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Abstract 
 
Environmental cues, such as photoperiod and temperature synchronize endogenous biological 
clocks to local environment. Photoperiodic involvement in clock input and output is well 
studied in angiosperms although knowledge about temperature contribution is scarce. Even 
less is known about the routes for these cues outside the angiosperms. Photoperiodic control 
of growth cessation and bud set in the gymnosperm Norway spruce shows a great deal of 
homology to the angiosperm flowering system. To test for photoperiod and temperature 
dependence on the bud set response I studied the expression levels of Norway spruce 
FLOWERING LOCUS T and GIGANTEA homologues. The results showed a latitudinal 
difference in expression levels of the genes in response to red light between two populations 
of Norway spruce. Temperature also significantly altered the expression levels of both genes, 
suggesting an alternative light-independent control of growth cessation. 
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Introduction 
 
Many physiological and developmental processes must be adapted to the local environment. 
Examples of such processes in plants are annual growth rhythm in perennials and flowering 
time in annuals. These processes are determined by the interaction of signals from 
endogenous genetic pathways and environmental cues. Recently, much progress has been 
made in the understanding of the molecular mechanisms behind the induction of flowering 
time in the model angiosperm plant Arabidopsis thaliana (Arabidopsis). A dominant external 
cue involved in the control of flowering in Arabidopsis is thought to be photoperiod. 
However, little is known about the processes controlling growth cessation and terminal bud 
set in non-angiosperm perennials, such as the conifer Norway spruce (Picea abies (L.) Karst.). 
Physiological experiments have nevertheless shown that circadian timekeeping and hence the 
circadian clock is part of the photoperiodic control of bud set in Norway spruce, much like the 
control of flowering in angiosperms (Thomas and Vince-Prue, 1997; Clapham et al., 1998a; 
Clapham et al., 1998b) . 
 
The circadian clock is a rhythmic change in behaviour, physiology or biochemistry, with a 
roughly 24 h cycle, that have been observed in almost all studied species. A cycle with a 
periodicity matching Earths rotation on its axis is called circadian, hence the name circadian 
clock. Once the clock is started the output rhythm can persist even under constant 
environmental conditions. The rhythm is endogenously generated although it is reset by 
external stimuli such as light and/or temperature, a phenomenon referred to as entrainment 
(Harmer et al., 2001; Eriksson & Millar, 2003). The circadian clock has also been shown to 
be involved in local adaptation in Arabidopsis (Michael et al., 2003). Dodd et al. (2005), 
furthermore showed that when wild-type and short- and long-period mutants of Arabidopsis 
were grown under different environmental conditions, the accessions with clock periods 
matching the period of the total light/dark cycle contained more chlorophyll, fixed more 
carbon, grew faster and survived better than those with unmatched periods.  
 
Molecular genetic analyses of Arabidopsis have identified photoreceptors, light-signalling 
components and components from the circadian system as essential for the photoperiodic 
response. A three-stage model consisting of an input pathway governed by entrainment 
factors, a central core oscillator and the output pathway thought to control physiological and 
biochemical processes characterise the molecular pathway. The complete mechanisms for 
these clock pathways are to date not fully known, but immense work mainly on Arabidopsis 
has led to a more complete picture (Fig. 1).  
 
The present study will concentrate on the genes thought to be important for the switch from 
terminal growth to bud set in Norway spruce (Fig. A2, Appendix). Some gene homologues 
from the Arabidopsis flowering system seems to be key integrators in the bud set response in 
Norway spruce (Gyllenstrand et al., 2007; Gyllenstrand et al., unpublished). Since the 
components and mechanisms in the photoperiod control of flowering in Arabidopsis and the 
bud set response in Norway spruce shows a great deal of homology an introduction to the 
Arabidopsis photoperiod pathway is presented below.  
  

