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Abstract
Karlgren, A. 2013. Genetic Control of Annual Growth Rhythm in the Conifer Norway Spruce
(Picea Abies L. Karst). Acta Universitatis Upsaliensis.  Digital Comprehensive Summaries
of Uppsala Dissertations from the Faculty of Science and Technology 1014. 49 pp. Uppsala.
ISBN 978-91-554-8581-8.

Norway spruce (Picea abies L. Karst) is a conifer belonging to the group gymnosperms and is
an ecologically and economically important species in several parts of Europe. It is crucial for
trees like Norway spruce to adapt timing of events such as bud set and growth cessation to the
local environment in order to maximize the growth period while avoiding frost damage.

This thesis aims at widening the knowledge about genetic control of annual growth rhythm in
Norway spruce and particularly the control of bud set. Using spruce transformants ectopically
expressing PaFT/TFL1-LIKE 2 (PaFTL2) the prior hypothesis that PaFTL2 induces bud set is
confirmed. This is further supported by spatial and temporal expression patterns in seedlings and
adult trees. It is further shown that gymnosperms possess at least two FLOWERING LOCUS T/
TERMINAL FLOWER 1 (FT/TFL1)-like genes with TFL1-like function, suggesting the ancestor
of FT and TFL1 to be more TFL1-like. PaFTL1 appears to have complementary expression
patterns to that of PaFTL2 both spatially and temporally indicating they may act together to
control growth in Norway spruce.

Since bud set is controlled by photoperiod and circadian clock genes are implicated in
this process, putative clock homologs were studied to gain insight into the circadian clock in
gymnosperms. Several clock homologs were identified and their expression showed a diurnal
pattern but the expression was rapidly damped in constant conditions. Transgenic Arabidopsis
expressing putative core clock genes from spruce indicate that at least three genes, PaCCA1,
PaGI and PaZTL, appear to have a conserved function between angiosperms and gymnosperms.
Taken together these results suggest that gymnosperms have a similar core clock structure as
angiosperms even though fundamental differences might exist since the cycling of the clock
genes were rapidly damped in free-running conditions.

The studies presented in this thesis support substantial conservation of pathway components
controlling photoperiodic responses in angiosperms and gymnosperms and identify PaFTL2
as a component of growth rhythm control. However, important changes in these processes are
also evident. The results provide a solid basis for future research on molecular mechanisms
controlling an adaptive trait in an important non-model organism.
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1. Introduction 

Plants are crucial for the existence of humans and other living organisms, 
both in terms of the production of oxygen and as a food and material re-
source. Owing to climate change we may face drastic environmental changes 
in the future and the knowledge of the genetic control of plant growth 
rhythms and response to environmental stresses needs to be deepened. Better 
understanding of the internal processes in the plant, and especially the ge-
netic background, might be the key to conserving diverse plant species in the 
future.  
 
Plants are sessile and need to adapt to their local environment since it is im-
possible for them to move to a better-suited location. In order to time en-
dogenous processes to environmental cues it is an advantage to be able to 
anticipate the changes before they actually occur. A tree for example needs 
to set buds and prepare for the winter before the first cold snap, which oth-
erwise could cause the tree to freeze and die. Bud set is a trait that is most 
often regulated by photoperiod, the sensing of which requires an internal 
time keeping mechanism termed the circadian clock. 
 
Norway spruce is a conifer belonging to the group gymnosperms. The word 
gymnosperm derives from the Greek word gymnospermos meaning naked 
seeds. Seeds of gymnosperms are borne on cone-like structures, which leave 
them exposed to the environment, in contrast to angiosperms (flowering 
plants) where the seeds are contained within a fruit. Gymnosperms diverged 
from the other seed plant group, the angiosperms, about 300 million years 
ago (Bowe et al., 2000). Most research on genetic control of growth and 
flowering has been confined to angiosperms and especially the angiosperm 
model plant Arabidopsis (Arabidopsis thaliana). Arabidopsis is a small an-
nual plant that is easy to grow, has a short generation time, the entire ge-
nome has been sequenced and it is easy to create and study transgenic plants. 
This makes Arabidopsis the perfect model organism, and even though the 
knowledge of genetic control of important traits is rapidly expanding to other 
angiosperms including rice and tomato and tree species such as poplar and 
apple, information in gymnosperms is largely lacking. 
 
Norway spruce is an economically important tree in Sweden and it consti-
tutes 41% of the standing volume of forest in Sweden, a proportion that has 
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steadily increased since 1920 (Swedish Forest Agency, 2012). This tree spe-
cies is not ideal to work with in terms of molecular biology. The generation 
time is very long and the genome is poorly known even though this will 
change in the near future. Methods in molecular biology often need to be 
adapted to work on difficult tissues such as needles, and this is of course 
time consuming. However, the information obtained in angiosperms can 
only take research so far and knowledge about the genetic control of growth 
rhythm needs to be expanded to species within the gymnosperm clade. Even 
though angiosperms and gymnosperms share a common ancestor, the long 
evolutionary time since their divergence might have led to important chan-
ges in their genomes and therefore it is not self-evident that processes such 
as annual growth rhythm and reproduction are similarly controlled. 
 
In this thesis I have focused on the genetic control of bud set induction and 
the circadian clock in Norway spruce. Since the information about the ge-
netic background of these mechanisms is limited in conifers, homologs to 
genes involved in flowering and the circadian clock in Arabidopsis have 
been used as candidate genes.  

1.1 Evolution of land plants 
 
All plants have a common ancestor in a eukaryotic cell that invaginated a 
photosynthetic cyanobacterium. This marks the start of land plant evolution, 
continuing with the evolution of multicellular organisms such as red and 
green algae and further progressing with a green alga that started to inhabit 
land (Bowman et al., 2007; Bowman, 2012). The liverworts appear to be the 
oldest land plants and they evolved further into other non-vascular plants 
such as mosses and hornworts (Bowman, 2012). The vascular plants share 
their most recent common ancestor with the hornworts, from which lyco-
phytes, ferns and seed plants evolved (Bowman et al., 2007; Bowman, 
2012). About 300 million years ago the seed plants diverged into two sub-
clades, angiosperms (flowering plants) and gymnosperms (naked seed 
plants) (Bowe et al., 2000). The gymnosperms include cycads, ginkgo, 
gnetophytes and conifers such as pine and spruce.  

1.2 Biological rhythms  
 
Plants have evolved a number of important biological rhythms such as leaf 
movement and yearly growth cycles. A rhythm is defined as a regularly re-
peated pattern. The characteristics and nomenclature of a rhythm are defined 
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in Figure 1. Amplitude is the distance between the minimum and the maxi-
mum of the curve or the distance between zero and a maximum or minimum. 
Period is defined as the time that is required for a cycle to be completed. 
Phase is the shift within cycles, i.e. the position of a certain repetitive point 
in its cycle (Koukkari & Sothern, 2006). 
 

 
Figure 1 ⎟  Rhythm parameters: amplitude, period and phase.  
 
