not in the reproductive organs, themselves. In fact, it is entirely

complementary to the expression pattern of DAL2 (Tandre et al., 1998) during seed

cone development. In the seed cones expression of DAL10 is high at the base of the

bract and of the ovuliferous scale (FIG. 6). This is in contrast to the expression in the
pollen cones where it remains at a uniform level in the entire axis of the cone. The very

early onset of expression and the expression pattern within the reproductive axis of both

the pollen cone and the seed cone suggests that DAL10 may be active during the

specification of reproductive identity to these shoot-like structures. It is, provided that
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the DAL10 expression pattern reflects its function, possible that it acts in a manner

analogous to the floral-meristem identity genes of the angiosperms.

Consistent with this hypothesis, when constitutively expressed in transgenic

Arabidopsis, DAL10 causes developmental aberrations similar to those caused by
ectopic expression of the floral-meristem identity genes AP1 and LFY  (Mandel and

Yanofsky, 1995; Weigel and Nilsson, 1995). The phenotype indicates that it is capable

of either directly or indirectly transforming an inflorescence meristem into a

determinate floral meristem, and therefore that the DAL10 protein is structurally fit to

interact with the factors regulating reproductive development in Arabidopsis, despite its

apparent unrelatedness.

DAL21 is closely related to DAL10, but active only in developing seed cones

DAL21, similarly to DAL10, is active exclusively during reproductive development,

however, its activity is restricted to seed cone development (IV). The expression of

DAL21 is very specific. It is initiated at the time of differentiation of the ovuliferous

scale primordia. As the ovuliferous scale develops, expression of DAL21 becomes
restricted to the base and the part of the ovuliferous scale where it is fused to the bract

(FIG. 6). Expression remains high in the abaxial side of the ovuliferous scale during the

development of the seed cone. The very specific pattern of DAL21 suggests that it may

function in the patterning of the individual reproductive short shoots of the compound

seed cone. The expression of DAL21 may pattern a trace of the once more elaborate

reproductive shoot (compare FIG. 3 with FIG. 6). In the extant conifer, according to
analyses of fossil data (Clement-Westerhof, 1988; Florin, 1951), this shoot is reduced to

an ovuliferous scale with the ovule more or less incorporated into the scale and the

ovuliferous scale partially fused to the bract.

Conifer genes related to the SEP- and A-genes,
and the transition to reproduction (papers III and IV)

The paralogous DAL1 and DAL14 genes are related to the Arabidopsis genes AGL6 and

13, which are both expressed during flower development, and AGL13 preferentially in

the ovules (Ma et al., 1991; Rounsley et al., 1995), however, no function has been

assigned to these genes, or to any of the other angiosperm genes within this clade.

Similarly to the expression of the paralogous AGL6 and 13 genes, the expression

patterns of DAL1 and DAL14 are overlapping in the female structures, but differs in
other parts (III; IV). Whereas DAL1 show a relatively broad pattern of expression, in

vegetative as well as in the reproductive structures (see below), the expression of

DAL14 is more specific. In the young seed cones expression of DAL14 is detected only

in the developing ovuliferous scale. The expression patterns of DAL1 and DAL14 are
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thus similar to their orthologues from P. radiata, for which the DAL14 orthologue

PrMADS2 show expression exclusively in the reproductive organs and the DAL1

orthologue PrMADS3 has a broader pattern of expression also in vegetative shoots

(Mouradov et al., 1998b).

Expression of DAL14 indicate an interaction with the C-type gene DAL2

The DAL14 gene, in early stages of seed cone development, is expressed in a pattern

identical to that of DAL2 (FIG. 6; IV; Tandre et al., 1998). The very specific expression

patterns of both DAL2 and DAL14, together with the fact that DAL2 is closely related to

the angiosperm AG gene required for carpel development, strongly suggest that these
genes act in the regulation of development of the ovuliferous scale. The almost identical

pattern of expression of these two genes further suggests an interaction of the two

proteins. Therefore, it is interesting to note that the DAL1/14 genes are relatively closely

related to the AP1 and SEP genes (IV). The SEP genes encode proteins known to

interact with AG and AG-related proteins in angiosperms during carpel and ovule

development (reviewed by e.g. by Jack, 2001, see also Immink et al., 2002).