The effect of light and temperature on flowering in Arabidopsis 
In Arabidopsis light is mainly captured by photoreceptors like phytochromes (PHYA-E) and 
cryptochromes (CRY1 and 2). These are light sensitive receptor proteins that respond to light 
of different wavelengths (Taiz and Zeiger, 2006). Another possible route for light input to the 
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clock may be through ZEITLUPE (ZTL). ZTL targets TIMING OF CAB EXPRESSION 
1/PSEUDO RESPONSE REGULATOR 1 (TOC1/PRR1) for degradation in a light-dependent 
manner, and TOC1 is a known functional gene in the central oscillator (Más et al., 2003). 
Entrainment of the circadian clock can be mediated both by light and temperature, although 
light is probably the most important entrainment cue in plants. Maintenance and re-
synchronisation of the clock by light and temperature is of great importance. Resetting of the 
clock to dusk and dawn is a stabilising factor for the clock that enables the plant to detect 
seasonal changes in photoperiod (Devlin, 2002). Gating is the mechanism in which the output 
of the clock modulates the sensitivity of the input pathway. This is an important factor in 
maintaining the correct light input around dusk, for normal entrainment under long 
photoperiod and for continued rhythmicity in constant light (Millar 2004). Thus, these 
properties may prevent resetting of the clock by inappropriate signals e.g. flashes of lightning 
and moonlight. The circadian clock is also thought to be entrained by temperature, mediated 
through PSEUDO RESPONSE REGULATORS (PRRs). A double mutant of PRR7 and PRR9 
affect the clock dramatically after exposure to temperature alterations. The double mutant 
fails both to maintain an oscillation after entrainment to thermocycles and to reset its clock in 
response to cold pulses. This indicates that PRRs are essential components of a temperature-
sensitive circadian pathway (Salomé and McClung 2005). However alterations in single PPRs 
seem to be counterbalanced by genes in the central oscillator (reviewed in Hotta et al., 2007). 
The molecular basis of temperature entrainment of the clock is very hard to study because all 
biological systems are sensitive to temperature changes, making identification of specific 
components of these pathways a challenge (Gardner et al., 2006). Thus, entrainment factors 
and their possible effects are important to consider before an experimental setup is made. 
 
Like in many other organisms the Arabidopsis central oscillator is proposed to consist of 
elements arranged in interlocking feedback loops. The first proposed plant model was a single 
looped model composed of TOC1/PRR1, CIRCADIAN CLOCK-ASSOCIATED 1 (CCA1) and 
LATE ELONGATED HYPOCOTYL (LHY). TOC1 is thought to enhance the expression of 
CCA1 and LHY by an unknown mechanism and CCA1 and LHY in turn acts as repressors 
directly binding to the promoter of TOC1 (reviewed in Gardner et al., 2006; Hotta et al., 
2007). However this simple model has proven to be insufficient by mathematical modelling, 
which implies that there should at least be two additional components to the model (Locke et 
al., 2005). In the refined model light activates the expression of a hypothetical component 
“Y” which induces expression of TOC1. TOC1 acts via another hypothetical component “X” 
to induce LHY expression, and both LHY and TOC1 act to repress the expression of “Y”. 
Both the mathematical model proposed by Locke et al. (2005) and experimental data 
(Mizoguchi et al., 2005), suggests that the “Y” functions can be explained by GIGANTEA 
(GI). GI expression follows a circadian pattern and contains elements required for LHY 
mediated repression. At least four other members of the PRR gene family, to which TOC1 
belongs, also have a role in the central clock function and may have a dual role in light input. 
The genes proposed are PRR9, PRR7, PRR5 and PRR3. Their role in the central clock remains 
ambiguous since at least two or three of them are involved in both light and temperature input 
to the clock. Nevertheless PRR9 and PRR7 have been reported to be involved in a negative 
feedback loop with CCA1/LHY. There are also other candidates aspiring for a role in the core 
oscillator implying different feedback loops and functions. These include ARABIDOPSIS 
RESPONSE REGULATORS 3and 4 (ARR3 and 4), EARLY FLOWERING 3 and 4 (ELF3 and 
4), LUX ARRYTHMO (LUX) and TIME FOR COFFEE (TIC) among others. However, their 
positions and functions are still not fully understood (reviewed in Gardner et al., 2006; Hotta 
et al., 2007). 
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The circadian clock is thought to influence many physiological and developmental processes 
throughout the life cycle of the plant. Some of these processes occur on a daily basis and are 
directly regulated by the clock e.g. photosynthesis, leaf movement, hypocotyl elongation, 
stomatal movements etc. (reviewed in Gardner et al., 2006). Others occur annually by 
changes in photoperiod detected by the circadian system. These include germination, growth, 
reproductive development, pollen development etc. (reviewed in Yakir et al., 2007). One of 
the most well defined output pathways from the clock is the transition from vegetative growth 
to flowering in Arabidopsis.    
  