Biological rhythms are common and found in most organisms and the 
rhythms period (the length of a cycle in the pattern) can be very short as in 
the rhythm of heartbeats or as long as a year as with growth cycles and ger-
mination of seeds in plants (Palmer et al., 1976; Winfree, 1987; Koukkari & 
Sothern, 2006). Everyone has observed these rhythms even though one may 
not have thought of them as biological rhythms. Well-known examples in-
clude the daily control of body temperature and the menstrual cycle in hu-
mans. Daily rhythms are often called circadian, referring to a period of about 
24 hours (Koukkari & Sothern, 2006). Circadian rhythms are known in most 
organisms and one example of their effect that humans experience when 
moving between time zones is jet lag. The internal clock in the body needs to 
be adjusted to the new environmental stimuli such as light, i.e. the clock 
needs to be entrained to a new daily rhythm. It is also easy to recognize wak-
ing up at the same time every day even though no outer stimuli are present 
(Winfree, 1987), which is a result of the internal clock controlling “waking 
up” hormones. Other examples of circadian rhythms include leaf movement 
in plants, the regulation of sporulation in Neurospora crassa and behavioral 
rhythms like the active/rest periods in both fruit flies and mammals like mice 
(Koukkari & Sothern, 2006). 
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1.3 The circadian rhythm in plants 
 
As earlier mentioned many important biological rhythms are circadian.  
Circadian rhythms in plants control physiological and developmental proc-
esses ranging from daily events such as leaf movement, hypocotyl elonga-
tion and transcription to annual changes such as germination, reproductive 
development and pollination (Yakir et al., 2007). These events are all con-
trolled by an internal time-keeping mechanism called the circadian clock, 
which creates an endogenous rhythm of approximately 24 hours. The oscilla-
tor can be entrained by environmental cues such as light and temperature and 
it can also compensate for differing temperatures in a certain range. If the 
oscillator has been properly entrained it keeps on running even in constant 
conditions (Bell-Pedersen et al., 2005). Experimental data suggest that fit-
ness is higher in plants with a circadian rhythm matching the environment, 
showing the adaptive importance of normal clock function (Green et al., 
2002; Dodd et al., 2005). 
 
The circadian clock in the angiosperm plant Arabidopsis has been exten-
sively studied and an advanced genetic network containing numerous genes 
has emerged as important components in the circadian control. Available 
data support a model where the core of the clock consists of a multi-
feedback system with three interlocked loops with a more limited number of 
genes involved (Figure 2) (Locke et al., 2005; Locke et al., 2006; Pokhilko 
et al., 2010; Pokhilko et al., 2012).  

 
Figure 2 ⏐ A simplified schematic sketch of the circadian clock in Arabidopsis. 
Arrows indicate an induction and a stop indicate repression.  
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The first loop, also called the central loop, consists of two Myb-domain tran-
scription factors CIRCADIAN CLOCK ASSOCIATED 1 (CCA1) (Wang & 
Tobin, 1998) and LATE ELONGATED HYPOCOTYL (LHY) (Schaffer et al., 
1998), which are partially redundant (Mizoguchi et al., 2002), and TIMING 
OF CAB EXPRESSION 1 (TOC1) (Matsushika et al., 2000; Strayer et al., 
2000) also known as PSEUDO-RESPONSE REGULATOR 1 (PRR1). CCA1 
and LHY bind to and inhibit the expression of TOC1 (Alabadi et al., 2001) 
and recently TOC1 has in turn been shown to repress CCA1 and LHY 
(Gendron et al., 2012; Huang et al., 2012; Pokhilko et al., 2012). TOC1 also 
inhibits the transcription of additional clock genes, such as PRR7, PRR9, 
GIGANTEA (GI) and EARLY FLOWERING 4 (ELF4) (Huang et al., 2012).  
 
In the second loop, the morning loop, CCA1 and LHY are repressed by PRR7 
and PRR9, while CCA1 and LHY in turn induce the corresponding genes 
PRR7 and PRR9 (Farre et al., 2005; Nakamichi et al., 2010). In the third 
loop, the evening loop GI, which is negatively regulated by CCA1, LHY and 
TOC1, was thought to positively regulate TOC1 in combination with an 
unknown factor Y (Locke et al., 2005; Locke et al., 2006; Pokhilko et al., 
2010). However, recently the model was altered and GI was shown to indi-
rectly have a positive effect on TOC1 expression since GI represses the eve-
ning complex (EC), which consists of EARLY FLOWERING 3 (ELF3), 
ELF4 and LUX ARRHYTHMO (LUX) (Nusinow et al., 2011), and inhibition 
on TOC1 from the EC is released when GI is expressed (Pokhilko et al., 
2012).  
 
In addition to the main loops described above, post-transcriptional regulation 
is important for retaining a proper circadian rhythm. One of the important 
factors is the F-box protein ZEITLUPE (ZTL), which binds different pro-
teins such as TOC1 and PRR5 leading to their proteasomal degradation (Mas 
et al., 2003b; Kiba et al., 2007). ZTL also interacts with GI in blue light 
causing a dual stabilization of the two proteins. ZTL is thereby accumulated 
in the afternoon and when the stabilization weakens after dusk ZTL binds to 
TOC1 and mediates its degradation, causing a sharp rhythmic expression of 
TOC1 (Kim et al., 2007).  
 
It is clear that the circadian clock represents an intricate genetic network and 
it is reasonable to believe that additional information and components will be 
added to the system in the future. The current model mainly consists of rep-
ressors, which is compatible with the fact that a double-negative connection 
can lead to indirect activation as explained for the activation of TOC1 by GI 
(Pokhilko et al., 2012). Most research on the circadian system has been con-
ducted in Arabidopsis, but in recent years homologs to core clock compo-
nents have been identified in several other angiosperms such as rice, poplar, 
chestnut, rice, barley, Lemna spp. and Brachypodium distachyon (Ramos et 
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al., 2005; Miwa et al., 2006; Hecht et al., 2007; Murakami et al., 2007; Liew 
et al., 2009; Hong et al., 2010; Ibanez et al., 2010; Campoli et al., 2012) and 
it appears as the three loop circadian system is generally conserved across 
angiosperms. However, in the moss Physcomitrella patens orthologs to 
TOC1, GI and ZTL appear to be missing, suggesting that the circadian clock 
may consist of only one loop in this organism (Holm et al., 2010). In the 
green alga Ostreococcus tauri the clock also seems to consist of one loop 
with CCA1 and TOC1 (Corellou et al., 2009).  

1.4 Photoperiodic control of growth processes 
 
The switch from vegetative growth to dormancy or reproduction, such as 
bud set, flowering and tuberization, is a crucial event in a plant’s life cycle 
and it is critical for a species survival. These important traits are often con-
trolled by photoperiod, which is less variable between years than for exam-
ple temperature. It is generally believed that the circadian clock measures the 
photoperiod, even though alternative hypotheses, such as the hourglass time-
keeping mechanism, have been proposed (Thomas & Vince-Prue, 1997). 
The role for the circadian clock in floral induction has mainly been studied 
in angiosperms, and in particular in Arabidopsis, but also other species such 
as rice, poplar and maize have been extensively studied (Song et al., 2010).  
 
It was early stipulated that an unknown substance was responsible for the 
floral transition and this substance was postulated to be produced in leaves 
and transmitted to the shoot apical meristem (SAM) to promote flowering. 
This substance was termed the florigen (Chailakhyan, 1968) and for many 
decades the nature of the florigen was a mystery until FLOWERING LOCUS 
T (FT), a phosphatidylethanolamine-binding protein, emerged as a key inte-
grator of flowering (for review see for example Turnbull, 2011; Wigge, 
2011; McGarry & Ayre, 2012) . The FT protein was later shown to be a 
probable candidate for the transmissible signal the scientists were searching 
for, and the protein is produced in the leaves and moves to the SAM via the 
phloem in Arabidopsis, rice, tomato and cucurbits (Lifschitz et al., 2006; 
Corbesier et al., 2007; Jaeger & Wigge, 2007; Lin et al., 2007; Tamaki et al., 
2007).  
 
