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Molecular Regulation of Embryo Development in Norway Spruce. 
Polar Auxin Transport and Transcription Factors 

Abstract 
Early events in embryo development are critical for the plant body formation. During 
this phase the apical-basal axis, the radial symmetry, and the primary meristems are 
specified. The shoot apical meristem (SAM) and the root apical meristem (RAM) will 
subsequently give rise to all above-ground and below-ground tissues. Despite the 
environmental and economical importance of conifers, the regulation of their 
embryonic development is still relatively unknown. We are using somatic embryos of 
Norway spruce as a model system for studying embryology in conifers. 

In this thesis, I show that polar auxin transport (PAT) is essential for proper 
patterning of both apical and basal parts of conifer embryos. Blocked PAT caused 
increased auxin levels, increased differentiation of early somatic embryos, a skewed 
balance between the embryonal mass and the suspensor cells in late embryos, and an 
abnormal morphology with irregular RAM, fused or aborted cotyledons and absence of 
a functional SAM in mature embryos.  

Two NAC gene family members (PaNAC01 and PaNAC02), closely related to the 
Arabidopsis CUP-SHAPED COTYLEDON (CUC) genes, were characterized. 
PaNAC01 harbors previously characterized functional motifs, and could complement 
the cuc1cuc2 double mutant. The temporal expression of PaNAC01 was dependent on 
PAT, and coincided with the formation of separated cotyledons and a functional SAM. 
Furthermore, the expression profiles of four KNOXI genes (HBK1 to 4) showed that 
also the expression of HBK2 and HBK4 depend on PAT, and indicated their role in 
embryo differentiation and SAM formation, while HBK1 and HBK3 seemingly have a 
more general role during embryo development.  

In addition, a global gene expression analysis revealed important processes during 
early somatic embryogenesis in Norway spruce.  

Taken together the results show that central parts of the regulatory network for 
embryo development are still conserved between angiosperms and gymnosperms, 
despite their separation 300 million years ago. 

Keywords: Auxin, cotyledons, CUC, conifers, KNOX, NAC, Norway spruce, polar 
auxin transport (PAT), shoot apical meristem (SAM), somatic embryogenesis. 

Author’s address: Emma Larsson, Swedish University of Agricultural Sciences, 
Uppsala BioCenter, Department of Plant Biology and Forest Genetics,  
P.O. Box 7080, 750 07 Uppsala, Sweden  
E-mail: Emma.Larsson@slu.se 



  



Contents 

List of Publications 7 

1  Introduction 9 
1.1  Pattern formation during embryo development in seed plants 10 

1.1.1  Angiosperms (Arabidopsis) 11 
1.1.2  Gymnosperms (conifers) 13 
1.1.3  Somatic embryogenesis in Norway spruce 14 

1.2  Molecular regulation of embryo development 15 
1.2.1  Auxin 16 
1.2.2  Transcription factors 20 
1.2.3  Gymnosperms 23 

2  Aims of the study 25 

3  Results and Discussion 27 
3.1  Polar auxin transport is important for normal embryo development in 

Norway spruce (I, II, III and appendix) 27 
3.1.1  Blocked PAT results in increased auxin content (I) 27 
3.1.2  Blocked PAT results in decreased PCD (I) 28 
3.1.3  Increased auxin response in the suspensors of NPA-treated 

embryos (appendix) 28 
3.1.4  Blocked PAT causes fused cotyledons, aborted SAM and an 

irregular RAM (I, II, III) 32 
3.2  NAC-regulation of embryo development in conifers (II and unpublished 

results) 33 
3.2.1  NAC-genes in conifers 33 
3.2.2  CUC-orthologs in Norway spruce 34 
3.2.3  The expression of PaNAC01 is dependent on PAT 35 
3.2.4  PaNAC01 can stimulate cotyledon separation in the cuc1cuc2 

mutant background 37 
3.2.5  The expression of PaNAC02 decreases as embryos develop 37 

3.3  KNOX-diversification during embryo development in conifers (III) 38 
3.3.1  Differential expression of HBK2 and HBK4 during embryo 

development is dependent on the formation of a functional  

SAM 38 
3.3.2  HBK overexpression in Arabidopsis induces morphologies 

characteristic of ectopic KNOXI expression 40 



3.4  Identification of putative processes associated with pattern formation 

during the earliest stages of somatic embryogenesis (IV) 40 
3.4.1  Changes in global gene expression during differentiation and 

development of early somatic embryos 41 
3.4.2  A model for putative processes regulating early embryo 

differentiation and development 43 

4  Conclusions 45 

5  Future perspectives 47 

References 49 

Acknowledgements 61 
 
 



7 

List of Publications 

This thesis is based on the work contained in the following papers, referred to 
by Roman numerals in the text: 

I Larsson, E., Sitbon, F., Ljung, K., von Arnold, S. (2008). Inhibited polar 
auxin transport results in aberrant embryo development in Norway spruce. 
New Phytologist 177, 356-366. 

II Larsson, E., Sundström, JF., Sitbon, F., von Arnold, S. Characterisation of 
two CUP-SHAPED COTYLEDON orthologues (PaNAC01 and PaNAC02) 
in Picea abies (Norway spruce). Manuscript 

III Larsson, E., Sitbon, F., von Arnold, S. Expression of Knotted-1 like genes 
during the establishment of the shoot apical meristem in Picea abies 
(Norway spruce). Manuscript 

IV Vestman, D., Larsson, E., Uddenberg, D., Cairney, J., Clapham, D., 
Sundberg, E., von Arnold, S. (2011). Important processes during 
differentiation and early development of somatic embryos of Norway 
spruce as revealed by changes in global gene expression. Tree Genetics and 
Genomes 7, 347–362. 

Appendix  

Larsson, E., Sitbon, F., von Arnold, S. (2008). Polar auxin transport 
controls suspensor fate. Plant Signaling and Behavior 3:7, 469-470. 

Papers I, IV and appendix are reproduced with the permission of the 
publishers. 



8 

The contribution of Emma Larsson to the papers included in this thesis was as 
follows: 

I Planned the work and accomplished the experimental work, except for the 
auxin analyses. Summarized the results and wrote the manuscript. 

II Planned the work and accomplished the experimental work. Participated in 
the phylogenetic analyses. Summarized the results and wrote the 
manuscript. 

III Planned the work and accomplished the experimental work. Summarized 
the results and wrote the manuscript. 

IV Participated in planning the experiments. Sampled and prepared the 
material for microarray analysis. Took part in analyzing the results and in 
writing the manuscript. 

Appendix 

Planned the work and accomplished the experimental work. Summarized 
the results and wrote the manuscript. 

 

 

 
  



9 

1 Introduction 

Wood is one of the economically most important raw materials in the world. It 
is used for paper and pulp, lumber, energy, and textiles. From an 
environmental point of view forest resources are crucial; growing forests bind 
carbon dioxide, and wood- and paper-based products continue to store carbon 
dioxide throughout their whole life time. Furthermore, there is an urgent need 
to find alternatives to the ever diminishing fossil fuels, and forest by-products 
are regarded as important renewable and environmentally friendly feedstock 
for bio-ethanol production (Ohlrogge et al., 2009).  

In Sweden, more than 55 % of the land area is covered by forests, of which 
42 % consists of spruce and 39 % consists of pine (Swedish Statistical 
Yearbook of Forestry, 2010). Although Sweden holds just below 1 % of the 
world’s commercial forest area, the country provides about 10 % of the world’s 
sawn timber, paper and pulp (Swedish Forest Industries Federation, 2010). In 
1994 the Swedish government decided that high forest production and forest 
sustainability with conserved biological diversity are equally important goals in 
the Swedish forestry. Although conifers are generally regarded as 
undomesticated trees, improvement through crossing, selection and testing has 
had a significant input on the productivity and quality. In order to make use of 
the genetic gain obtained in breeding programs, selected trees must be mass-
propagated. Traditionally this has been achieved by establishing seed orchards. 
However, vegetative propagation is an attractive alternative since it saves both 
time and increases genetic gain more effectively. Forest trees can be 
propagated vegetatively through grafting, rooting of cuttings, layering or 
through micro-propagation such as organogenesis or somatic embryogenesis.  

The development of somatic embryos will be described more thoroughly 
later. Briefly, the method is based on embryogenic cultures, which are 
established from somatic cells, and from which somatic embryos differentiate 
in response to addition and withdrawal of different plant growth regulators 
(PGRs). Today it is only possible to initiate embryogenic cell lines from 
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zygotic conifer embryos. However, work is in progress to overcome the 
difficulties with using more mature starting material such as seedlings or buds 
(Uddenberg et al., 2011). One major advantage of somatic embryogenesis is 
that the embryogenic cell lines can be cryo-preserved in liquid nitrogen. After 
initiation of an embryogenic cell line, one part is cryo-preserved and the rest is 
propagated. Subsequently, somatic embryo plants are regenerated and tested in 
field trials. This makes it possible at any time to thaw cultures originating from 
genotypes that possess valuable traits based on the results from field trials. A 
large number of somatic embryo plants can then be regenerated from the 
thawed cultures, and these plants can be used in different reforestation 
programs.  

Although the somatic embryo protocol today can be used for several conifer 
species, there are still many genotypes that are difficult to propagate using this 
method. A deeper understanding of the genetic regulation may help indicating 
what goes wrong in the development of somatic embryos in recalcitrant 
genotypes and species. This can provide clues on how to improve the culture 
conditions in order to propagate economically important conifers via somatic 
embryos. 

This thesis describes molecular regulation of somatic embryogenesis in 
Norway spruce (Picea abies), with specific emphasis on the interplay between 
polar auxin transport (PAT) and transcription factors (TFs) for the 
establishment of the shoot apical meristem (SAM) and formation of separated 
cotyledons. The developmental pathway has been dissected to pinpoint specific 
developmental stages. Furthermore, a protocol has been established to induce 
the formation of fused cotyledons and aborted SAM, which makes it possible 
to study genes that are of importance for SAM formation and cotyledon 
separation.  

1.1 Pattern formation during embryo development in seed 
plants 

Unlike animals, plants continue to grow and develop new organs throughout 
their life time. This is a prerequisite for their survival, since plants are sessile 
and have to cope with changes in their surroundings. The high degree of 
plasticity and adaptability that plants possess largely depends on their capacity 
to perceive environmental cues and orchestrate the developmental programs 
that best suit the conditions at their habitat. 