The external coincidence model proposes that the circadian clock sets a light-sensitive phase 
within the day-night cycle, and that floral responses can either be promoted or repressed by 
light during the light-sensitive phase (Thomas and Vince Prue, 1997). Arabidopsis is sensitive 
to day length and flower earlier in long days (LD) than in short days (SD). This response 
depends on the expression of CONSTANS (CO) and FLOWERING LOCUS T (FT) and their 
relative phase to the LD cycle (Hayama and Coupland 2004 and references therein). CO 
transcription is thought to be regulated by the proteins of GI and FLAVIN-BINDING KELCH 
REPEAT, F-BOX (FKF1). GI provides a direct input from the clock on CO, apart from its 
general role in the central clock. FKF1 is a photoreceptor and by the induction of light it can 
influence the levels of CO transcripts (Mizoguchi et al., 2005). Under LD conditions CO 
expression peaks during the day, in contrast to SD conditions were the peak occurs under dark 
conditions. During the day, far-red (PHYA) and blue-light (CRY1 and 2) proteins act to 
stabilize CO protein, and CO accumulates in the nucleus. CO then activates the transcription 
of FT (Suarez-Lopez et al., 2001; Valverde et al., 2004). Since the photoperiodic responses 
and clock functions originates in the leaves there has been a great hunt for the transmittable 
signal to the shoot apex, known as florigen. Recently it has been suggested that the FT protein 
could be the mobile substance between the leaf and the shoot apex in Arabidopsis. In the apex 
the FT protein acts by inducing expression of genes such as SUPRESSOR OF CONSTANS 1 
(SOC1) and APETALA 1, thus promoting flower development (Corbesier et al., 2007). The 
components of the Arabidopsis flowering pathway seem to be partly conserved even in plants 
with a SD response. In a comparison with Arabidopsis Hayama and Coupland (2004) 
demonstrated that in the short day monocot-plant rice (Oryza sativa), the CO homolog 
Heading date 1 (Hd1) acts as a repressor of the FT homolog (Hd3a) under long days. 
Flowering in this SD species thus occurs only when Hd1 is expressed exclusively in the dark. 
Even the mobile signal from leaf to shoot seems to be conserved and Hd3a appears to be the 
rice florigen (Tamaki et al., 2007).    
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Figure 1.  Photoperiod affects all parts of the circadian systems. Light input to the flowering- and circadian 
system has for a long time been known to be mediated through light sensitve receptor proteins such as PHYs and 
CRYs, but recent findings have shown other routes such as through ZTL and FKF1. The flowering pathway of 
Arabidopsis starts with light input through photoreceptors that interacts with elements of the core oscillator via 
different feedback loops. The output from the oscillator involves GI which governs the expression of CO with 
the help from FKF1. The CO protein in turn regulates FT, whose protein seems to be the mobile florigen which 
moves to the shoot apex and initiates flowering. Stabilisation of CO and FT proteins are made by PHYs and 
CRYs. (Modified from Thomas B., 2006).    

 
The control of bud set in Norway spruce  
The ability to detect changes in day length is especially important at latitudes where day 
length varies throughout the year. This capacity to sense photoperiodic shifts gives trees and 
other perennial plants an important control mechanism to govern important physiological 
processes such as bud dormancy, bud burst, frost tolerance and flowering (reviewed in Hotta 
et al., 2007). Conifers diverged from angiosperms around 300 MYA (Bowe et al., 2000). Still 
they display many similarities to angiosperms in photoperiodic response. But how far these 
similarities reach in terms of genetic and biochemical homology is still unclear. The non-
model tree Norway spruce is an economically important gymnosperm with a wide latitudinal 
distribution. Previous studies on Norway spruce have shown the importance of latitude on 
developmental processes and especially bud set (Fig. 12, appendix). In seedlings from 
northern populations there is an early cessation of growth and initiation of bud set during the 
summer. In contrast seedlings from southern populations continue to grow later in the season. 
This variation has been attributed a genetically controlled response to photoperiod (Eriksson 
et al., 1978). Growth cessation and terminal bud set in seedlings from the Arctic Circle 
initiates when the length of the night exceeds 2-3 hours, whereas lowland populations from 
central Europe and Romania require at least 7-10 hours of darkness. The shorter critical night 
lengths apply when the seedlings are raised in continuous light and the longer night lengths 
when the seedlings are raised in cycles of light and darkness (Dormling I.E., 1973). In a study 
by Clapham et al. (1998a), northern and southern populations of Norway spruce were raised 
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in a regime with 8 hours of light rich in the far-red spectra (white light, WL) and 16 hours of 
far-red-deficient light (red light, RL). The study showed that there was a clinal variation in the 
degree of bud set between the populations. Arctic populations set buds under these conditions 
whereas the most southern populations did not. Intermediate populations displayed 
intermediate bud set responses. The results indicated that the photoperiodic control of bud-set 
in Norway spruce thus seems to rely on two different processes, dark dominant and light 
dominant. Dark dominant plants primarily depends on the measurement of a critical duration 
of darkness and mainly apply to southern populations, whereas in light dominant plants day 
length seems to be of most importance to the induction of bud-set and applies to northern 
populations. The dark dominant response is thought to be mediated through PHYP (Phy B 
type) and the light dominant response probably mainly through PHYO (Phy A type) 
(Clapham et al., 1998a with internal references). However the responsible genes and their 
functions in this clinal variation of developmental response are still unknown and subjects of 
investigation. 
        