In Arabidopsis, FT is induced by the zinc finger transcription factor CON-
STANS (CO). In the dark CO protein is quickly degraded, but when the ex-
pression of CO coincides with light, the CO protein is stabilized and accu-
mulates in the nucleus. CO activates the expression of FT and the increased 
expression results in a floral switch (for references see Searle & Coupland, 
2004). FT mRNA is expressed in the vascular tissue of cotyledons and 
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young leaves (Takada & Goto, 2003). After transport to SAM FT protein 
interacts with the basic leucine zipper (bZIP) transcription factor FD to pro-
mote flowering (Abe et al., 2005; Wigge et al., 2005). The FT/FD complex 
interacts with flowering genes such as FRUITFULL (FUL), SQUAMOSA 
BINDING PROTEIN LIKE (SPL) and SUPPRESSOR OF CONSTANS 1 
(SOC1), LEAFY (LFY) and APETALA1 (AP1) to promote flowering, al-
though the details of the interactions in this pathway are still uncertain 
(Andres & Coupland, 2012). 
 
By ectopic and/or overexpression of FT homologs in different species, the 
flowering-promoting function of FT has been shown to be well conserved in 
the angiosperm lineage in both monocot and dicot species, including for 
example maize (Danilevskaya et al., 2011), pea (Hecht et al., 2011), soybean 
(Kong et al., 2010; Sun et al., 2011), rice (Kojima et al., 2002), tomato 
(Lifschitz & Eshed, 2006; Lifschitz et al., 2006), poplar (Bohlenius et al., 
2006; Hsu et al., 2006), wheat and barley (Yan et al., 2006) and pineapple 
(Lv et al., 2012). These plants represent both long-day and short-day as well 
as day-neutral plants, showing that FT is a floral inducer regardless of pho-
toperiodic response. FT controls flowering via the photoperiodic pathway 
but also interacts with the vernalization-induced flowering pathway in wheat 
and barley (Yan et al., 2006). FT homologs have also been proposed to be 
involved in growth cessation, bud set and reproductive onset in poplar (Hsu 
et al., 2011), growth termination in tomato (Lifschitz et al., 2006) and tuber-
ization in potato (Navarro et al., 2011). Further, it has been suggested that 
FT acts as a general growth hormone, since the balance between FT and 
TFL1 homologs in tomato controls various growth processes (Shalit et al., 
2009). 
 
A close relative to FT is the floral inhibitor TERMINAL FLOWER 1 (TFL1). 
TFL1 acts as a repressor of flowering and extends the vegetative growth 
state while maintaining the indeterminate state of inflorescences (Shannon & 
Meekswagner, 1991; Alvarez et al., 1992; Bradley et al., 1997; Ratcliffe et 
al., 1998). TFL1 is expressed in the nucleus and cytoplasm but interacts with 
FD solely in the nucleus in order to repress FD function (Hanano & Goto, 
2011). The antagonistic functions of FT and TFL1 are the result of a single 
amino acid exchange, even though the remaining protein sequence is also 
important for full protein function (Hanzawa et al., 2005). The crystal struc-
ture of FT and TFL1 reveals a variable external loop, called segment B, as 
the key segment of FT and TFL1 activity. Further, a potential ligand-pocket 
displays the important amino acid at its entrance, accessible to any partner 
protein associated with FT/TFL1 (Ahn et al., 2006). These apparent small 
differences between the two proteins indicate that they may act through a 
common mechanism. TFL1 mRNA is expressed in the central part of both 
lateral and main shoot meristems but the TFL1 protein moves and spreads 
out in the whole meristem allowing repression of floral identity genes, such 
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as LFY and AP1 (Conti & Bradley, 2007). As for FT, TFL1 function appears 
to be at least partially conserved in angiosperms, including species such as 
tomato (Pnueli et al., 1998), poplar (Mohamed et al., 2010), rice (Nakagawa 
et al., 2002), maize (Danilevskaya et al., 2010), common bean (Repinski et 
al., 2012) and grapevine (Carmona et al., 2007). Continuous-flowering 
strawberry and roses possess defective alleles of their TFL1 homologs and 
therefore lack the inhibition of flowering, which normally results in flower-
ing once per year (Iwata et al., 2012). In the perennial Arabidopsis relative 
Arabis alpina the TFL1 homolog, AaTFL1, prevents flowering in young 
plants in response to vernalization while in older plants the vernalization 
period required for flowering is prolonged. Further, AaTFL1 determines the 
flower behavior in axillary shoots after vernalization, which is important in 
perennial plants (Wang et al., 2011). TFL1 appears to also be involved in the 
trafficking of proteins to the protein storage vacuoles (PSV). Wang et al. 
(2011) hypothesized that PSVs in meristem cells store factors controlling for 
example flowering until optimal environmental cues cause secretion of the 
factors and flowering is induced (Sohn et al., 2007). This is an intriguing 
finding and it is possible that the control of flowering is even more compli-
cated than previous models suggest. 

1.5 The study species Norway spruce 
 
The genus Picea contains 34 species (Farjon, 2001). Only two species are 
native to Europe, Serbian spruce (Picea omorika) and Norway spruce (Picea 
abies L. Karst). The gymnosperm Norway spruce has a wide distribution in 
Europe and is both ecologically and economically important in Scandinavia, 
Germany and Russia. The distribution ranges from Northern Norway to Ma-
cedonia and Greece in the south, and it grows as a forest tree both in moun-
tain regions and in lowlands (Tjoelker et al., 2007). Norway spruce is a 
highly valued natural resource in many countries. The wood is often used as 
building material but it can also be used as wood pulp when producing paper 
and the bark can be used as a tannin resource.  

1.5.1 Phylogeography of Norway spruce 
 
During the last glacial maximum, around 20,000 years ago, Scandinavia was 
largely covered with ice (Clark & Mix, 2002). Among other plant taxa Nor-
way spruce retreated into refugia of more favorable climate, often in south-
ern locations. After the ice receded, Scandinavia and other uninhabited 
places were re-colonized. Pollen data suggest that Norway spruce migrated 
from central Russia into Finland, northwest Russia and possibly the Scandi-
navian mountains in small populations starting around 11,000 years ago. The 
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wide spread of Norway spruce occurred millennia later, starting with ex-
panding populations in Finland (around 6000-5000 years ago), which proba-
bly also spread across the Baltic sea, and populations started to expand in 
northern Sweden some 3000 years ago (Giesecke & Bennett, 2004). Genetic 
data indicate that spruce also invaded Scandinavia through a southern route 
across the Baltic sea (Tollefsrud et al., 2008; Tollefsrud et al., 2009). Re-
cently it was reported that Norway spruce populations were present in 
northwestern Norway during the glaciation (Parducci et al., 2012), although 
it is unclear if these populations contributed to the re-colonization of Scandi-
navia. 

1.5.2 Growth rhythm  
 
Norway spruce has a long juvenile phase and starts to produce reproductive 
buds around the age of 20-25 years. During the juvenile phase the tree pro-
duces only vegetative buds, which in the spring burst and produce needles. 
An adult tree generates two types of reproductive organs, male and female 
cones. The male cone is built up by microsporophylls with two pollen sacs 
each (Tjoelker et al., 2007). When the temperature increases in the spring the 
sacs open and pollen is released (Hannerz, 1999). Pollen grains are trans-
ported with the wind to the female cones, which also burst as a response to 
high temperatures. Pollen is transported to a pollen chamber and fertilization 
occurs 3-4 weeks later. During the summer the embryos develop and they 
are fully differentiated in the beginning of the autumn (September-October). 
Most of the seeds are kept in the cone until late winter before they are re-
leased (Tjoelker et al., 2007).  
 