The primary shoot and root apical meristems (SAM and RAM) are small 
niches of cells harboring the pluripotent stem cells that give rise to all above-
ground and below-ground organs, respectively, during the development of a 
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plant. The SAM and the RAM are established at opposite ends along the 
apical-basal axis early in embryogenesis. Failure to correctly form these two 
meristems usually leads to abortion or to progressive accumulation of 
morphogenic errors throughout the life time of the plant. 

In addition to the apical-basal polarization, the radial pattern of concentric 
tissue layers, perpendicular to the apical-basal axis, is specified during 
embryogenesis. Although embryo development differs greatly between 
different plant species, this basic body plan is similar (De Smet et al., 2010; 
Lau et al., 2010). 

Current knowledge about the genetic regulation of embryonic pattern 
formation in plants is to a large extent derived from studies on embryo-
defective mutants of the angiosperm Arabidopsis thaliana. Knowledge from 
this species is often regarded as a paradigm for all plant species despite the vast 
morphological differences within the plant kingdom. Angiosperms and 
gymnosperms separated approximately 300 million years ago (Smith 2010), 
and several important embryonal patterning processes differ between the two 
groups of seed plants. From an evolutionary point of view, it is therefore of 
interest to study embryo development in conifers. 

 

1.1.1 Angiosperms (Arabidopsis) 

Early embryogenesis in Arabidopsis proceeds through highly regular cell 
divisions and gene expression patterns that cannot be directly translated to 
other plant species (De Smet et al., 2010). However, since there is so much 
more knowledge available about Arabidopsis embryogenesis (Mansfield and 
Briarty, 1991 and reviewed by Jenik et al., 2007; Capron et al., 2009; De Smet 
et al., 2010 and Lau et al., 2010) compared to conifer embryogenesis, it is 
valuable to use that knowledge as a foundation when studying similarities and 
differences between distantly related species.  

A schematic picture of the different developmental stages during 
Arabidopsis embryo development is shown in Figure 1A. The embryo pattern 
formation starts with an asymmetric division of the zygote, which gives rise to 
a small apical cell and a larger, elongated basal cell. Already after the first 
asymmetric cell division specific transcription programs are initiated resulting 
in different fates of the two progenitor cells. While the basal cell and its 
descendants divide only transversely to form one long file of cells called the 
suspensor, the apical cell undergoes a series of transversal and longitudinal 
divisions in order to develop the embryo proper.  

At the octant stage the embryo proper consists of eight cells divided 
between the upper and the lower tier. The upper tier will subsequently give rise 
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to much of the apical part of the seedling, including the SAM and the 
cotyledons, while the lower tier will form much of the root. The uppermost 
suspensor cell will at later stages become incorporated into the embryo as the 
hypophysis, the founder of parts of the future root meristem.  

During the transition from the octant stage to the dermatogen stage, the 
cells of the embryo proper divide tangentially and give rise to an inner cell 
layer, and an outer cell layer designated the protoderm, which subsequently 
will become the epidermis.  

The next round of cell divisions (longitudinal among the inner cells and 
anticlinal among the protodermal cells) gives rise to a 32 cell globular embryo. 
From this stage on, the cell divisions are less coordinated. However, the 
different tissues are becoming evident so that by the mid-globular stage all 
main tissues, such as epidermis, ground tissue and provascular tissue as well as 
the primary shoot and root meristems, have been specified or predestined.  

The hypophysis divides asymmetrically, giving rise to a smaller lens-shaped 
cell, which is the precursor of the quiescent centre, and a larger basal cell, 
which subsequently will give rise to the lower tier of stem cells in the root 
meristem.  

The cells of the embryo proper continue to divide so that the embryo 
gradually assumes a triangular and then a heart shape as the cotyledons grow 
out on opposite sides of the incipient SAM. Further refinement of the 
embryonic pattern occurs during the subsequent developmental stages, the 
torpedo and bent cotyledon stages.   
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 Figure 1. Schematic overview of the embryo development in (A) angiosperms (Arabidopsis) and 
(B) gymnosperms (conifers). 

1.1.2 Gymnosperms (conifers) 

The course of embryo development in gymnosperms, of which the conifer type 
is the most common and hence often considered as the basal plan for 
gymnosperms (Figure 1B), is very different from that in Arabidopsis. The 
process can be divided into three phases (Singh, 1978); (1) proembryogeny – 
all stages before elongation of the suspensor, (2) early embryogeny – all stages 
during and after elongation of the suspensor and before establishment of the 
root meristem, (3) late embryogeny – establishment of the root and shoot 
meristems and further development of the embryo following this event.  

Proembryogeny starts with a free nuclear stage, in which the nuclei 
duplicate without cytokinesis. After cell wall formation, four tiers are formed 
of which the lowest tier will form the embryonal mass and the second lowest 
tier will elongate to form the embryonal suspensor.  

During early embryogeny the suspensor is elongated. In contrast to the 
single file of dividing cells of the Arabidopsis suspensor, conifer suspensors 
consist of several files of cells that do not divide, but originate from the 
proximal cells of the embryonal mass, and push the growing embryonal mass 
into the central portion of the female gametophyte as they elongate. The 
embryonal mass and the suspensor are separated by a layer of gymnosperm-
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specific cells called tube cells. Common for many conifers, but rare in spruces, 
is the process of polyembryogeny, when the early embryo goes through 
multiple rounds of cleavage to form several equally sized embryos. One 
embryo eventually becomes dominant and subordinate embryos are aborted 
(Filonova et al., 2002).  

Late embryogeny is characterized by morphogenesis along the embryo axis. 
The young embryonal mass is divided into two regions; one region (proximal 
to the suspensor) in which the cells undergo transverse divisions, and one 
region (distal to the suspensor) in which the cells divide in all planes. The root 
cap differentiates from the proximal region and soon the root initials can be 
visualized. The distal region then undergoes cytohistological zonation as the 
hypocotyl, shoot apex and cotyledons are formed. In contrast to Arabidopsis, 
conifer embryos develop a crown of several cotyledons surrounding the SAM.  

1.1.3 Somatic embryogenesis in Norway spruce 

The somatic embryo system of Norway spruce includes a stereotyped sequence 
of developmental stages, resembling zygotic embryogeny, which can be 
synchronized by specific treatments (Filonova et al., 2000a; Bozhkov et al., 
2002). Embryogenic cultures from Norway spruce are established from zygotic 
embryos. Differentiated cells in the zygotic embryo are first stimulated to 
dedifferentiate and then to give rise to proliferating proembryogenic masses 
(PEMs) in the presence of the PGRs auxin and cytokinin (Mo et al. 1989). The 
PEMs consist of two different cell types; small, round and highly cytoplasmic 
meristematic cells, which stain bright red with acetocarmine, and elongated, 
highly vacuolated cells, which are permeable to Evan’s blue. Depending on the 
composition of these two cell types the PEMs have been divided into three 
classes (Filonova et al. 2000a); PEM I, consisting of a small clump of 
meristematic cells and one single vacuolated cell, PEM II, similar to PEM I, 
but with more than one vacuolated cell, and PEM III, consisting of a large 
mass of meristematic cells mixed with highly vacuolated cells in a seemingly 
unorganized cluster. After withdrawal of the PGRs early embryos start to 
differentiate from PEM III clusters, and from this stage the somatic embryo 
development proceeds through the same sequential stages as described for 
zygotic embryogeny. Addition of abscisic acid (ABA) stimulates the early 
embryos to develop further into late embryos, and fully mature cotyledonary 
embryos are usually developed after four to five weeks exposure to ABA 
(Filonova et al. 2000a).  

It has been shown that the development of somatic embryos in Norway 
spruce is dependent on two successive waves of programmed cell death (PCD, 
Filonova et al., 2000b). The first wave is responsible for the degradation of 
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PEM cells as early embryos differentiate in response to withdrawal of PGRs, 
and the second wave eliminates the terminally differentiated suspensor cells 
during early embryogeny. The number of cells undergoing PCD in 
embryogenic cultures of Norway spruce has successfully been studied by 
analyzing the amount of DNA fragmentation (laddering), by using terminal 
deoxynucleotidyl transferase (TdT)-mediated dUTP nick end labelling 
(TUNEL), which is an in situ method to label fragmented DNA, and by 
ultrastructure analysis of cell dismantling using transmission electron 
microscopy (Filonova et al., 2000b). 

The process of somatic embryogenesis has proven to be a valuable tool for 
studying embryo development in conifers. First, it is because the later stages of 
somatic embryogenesis are identical to the equivalent stages of zygotic 
embryogenesis. Second, zygotic embryogenesis occurs under multiple layers of 
tissues and is therefore hard to study, while somatic embryos are devoid of 
such obstructing tissues. Third, somatic embryogenesis can be synchronized so 
that many embryos at the same developmental stage can be obtained at a 
specific time point, which is practically impossible with zygotic embryos of 
Norway spruce. Somatic embryos that have been propagated from the same 
culture are genetically identical, which simplifies molecular studies. 
Furthermore, there are no embryo-specific mutants available in conifers, but 
the possibility to genetically transform somatic embryos makes it possible to 
study gene function also in conifer embryos.  

We are using the somatic embryo system in Norway spruce as a model for 
elucidating the regulation of embryo development in conifers (von Arnold et 
al., 2002). 

1.2 Molecular regulation of embryo development 

The molecular and cellular mechanisms that coordinate the precise 
developmental patterning during early embryogenesis are still rather poorly 
understood. However, emerging knowledge, mainly from studies of 
Arabidopsis embryogenesis, is drawing a picture of an intricate network of 
signaling molecules, TFs and PGRs that together orchestrate specific 
developmental programs in both temporally and spatially restricted locations 
(De Smet et al., 2010). In this thesis I focus on the importance of polar 
transport of the PGR auxin, and on the roles played by members of two large 
families of TFs. Of course, many other players are essential for the pattern 
formation during embryogenesis, but those will not be discussed in detail here. 
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1.2.1 Auxin 

The small molecule indole-3-acetic acid (IAA) is one of the most important 
compounds for the plasticity of a living plant. Already Charles Darwin and his 
son Francis suggested the occurrence of a compound that in response to light 
travelled from the coleoptile tip of the grass Phalaris canariensis to a more 
basal position, where it stimulated growth (Darwin and Darwin, 1880). The 
compound was later named auxin, derived from the Greek word ‘auxein’ for 
‘to grow’, and is today used as the generic name for a group of important 
endogenous and synthetic molecules with similar molecular properties 
(reviewed by Teale et al., 2006). In plants, the most important auxin seems to 
be IAA, although other substances with auxin activity have been identified. It 
has been debated if auxin should be considered as a hormone or a morphogen, 
since it shows properties of both. It is synthesized at one location and then 
transported to another where it is perceived by a receptor and thereby induces 
its response, just like a hormone. On the other hand, auxin regulates several 
aspects of plant development by forming concentration gradients and thereby 
altering cell fate decisions in a dose-dependent manner, just like a morphogen 
(Bhalerao and Bennett, 2003). Thus, here I use the term PGR to denote auxin 
and similar substances. Certainly, there are other PGRs which greatly influence 
the growth and morphology of a plant, and also ratios between different PGRs 
influence the fate of a cell. However, since the projects within this thesis have 
mainly dealt with the effects of auxin, I focus on describing this particular 
PGR. 