DAL1 and the change from a vegetative to a reproductive phase

One of the first MADS-box genes to be isolated from Norway was DAL1 (Tandre et al.,

1995). Analysis of its expression pattern showed that it is expressed in developing

pollen- and seed cones, as well as in developing vegetative shoots, but not in any parts

of the spruce seedling (Tandre et al., 1995). Therefore, we undertook a more detailed
analysis of DAL1, focusing on the timing of activation of expression of the gene during

vegetative growth of the spruce tree (III). A blot analysis of RNA prepared from

vegetative shoots of spruce plants of different ontogenetic ages, indicated that

expression of DAL1 was initiated during the third to fifth years of growth, and then

appeared to increase with age. Moreover, the more apical branches of the young trees

expressed DAL1 at a higher level than the lower branches, as determined in an RT-PCR
experiment. Taken together these results suggested that the expression of DAL1

gradually increases with the ontogenetic age of the leading shoot.

Norway spruce has a long juvenile phase. Not until an age of 15-20 years, or longer, do

the first cones appear. During the process of maturation a gradual decline in characters

associated with juvenile growth can be observed (Greenwood, 1995; Hackett, 1976).
The gradual change is not only observed as the tree grows older but also within the

individual tree at a given age. The more apical branches display more mature

characteristics than the basal branches (Borchert, 1976; Fortanier and Jonkers, 1976).

The gradual onset of DAL1 expression, forming a gradient over the young tree and the
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timing of initiation of expression relative to the change from a juvenile to a mature

phase suggests that DAL1 might be involved in one of the early steps of phase change in

Norway spruce.

In order to test the hypothesis that expression of DAL1 influences phase change, we
constructed transgenic Arabidopsis plants constitutively expressing DAL1  (III).

Interpretable data have been obtained by this method for DAL2, which, when expressed

in Arabidopsis, mimicked the action of the endogenous C-class gene AGAMOUS

(Tandre et al., 1998). Other examples are NLY of which constitutive expression in

Arabidopsis resulted in a phenocopy of ectopic LFY  expression and even a

complementation of the lfy mutation (Mouradov et al., 1998a), and constitutive
expression of the HBK1 gene resulting in a phenocopy of KNOTTED over expression

(Sundås-Larsson et al., 1998). The transgenic plants expressing DAL1 under the control

of the constitutive 35S promoter showed dramatic phenotypic alterations compared to

wild type. The plants were very small, with sessile cotyledons and curling of the edges

of the leaf blades, but the most prominent effect was the precocious flowering observed.

Interestingly, the first leaves produced by the transgenic plants displayed a trichome
distribution and shape that are normally associated with leaves that develop during the

adult phase of growth. Further, the number of leaves produced before flowering was

dramatically reduced and only one or a few flowers developed in a very small

inflorescence. In a few plants, though from several independent transgenic lines, no

leaves at all were produced, before flowering.

DAL1  is phylogenetically related specifically to the AGL6/AP1/SEP clade of

angiosperm MADS-box genes (I; IV; Tandre et al., 1995). Like DAL1, several of these

genes have been shown to cause early reproduction when constitutively expressed e.g.

the birch genes BpMADS3 and 4 and the rice gene OsMADS1 expressed in tobacco; and

AP1 in citrus (Chung et al., 1994; Elo et al., 2001; Pena et al., 2001). Most notable,

however, is the phenotypic alterations resulting from ectopic expression of AP1 together
with SEP3 in Arabidopsis, which are very similar to those seen in the 35S::DAL1 plants

(Pelaz et al., 2001), supporting a conservation of structure and possibly function among

the genes of the AP1-AGL6-SEP clade. Taken together, the phenotypic deviations

suggest that DAL1 causes a compression of the developmental phases of Arabidopsis,

and thereby enhances phase transition. The effect of DAL1 expression on Arabidopsis

development may thus supports the hypothesis that the gene acts as a regulator of phase
transition in spruce.
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Does phase change in conifers involve factors homologous to those

 activating flowering in angiosperms?

In angiosperms the transcription factor LEAFY (LFY), which is unrelated to the MADS-

box genes, integrates the different pathways of floral induction and activates the floral

meristem identity gene AP1 and, directly or indirectly, the floral organ identity genes
(Parcy et al., 1998). Expression of LFY  in Arabidopsis increases until it reaches a

certain level and thereby initiate flowering in Arabidopsis (Blazquez et al., 1998).

Conifers and other gymnosperms have two genes homologous to the angiosperm LFY

gene, the NEEDLY (NLY) genes and the gymnosperm LFY genes. According to

phylogenetic analyses it is likely that the NLY homologue has been lost in the
angiosperm lineage, and that the gymnosperm LFY genes are orthologous to the

angiosperm LFY gene (Frohlich and Parker, 2000).