It is important for the tree to time its growth rhythm including important 
events, such as bud burst and bud set, to the surrounding environment. Bud 
set is mainly controlled by photoperiod, which is not surprising considering 
that it follows a certain and consistent pattern every year whereas tempera-
ture is more variable over time (Ekberg et al., 1979). Bud burst on the other 
hand is controlled by temperature and when a certain temperature sum has 
been reached the buds burst (Hannerz, 1999). The growth in first year seed-
lings differs from older trees (Figure 3). First year seedlings are formed from 
seeds released in the autumn or late winter and start to germinate in April. 
Needles are initiated and the cells are elongating throughout the summer in 
order for the seedling to grow (free growth). In August the increasing night 
lengths induce growth cessation and bud set. The newly formed bud starts to 
form needle primordia for the next growing season whereafter it enters an 
endodormant state. Endodormancy has been suggested to be the only true 
dormant state where the plants are highly resistant to extremely low tempera-
tures and the plant can be transferred to favorable conditions without resum-
ing growth (Viémont & Crabbé, 2000). This protects the plant from bud 
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burst during mild winters and the plant needs to be subjected to a longer 
period with low temperature, normally 0°C to +10°C, to meet a so-called 
chilling requirement before the buds are susceptive to environmental cues 
such as temperature in an ecodormant/ectodormant state. 
 

 
Figure 3 ⏐ The annual growth rhythm in Norway spruce. Adapted from 
(Gyllenstrand et al., 2007). 
 
Growth is initiated in the spring when the temperature increases and the buds 
burst. Seedlings and juvenile trees up to approximately six years exhibit so-
called free growth, implying that new needle primordia are formed during 
the summer and the shoot continues to elongate throughout the growing sea-
son. After around six years of age all growth is predetermined and new nee-
dle primordia are initiated only during the autumn. Needle extension starts 
when the buds burst the following spring and continues until growth cessa-
tion in July. When bud burst occurs in trees with predetermined growth new 
bud scales for the new vegetative buds (or reproductive bud if the tree has 
left the juvenile phase) are almost instantly formed in the early summer.  
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After or simultaneously with growth cessation in the fall the buds start to 
develop new needle primordia and prepare for the winter. This cycle is re-
peated every year and in order for the tree to optimize fitness and increase 
the chance of survival all these events must be properly timed to the envi-
ronmental condition at the site of growth. An extended period of growth is 
an advantage but has to be balanced with the need for inwintering, a several 
weeks process. 

1.5.3 Photoperiodic response  
 
Shortening of the photoperiod induces bud set and growth cessation in Nor-
way spruce and this response is especially pronounced in seedlings. In the 
autumn, bud set is induced when the length of the night exceeds a certain 
threshold known as the critical night length. The buds rapidly build up dor-
mancy when exposed to long nights so that growth is not immediately re-
sumed if the plants are transferred back to constant light after induction 
(Dormling et al., 1968). Different populations require different critical night 
lengths to set bud, ranging from 6-7 hours in the south to 2 hours in the 
northern populations (Ekberg et al., 1979). When several intermediate popu-
lations were examined it was clear that critical night length and bud set show 
a strong latitudinal cline (Clapham et al., 1998).  
 
As earlier mentioned, photoperiod requires some sort of time measurement 
and there are a few models for this mechanism. Three models for photoperi-
odic time keeping have been proposed, the hourglass model, the external 
coincidence model and internal coincidence model. The hourglass model 
stipulates that night length is measured like the time in an hourglass and if 
the night is long enough a certain threshold is reached and flowering is in-
duced. This mechanism is reset in every light cycle and no internal circadian 
timekeeping is needed. The second model, the external coincidence model, is 
based on the existence of the circadian clock. When an internal rhythm coin-
cides with an external stimulus, for example light, a response is induced. The 
internal coincidence model is based on the idea that several rhythms are pre-
sent in multicellular organisms. These rhythms will respond differently to 
outer stimuli and when two internal rhythms coincide at a certain photope-
riod flowering is induced (Nelson et al., 2010). Since a circadian oscillator 
has been identified in most species studied and most data support the exter-
nal coincidence model this is the generally most excepted model in plants. In 
Norway spruce a delay in bud set was evident when a night break was ap-
plied close to the critical night length, as well as 24 hours later, which points 
towards circadian timekeeping as in the external coincidence model 
(Clapham et al., 2001).   
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2. Research Aims 

This thesis attempts to widen the knowledge of the genetic basis for control 
of growth rhythm in the conifer Norway spruce by functionally characteriz-
ing sequence homologs to genes involved in the circadian clock and flower-
ing in Arabidopsis. The specific aims in each paper are: 

 
Paper I Investigate the evolution of PEBP genes in plants and deter-

mine the temporal and spatial expression of PEBP genes in 
Norway spruce. 

 
Paper II Explore the function of the FT/TFL1-like genes PaFTL1 and 

PaFTL2 with focus on the latter and its role in the control of 
bud set and growth cessation.   

 
Paper III Identify putative clock genes in Norway spruce and examine 

their expression pattern under different light regimes in order 
to establish them as likely clock components. 

 
Paper IV Investigate the effect of ectopic expression of putative core 

clock genes from Norway spruce in Arabidopsis to test to 
what extent their protein function is conserved. 
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3. Results and Discussion 

3.1 FT and TFL1 evolved after the split between 
angiosperms and gymnosperms (Paper I) 

 
The phosphatidyl ethanolamine-binding protein (PEBP) gene family consists 
of three subfamilies in Arabidopsis and other angiosperms (FT, TFL1 and 
MOTHER OF FT AND TFL1 (MFT)) (Chardon & Damerval, 2005). In 
Norway spruce four PEBP genes have been identified (previously referred to 
as PaFT1-4 in Gyllenstrand et al., 2007). Phylogenetic analyses could not 
place PaFTL1 and PaFTL2 genes in either FT or TFL1-clades and we sug-
gest that the separation of the FT and TFL1 clades took place in the angio-
sperm lineage. The spruce genes, PaFTL1 and PaFTL2, are thus referred to 
as FT/TFL1 like. The two MFT like genes, PaMFT1 and PaMFT2 both clus-
ter with MFT genes from other species including angiosperms (Figure 4).  

 
Figure 4 ⏐ Phylogenetic tree of plant PEBP genes. 
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All four spruce PEBP genes were ectopically expressed in Arabidopsis. 
While plants expressing PaMFT1 and PaMFT2 displayed wildtype flower-
ing time, plants expressing PaFTL1 and PaFTL2 showed delayed flowering. 
In Arabidopsis FT induces early flowering (Kardailsky et al., 1999; 
Kobayashi et al., 1999) while overexpression of TFL1 results in late flower-
ing (Ratcliffe et al., 1998). In contradiction to earlier beliefs where TFL1 
was hypothesized to have evolved from FT (Shalit et al., 2009; Pin et al., 
2010), our results in spruce indicate that the ancestral form of FT and TFL1 
possesses a TFL1-like function even though the protein sequences of 
PaFTL1 and PaFTL2 are more FT-like.  