Considerable efforts have been made to understand how such a small 
molecule can affect so many different developmental processes in so many 
different locations during so many different developmental stages of the plant 
life cycle. Three aspects of auxin are considered to contribute to its role during 
plant development: (1) biosynthesis, to create local auxin sources and maxima, 
(2) transport, to generate gradients or local auxin maxima, and (3) perception, 
to induce a response, which eventually will affect development. However, the 
amount of active auxin available to exert a response in a specific tissue is also 
dependent on conjugation, methylation, degradation and conversion to other 
auxins (Chandler, 2009).    

Biosynthesis 

Comprehensive knowledge about auxin biosynthesis is still missing, one 
reason probably being the lack of auxin-deficient mutants. However, four 
routes originating from the amino acid tryptophan (trp), and one trp-
independent route have been postulated for the biosynthesis of IAA, although 
their complete pathways and relationships remain elusive (reviewed by Zhao, 
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2010). One of the suggested pathways involves a family of flavin 
monooxygenases called the YUCCAs (YUC). These enzymes have been 
suggested to have the capacity to catalyze the conversion of tryptamine into N-
hydroxyl tryptamine, which subsequently can proceed to IAA via a few 
intermediates (Zhao et al., 2001). Another pathway is called the Indole-3-
pyruvate (IPA) pathway and suggests IPA as an intermediate in the IAA 
biosynthesis. It involves the TRYPTOPHAN AMINOTRANSFERASE of 
ARABIDOPSIS (TAA1) enzyme, which catalyzes the production of IPA from 
tryptophan (Stepanova et al., 2008).  

Both YUC and TAA genes are expressed in the apical parts of globular 
embryos. In more mature embryos, the expression of YUC becomes restricted 
to the SAM and the tips of the cotyledons (Cheng et al., 2007), while TAA1 
expression remains in a protoderm stripe around the shoot apex, but can also be 
found in the developing root meristem (Stepanova et al., 2008). The quadruple 
mutant yuc1 yuc4 yuc10 yuc11 fails to develop hypocotyl and a root (Cheng et 
al., 2007), as does a large fraction of triple mutants of taa1 and its close 
homologs tryptophan aminotransferase related 1 and 2 (tar1 tar2; Stepanova 
et al., 2008).  

Another pathway that influences the active pool of IAA is the indole-3-
acetaldoxime (IAOx) and glucosinolate pathway (Zhao et al., 2010). It was 
defined by the auxin overproducing mutants superroot 1 (sur1; Boerjan et al., 
1995) and superroot2 (sur2; Delarue et al., 1998). In this pathway, trp is 
converted to IAOx, which in turn can be converted to IAA or to indolic 
glucosinolates. This last conversion is catalyzed by the SUR enzymes, which 
thus control the available amount of IAOx for biosynthesis of IAA (Mikkelsen 
et al., 2004).   

Transport 

As mentioned above, auxin was first discovered as a compound transported in 
an apical-basal direction in response to environmental factors, and the classical 
view of organ differentiation is that new organs initiate at local auxin maxima 
created by PAT (Benková et al., 2003). Much effort has been put into 
understanding the different mechanisms regulating auxin transport. This has 
therefore been reviewed many times, most recently by Petrášek and Friml 
(2009) and Grunewald and Friml (2010).  

The bulk flow of auxin occurs in mature phloem away from auxin sources 
such as young leaves and flowers. However, it has been shown that the 
generation of local auxin maxima and gradients, which influence different 
developmental processes, is dependent on a slower and highly regulated cell-
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to-cell transport. This intercellular transport is mediated by different types of 
auxin influx and efflux carriers.  

As a weak organic acid, auxin is protonated in the cell wall and in the 
extracellular space, where the pH is about 5.5. Thus, it can penetrate the 
hydrophobic plasma membrane through diffusion, or via the AUXIN 
RESISTANT 1/LIKE AUX1 (AUX1/LAX) family of influx carriers (Bennet et 
al., 1996; Swarup et al., 2008). However, inside the cell, where the pH is about 
7, auxin becomes dissociated and therefore trapped within the cell. In this way 
auxin can be transported directionally through a family of PIN-FORMED 
(PIN) efflux carriers that localize polarly at the plasma membrane of a cell 
(Petrášek et al., 2006). The PIN proteins are continuously recycled between the 
plasma membrane and endosomes, thus enabling a flexibility of the transport 
system to change direction at the cellular level (Geldner et al., 2003). Apical 
targeting of the PIN proteins is dependent on phosphorylation by the 
serine/threonine protein kinase PINOID (PID; Friml et al., 2004). This 
subcellular apical targeting is antagonized by dephosphorylation mediated by 
the PROTEIN PHOSPHATASE 2A (PP2A), which thus leads to basal 
targeting (Michniewicz et al., 2007).  

Another type of auxin efflux carriers are homologs of the mammalian ATP-
BINDING CASSETTE SUBFAMILY B (ABCB)-transporters of the 
MULTIDRUG RESISTANCE/PHOSPHOGLYCOPROTEIN 
(ABCB/MDR/PGP) protein family (Noh et al., 2001; Verrier et al., 2008). 
These proteins are localized more symmetrically in the plasma membrane than 
the PIN proteins, and are therefore believed to regulate the amount of auxin 
available in the cell for PIN-mediated directional transport (Mravec et al., 
2008). 

The phytotropin 1-N-naphtylphthalamic acid (NPA) is a well-established 
polar auxin efflux inhibitor that has been widely used to study auxin transport-
dependent plant development (Petrášek and Friml, 2009). It has been shown to 
reversibly inhibit auxin efflux when applied to plant material (Lembi et al. 
1971), and wild-type Arabidopsis plants as well as embryos of Indian mustard 
(Brassica juncea) phenocopy Atpin1 mutants when treated with NPA (Okada 
et al., 1991; Liu et al., 1993; Hadfi et al., 1998).  In transgenic Arabidopsis 
plants carrying functional PIN1:GFP constructs, PIN1:GFP relocation was 
prevented by NPA (Benková et al., 2003), and PIN-mediated transport in 
tobacco (Nicotiana tabacum) BY-2 cells was completely inhibited by NPA 
(Petrášek et al., 2006). NPA has also been used to study the role of auxin 
transport in compression wood formation in Scots pine (Pinus sylvestris; 
Sundberg et al., 1994). Interestingly, some of the ABCB proteins show binding 
affinity to NPA (Murphy et al., 2000; Noh et al., 2001), and NPA regulates the 
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activity of both ABCB1 and ABCB19 (Murphy et al., 2000; Noh et al., 2001; 
Geisler et al, 2005; Rojas-Pierce et al., 2007; Bailly et al., 2008).  

PIN-mediated PAT has been shown to be of major importance for early 
embryo patterning in Arabidopsis (Friml et al., 2003, Figure 2). Already after 
the first cell division, auxin is transported from the larger basal cell to the 
smaller apical cell through the activity of PIN7, which is apically localized in 
the basal cell. This transport is maintained until the globular stage, and aided 
by the suspensor-specific localization of ABCB19 (Mravec et al., 2008). 
During these first stages PIN1 probably mediates a uniform auxin distribution 
within the apical cell lineage. At the globular stage there is a polar switch of 
PIN1 and PIN7 localisation so that the PAT is reversed towards the suspensor. 
This reversion creates an auxin response maximum in the uppermost suspensor 
cell, which has been correlated with its specification as the hypophysis. In 
accordance, auxin biosynthesis and response mutants show severe defects in 
embryonic root formation (Hardke and Berleth, 1998; Hamann et al., 2002; 
Dharmasiri et al., 2005; Cheng et al., 2007; Stepanova et al., 2008). During the 
development of the heart stage embryo, new auxin response maxima are 
formed at the tip of the cotyledon primordia. These maxima are correlated with 
the apical localization of PIN1 in the protoderm (Benková et al., 2003), but are 
probably also dependent on ABCB1 and ABCB19 since pin1 abcb1 abcb19 
triple mutants are compromised in establishing auxin response maxima and 
form fused cotyledons with a much higher frequency than pin1 or abcb1 
abcb19 mutants do (Mravec et al., 2008).  

 
Figure 2. Schematic depiction of the auxin distribution and the localization of auxin transporters 
during early Arabidopsis embryogenesis. Reproduced with permission from the Company of 
Biologists: Petrášek and Friml (2009), Development 136, 2681.  
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Perception 

Auxin is perceived by a small group of F-box protein receptors known as 
TRANSPORT INHIBITOR RESPONSE1 (TIR1) and AUXIN SIGNALING 
F-BOX PROTEIN1 (AFB1), AFB2, AFB3, AFB4 and AFB5 (Chapman and 
Estelle, 2009). TIR1 interacts with AUXIN/INDOLE-3-ACETIC ACID 
(AUX/IAA) proteins, targeting them for degradation by the 26S proteasome. 
Auxin binds to a pocket between TIR1 and the AUX/IAA protein, thereby 
acting as a “molecular glue” stabilizing the interaction of the two proteins (Tan 
et al., 2007). The two proteins then interact with several other proteins to form 
the SCFTIR1 complex, which mediates ubiquitylation and subsequent 
degradation of the AUX/IAA protein. If not degraded, the AUX/IAA proteins 
block auxin responses by forming dimers with the DNA-binding auxin 
response factors (ARFs), thus preventing them from regulating their target 
genes (reviewed by Chapman and Estelle, 2009). The ARFs bind to auxin-
responsive elements (AuxRE) in the promoters of auxin-induced genes 
belonging to families of SMALL AUXIN-UP RNAs (SAUR), AUX/IAA and 
GRETCHEN HAGEN3 (GH3) (reviewed by Hagen and Guilfoyle, 2002). 
Several auxin-regulated promoters have been fused to reporter genes and used 
to monitor auxin responses in vivo. In addition, studies of auxin-regulated 
promoters revealed the six bp sequence TGTCTC as the AuxRE. This led to the 
construction of several synthetic auxin-responsive promoters, such as DR5, 
that is now widely used to visualize auxin response and/or levels (reviewed by 
Chapman and Estelle, 2009). However, it has to be kept in mind that these 
kinds of reporters merely show auxin response and not actual auxin 
accumulation. In some tissues the levels of auxin might be too low to elicit a 
response, and in some tissues the auxin level might be high, but the response 
low. Furthermore, auxin response reporters might become activated by other 
PGRs, as has been shown for brassinolide and DR5 (Nakamura et al., 2003). 