Several homologues to genes in the photoperiodic pathway of angiosperms have recently been 
identified in Norway spruce (Heuertz et al., 2006). In a global gene expression study aiming 
at finding genes responsible for bud set, a member of the Norway spruce PEBP gene family 
was found that showed a strong response to photoperiod treatment  (Källman et al., 
unpublished). This gene, called PaFT4 (a Norway spruce FT homologue), showed a 
significant correlation between its expression and growth rhythm (both bud set and bud burst). 
The latitudinal pattern of variation in photoperiodic response, found by Clapham et al. 
(1998a), also seems to be correlated with the expression of this gene (Gyllenstrand et al., 
2007). Gyllenstrand et al. (2007) also found a requirement of far-red light to maintain growth 
in populations from the Arctic Circle. When plants from the Arctic Circle are grown in RL, 
which is deficient in far-red wavelength, the expression of PaFT4 is induced and plants set 
bud. Plants from southern latitudes continue growth in RL and PaFT4 remains at a low 
constant level. The divergent responses of the genotypes suggest that the photoperiod 
response differs, and that the dark dominant- and light dominant response found by Clapham 
et al. (1998a) thus involves PaFT4. In Arabidosis the FT gene belongs to the PEBP/RKIP 
gene family, which consists of five other related genes. These are; TERMINAL FLOWER1 
(TFL1), ARABIDOPSIS THALIANA CENTRADIALIS (ATC), TWIN SISTER OF FT (TSF), 
BROTHER OF FT AND TFL1 (BFT) and BROTHER OF FT AND TFL1 (MFT). FT encodes a 
protein similar to a phosphatidylethanolamine binding protein (PEBP), such as Raf kinase 
inhibitor (RKIP) from mammals (Kardailsky et al., 1999; Kobayashi et al., 1999). FT, as 
described earlier, induce flowering and the protein is thought to be the mobile florigen signal 
to the flower meristem. Flowering can also be repressed by the FT antagonist TFL1. Apart 
from CO regulation and other indirect routes, phytochromes also regulate FT expression 
independently of CO (Halliday et al., 2006). Homologues to the PEBP family has been found 
in many different plants and has shown similar roles in the flowering response, e.g. in rice, 
tomato, barley, grapevine etc. (Hayama and Coupland, 2004; Liefschitz et al., 2006; Faure et 
al., 2007; Carmona et al., 2006). However a recent study in an angiosperm tree (Populus 
spp.), showed that the CO/FT module not only controls flowering, but also controls growth 
cessation and bud set (Böhlenius et al., 2006). This supports an idea in which the primary and 
ancestral function of FT-like genes might be induction and cessation of growth (Lifschitz and 
Eshed 2006). 
 
PaGI (a Norway spruce GI homologue) is also an interesting candidate thought to affect the 
bud set response in Norway spruce (Gyllenstrand et al., unpublished). The Arabidopsis GI 
gene (AtGI) seems to be conserved among seed plants, from monocotyledons such as rice 
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(Oryza sativa) to gymnosperms such as loblolly pine (Pinus taeda). However it seems to be 
absent from moss (Physcomitrella patens) and animal genomes. AtGI encodes a protein of 
1173 amino acids that shows no homology to other known proteins (Mizoguchi et al., 2005 
with references therein). GI has shown to be involved in various functions such as red light 
signalling, central clock function, flowering time regulation and also possibly blue light 
signalling (Tong-Seung et al., 2004; Mizoguchi et al., 2005; Martin-Tryon et al., 2006). Since 
GI has a separate role in the core oscillator and also directly regulates CO expression in 
Arabidosis, PaGI becomes a highly interesting candidate gene for the bud set response in 
Norway spruce. 
 