3.2 Conserved function of MFT-like genes (Paper I) 
 
To gain further insight into the function of the PEBP genes in spruce, their 
spatial and temporal expression patterns were analyzed. PaMFT1 and 
PaMFT2 are mainly expressed during embryo development, and more spe-
cifically the expression was localized in the root and shoot meristem and the 
procambium (Figure 5). PaMFT1 had a slightly lower expression than 
PaMFT2 but the spatial expression patterns were highly similar. Interest-
ingly PaMFT1 also had a very specific expression in young male buds in the 
area where resin ducts will shortly form, or have already formed. The exact 
function of MFT genes remains to be determined but they are mainly ex-
pressed of seeds in for example maize (Danilevskaya et al., 2008) and cere-
als (Chardon & Damerval, 2005) and preliminary data suggest that MFT in 
Arabidopsis is localized in the embryo during seed development (Sundström 
and Gyllenstrand unpublished data) even though microarray analysis also 
show expression in the endosperm (Winter et al., 2007; Bassel et al., 2008). 
MFT has earlier been shown to affect germination in wheat and Arabidopsis 
(Xi et al., 2010; Xi & Yu, 2010; Nakamura et al., 2011), and we noted that 
Arabidopsis plants expressing PaMFT1 or PaMFT2 had a low germination 
rate (Karlgren unpublished data). Taken together this indicates a conserved 
function of MFT-like genes in angiosperms and gymnosperms.  
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Figure 5 ⏐ Schematic picture of the expression patterns of PaMFT1 and PaMFT2 
during embryo development. Stage A, Somatic embryo at the beginning of late em-
bryogenesis, where suspensor cells have degraded seven days after addition of ab-
scisic acid treatment. The embryos have established the root-organization centre. 
Stage B, Somatic embryo at the middle of late embryogenesis, with cotelydon pri-
mordia visible around the incipient apical meristem. Stage C-D, Maturing somatic 
embryos. Sites of expression are marked in grey. 

3.3 PaFTL2 induces growth cessation and bud set 
(Paper II) 

 
The expression levels of PaFTL2 have earlier been shown to correlate with 
bud set (Gyllenstrand et al., 2007) and the gene is strongly induced in short 
day photoperiods that also induce bud set. To test the hypothesis that 
PaFTL2 induces bud set, we transformed Norway spruce embryonic cell 
cultures with a construct containing a heat shock promoter (hsp) fused to the 
coding sequence of PaFTL2. Transformed calli were converted to plantlets 
as described earlier (von Arnold & Clapham, 2008). Induction by heat shock 
caused a notable increase in PaFTL2 expression in transformants compared 
to the controls and the transformants also displayed a significantly higher 
frequency of bud set (see Table 1). In one of the experiments it was also 
apparent that growth was inhibited in one of the transformed lines after the 
treatment, although it was hard to detect retarded growth in the other ex-
periments. Some of the transformants grew slower than the controls, proba-
bly caused by PaFTL2 leakage from the hsp promoter. The moderate growth 
may be the reason why we failed to detect growth cessations in some ex-
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periments. Importantly, we failed to create constitutive overexpressors with 
PaFTL2, further supporting the growth-inhibiting properties of PaFTL2. 
 
Table 1 ⏐ Assessment of bud formation 25 days (Experiment 1 and 2) or 32 days 
(Experiment 3) after first heat shock.  
 

 
Transgenic 
line 

Bud 
stage 0* 

Bud 
stage 1* 

Bud 
stage 2* 

Bud 
stage 3* 

% bud 
stage 1-3 

Exp. 1 ox1 0 8 1 0 100 
 ox3 10 2 1 0 23 
 control 1 15 0 0 0 0 
       
Exp. 2 ox1 0 7 4 1 100 
 ox2 1 8 1 7 94 
 control 1 17 0 0 0 0 
 control 2 11 1 0 0 8 
       
Exp. 3 ox1 14 2 20 1 62 
 ox2 9 4 3 0 44 
 control 1 59 0 0 0 0 

 
*Bud set was assessed on a scale from 0 to 3, where 0 = no sign of budset, 1 = be-
ginning of bud formation; needle extension reduced, but no white budscales evident, 
2 = budscales formed, 3 = budburst and resumption of growth. 
 
In seedlings grown in controlled conditions, we also observed differences in 
PaFTL2 expression levels between populations from different latitudes in 
three tissue types, needles, stem and shoot tips. Such a difference has earlier 
been observed in needles (Gyllenstrand et al., 2007; Chen et al., 2012) and is 
likely a result of the different photoperiodic response between these popula-
tions. In high latitude populations, one long night is enough to induce bud 
set, while four nights are required for seedlings from low latitudes. In seed-
lings from high latitudes, PaFTL2 expression in shoot tips reached high lev-
els already after the first night, while a similar level was reached in the low 
latitude population after four nights. Possibly, PaFTL2 expression needs to 
reach a threshold level before bud set and growth cessation occurs or the 
protein needs to accumulate to a certain level. 
 
To study the expression of PaFTL2 under natural conditions, shoot tips from 
basal branches from trees with predetermined growth were collected during 
one growing season. In these shoot tips, the expression of PaFTL2 is low 
during the summer but in the end of July when the night length exceeds the 
critical night length for the population sampled, PaFTL2 was induced. This 
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induction coincides with growth cessation and reactivation of meristems that 
then start to generate needle primordia for the next growing season. 
 
In vegetative as well as reproductive buds, PaFTL2 expression peaks at the 
time of growth cessation and decreases steadily until late December, coinci-
dent with the transition from endo- to ecodormancy. A further decrease was 
then observed at the time of bud burst, in agreement with controlled experi-
ments when bud burst was forced with high temperature (Gyllenstrand et al. 
2007). These results suggest that a low expression of PaFTL2 is required for 
bud burst and resumption of growth. In needles PaFTL2 expression remains 
high during the winter, suggesting that the expression in buds and needles 
are controlled by partly different mechanisms.  
 
In situ-hybridization experiments revealed that PaFTL2 expression was lo-
calized around the procambium and vascular tissue in apical shoot tips of 
spruce seedlings after induction by long nights (Figure 6). When buds were 
formed the expression was concentrated in the crown region and eventually 
expanded to the pith of the bud. In young buds sampled from adult trees in 
August a similar expression could be observed, with high expression in the 
crown region and pith (at least in vegetative buds). In the bud, the expression 
had started to concentrate in the procambial region. One month later the 
expression was focused around the procambium but some expression also 
remained in the pith. One possible hypothesis is that PaFTL2 represses de-
velopment/maturation of vascular tissue in order to prevent transport to the 
meristem, and such isolation might be necessary for dormancy. The high 
expression in the crown region and the pith are in agreement with the hy-
pothesis of PaFTL2 repressing growth, and since the crown region differen-
tiates between the region where bud scales and needles are produced, it is 
possible that PaFTL2 has a role in primordia identity. 
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Figure 6 ⏐ Schematic picture of the expression patterns of PaFTL2 in (from the 
top): The top shoot in seedlings exposed to 16 hour long nights. Day 0 represents a 
seedling before it has been subjected to darkness. Vegetative, male and female buds 
collected from adult trees in August and September. Sites of expression are marked 
in grey. 
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3.4 PaFTL1 expression is complementary to PaFTL2 
(Paper I and II) 

 
Analysis of transgenic Arabidopsis expressing PaFTL1 and PaFTL2 sug-
gests that they may have a similar TFL1-like protein function (Paper I). 
However, in spruce PaFTL1 and PaFTL2 have largely complementary tem-
poral expression patterns in both needles and vegetative shoot tips from lat-
eral branches during the summer (Figure 7). High expression of PaFTL1 was 
mainly observed during active shoot elongation (Paper II). During this stage, 
the meristems are seemingly inactive, and meristem reactivation was ob-
served concurrently with growth cessation and downregulation of PaFTL1 in 
shoot tips. In situ localization of PaFTL1 revealed high expression in the 
SAM, in a pattern largely complementary to that of PaFTL2 in active meris-
tems (Figure 8, Paper II). An attractive hypothesis is that PaFTL1 represses 
meristem activity in vegetative meristems during active stem elongation. 
PaFTL1 is also expressed in the microsporophylls in male buds, and particu-
larly high levels were observed in microspore mother cells before meiosis 
(Paper I). This pattern is consistent with a role for PaFTL1 in repression of 
cell proliferation. 