1.2.2 Transcription factors 

TFs constitute master regulators of dynamic transcriptional networks that have 
fundamental roles in almost all biological processes. Certain TFs are key 
developmental regulators, as their binding to cis-acting promoter elements 
activate or repress the expression of target genes to promote differentiation of 
an organism. Genes regulating important developmental processes are often 
conserved, even between distantly related organisms. However, it has been 
suggested that morphological evolution is not a result of sequence differences 
in the genes per se, but may be driven by cis-regulatory evolution (Carrol, 
2008). This type of evolution involves mutations in regulatory elements (cis-
elements) in promoters of genes encoding regulatory proteins, such as TFs or 
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signaling proteins. The cis-element mutations may alter the expression of 
regulatory genes, thereby causing a cascade of differential expression of down-
stream target genes leading to morphological differences between species. 
Therefore, it is interesting to compare the expression patterns of different TFs 
in distantly related plant species.  

Homeobox genes 

Almost two decades ago, it was shown that the establishment of the embryonal 
SAM in Arabidopsis was dependent on the homeodomain-containing TF 
SHOOT MERISTEMLESS (STM; Barton and Poethig, 1993; Long et al., 
1996). The discovery drew a lot of attention since the characterization of 
homeobox genes in animals a few years earlier had revolutionized the 
understanding of the molecular regulation of animal development and 
evolution (reviewed by Hay and Tsiantis, 2010). STM belongs to the 
KNOTTED-like homeobox (KNOX) family of TFs (Long et al., 1996). These 
constitute a small sub-family of the larger TALE (three amino acid loop 
extension) family of homeobox genes, and are characterised by several 
conserved regions including a long homeobox domain involved in DNA 
binding, a KNOX domain, a GSE Box and an ELK domain (Bürglin, 1997). 
Based on sequence similarity, intron positions and expression patterns, the 
KNOX family has been divided into two classes, class I and class II (Kerstetter 
et al., 1994). The proteins in class I have proven to be essential for maintaining 
the pluripotent stem-cell pool in the SAM of land plants (Hay and Tsiantis, 
2010 with refs.), while the functions of class II genes are more elusive. There 
are four KNOXI genes in Arabidopsis, STM, KNOTTED-like from Arabidopsis 
thaliana 1/BREVIPEDICELLUS (KNAT1/BP), KNAT2 and KNAT6.  

STM is the best characterized gene in the KNOX family. Since the other 
KNOX genes act redundantly with STM to maintain SAM characteristics, 
stimulate organ separation, induce leaf serration and establish carpel identity, it 
has been difficult to assign distinct functions to each gene. STM is first 
expressed in a single cell in the centre of the apical part of the globular stage 
embryo, before the SAM is established (Long et al., 1996). At later stages, 
STM expression is confined to the incipient SAM between the emerging 
cotyledons. In adult plants STM expression can be detected in vegetative, 
axillary, inflorescence and floral meristems. Strong stm-1 homozygous mutants 
do not form an embryonal SAM, nor do they regenerate flowering shoots in 
tissue culture (Barton and Poethig, 1993). In accordance, plants constitutively 
overexpressing STM develop ectopic meristems on their adaxial leaf surfaces 
(Brand et al., 2002). Taken together, the results suggest that STM provides the 
critical function for the formation of both vegetative and reproductive 
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meristematic tissues, and that its expression is required to repress 
differentiation and to maintain the pluripotency of the meristematic cells. 

KNAT1/BP is expressed in the shoot apex at the seedling stage (Dockx et 
al., 1995). When ectopically expressed, the gene can induce ectopic meristems 
(Chuck et al., 1996) and rescue the stm mutant phenotype (Scofield et al., 
2008). However, there is no disruption of the SAM in bp mutants (Venglat et 
al., 2002).  

KNAT6 acts redundantly with STM to maintain meristem identity and 
organ separation (Belles-Boix et al., 2006). Its encoding gene is, just like STM, 
expressed in the embryonal SAM, but first when the bilateral symmetry has 
been established. 

Mutants of knat2 have no obvious phenotype, probably because of its 
redundancy with KNAT6 (Byrne et al., 2002). However, ectopically expressed 
KNAT2 induces a conversion of ovules to carpels, suggesting a function related 
to carpel development (Pautot et al., 2001), which later has been shown also 
for STM (Scofield et al., 2007). 

NAC-genes 

The NAC-gene family is one of the largest plant-specific families of TFs 
(Riechmann et al., 2000). Members of this family possess a conserved NAC-
domain (from petunia NAM and Arabidopsis ATAF1, ATAF2, and CUC2; Aida 
et al., 1997) in their N-terminal region, which has been implicated in DNA-
binding, nuclear localization and homo- or heterodimerization (Xie et al., 2000; 
Duval et al., 2002; Ernst et al., 2004), and has for some proteins been shown to 
confer functional specificity (Taoka et al., 2004). In contrast, the C-terminal 
domains of NAC-family members are highly diverse and have been shown to 
confer transactivation capacity (Taoka et al., 2004). The functions and 
expression patterns of reported NAC genes are highly diverse, and include 
SAM formation and organ separation, hormone signalling, cell division, 
growth of floral organs, lateral root formation, stress response,  senescence and 
wood formation (reviewed by Olsen et al., 2005 and Shen et al., 2009).  

The NAC-genes in various species have been divided into sub-groups based 
on phylogenetic analysis (Ooka et al., 2003, Fang et al., 2008, Shen et al., 
2009, Jensen et al., 2010). This has revealed that NAC-genes that cluster 
together tend to share conserved motifs in the C-terminal encoding regions, are 
co-expressed, and exert similar functions (Shen et al., 2009, Jensen et al., 
2010).  

Some of the first NAC genes to be characterized were identified in 
Arabidopsis mutants forming cup-shaped cotyledons and lacking a SAM, and 
these were therefore designated CUP-SHAPED COTYLEDON 1 (CUC1) and 
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CUC2 (Aida et al., 1997). Today three CUC genes have been characterized in 
Arabidopsis (Aida et al., 1997; Takada et al., 2001; Vroemen et al., 2003). 
These are expressed in the boundaries in-between shoot organs and between 
shoot organs and meristems during embryonic, vegetative and reproductive 
development, where they presumably prevent proliferation and thereby organ 
outgrowth (Aida and Tasaka, 2006 with refs.). The restriction of CUC1 and 
CUC2 expression is regulated by auxin response and/or transport (Aida et al., 
2002; Furutani et al., 2004). The mRNA levels of CUC1 and CUC2 are in 
addition regulated by the microRNA miR164 (Laufs et al., 2004; Mallory et 
al., 2004), which appears to control the balance between separation and fusion 
in several different plant tissues (Nikovics et al., 2006; Sieber et al., 2007; 
Larue et al., 2009).  

A model has been suggested for how organ primordia and boundaries are 
established in inflorescence meristems (Heisler et al., 2005). In this model, 
auxin starts to accumulate at a specific position, which leads to primordium 
specification. As soon as the primordium has been initiated, auxin is 
translocated from that region, leading to an accumulation at another position. 
The expression of CUC2 is up-regulated after the translocation of auxin in the 
primordial boundaries, which thus appears depleted from auxin. Whether auxin 
regulates CUC expression similarly during embryo development as during 
flower development is not known.  

1.2.3 Gymnosperms 

If the molecular regulation of pattern formation in angiosperms is still rather 
poorly understood, the knowledge about how pattern formation is regulated in 
gymnosperms is practically non-existent. One of the reasons for this is that 
gymnosperms, and specifically conifers, have several disadvantages as 
experimental organisms; they are big in size, have long generation times, and 
have large genomes (about 200 to 400 times larger than that of Arabidopsis) 
and no conifer genome has been fully sequenced at this point. Furthermore, 
many of the standard protocols for molecular analysis are not yet well 
established for conifers. However, as mentioned earlier, the somatic embryo 
system in Norway spruce has successively been developed to such an extent 
that it has become a valuable tool for studying embryology in conifers. Up to 
now, however, knowledge about regulatory mechanisms for pattern formation 
in conifers is mainly based on similarities with corresponding events in 
Arabidopsis. 

WUSCHEL RELATED HOMEOBOX (WOX) genes encode TFs of major 
importance for the earliest embryo patterning events in Arabidopsis (Haecker 
et al., 2004; Wu et al., 2007; Breuninger et al., 2008). In accordance, WOX2 
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and WOX8/9 orthologous genes have been shown to be expressed during early 
embryogenesis in Norway spruce (Palovaara et al., 2010).  

An aquaglyceroporin-encoding gene, PtNIP1:1, is specifically expressed in 
the suspensor and tube cells during early embryogeny in Loblolly pine (Pinus 
taeda), indicating that suspensor elongation and/or solute transport might be 
important during early somatic embryo development (Ciavatta et al., 2001, 
Ciavatta et al., 2002). The suspensor-specific expression of a metacaspase 
(mcII-Pa) is essential for PCD-related suspensor differentiation (Suarez et al., 
2004), and silencing of mcII-Pa or in vivo inhibition of the VEIDase 
proteolytic activity blocks the transition from PEM proliferation to embryo 
differentiation (Bozhkov et al., 2004; Suarez et al., 2004).   

The differentiation of a protoderm occurs early during embryo development 
in Arabidopsis, and is accompanied by the establishment of complementary 
expression domains of previously co-expressed genes (De Smet et al., 2010). 
For example, expression of ARABIDOPSIS THALIANA MERISTEM LAYER 1 
(ATML1) and PROTODERMAL FACTOR 2 (PDF2) become restricted to the 
protodermal layer of cells, while the expression of the ARGONAUTE (AGO) 
family member ZWILLE (ZLL), suggested to be important for the maintenance 
of an undifferentiated stem cell pool (Moussian et al., 1998), becomes 
restricted to the inner cells. In accordance, differentiation of an outer cell layer 
in the embryonal mass of Norway spruce embryos is suggested to be regulated 
by Picea abies Homeobox1 (PaHB1), whose encoded protein is highly similar 
to that of ATML1 (Ingouff et al., 2001). Furthermore, a member of the AGO 
family from white spruce (Picea glauca), PgAGO, is required for proper shoot 
and root meristem differentiation during embryo development, suggesting a 
similar function as for ZLL (Tahir et al. 2006).  