While photoperiodic responses that affect growth and developmental processes are well 
studied in plants, the effect of temperature is poorly known, apart from its involvement 
dormancy and vernalization. In Norway spruce bud burst is mainly thought to be controlled 
by temperature, and PaFT4 expression is a candidate for that response. The bud set response 
is thought to be controlled by light and correlates with PaFT4 expression, although no 
temperature dependent routes have been investigated. Flowering is also thought to be 
thermally controlled in Arabidopsis independent of light. Phytochromes have been found to 
regulate the expression of FT and flowering response by PHYB is also temperature-dependent 
(Halliday et al., 2003). In Arabidopsis and Medicago truncatula, Paltiel et al. (2006), also 
demonstrated that various light conditions as well as extreme temperatures led to elevated GI 
expression. GI, as described earlier, is thought to ultimately affect the expression of FT in 
Arabidopsis. All these studies looking both at specific genes and more at physiological 
reponse to different treatments in Norway spruce suggests that at least part of the identified 
genes and pathways from Arabidopsis is conserved over 300 million years of evolution. The 
knowledge on genetic level is however still very scarce and the effect of temperature and light 
during the bud set process are still far from fully characterised.          
 
Aims and questions 
PaFT4 has been suggested to be an integrator of light and temperature signals in the control 
of growth rhythm in Norway spruce. However several aspects of the effects of light quality 
and temperature on PaFT4 expression are still poorly known. In this study, I look at the 
effects of light entrainment, and temperature on PaFT4 and PaGI expression during bud set 
induction. PaGI is a putative upstream component controlling the expression of PaFT4. A 
second question in the study is whether the different bud set responses of northern and 
southern populations may be due to DNA sequence variation in PaFT4 or PaGI. In an attempt 
to answer these questions, seedlings from both northern Sweden and Romania were grown 
under different temperature and light conditions in growth cabinets and assayed for 
expression of PaFT4 and PaGI with RT-PCR. PaFT4 and PaGI were also partially sequenced 
in samples from several populations covering a large part of the latitudinal range of Norway 
spruce.    
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Materials and methods 
 
Plant material  
Plants from a southern population (Frasin Romania) 47.30°N, 750 m.a.s.l., and a northern 
from 66.68 °N, 750 m.a.s.l. (Jock Valsjärv, Sweden), were used in the expression studies. To 
be able to sequence the cDNA of the FT4 gene needles from 23 plants growing in Rölunda 
plant nursey, with a distribution range from northern Sweden and Finland down to southern 
Europe (Romania and Italy), were collected (Fig. 2). The sampled needles were taken close to 
the shoot tip from each plant. Already existing extracted DNA was used in processes of 
obtaining promoter and intron sequences. The origin of this DNA was from a similar 
distribution range as those sampled at Rölunda plant nursery (Fig. 2) 
 
 

  
Figure 2. Geographical distribution of Norway spruce. Shaded area representing natural distribution and dots 
represents population samples used in the study. 
  
Growth conditions and sampling 
Initially the seedlings were raised in a growth cabinet under continuous light from metal 
halogen lamps at 250 µmol m-2 s-1 (400-700nm) with a ratio of irradiances at 660 and 730 nm 
(R:FR) of 2.0, at 20°C for 3-4 months. The plants were grown in pots 8.5 x 8.5 x 6 cm, four to 
a pot, in a peat and coarse sand mixture. Plants were watered every 1-2 days from a weak 
complete nutrient solution after (Ingestad T., 1979), giving 100 mg N L-1.  
 