 
Figure 7 ⏐ Expression determined by qPCR of PaFTL1 and PaFTL2 in (A) needles 
and (B) vegetative shoots from lateral branches sampled from adult trees growing in 
natural conditions. Relative expression levels refer to ΔCt-values (CtPaUBQ-CtPaFTL). 
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Figure 8 ⏐ Schematic picture of the expression patterns of PaFTL1 in shoot meris-
tem from lateral branch in July from a several years old tree growing in natural con-
ditions. Sites of expression are marked in grey. 
 
PaMFT genes were primarily expressed in seeds and embryos. PaFTL1 was 
expressed in needles, male buds and pollen while PaFTL2 had a high ex-
pression in buds and needles in the fall. A common feature of these tissues is 
the preparation for physiological changes such as dormancy, dehydration 
and desiccation. One can speculate that an ancestral function of the PEBP 
genes was related to growth arrest and dormancy.  

 



 29 

 

3.5 Rapid dampening of putative clock genes (Paper III) 
 
The circadian clock holds a key role in photoperiodic responses in many 
species. Furthermore, putative homologs to circadian clock genes are impli-
cated in the control of latitudinal clines for timing of bud set in angiosperm 
trees as well as Norway spruce (Chen et al., 2012; Keller et al., 2012). To 
identify Norway spruce circadian clock genes and study their function, puta-
tive clock homologs to PRR1/TOC1, PRR3, PRR7, CCA1/LHY, GI, ZTL, 
ELF4 and LUX were identified using BLAST searches against spruce EST-
databases, and full-length gene sequences were obtained using rapid amplifi-
cation of cDNA ends (RACE) reactions. Phylogenetic analysis suggests that 
PaPRR1 clusters with PRR1/TOC1 and it has a fairly high protein sequence 
similarity to TOC1 in the two important domains, REC (65%) and CCT 
(79%). PaPRR3 and PaPRR7 both cluster with Arabidopsis PRR3 and PRR7 
and the protein sequence similarity in the REC and CCT domains further 
supports that the spruce genes are more similar to PRR3/7 than PRR5/9. 
PaCCA1 shows high sequence similarity in the Myb domain (77% and 84%) 
compared to Arabidopsis CCA1 and LHY, and phylogenetic analyses sup-
port that PaCCA1 shares a common ancestor with CCA1/LHY. PaGI clusters 
together with angiosperm GI. GI lacks defining domains but the protein se-
quence identity between PaGI and GI is 58%. Finally, PaZTL clusters with 
ZTL and LOV KELCH PROTEIN2 (LKP2)-like genes from angiosperms but 
homologs to the third protein family member FLAVIN BINDING, KELCH 
REPEAT, F-BOX (FKF1) were not detected in gymnosperms. PaZTL shows 
high protein sequence similarity to Arabidopsis ZTL, with 78 % overall 
similarity, and around 85% similarity in the defined PAS/LOV, F-box and 
Kelch repeats domains. Homologs to two of the proteins in the evening 
complex (EC) were found in spruce, namely ELF4 and LUX (with 51 and 
98% protein sequence similarity in the important domains), while homologs 
to ELF3 appear to be missing. 
 
To establish these genes as putative clock homologs their temporal expres-
sion pattern in different photoperiods were assessed. The photoperiods tested 
were: long day (LD; 16 h light/8 h dark), short day (SD; 8 h light/16 h dark), 
constant darkness (DD) and constant light (LL). Plants transferred to con-
stant conditions were first entrained in 12 h light/12 h dark cycles. ZTL lack 
cyclic expression in angiosperms but instead the protein is expressed rhyth-
mically (Somers et al., 2000; Kim et al., 2003). Since PaZTL also lacks di-
urnal expression this is consistent with PaZTL being a ZTL homolog. All the 
other tested genes have a clear cyclic expression pattern in SDs. In LDs the 
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amplitudes of the rhythmic expression were lower and for PaELF4 and 
PaLUX no rhythm could be observed in LDs. PaGI, PaCCA1, PaPRR1 and 
PaPRR7 showed robust cycling in both SD and 12:12 photoperiods but when 
transferred to constant conditions the rhythm rapidly damped out (Figure 9).   
 
By definition, circadian rhythms persist in constant conditions and since the 
result with a rapidly damping rhythm in Norway spruce was surprising, we 
tried other methods to assess circadian rhythms with presumed clock out-
puts. We were unsuccessful with the detection of a rhythm in leaf move-
ments as can be observed in many angiosperm species (Darwin & Darwin, 
1880; Edwards & Millar, 2007), so we tried a method based on delayed fluo-
rescence (DF). DF refers to post-illuminated emitted light from chlorophyll. 
DF oscillates with a period of approximately 24 hours and it is under the 
control of the circadian clock in several plant species (Gould et al., 2009). In 
our experiments with Norway spruce no circadian rhythm was observed 
neither in LL nor simulated DD. The only rhythms observed were ultradian 
with a period of around two-three hours. Ultradian rhythms have been ob-
served in several plant species and are often coupled to a rhythmic photosyn-
thetic CO2 uptake, which might be the cause of these oscillations in our data. 
 
Still, the high protein sequence similarity in the putative Norway spruce 
clock genes compared to Arabidopsis, and the rhythmic expression patterns 
with a similar phase as their angiosperm counterparts observed in photope-
riod, support that they are homologs to these clock genes. The rapid damping 
of the circadian rhythm in constant conditions might partly be explained by 
the fact that gymnosperms synthesize chlorophyll in the dark, in contrast to 
e.g., angiosperms (Von Wettstein et al., 1995). This would suggest that it is 
less important for gymnosperms to predict dusk and dawn to regulate chlo-
rophyll biosynthesis.  
 
One possible molecular explanation for the lack of a rhythm in constant con-
ditions is the apparent lack of the core clock protein ELF3 in spruce. ELF3 is 
part of the EC and is crucial to retain normal circadian rhythms in Arabidop-
sis (Nusinow et al., 2011; Pokhilko et al., 2012). However, a complete ge-
nome sequence of Norway spruce is still missing and therefore it is impossi-
ble to rule out the existence of ELF3 in spruce, and notably ELF3 homologs 
are present in Physcomitrella patens and Selaginella moellendorffi.   
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Figure 9 ⏐ Expression patterns of PaGI, PaCCA1, PaPRR7 and PaPRR1 in Norway 
spruce seedling. Seedlings were entrained in 12 h light/12 h dark before transfer to 
constant light (left column) or constant dark (right column). Samples were taken 
every fourth hour and the mRNA level were determined with qPCR. 
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3.6 Conserved function of core clock proteins between 
angiosperms and gymnosperms (Paper IV) 
 
Production of transgenic spruce is extremely time consuming, and evaluation 
of clock-related phenotypes is hampered by a lack of established assays of 
clock outputs. Thus, to further characterize Norway spruce putative core 
clock genes, four putative homologs, PaCCA1, PaGI, PaPRR1 and PaZTL, 
were transformed into Arabidopsis and several clock outputs were assessed, 
namely flowering time, hypocotyl length in red light, leaf movement and 
expression of endogenous genes. PaCCA1-ox flowered late in both LD (long 
day) and SD (short day) compared to wildtype. The transgenic lines were 
arrhythmic as assayed by leaf movement, and these lines also showed a dis-
rupted expression rhythm of AtLHY and AtTOC1. Further, all lines tested 
were hyposensitive to red light. When CCA1 is overexpressed in Arabidopsis 
all these phenotypic alterations can be observed (Wang & Tobin, 1998; 
Green et al., 2002; Murakami et al., 2007; Kawamura et al., 2008), indicat-
ing that PaCCA1 shares at least a partially conserved function with 
CCA1/LHY.  
 