As in angiosperms, a proper function of the outer cell layer in Norway 
spruce requires a specific expression pattern of a lipid transfer protein encoding 
gene (Sabala et al., 2000), and during late embryogeny PaHB2 participates in 
the maintenance of the radial pattern by specifying the identity of the cortical 
cell layers (Ingouff et al., 2003). In addition, the expression pattern of Picea 
abies viviparous 1 (Pavp1) during maturation of Norway spruce embryos is 
similar to that of angiosperm VIVIPAROUS1/ABSCISIC ACID-INSENSITIVE 3 
(VP1/ABI3) homologues during somatic and zygotic embryogenesis (Footitt et 
al., 2003).  
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2 Aims of the study 

Considering the economical and environmental importance of forest trees, the 
objective of this study has been to increase our knowledge about molecular 
mechanisms that regulate embryo development in conifers. My main focus has 
been to study regulation of the shoot apical meristem differentiation and the 
formation of separated cotyledons. 
 
Specific aims were to investigate: 
 the importance of polar auxin transport during embryo development. 
 the importance of NAC and KNOX transcription factor family members 

during embryo development. 
 changes in global gene expression during differentiation and development 

of early embryos. 
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3 Results and Discussion 

3.1 Polar auxin transport is important for normal embryo 
development in Norway spruce (I, II, III and appendix) 

Already from the very first cell division in Arabidopsis embryos, auxin is 
transported towards the apical cell (Friml et al., 2003). The auxin gradient is 
maintained through effective PAT despite fluctuations in auxin biosynthesis or 
conjugation (Weijers et al., 2005). It should be kept in mind though, that an 
active pool of auxin has to be available for the transport to occur. 

The role of auxin and PAT during somatic embryo development in Norway 
spruce was analysed by treating embryogenic cultures and developing somatic 
embryos with the well-characterized PAT inhibitor NPA. 

3.1.1 Blocked PAT results in increased auxin content (I) 

Norway spruce somatic embryos differentiate from PEM III in response to 
withdrawal of auxin and cytokinin. Addition of NPA to culture medium 
lacking these two PGRs resulted in an increased number of early embryos 
differentiating from the PEMs. IAA quantification using gas chromatography-
mass spectrometry revealed that the endogenous free IAA level in NPA-treated 
cultures increased almost two-fold compared to control cultures. Presumably, 
this reflects decreased efflux, but increased synthesis or decreased degradation 
via a feed-back system is also possible.  

We suggest that early somatic embryos differentiate at appropriate auxin 
levels generated by active PAT. The increased endogenous auxin level in 
NPA-treated cultures could be sufficient for an increased differentiation of 
early embryos. However, it is tempting to speculate that in the absence of PAT, 
auxin accumulates randomly in different cells, leading to increased 
differentiation. This would implicate that PAT to some extent counteracts 
random embryo differentiation. Alternatively, auxin biosynthesis might in the 
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absence of PAT become more important for the creation of auxin peaks, which 
might be more frequent in NPA-treated cultures than those created through 
active PAT in control cultures.  

3.1.2 Blocked PAT results in decreased PCD (I) 

Early somatic embryos of Norway spruce are polar structures consisting of 
three major cell types: the meristematic cells of the embryonal mass, the 
embryonal tube cells and the terminally differentiated suspensor cells. The 
suspensor cells are degraded by PCD, which is induced by the withdrawal of 
PGRs (Filonova et al., 2000b; Suarez et al., 2004; Bozhkov et al., 2005). 
Dysregulation of PCD leads to embryonic aberrations (Smertenko et al., 2003).  

At the beginning of late embryogeny, NPA-treated embryos often carried 
supernumerary suspensor cells, giving the embryos a more cone-shaped 
morphology compared to the cylinder-shaped control embryos. Another typical 
feature of NPA-treated embryos was meristematic cells in the suspensor, which 
in extreme cases resulted in ball-shaped embryos without any suspensor cells at 
all. The number of cells undergoing PCD in control and NPA-treated early 
embryos was analyzed using a TUNEL-assay. The number of TUNEL-positive 
nuclei was significantly decreased in developing embryos treated with NPA. 
This indicates that the suspensor cells of the NPA-treated embryos underwent 
PCD to a lesser extent, presumably because of the increased auxin content in 
the suspensor (see below). The decreased PCD resulted in a skewed balance 
between embryonal mass and suspensor cells, and as a consequence, NPA-
treated embryos developed abnormally.  

 

3.1.3 Increased auxin response in the suspensors of NPA-treated embryos 
(appendix) 

Auxin response has been visualized using auxin responsive promoters fused to 
reporter genes. The pea (Pisum sativum) gene PsIAA4/5 has been characterized 
as an early auxin responsive gene, harbouring several AuxREs in its promoter 
region (Ballas et al., 1993; Oeller et al., 1993). Tobacco plants, carrying a -318 
bp deletion of the PsIAA4/5 promoter, containing the auxin responsive domains 
A and B, fused to the β-glucuronidase (GUS) reporter gene, expressed GUS in 
rapidly elongating hypocotyls (Wong et al., 1996, personal observations). 
Furthermore, strong induction by auxin was observed in elongating zones of 
both roots and hypocotyls in transgenic pIAA4/5-GUS Arabidopsis plants 
(Oono et al., 1998).  

In order to monitor auxin responses during somatic embryogenesis, a 
pIAA4/5-GUS construct was introduced into an embryogenic cell line of 
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Norway spruce. At early stages of somatic embryo development pIAA4/5-GUS 
activity was detected in PEMs, tube cells and suspensor cells, but not in the 
embryonal mass. The pIAA4/5-GUS construct can thus be considered as a 
biosensor of auxin activity in most cells during spruce embryo development, 
but not in the embryonal mass. When early embryos of Norway spruce were 
treated with NPA, the pIAA4/5-GUS activity increased in tube cells and 
suspensor cells, well in line with the two-fold increment of free IAA levels (I).  

Similarly, also the GH3 promoter from soybean (Glycine max) fused to the 
GUS reporter gene has been used in various plant species to visualize auxin 
levels and/or response (Hagen et al., 1991; Larkin et al., 1996; Li et al., 1999; 
Bierfreund et al., 2003; Teichmann et al., 2008). To gain a better understanding 
of the auxin response in the embryonal mass, this construct was introduced into 
embryogenic cell lines of Norway spruce.  

One week after subculture, PGRs start to become depleted from the 
proliferation medium and early embryos start to differentiate. At this stage, 
small patches of stronger GUS activity was surrounded by cells with faint GUS 
staining (Figure 3A), in accordance with the hypothesis that early embryos 
start to differentiate from cells with appropriate auxin contents (see above).  

During early embryogeny and in the beginning of late embryogeny an auxin 
response maximum was generated in the basal part of the embryonal mass and 
in the differentiating tube cells (Figure 3B,C). We assume that the basal part of 
the embryonal mass harbours stem cells that provide both the developing 
embryonal mass and the differentiating suspensor with new cells (i.e. 
meristematic cells and tube cells). Thus, the GUS activity in this region 
indicates that auxin might play a role in specifying the embryonal stem cells in 
conifers.  

In late embryos that had developed a protoderm, but not yet established a 
SAM, GUS staining was restricted to the basal cells of the embryonal mass 
(Figure 3D), which presumably contain the stem cells, but also will form the 
root cap of the maturing embryo. Early embryos of Norway spruce that were 
treated with NPA showed no GUS activity in the embryonal mass, but 
increased GUS staining in the tube cells and in the suspensor cells (Figure 3E), 
suggesting that polar transport of auxin from the suspensor to the embryonal 
mass is blocked.  

To exclude the possibility that the specific GUS staining was due to the 
inability of GH3 to be expressed in the apical part of early Norway spruce 
embryos, the embryos were treated with 2.4-D for 15 h, which induced GUS 
activity in all cells of the embryonal mass (Figure 3F).  
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Figure 3. Auxin response as visualized by the expression of GH3-GUS in early somatic embryos 
of Norway spruce. (A) Proliferating proembryogenic masses, note the patches of increased GUS 
activity. (B) Early differentiating embryo. (C) Beginning of late embryogeny, note the gradient of 
GUS activity from the suspensor cells to the basal part of the embryonal mass. (D) Late embryo, 
note strong GUS activity in the basal part of the embryonal mass. (E) NPA-treated early embryo, 
note the lack of GUS activity in the meristematic cells. (F) Embryo in the beginning of late 
embryogeny treated with 2.4-D over night before stained for GUS activity, note the strong GUS 
activity in the whole embryo. 

Taken together, the effects of blocked PAT on embryo differentiation and early 
development enables a model for auxin regulation of early somatic embryo 
development in Norway spruce (Figure 4, modified from appendix). The 
results indicate that IAA under normal conditions is transported from the 
suspensor cells to the cells in the embryonal mass, creating a gradient with 
maximum, or appropriate, concentration in the stem cells (Figure 4B,C). In 
accordance, auxin gradients with maxima in meristematic cells have been 
shown to organize cell specification in both the vascular cambium (Uggla et 
al., 1996) and in primary root apex (Sabatini et al., 1999). Furthermore, auxin 
gradients seem to specify cell identity in female gametophytes (Pagnussat et 
al., 2009). NPA-treatment blocks the polar transport of IAA, which results in 
an accumulation of IAA and thus increased auxin response in the suspensor 
cells and in the tube cells (Figure 4F,G). Blocked PAT during early 
differentiation of the suspensor stimulates abnormal cell divisions of the tube 
cells, and perhaps also of the most recently developed suspensor cells. 
Consequently, embryos with supernumerary tube and suspensor cells are 
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formed (Figure 4F). If the PAT is blocked for a longer time, i.e. during both 
differentiation and elongation of the suspensor, the auxin accumulation leads to 
maintenance of meristematic fate and failure to undergo PCD (Figure 4G). 
Embryos with severely abnormal suspensors fail to develop further into mature 
cotyledonary embryos, while embryos with only mild suspensor defects mature 
to cotyledonary embryos, although the cotyledons do not separate.  
 