Plants used in the study of FR-dependence were entrained to a photoperiod of 19 h light/5 h 
darkness before the experiment. This was done for 3 days in a growth chamber (Fison), at 
20°C. After entrainment the plants were then exposed to the following conditions: (1) 16h of 
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far-red deficient illumination from Philips TL 40W/29RS fluorescent tubes of the cool white 
type, with irradiance at plant level of 40 µmol m-2 s-2 over the range 400-700 nm; the 
irradiance at 670 nm was 2.23 µmol m-2 s-2 and that at 730 nm was 0.21 µmol m-2 s-2, giving a 
R/Fr ratio of 10.1, (2) 8 h of illumination from fluorescent tubes giving irradiance at plant 
level of 200 µmol m-2 s-2, R/Fr ratio 3.0, (3) a second 16h period of far-red deficient 
illumination, all at 20°C. Two needles close to the shoot tip from each of four plants from 
each population were collected at every sampling point. The needles were sampled eight 
times at intervals of four hours,. 
 
In the temperature dependence study seedlings were transferred from continuous light to three 
different growth chambers (Fison) with the individual temperatures of 2°C, 20°C and 30°C, 
twelve pots in each. The following light cycle scheme was used in each cabinet: (1) 5h of 
darkness, (2) 19h of illumination from fluorescent light giving irradiance at a plant level of 
250 µmol m-2 s-1, R/Fr ratio 2.8, and (3) this was continued for 5 days. During the treatment 
two needles close to the shoot tip from each seedling in a randomly chosen pot in each 
chamber were collected. The needles were sampled at intervals of four hours for 48 h then 
collected again, during one day, after a delay of 3 days. After day 5, half of the plants from 
the 2°C and 30°C treatments were randomly chosen and transferred to the 20°C treatment. An 
additional sampling was performed two times one week after transfer.  
  
Molecular methods 
RNA was isolated from the needles according to the protocol described in Azevedo H. et al. 
(2003) with slight modifications. In both expression experiments needles from a pool of four 
plants were extracted. The needles taken from plants destined for sequencing were only 
obtained from single seedlings. An additional DNase purification step was performed on the 
RNA from the temperature dependence study using the enzyme Turbo DNase (Ambion) 
according to protocol. cDNA synthesis was made from 0.5 µg total RNA using Superscript III 
(Invitrogen) and random hexamer primers. The analysis of expression was done using the 
real-time polymerase chain reaction method (reviewed in Kubista M. et al., 2006). cDNA 
were diluted 1:100, and 5 µl were used in duplicate assays using SYBR Green Master Mix 
(Qiagen). The reactions were then run on a ABI 7000 system according to manufacturer 
protocol. Primers for real-time protocols were designed to span introns (Table A1, Appendix). 
As control reference gene, polyubiquitin was used in all assays.  
 
Standard polymerase chain reaction (PCR) procedures using the enzyme Phusion (Finnzymes) 
were performed, in order to amplify FT4 cDNA and introns. The cDNA amplicons were 
produced using gene specific UTR-primers (Table A2, Appendix). From the obtained cDNA 
sequences, primers designed to amplify introns (Table A2, Appendix) were made in 
consideration to known gene structures from other FT homologues (Hedman et al., 
unpublished). PCR bands were confirmed using EtBr stained agarose gels.  
 
In order to obtain promoter sequences, TAIL-PCRs (thermal interlaced polymerase chain 
reaction) were performed using a protocol slightly modified from the one described in Weigel 
& Glazebrook ( 2002). Gene specific primers were made from existing cDNA (Table A3, 
Appendix) and promoter sequences, and run together with degenerated AD primers in a 
regular PCR machine with Phusion enzyme (Finnzymes).  
 
Since the cDNA of PaGI was described only partially an attempt to extend it, in order to 
identify the whole coding frame, was made using a 5’ RACE reaction (Farrell, R.E., 1998). 
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The extension reaction was performed using the First Choice RLM-RACE kit (Ambion) 
according to manual, and a variety of different gene specific primers based on the existing 
information of the gene (Table A4, Appendix). The reactions where done in a PCR using the 
BD polymerase (BD Biosciences). Since the amplicon signals from the TAIL- and RACE 
reactions are quite weak subsequent additional cloning and transformation steps are 
necessary. Candidate bands were first excised from the gels and purified using different kits 
according to protocol, TAIL; Nukleospin Extract kit (Macherey-Nagel), RACE; illustra DNA 
and gel extraction kit (GE healthcare). The purified DNA fragments were then cloned 
according to standard procedures (Sambrook et al., 1989), using a DH5α bacteria strain and 
bluescript vectors. The successful transformants were screened with the universal T3 and T7 
primers. Candidates were grown and DNA collected using the Miniprep kit (Qiagen). After 
confirmation of fragment size on gels, the DNA was purified with ExoSAP-IT (usb). 
Sequencing of clones, cDNA and introns were performed on a MEGABACE 1000 sequencer 
(Amersham) using DYenamic ET terminators (Amersham) or with BigDye v. 3.1 on a 
ABI3730 capillary machine according to manufacturer protocol.  
 