In order to examine if the expression of the conifer LFY genes increase in expression

similar to LFY in Arabidopsis, or to DAL1 in spruce during maturation, we examined

the pattern of expression of the two LFY genes in spruce (PaFLL and PaNLY, III), by
RT-PCR in parallel to DAL1. In contrast to DAL1, both LFY genes were activated at an

earlier developmental stage than DAL1 (III). Therefore, it is unlikely that DAL1

functions by activating the transcription of the LFY genes. Similarly, the Arabidopsis

gene FUL , which is relatively closely related to DAL1, promotes phase change

independently of LFY , and it does so in a highly redundant pathway with e.g.

AGL20/SOC1 (Ferrandiz et al., 2000a), the orthologous gene of the conifer DAL3
genes.

Spruce LFY genes and the “mostly male” theory

In P. radiata expression of one of the LFY homologues, PrFLL, is predominantly male

(Mellerowicz et al., 1998), whereas the expression of the other, NLY, is expressed early

predominantly in female cones (Mouradov et al., 1998a). Because the NLY orthologue
likely has been lost during the evolution of the angiosperms, and only the ‘male’ LFY

gene has been retained, a hypothesis for the evolution of the angiosperm flower as an

originally male reproductive shoot, onto which ectopic ovules developed, has been

suggested (Frohlich and Parker, 2000). The “mostly male” theory for the evolutionary

origin of the angiosperm flower is interesting, because it suggests homeosis to be

important in the evolution of the flower, and has prompted a revision of the fossil record
in the search for a putative ancestor with the type of pollen-bearing structures onto

which ectopic ovules could form, and a carpel later evolve. The hypothesis leans

heavily on the assumption that the retained angiosperm LFY homologue is expressed

predominantly in male structures in gymnosperms.
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In contrast to the pine gene, we detected expression of PaLFY, orthologous to LFY, in

seed cones as well as in pollen cones and vegetative shoots from both adult and seedling

material, by RT-PCR. In pre-dormant cones, during differentiation of the cones, the

expression appeared even higher in the seed cones higher than in the pollen cones, as

only a weak band resulted from the RT-PCR using pollen cone RNA as templates.
Similarly, expression of the Gnetum LFY orthologue was detected in female cones

during development (Shindo et al., 2001) The experimental foundation for the mostly

male theory is therefore not solid.
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CONCLUDING REMARKS
__________________________________________________________________________________________________________

I have examined the phylogeny, the expression patterns, and to some extent performed

functional analyses, of a set of MADS-box genes from the conifer Norway spruce. By
comparing patterns of expression and putative functions of the spruce genes with their

angiosperm orthologues, several pieces of evidence have been gathered that imply a

high conservation of the major pathways regulating the development of the reproductive

organs of the conifers and the angiosperms. Firstly, the phylogenetic reconstruction of

the MADS-box gene family revealed the presence of conifer orthologues to several of

the genes that are required for flower-organ determination in angiosperms. Secondly,
some of the orthologous conifer and angiosperm genes were expressed in organs that

very likely have a common ancestry. Hence, expression of the conifer MADS-box

genes, related to the angiosperm B-genes required for stamen development, specifically

in the developing pollen cones is a strong support for a conservation of the

developmental regulation of pollen-bearing organs in all seed plants. Thirdly, the

overlapping expression patterns of some of the spruce genes might indicate a physical
interaction. An overlapping pattern of expression of e.g. DAL2 and DAL14 suggest a

conservation among the conifer genes regarding this question, because the homologous

angiosperm genes are known to interact. The hypothesis of a physical interaction may

be supported by the conservation of sequence motives in the part of the proteins that are

thought to be important for protein-protein interactions. In the otherwise highly variable

C-terminal region, stretches of conserved amino acid sequences can be detected. This
has been discussed in this thesis for the B-type proteins, but it is true also for the other

groups of MADS-box proteins. Further, the specific effects of the spruce DAL1 gene

and the B-type and C-type genes on the development of transgenic Arabidopsis plants

(Sundström, 2001; Tandre et al., 1998), suggest that these genes are capable to interact

with the endogenous molecular pathways for development control in angiosperms.

Interestingly, some data also point in the other direction; towards a diversification in

function, between the regulation of the reproductive structure of the angiosperms and

the conifers, suggested by the cloning of DAL10 and 21. This may not be surprising,

considering the long evolutionary distance separating the two groups of plants, and the

large differences in morphology of the conifer cones and the angiosperm flowers. It is,

however, a much more difficult task to pinpoint the differences than the similarities. But
it is the identification of the dissimilarities that may prove to be important for our

understanding of the evolution of the morphological complexity.
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