 
Figure 4. Model for polar auxin transport control of early embryo patterning in conifers. (A) 
Embryogenic cultures proliferate as proembryonic masses (PEMs) in the presence of the plant 
growth regulators (PGRs) auxin and cytokinin. (B) Early embryos start to differentiate from 
PEMs after withdrawal of PGRs. Endogenous auxin is transported from the suspensor to the 
newly formed embryonal mass. (C) Early embryos are formed within two weeks in PGR-free 
medium. Early embryos have a distinct embryonal mass, tube cells and a suspensor. Auxin is 
transported from the suspensor to the embryonal mass creating a gradient which peaks in the 
hypothetical stem cells. (D) Fully mature cotyledonary embryos are formed after 5-6 weeks on 
maturation medium. (E) Treatment with NPA blocks the polar auxin transport to the embryonal 
mass, leading to an auxin accumulation in the suspensor cells and the tube cells. (F) Embryos 
with supernumerary suspensor cells are formed if polar auxin transport is inhibited only during 
the earliest stages of suspensor differentiation. (G) Embryos with meristematic cells in the 
suspensor are formed if polar auxin transport is inhibited during both differentiation and 
elongation of the suspensor. It is assumed that severe abnormalities abort further development and 
maturation of viable embryos. em, embryonal mass; s, suspensor; tc, tube cells. Green arrows 
indicate polar auxin transport, T indicates blocked polar auxin transport, green shadings indicate 
auxin accumulation.  
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3.1.4 Blocked PAT causes fused cotyledons, aborted SAM and an irregular 
RAM (I, II, III) 

NPA-treated embryos that escaped severe abnormalities during early 
embryogeny developed significantly slower than control embryos. Beside this 
effect, there were no other apparent differences between NPA-treated and 
control maturing embryos until the cotyledons were clearly visible. After a few 
weeks on maturation medium, control embryos started to form cotyledons as 
small protuberances in a circle around the incipient SAM. In contrast, in NPA-
treated embryos, the cotyledons could not be distinguished from each other, 
and developed as a thick ring with a cavity in the centre. The ring continued to 
grow, but thinned out so that the apical part of the mature embryo looked like a 
hollow cylinder. Sectioning and histological analysis of such embryos revealed 
that no organised SAM could be visualized, and the RAM was highly irregular. 
Embryos with fused cotyledons and unorganized RAM formed neither a shoot 
nor a root when placed on germination medium.  

Fused or aborted cotyledons are characteristic for angiosperm embryos with 
impaired auxin transport or response (Liu et al., 1993; Hadfi et al., 1998; Aida 
et al., 2002; Mravec et al., 2008). In dicotyledonous embryos it has been 
postulated that auxin accumulates at incipient cotyledon primordia, thereby 
stimulating the transition from radial to bilateral symmetry, and cotyledon 
outgrowth (Benkovà et al., 2003). In conifers, PAT is not involved in 
establishing bilateral symmetry. As the cotyledons in conifers often occur in 
odd numbers (personal observation), the cotyledonary crown cannot even be 
regarded as having several planes of symmetry. However, the transition from 
late embryogeny to maturation can still be considered as a symmetry-breaking 
event, as the embryo goes from a radial symmetry to an asymmetric 
organisation. Furthermore, PAT might still be important for depleting 
cotyledon boundaries from auxin and for directing the cotyledon outgrowth.  

In Arabidopsis the establishment of the root meristem is dependent on an 
accumulation of auxin response in the hypophysis, and several auxin response 
and biosynthesis mutants show pronounced defects in embryonic root 
formation (see 1.2.1).  

Based on the fused cotyledons and the irregular cell divisions in the area of 
the RAM in NPA-treated embryos, we suggest that an apical-basal transport of 
auxin is important for pattern formation also in conifers. It is tempting to 
speculate that the NPA-treatment of Norway spruce somatic embryos blocks 
the transport of auxin towards the cotyledon primordia, as well as the apical-
basal transport, so that auxin accumulates all over the apical part of the embryo 
instead of in the emerging cotyledon tips and in the incipient root meristem. In 
accordance, Arabidopsis PID overexpressors fail to specify the hypophysis and 



33 

develop malformed or fused cotyledons, as a consequence of an auxin 
accumulation in the apical part of the embryo, due to a basal-to-apical shift in 
PIN polarity (Friml et al., 2004).    

Since all maturing embryos treated with NPA formed fused cotyledons 
without an apparent SAM, NPA-treatment can in future experiments be used as 
a valuable tool for studies of SAM formation in conifer embryos.  

 

3.2 NAC-regulation of embryo development in conifers (II and 
unpublished results) 

The SAM is established during embryo development in conifers concomitantly 
with the formation of a surrounding cotyledonary crown. Cotyledons are highly 
diverse in size, form and morphology across the plant kingdom. However, the 
genetic regulation of cotyledon differentiation is elusive and has been studied 
primarily in Arabidopsis (reviewed by Chandler, 2008). Hardly anything is 
known about the regulation of SAM and cotyledon formation in conifers, 
which morphologically differs considerably from the dicotyledonous 
Arabidopsis, and also varies between different individuals of the same species.  

In Arabidopsis, the formation of the cotyledon boundaries and the 
establishment of the embryonal SAM are dependent on the redundant function 
of the three CUC genes (Aida et al., 1997; Takada et al., 2001; Vroemen et al., 
2003). Hence, it was of interest to analyze the role of CUC orthologous genes 
during embryo development also in Norway spruce.  

3.2.1 NAC-genes in conifers 

The CUC genes belong to the large plant-specific NAC gene family of TFs. 
Despite the diversity of NAC genes and their importance for various 
developmental processes in seed plants (Olsen et al., 2005; Shen et al., 2009), 
no reports about the roles of NAC genes in conifers have been found. By 
performing BLAST searches on publicly available EST sequences from white 
spruce (Picea glauca) in GenBank, using various NAC-domains from 
Arabidopsis as the query, we identified 16 different DNA sequences with full-
length NAC domains, designated PgNAC01-16. Based on the assumption that 
NAC-encoding genes that are phylogenetically closely related also exert 
similar functions (Shen et al., 2009; Jensen et al., 2010), it was of interest to 
deploy the spruce sequences into different clades within the NAC gene family. 
The phylogenetic analysis tools PAUP* and MrBayes were used to generate 
consensus trees of the evolutionary relationship between NAC genes from 
Arabidopsis, spruce, Medicago truncatula and moss (Physcomitrella patens). 
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Two spruce sequences, PgNAC14 and PgNAC15, clustered with the 
VASCULAR-RELATED NAC-DOMAIN (VND) and NAC SECONDARY WALL 
THICKENING PROMOTING FACTOR (NST) genes, which are regarded as 
master regulators for wood formation (reviewed by Zhang et al., 2011), 
suggesting that these sequences are interesting candidates for studying wood 
formation in economically important conifers. PgNAC07 clustered together 
with drought-inducible ATAF1 (Lu et al., 2007), which could also be of interest 
for future studies. Two sequences, PgNAC01 and PgNAC02, clustered with the 
CUC genes, and were used as templates to amplify CUC orthologs in Norway 
spruce 

 

3.2.2 CUC-orthologs in Norway spruce  

Two full-length cDNAs, denoted PaNAC01 and PaNAC02, were cloned from 
Norway spruce. Although it was clear that both genes belong to the CUC-
clade, the sequences did not contain enough information to resolve the exact 
position of individual genes within this clade. However, motif analysis showed 
that PaNAC01, but not PaNAC02 harbored all previously characterized motifs 
that have been shown to be of functional importance for CUC1 and CUC2 
(Figure 5), including the microRNA, miR164, recognition site. In Arabidopsis, 
CUC1 and CUC2 are post-transcriptionally down-regulated by miR164-
cleavage (Laufs et al., 2004; Mallory et al., 2004), and a microRNA screen in 
Norway spruce has identified a miR164 transcript (U. Lagercrantz, personal 
communication). Based on sequence similarity it seems likely that PaNAC01 
can be recognized by this microRNA, although it remains to be verified 
experimentally. Interestingly, the miR164 recognition site could not be found 
in any of the NAC genes that are present in moss or spike moss. Large-scale 
sequencing of small RNAs did not identify miR164 in these species (Axtell et 
al., 2007), which suggests that the miR164-mediated post-transcriptional 
regulation of the CUC genes was established after the origin of seed plants, but 
before the separation between angiosperms and gymnosperms. 

Using genome walking, a 2560 bp sequence upstream of PaNAC01 and a 
1247 bp sequence upstream of PaNAC02 were isolated. The sequences were 
analyzed together with 3000 bp upstream sequences of Arabidopsis NAC genes 
in order to find motifs, conserved between the NAC genes in angiosperms and 
gymnosperms. Interestingly, a 21 bp long element located 300 – 1000 bp up-
stream of the translation start site was found to be highly conserved between 
PaNAC01, PaNAC02 and the three CUC genes in Arabidopsis (Figure. 5). The 
element has not been characterized previously and could not be found in any 
other NAC gene in Arabidopsis. It is likely that TFs restricting the expression 
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of the CUC genes bind to this element, since an element deletion in the 
Arabidopsis CUC2 promoter resulted in a broadened expression domain in 
seedlings.  

 
Figure 5. Schematic comparison of the two CUC-like sequences (PaNAC01 and PaNAC02) that 
were cloned from Norway spruce, and CUC1, CUC2 and CUC3 from Arabidopsis. All sequences 
harbor the highly conserved DNA-binding NAC-domain in their N-terminal region, and all genes 
have the 21 bp conserved promoter element, specific for the CUC genes. In addition PaNAC01 
contain all previously characterized motifs (L, V and W), including the miR164 recognition site, 
that have been shown to have functional importance for CUC1 and CUC2.    

3.2.3 The expression of PaNAC01 is dependent on PAT 

The temporal expression pattern of PaNAC01 was analysed using quantitative 
RT-PCR in eight consecutive stages of somatic embryos that had been treated 
or not with NPA. In control embryos, the relative expression of PaNAC01 
increased as early embryos started to differentiate, and remained high until the 
SAM was clearly visible and the cotyledons had grown out. In NPA-treated 
embryos that formed fused cotyledons and lacked a distinct SAM, the up-
regulation of PaNAC01 was blocked compared to controls, and the relative 
expression of PaNAC01 was significantly lower throughout all developmental 
stages until maturation. In Arabidopsis, the spatial expression pattern of both 



36 

CUC1 and CUC2 is affected in mutants with impaired auxin transport and/or 
response (Aida et al., 2002; Furutani et al., 2004), but the expression levels of 
the CUC genes have not been reported. However, it has been shown that the 
expression of NAC1 initially increases in response to auxin treatment, 
indicating that NAC1 may be an early auxin-responsive gene (Xie et al., 2000). 