Three of the obtained transgenic lines expressing PaZTL showed high ex-
pression levels and severely delayed flowering time in LD. These ectopic 
expressors also had a short free-running circadian period and long hypo-
cotyls in red light compared to wildtype. Further, the phase of AtCCA1 ex-
pression was shifted in the PaZTL-ox in comparison to wildtype. All these 
deviations have been observed in Arabidopsis overexpressing ZTL (Somers 
et al., 2004; Kim et al., 2005; Murakami et al., 2007) demonstrating that the 
PaZTL gene can functionally mimic ZTL when expressed in Arabidopsis.  
 
PaGI was expressed both in wildtype and the gi2 mutant. PaGI-ox (in wt) 
displayed no effect on flowering time or period length but the hypocotyls 
were hypersensitive to red light. In gi2-PaGI-ox gi2 phenotypes were re-
stored, close to wildtype flowering time in both LD and SD. The rhythmic 
expression of AtFT was also fully recovered to wildtype levels versus a non-
cycling low expression detected in the gi2 mutant. The circadian period in 
the gi2-PaGI-ox was shorter than both the wildtype and the gi2 mutant (ap-
proximately 22 hours compared to 23.6 and 24.85 hours for WT and gi2 
mutant, respectively). Hypocotyls were slightly hypersensitive to red light as 
compared to wildtype and the gi2 mutant. AtGI-ox plants have an early flow-
ering phenotype in LD and SD, are hypersensitive to red light and display an 
arrhythmic clock phenotype (Mizoguchi et al., 2005). Although the pheno-
types of the PaGI overexpressor lines were generally weaker than those ob-
served for AtGI-ox plants, they all worked in the same direction, suggesting 
that PaGI is an ortholog of GI, and the proteins convey similar functions. 
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Only four transgenic lines expressing PaPRR1 were obtained. Their PaPRR1 
expression was fairly high but the phenotypic effects seen in AtTOC1-ox on 
flowering time, period length, hypocotyl length in red light and on expres-
sion of downstream genes (Makino et al., 2002; Sato et al., 2002; Mas et al., 
2003a; Matsushika et al., 2007; Murakami et al., 2007) were lacking. Even 
though we could not detect any effect on the tested outputs, PaPRR1 might 
still have a function similar or equal to TOC1 in its native species Norway 
spruce. The expression level might altogether be entirely too low to affect 
the circadian clock in Arabidopsis and/or the function may be partly con-
served but not to the same extent as the other described genes. It would also 
be helpful to express PaPRR1 in an Arabidopsis toc1 mutant to get a better 
understanding of whether function is conserved or not. 
 
Phylogenetic analyses and evaluation of protein function suggest that several 
key components of a circadian network similar to that of the Arabidopsis 
circadian clock were present before the divergence between angiosperms and 
gymnosperms. Homologs to genes in all three suggested loops of the angio-
sperm clock were identified in Norway spruce. Most of those also displayed 
the expected diurnal rhythms in photoperiodic conditions, but damp out rap-
idly in free-running conditions (Paper III). For three of the tested genes we 
also observed expected phenotypes when the genes were overexpressed in 
Arabidopsis. Collectively, these data suggest that the major difference ob-
served between the gymnosperm and angiosperm clocks are mainly due to 
alterations of existing genes and their regulation rather than the acquisition 
of novel genes. 
 
 



 34 

4. Conclusion 

This thesis aims at widening the knowledge of the genetic control of growth 
rhythm in Norway spruce and particularly the control of bud set. Using 
spruce transformants ectopically expressing PaFTL2 we could confirm the 
prior hypothesis that PaFTL2 induces bud set. This was further supported by 
spatial and temporal expression patterns in seedlings and adult trees. We also 
showed that gymnosperms possess at least two FT/TFL1-like genes with 
TFL1-like function, suggesting the ancestor of FT and TFL1 to be more 
TFL1-like. PaFTL1 appears to have complementary expression patterns to 
that of PaFTL2 both spatially and temporally. Even though its function is 
unknown, it is tempting to speculate that the gene is involved in inhibiting 
meristem growth during extension growth in the summer. PaFTL1 is also 
expressed in the microsporophylls in male buds during most of the mi-
crosporophyll development and especially before bud burst, suggesting a 
function in male reproductive development. 

 
Since bud set is controlled by photoperiod and circadian clock genes are 
implicated in this process, we also studied putative clock homologs in order 
to gain insight into the circadian clock in gymnosperms. Several clock ho-
mologs were identified and their expression showed a diurnal pattern. Inter-
estingly, the cyclic expression damp out rapidly in constant conditions, con-
sistent with measurements of delayed fluorescence in seedlings. This obser-
vation suggests important differences in the role and function of the cir-
cadian clock in gymnosperms. Four putative core clock genes, PaCCA1, 
PaGI, PaPRR1 and PaZTL, were expressed in Arabidopsis and several clock 
outputs such as flowering time, hypocotyl length and leaf movements were 
assessed. At least PaCCA1, PaZTL and PaGI appear to have a conserved 
function between angiosperms and gymnosperms. Taken together these stud-
ies suggest gymnosperms to have a similar core clock structure as angio-
sperms even though fundamental differences are likely to exist in both gene 
regulation and protein function, since the cycling of the clock genes was 
rapidly damped in free-running conditions. 
 
Even though the studies presented in this thesis represent a significant con-
tribution to the knowledge of control of bud set and the circadian clock in 
Norway spruce many questions remain, and new questions have emerged. In 
the future it would be of great interest to transform spruces to ectopically 
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express PaFTL1 and to use RNAi techniques to downregulate the expression 
of PaFTL1 and PaFTL2. Work with antibodies may reveal whether PaFTL1 
and PaFTL2 proteins can move between cells or in the phloem like TFL1 
and FT in angiosperms (Lifschitz et al., 2006; Conti & Bradley, 2007; 
Corbesier et al., 2007; Jaeger & Wigge, 2007; Tamaki et al., 2007). It would 
also be of great interest to determine the downstream targets of PaFTL1 and 
PaFTL2 to unravel their molecular function, as well as identifying genes that 
regulate the expression of PaFTL1 and PaFTL2. The structure of the cir-
cadian clock in gymnosperms needs to be further explored by identification 
of further components and by altering the expression of candidate clock 
genes in spruce and studying the effect of this expression on potential inter-
acting genes; by for example fusing their promoters to reporter genes.  
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5. Svensk sammanfattning 

Granen är Sveriges vanligaste trädart och är ett utav de viktigaste träden för 
skogsindustrin som exporterar skogsprodukter till stora ekonomiska värden 
varje år.  Granen bidrar till både trä- och pappersprodukter samt producerar 
energi och binder upp stor mängder kol, vilket är en högaktuell fråga i och 
med klimatdebatten.  För granen är det av yttersta betydelse att kunna anpas-
sa sin tillväxt till den rådande omgivningen. Under våren spricker granens 
knoppar som ett svar på den ökande temperaturen och i och med detta börjar 
tillväxten som sträcker sig ända fram till mitten/slutet av sommaren då gra-
nen slutar växa och börjar förbereda sig inför vintern. Om knopparna sprick-
er för tidigt eller om de nya knopparna slutar växa för sent är risken för 
frostskador stor. Knoppsättning och tillväxtavslutning styrs av fotoperiod, 
d.v.s. dagslängd, speciellt i små fröplantor. En gen, FLOWERING LOCUS T 
(FT), har visat sig inducera blomning hos bl.a. backtrav och poppel. Båda 
dessa arter är så kallade angiospermer, blommande växter, och dessa förgre-
nades evolutionärt från gymnospermer (nakenfröiga växter), till vilka barr-
träd såsom gran tillhör, för cirka 300 miljoner år sedan. Detta stora evolutio-
nära avstånd gör att man kan förvänta sig vissa skillnader vad gäller genetisk 
kontroll av t.ex. reproduktion och tillväxt. Två homologer till FT har hittats i 
gran, PaFTL1 och PaFTL2, men när dessa geners släktskap till FT-lika ge-
ner i andra arter studerades kunde man inte särskilja om generna var närmast 
besläktade med FT eller syskongruppen TERMINAL FLOWER 1 (TFL1). 
TFL1 förhindrar blomning i angiospermer och har trots sitt nära släktskap till 
FT helt motsatt funktion. För att få ytterligare information om grangenerna 
uttrycktes dessa i den angiosperma modellorganismen backtrav och detta 
orsakade att växterna blommade sent i jämförelse med icke transformerade 
växter. Detta är samma effekt som man får när man överuttrycker TFL1 i 
samma art vilket tyder på att PaFTL-generna i gran snarare har en mer 
TFL1-lik än en FT-lik funktion. I och med detta skapades en hypotes att 
angiospermernas FT och TFL1-gener utvecklades efter förgreningen från 
gymnospermerna. Gymnospermer saknar därför dessa två specifika gener 
och har enbart FT/TFL1-lika gener som kan förväntas vara den ursprungliga 
formen av generna och dessa har en mer TFL1-lik funktion. 
 