In order to obtain a better picture of the PaNAC01 expression pattern we 
performed in situ hybridization using an RNA-probe specific for the C-
terminal-encoding domain of PaNAC01. During early embryogenesis there was 
a bright signal in the apical part of the embryonal mass, below the protodermal 
cell layer. At later stages signals could be detected in emerging cotyledons, 
vasculature and in the incipient RAM (Larsson, unpublished). However, owing 
to problems with signals also in sense control hybridizations, we decided to 
further analyze the expression of PaNAC01 by fusing a 2265 bp sequence 
upstream of transcription start site in PaNAC01 to the GUS reporter gene, and 
to introduce the construct into embryogenic cell lines of Norway spruce. 
Histochemical staining of pNAC01-GUS transgenic embryos revealed that 
PaNAC01 initially was expressed in the whole embryonal mass at the 
beginning of late embryogeny (Figure 6A). As the embryos developed further, 
the expression became restricted to the basal part of the embryos, surrounding 
the presumptive RAM (Figure 6B). In fully mature cotyledonary embryos the 
expression was found in the root cap (Figure 6C). In Arabidopsis, CUC2 is also 
expressed in root tips and in lateral root primordia, but its role in root 
development has not been investigated. 

 
Figure 6. PaNAC01-GUS expression during Norway spruce embryo development. (A) Embryo in 
the beginning of late embryogeny. (B) Maturing embryo. (C) Fully cotyledonary embryo. Scale 
bars = 100 μm (A-B) and 250 μm (C). 

It is from these results difficult to determine to what extent the PaNAC01 is 
involved in cotyledon separation. However, the expression of the gene is 
clearly dependent on PAT, just like the expression of CUC1 and CUC2. Based 
on the temporal expression pattern and the sequence conservation between 
PaNAC01 and CUC2, it is tempting to speculate that also PaNAC01 is 
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expressed in the intercotyledonary regions, but that the expression is too weak 
to be visualized by GUS staining.  

3.2.4 PaNAC01 can stimulate cotyledon separation in the cuc1cuc2 mutant 
background 

The coding sequence of PaNAC01 was expressed from the Arabidopsis CUC2 
promoter, and transformed into cuc1/cuc1 cuc2/+ double mutants. In the 
progeny of untransformed cuc1/cuc1 cuc2/+ plants about 25 % of the seedlings 
had a cup-shaped phenotype, while the progeny of cuc1/cuc1 cuc2/+ plants 
transformed with the pAtCUC2::PaNAC01 construct did not show this 
phenotype, indicating a complementation of the mutation by the construct. 
Three independently rescued lines were taken to the T2 generation. As 
determined by PCR analysis, all T2 plants were homozygous for the cuc2 
mutation. However, up to 90 % had a wild-type appearance with two separated 
cotyledons bilaterally positioned on opposite sides of the SAM. The rest of the 
seedlings showed a variable degree of cotyledon fusion, but not as complete as 
in the cup-shaped phenotype. These results show that the PaNAC01 protein 
can function in a similar pathway as CUC1 and CUC2, and that this pathway is 
evolutionarily conserved between angiosperms and gymnosperms. 

To explore the function of PaNAC01 during embryo development, the 
coding sequence was expressed from the constitutive CaMV 35S promoter in 
embryogenic cell lines of Norway spruce. In Arabidopsis, seedlings 
overexpressing CUC1 develop lobed cotyledons with ectopic shoots formed on 
the adaxial surface (Takada et al., 2001). Somatic embryos overexpressing 
PaNAC01 grew and developed much faster than control embryos (Larsson, 
unpublished), but there were no other distinct morphological differences 
between transgenes and controls. 

3.2.5 The expression of PaNAC02 decreases as embryos develop 

The relative expression of PaNAC02 was high in PEMs and early 
differentiating embryos, but decreased as the embryos developed and matured. 
There was no significant difference between the PaNAC02 expression in NPA-
treated embryos compared to controls. Analysis of a pPaNAC02::GUS fusion 
(Larsson, unpublished) revealed that PaNAC02 was first expressed in the 
whole embryonal mass, except for the outer cell layer in early differentiating 
embryos. In the beginning of late embryogeny, PaNAC02 expression could be 
seen in the upper half of the embryonal mass, but as the embryo developed 
further and the SAM and cotyledons were formed, the expression of PaNAC02 
became restricted to a few cells in the epidermis around the RAM until it 
finally disappeared. It is based on these results difficult to suggest a function of 
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PaNAC02. However, its differential expression during embryo development 
makes it interesting to study the role of the gene further.   

Taken together, the results suggest that PaNAC01 plays an important role 
during embryo development in Norway spruce. PaNAC01, but not PaNAC02, 
harbors motifs that have been shown to be of functional importance for CUC1 
and CUC2. The ability of PaNAC01 to functionally substitute for CUC2 in 
Arabidopsis cuc1cuc2 double mutants, its response to altered PAT, and its 
strong expression during SAM differentiation and cotyledon formation, 
together indicate that PaNAC01 function in regulating cotyledon boundaries 
and SAM formation analogous to the CUC genes in Arabidopsis. The function 
of PaNAC02 is more difficult to interpret. However, there are several CUC-
like genes in Arabidopsis with unknown functions that could be analogous to 
PaNAC02. Alternatively, PaNAC02 might exert an ancient CUC-function or a 
conifer-specific function. Interestingly, both PaNAC01 and PaNAC02 harbor 
the promoter element that could be distinguished only in the promoters of the 
CUC genes in Arabidopsis. This at least suggest of a similar regulation of the 
five genes. Clearly, the regulation and function of PaNAC genes merits further 
investigations. 

3.3 KNOX-diversification during embryo development in conifers 
(III) 

Four KNOXI genes, HBK1, HBK2, HBK3 and PaKN4 (here denoted HBK4), 
have been identified in Norway spruce (Sundås-Larsson et al., 1998; 
Hjortswang et al., 2002; Gulliet-Claude et al., 2004). In order to distinguish the 
function of these four genes, their expression pattern was analyzed during 
embryo development in Norway spruce, as well as in embryos that lack a 
functional SAM. In addition, the effects of constitutive expression in 
Arabidopsis were studied. 

3.3.1 Differential expression of HBK2 and HBK4 during embryo development 
is dependent on the formation of a functional SAM 

In Arabidopsis, the KNOXI gene STM is essential for the establishment of the 
embryonal SAM, and the expression of STM is regulated by CUC and PAT 
(Aida et al., 1999; Furutani et al., 2004). As the regulatory connection between 
a CUC-ortholog and PAT seems to be conserved between Arabidopsis 
embryos and Norway spruce embryos, it is not unlikely that also a third partner 
in the regulatory network for SAM establishment, a KNOXI gene, could have a 
conserved function.  
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To determine the temporal expression, and PAT-responsiveness, of the four 
KNOXI genes during somatic embryogenesis in Norway spruce, the relative 
expression of each gene was analyzed at eight consecutive stages during 
development of somatic embryos, as well as in embryos that had been treated 
with NPA. This showed that HBK1 and HBK3 were up-regulated in the 
beginning of late embryogeny. The level of HBK1 expression decreased at the 
end of maturation, while the expression of HBK3 remained high. The temporal 
expression of the genes was not affected in embryos that had been treated with 
NPA. Since NPA-treated embryos lack a visible SAM, the results indicate that 
HBK1 and HBK3 have a more general role during embryo development than 
to specify the SAM. 

The relative expression of HBK2 decreased dramatically as early embryos 
began to differentiate. However, as the cotyledon primordia started to protrude 
around the incipient SAM, the expression increased. Coinciding with the time 
of SAM establishment, the expression of HBK2 was almost 40 times higher 
than during early embryogeny. In NPA-treated embryos, the increased 
expression of HBK2 was delayed compared to controls, and it was not until the 
embryos were almost fully mature that the relative expression of HBK2 became 
comparable in NPA-treated and control embryos. The importance of narrow 
temporal windows for KNOXI expression has been shown (Shani et al., 2009), 
making it tempting to speculate that HBK2 has to be up-regulated at a specific 
developmental stage for correct establishment of the embryonal SAM. The 
relative expression of HBK4 was low during early embryo differentiation, but 
increased as the cotyledons began to differentiate around the developing SAM. 
The expression then remained at a steady level throughout maturation. In NPA-
treated embryos, the relative expression of HBK4 was delayed similarly to that 
of HBK2, suggesting that the expression timing of both these genes is 
important for the correct establishment of the embryonal SAM. 

It has been shown that HBK1 and HBK3 are expressed in embryogenic cell 
lines irrespective of a blocked embryo development or not. In contrast, HBK2 
is expressed only in lines that develop fully mature cotyledonary embryos 
(Hjortswang et al., 2002). In order to test the regulation of HBK4 in this aspect, 
the temporal expression of each gene was analyzed by RT-PCR in one cell line 
blocked at the proliferation stage, and in one cell line that develops fully 
mature cotyledonary embryos. The results were consistent with those from 
Hjortswang et al (2002), and it was evident that HBK4, just like HBK2, is 
expressed only in cell lines capable to develop fully mature cotyledonary 
embryos. This supports the hypothesis that HBK2 and HBK4 are important for 
normal somatic embryo development in Norway spruce.  
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3.3.2 HBK overexpression in Arabidopsis induces morphologies characteristic 
of ectopic KNOXI expression 

In order to further test the different functions of the four HBK genes, they were 
fused to the 35S-promoter and introduced into Arabidopsis. Typically, KNOXI 
overexpression in Arabidopsis results in serrated and lobed leaves, and ectopic 
meristems are occasionally formed on the leaves (Hay and Tsiantis, 2010). 
Similarly, overexpression of all four HBK genes resulted in serrated leaves. 
However, the degree of serration was stronger in HBK1 and HBK3 
overexpressors than it was in transformants overexpressing HBK2 and HBK4. 
Furthermore, plants expressing HBK1 and HBK3 developed abnormal flowers, 
reminiscent of those produced by plants overexpressing BP, KNAT2 and STM 
(Scofield et al., 2008). In contrast, the HBK2 and HBK4 overexpressors 
developed flowers that were similar to wild-type Arabidopsis flowers, although 
the most severe lines showed an extremely delayed abscission of the outer 
floral organs. This is a characteristic that has not been described previously for 
KNOXI overexpressors, suggesting that HBK2 and HBK4 can function in 
different pathways than previously characterized KNOXI proteins.  

None of the HBK overexpressors induced ectopic meristems on the leaves. 

Taken together our results show that HBK1 and HBK3 are regulated similarly 
during somatic embryo development in Norway spruce, and indicate that they 
have a general function during this process. The role of HBK2 and HBK4 is 
more elusive, but it seems likely that they have important and specific 
functions during somatic embryo differentiation and SAM establishment in 
Norway spruce. Expression of both genes marks the potential to fully complete 
maturation, and is affected by blocked PAT. Based on the overexpressor 
studies in Arabidopsis it seems likely that the function of KNOXI proteins to a 
large extent is conserved between angiosperms and gymnosperms, but that 
each HBK protein, and specifically HBK2 and HBK4, also have unique and 
conifer-specific functions. Therefore, it would be of great interest to study the 
function of these proteins during somatic embryo development in Norway 
spruce more thoroughly.  

3.4 Identification of putative processes associated with pattern 
formation during the earliest stages of somatic 
embryogenesis (IV) 

The protocol for somatic embryogenesis in Norway spruce used in this thesis is 
well-synchronized and produces high numbers of fully mature cotyledonary 
embryos with high germination capacity. However, not all genotypes of 



41 

Norway spruce, or other economically important conifers, share this ability. To 
identify molecular processes important for the regulation of early embryo 
differentiation and development in the somatic embryogenesis system, a global 
gene expression study was performed. This might be helpful for identifying 
aberrant expression patterns in recalcitrant genotypes of Norway spruce and 
other conifers. 

3.4.1 Changes in global gene expression during differentiation and 
development of early somatic embryos 

The expression profile of 12,536 cDNA clones was followed during the earliest 
stages of somatic embryo development in Norway spruce, using a 17 k loblolly 
pine cDNA microarray. In total, 720 unique transcripts were differentially 
expressed. Of these, 152 clones expressed during the transition from 
proliferation to early embryo differentiation, and 383 clones expressed in the 
beginning of late embryo development, could be assigned to putative 
homologous genes in Arabidopsis. These genes were used to set up a model for 
the molecular regulation of the early somatic embryo development in conifers. 

Nurse cells 

It has been shown that several genes expressed in the female gametophyte 
affect embryo development, without being expressed in the embryo itself. 
These genes have collectively been called MATERNAL EFFECT EMBRYO 
ARREST (MEE) genes (Pagnussat et al., 2005). The phenomenon has been 
shown also in somatic embryos of Norway spruce, in which ‘nurse cells’, 
positioned close to the embryo but not in the embryo itself, express chitinase-
encoding genes that affect the early embryo differentiation (Wiweger et al., 
2003). The microarray analysis further highlighted the importance of nurse 
cells during the differentiation of early embryos, as putative homologs to 
ARABIDOPSIS THALIANA HOMEOBOX PROTEIN 22(ATHB22)/ MEE 68, as 
well as MEE49 and MEE66, were differentially expressed at this stage. 
Furthermore, a putative homolog to NAC-REGULATED SEED 
MORPHOLOGY2 (NARS2) was up-regulated during early embryo 
differentiation. In Arabidopsis NARS1 and NARS2 are expressed in the 
integuments of the seed and are redundantly required for proper embryo 
development (Kunieda et al., 2008).  

PCD 

The microarray analysis also verified the importance of suspensor 
differentiation and PCD, since the suspensor-specific aqua-glycoprotein 
encoding gene TRANSMEMBRANE PROTEIN C (TMP-C, Ciavatta et al., 
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2002), the F-actin capping protein encoding gene CATHEPSIN B-LIKE 
CYSTEINE PROTEASE (McLellan et al., 2009) and METACASPASE 9 (MC9, 
Tsiantsiani et al., 2011) were up-regulated already 24 h after withdrawal of 
PGRs. 

Auxin 

The down-regulation of a suggested homolog to SUR1, and the concomitant 
up-regulation of a putative SAUR, suggest that auxin biosynthesis increases 
during early embryogeny. Furthermore, clones homologous to genes encoding 
the auxin-induced protein IAA11 and the auxin receptor TIR1 were up-
regulated during the transition from differentiation to development together 
with a putative homolog of MYB77, a transcription factor involved in auxin-
response (Shin et al., 2007). This indicates that the auxin-response machinery 
is up-regulated in the beginning of late embryo development. 

Cell-identity genes 

Early embryogeny in conifers can be compared to the globular stage in 
Arabidopsis, and already at this stage genes involved in tissue specification 
were differentially expressed. For example, the protoderm specification gene 
PaHB1 (Ingoff et al., 2001) was up-regulated, as well as a putative homolog of 
the floral organ identity gene LEUNIG (LUG, Navarro et al., 2004). In 
Arabidopsis double mutants of lug and its close homolog leunig-homolog (luh) 
are embryo lethal (Sitarman et al., 2008), suggesting that the two genes have a 
function also in pattern formation. Furthermore a clone homologous to the 
ROXY1 gene, which in Arabidopsis encodes a glutaredoxine important for petal 
induction (Xing et al., 2005) was down-regulated during the transition from 
differentiation to embryo development. Nothing is known about domain 
specification in conifer embryos. However, it appears that this occurs already 
during early embryogeny, and that genes involved in homeotic floral functions 
may function in the specification of cell identity in the embryonal mass.   

Gibberellin (GA) 

During the transition from early to late embryogeny, there was a general 
increase in the differential expression of clones putatively involved in GA-
signaling. GA content seemed to increase already during early embryo 
differentiation, since a putative GA inactivation gene, GIBBERELLIN 2-
OXIDASE 2 (GA2OX2, Rieu et al., 2008) was down-regulated.  Concomitantly, 
a homolog of a negative regulator of GA response, RGA-LIKE1 (RGL1, Busov 
et al., 2006) was up-regulated, indicative of reduced GA-response. In the 
beginning of late embryo development another GA2-oxidase (GA2OX6) was 
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down-regulated and the RGL1 homolog was continuously up-regulated. In 
addition, a clone homologous to another GA signaling repressor, SPINDLY 
(SPY), was up-regulated, and a GA-regulated gene was down-regulated. 
Together these results indicate that the content of active GAs increase during 
embryo development, but that the GA-response is reduced. In Arabidopsis 
reduced activity of the GA pathway promotes meristematic activity in the SAM 
(Hay et al., 2002), suggesting that the SAM anlagen could be initiated already 
in the beginning of late embryogeny in conifers.  

Phase change 

In Arabidopsis the LEAFY COTYLEDON genes LEC1, LEC2 and FUSCA3 
(FUS3) are considered to act as master regulators of embryogenesis. Ectopic 
expression of all three LEC genes causes cells in vegetative tissues to adopt 
characteristics of maturation phase embryos, and their expression must be 
repressed post-embryonically to allow vegetative development (reviewed by 
Braybrook and Harada, 2008). Together with ABSISIC ACID INSENSITIVE3 
(ABI3), the LEC genes promote embryo maturation (To et al., 2006). In our 
microarray analysis, a putative homolog of LEC1 and its close relative LEC1-
like (L1L) was found to be down-regulated during late embryo development. 
Concomitantly, the ABI3 homolog PaVP1 (Footitt et al., 2003) was up-
regulated. These results, together with recently published data (Uddenberg et 
al., 2011), suggest that the conifer homologs of LEC1 and ABI3 play central 
roles, already in the beginning of late embryogeny, in preparing the embryo for 
the phase change from embryonic to vegetative development.  

3.4.2 A model for putative processes regulating early embryo differentiation 
and development 

Based on the results from the microarray analysis a model was set up for 
processes putatively regulating the differentiation of early somatic embryos 
and the development of late somatic embryos in conifers (Figure 7). The 
importance of some of these processes, such as PCD and PAT, have been 
verified through molecular and biochemical analyses (Filonova et al., 2000b; 
Suarez et al., 2004; Bozhkov et al., 2005; Larsson et al., 2008). Additional 
studies are now needed to confirm the relevance of other processes indicated 
by the microarray analysis. 
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Figure 7. Schematic drawing of the early somatic embryogenesis in Norway spruce, indicating 
important processes based on results from microarray analysis. Drawings by Malin Abrahamsson  
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4 Conclusions 

Polar auxin transport (PAT) is essential for the correct patterning of both apical 
and basal parts of conifer embryos throughout the whole developmental 
process. The results indicate that the role of PAT during embryo development 
is conserved between angiosperms and gymnosperms. 

CUC-like genes with distinct signature motifs existed before the separation of 
angiosperms and gymnosperms. Several lines of evidence suggest a conserved 
function between PaNAC01 and CUC1/CUC2 in regulating cotyledonary 
boundaries and SAM formation.  

KNOXI genes have diversified after the split between gymnosperms and 
angiosperms. The expression of HBK2 and HBK4 is dependent on PAT, and 
both genes seem to be important for embryo differentiation and SAM 
formation.  

Processes that based on microarray analysis are important for early somatic 
embryo development are: signaling between nurse cells and differentiating 
embryos; PCD and suspensor differentiation; auxin synthesis, transport and 
response; GA response; establishment of cell identity, and preparation for a 
switch from embryonic to vegetative growth. 
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5 Future perspectives 

The molecular regulation of embryo development and pattern formation in 
conifers is still poorly understood. However, the results presented in this thesis 
can serve as a frame-work for future studies. Techniques for localizing 
expression patterns, and transformation need to be standardized and possible to 
perform in high through-put in order to reveal the true function of each gene. 
The possibility to down-regulate expression of redundant genes using artificial 
microRNAs is currently investigated. 

Clearly, auxin is of great importance for both somatic and zygotic embryo 
development in Norway spruce. It would be very interesting to elucidate auxin 
biosynthesis pathways, transport routes and perception mechanisms in conifers, 
since this might reveal how and why pattern formation differs between 
distantly related plant species. Work is in progress to obtain a higher resolution 
of the auxin response during embryo development. However, methods to 
visualize true auxin gradients in any plant species are still missing.  

As long as we refer our results to knowledge about Arabidopsis, it will be 
difficult to find regulatory pathways specific to conifers. Swedish researchers 
have undertaken the massive task to sequence the whole genome of Norway 
spruce. Hopefully, this will aid to identify and shed some more light on genes 
that are important for conifer development. With the genome sequence 
available it will be easier to make intelligent guesses about how to set up 
transgenic analyses, and promoter studies will be simplified. In addition it will 
be much easier to look at natural variation within the species. Our microarray 
analysis revealed differential expression of many putative genes with unknown 
function, and from an evolutionary point of view it would be of great interest to 
characterize the functions of these genes. Future studies of global gene 
expression patterns will most likely involve RNA sequencing in specific 
tissues and at specific stages, which will increase the resolution compared to 
microarray studies.  
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