Uttrycket av PaFTL2 har i tidigare studier visat sig korrelera med knoppsätt-
ning hos gran och det är även känt att genen induceras av långa nätter. För 
att klargöra detta samband överuttryckte vi genen via en värmechockspro-
motor i gran. När uttrycket av genen ökade gav detta en signifikant större 
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andel knoppar hos transformanterna jämfört med kontrollerna vilket bekräf-
tar tidigare hypotes att PaFTL2 inducerar knoppsättning. Det var även tyd-
ligt att transformerade plantor växte långsammare och att de i vissa fall stan-
nade i tillväxt efter värmebehandlingen. Detta tyder på att genen även är 
involverad i tillväxtavslutning. Uttrycket av PaFTL2 kartlades och toppskot-
ten från sidogrenar på ett vuxet träd hade ett lågt uttryck av genen under 
sommaren som sedan ökade drastiskt i slutet av juli då tillväxtavslutningen 
sker. I alla knoppar är sedan uttrycket av PaFTL2 högt fram till att tempera-
turen sjunker i oktober då uttrycket sakta minskar. Detta styrker tron att 
PaFTL2 är involverat i tillväxtavslutning och potentiellt kan genen även 
påverka knopparnas förmåga att spricka när uttrycket av PaFTL2 är högt. 
 
I småplantor induceras PaFTL2 uttrycket drastiskt i mörker redan efter 10 
timmar. Vi behandlade tre olika populationer, två nordliga och en sydlig, 
med långa nätter (16 timmars mörker) och jämförde PaFTL2 uttrycket mel-
lan dessa och det visade sig att uttrycket var lägre i alla testade vävnader 
(barr, stam, toppskott och sidoskott) i den sydliga populationen och först 
efter några dagar blev uttrycket detsamma. Detta är troligen en effekt av att 
den sydliga populationen kräver flera dagar med långa nätter för att sätta 
knopp medan en nordlig population kan sätta knopp redan efter en natt. 
PaFTL2 måste troligen komma upp till en viss nivå innan tillväxtavslutning 
och knoppsättning sker och olika nivåer av PaFTL2 uttryck mellan popula-
tioner skulle kunna förklara de skillnader i knoppsättning som ses vid olika 
nattlängder. I en annan studie har det visats att det finns sekvensvariation i 
promotorn till PaFTL2 som kan länkas till knoppsättning (Chen et al., 2012) 
vilket delvis skulle kunna förklara de skillnader vi ser.  
 
PaFTL1, som hade en liknande effekt på blomningen när den uttrycks i 
backtrav som PaFTL2 hade, uppvisar däremot ett helt motsatt uttrycksmöns-
ter jämfört med PaFTL2. PaFTL1 är högt uttryckt i skott från sidogrenar 
under sommaren vilket skulle kunna tyda på att genen förhindrar tillväxt i de 
knoppar som bildats under våren. PaFTL1 har även ett högt uttryck i pollen-
säckarna hos hankottar under knoppsprickning vilket tyder på att genen även 
kan vara involverad i reproduktiv utveckling. 
 
Eftersom PaFTL2 är en viktig gen för tillväxten hos gran och denna är foto-
periodiskt styrd har vi även försökt att ta reda på mer om en av de underlig-
gande mekanismerna till fotoperiodisk respons, nämligen den så kallade 
cirkadiska klockan. Även här finns den mesta informationen från modellor-
ganismen backtrav där ett komplext system med många olika gener har växt 
fram. I klockans centrum finns dock ett begränsat antal gener och vi har där-
för sökt efter granhomologer till dessa gener. Sekvenshomologer till ett fler-
tal av dessa gener kunde återfinnas i gran och när deras uttryck undersöktes 
uppvisade alla utom en gen ett cykliskt uttrycksmönster under fotoperiodiska 
förhållanden. Det som däremot utgjorde en intressant skillnad i jämförelse 
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med angiospermer var att generna slutade cykla i konstanta förhållanden 
(t.ex. konstant ljus eller mörker) medan klockgener i t.ex. backtrav fortsätter 
att uttryckas med samma rytm även efter att yttre stimulanser som ljuspåslag 
saknas. Denna avsaknad av rytm konfirmerades med ytterligare en metod 
som mäter fluorescens hos småplantor.  
 
För att undersöka några potentiellt viktiga gener, PaGIGANTEA (PaGI), Pa 
CIRCADIAN CLOCK ASSOCIATED 1 (PaCCA1), PaPSEUDO-RESPONSE 
REGULATOR 1 (PaPRR1) and PaZEITLUPE (PaZTL), vidare så uttrycktes 
dessa i backtrav och flera olika kända processer som styrs av klockan under-
söktes. Det visade sig att PaCCA1 och PaZTL hade samma effekt på back-
travtransformanterna som om man skulle överuttrycka dess egna motsvaran-
de gener vad gällde alla testade processer, dvs. blomningstid, hypokotyl-
längd i rött ljus, bladrörelse och uttryck av nedströmsgener. PaGI och 
PaPRR1 visade ingen eller liten effekt på de testade fenotyperna. PaGI ut-
trycktes då i en mutant som saknar normal GI funktion vilket ledde till att de 
annars störda fenotyperna ofta återställdes till vildtyps fenotyp. Av detta kan 
man dra slutsatsen att åtminstone tre av de potentiella klockgenerna i gran 
kan anses ha en bevarad funktion mellan angiospermer och gymnospermer. 
Dessa gener är fundamentala komponenter i klockan och det är troligt att 
gymnospermer har en liknande struktur på sin inre klocka som angiospermer 
även om det förmodligen även finns skillnader eftersom klockgenernas ut-
tryck slutar cykla i konstanta förhållanden. 
 
Denna avhandling visar på vikten av att studera även gymnospermer vad 
gäller t.ex. tillväxt och den cirkadiska klockan då det trots likheter med an-
giospermer även finns uppenbara skillnader på den genetiska kontrollen av 
dessa processer. De studier som presenteras här har ökat förståelsen för den 
genetiska kontrollen av tillväxtrytm hos gran men det har även väckts nya 
frågor som vore intressant att utforska bl.a. skulle man vilja fastställa 
PaFTL1s funktion genom att överuttrycka/slå av denna gen i gran, studera 
proteinuttryck av PaFTL-generna samt undersöka interaktioner mellan 
klockgenerna för att kunna bygga upp en klockmodell för gymnospermer. 
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