Data analysis 
The analyses from the real-time PCR were done with relative quantification using ΔCT values 
(CTCONTROL-CTTARGET), where CT-values derives from a fixed or manually set threshold 
value the fluorescence signal level has to reach for each sample (reviewed in Kubista M. et 
al., 2006). For some comparisons (Figures 3, 4, 7 and 8), CT values were converted to relative 

expression levels as a
ix

CTCT

i
xR

!! "

= 2)( where ΔCTa
  is the average ΔCT value for the 20°C 

treatment in Fig. 7 and 8, the average ΔCT value for the southern population in Fig 3, and the 
lowest ΔCT value in Fig 4. The Wilcoxon rang sum test was used to test for the difference in 
ΔCT values in the temperature study using the statistical package R (R Development Core 
Team, 2006). P-values of the Wilcoxon rang sum test were adjusted for multiple testing using 
the Bonferroni correction. 
 
The successful sequences were base-called with PHRED, assembled with PHRAP and 
visualisation and editing was conducted using CONSED (Ewing & Green, 1998; Ewing et al., 
1998; Gordon et al., 1998). Sequences were manually investigated and edited in CONSED 
with consideration to low score peaks and background noise. The programs Bio X 
(Lagercrantz, 2005) and Se-al (Rambaut, 2002) were used to align the sequences. To confirm 
the identity of the sequenced clones BLASTX searches were performed (Altschul et al., 
1997). 
 
Population genetics parameters and neutrality test statistics were calculated with the software 
DnaSP version 4.0 (Rozas et al., 2003). The rate of accumulation of mutations with time in a 
given population is measured as θ (4Neµ). Wattersson´s estimate of θ, θw (θw = S/an,where S 
is the number of segregating sites and a=1+/1/2+ … 1/(n-1) with ne the number of sequences 
in the sample) only takes into account the number of segregating sites, and does not consider 
the frequency of mutations. Another measurement of θ,  θπ (θπ ~ π), is a frequency 
measurement of the average number of pairwise nucleotide differences between two randomly 
picked sequences and is sensitive to low frequency derived alleles. Tajima´s D statistics is a 
neutrality test that considers both these θ estimates. In an idealised i.e. Fisher-Wright 
population both these measurements should be equal (Tajima, 1989). Population 
differentiation was was measured with FST and Snn measurements. FST compares the 
polymorphic variability within and between populations and Snn measure how often “nearest 
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neighbours” of sequences in the sequence space also are from the same geographical area 
(Weir & Cockerham, 1984; Hudson, 2000). In both tests sequences were divided into three 
population clusters based on the population subdivision obtained in a multi-locus analysis by 
Heuertz et al. (2006), namely: the Baltico-nordic-, Alpine, and Carpathian domains (with the 
latter only represented by Romanian populations).  
 
 

Results 
 
The effect of far-red deficient light on entrained Norway spruce seedlings 
The expression level of PaFT4 was strongly induced under the red light phase in northern 
seedlings, but stayed at a low level in Romanian seedlings (Fig.3). This pattern is similar to 
the one found by Gyllenstrand et al. (2007) using plants raised in constant light. However, 
northern seedlings raised in constant light displayed two peaks of expression, one after 12 
hours, and the other after 24 h (Gyllenstrand et al. 2007). In entrained seedlings, a single peak 
after 16 was observed. 
 
PaGI has been shown to follow a diurnal rhythm in Norway spruce under long and short 
photoperiods (Gyllenstrand et al. unpublished). If the rhythm continues in constant light is not 
known. In general, the expression levels were higher in seedlings from the southern Romanian 
population in the present study, and a diurnal pattern was evident in that population. In 
seedlings from the northern population, the amplitude was modest with an indication of 
diurnal rhythm (Fig.4). 
 

 
 
     
 
 

Figure 3. Expression of PaFT4 in Norway spruce is significantly higher in plants from a 
northern population (solid line) than in plants from a southern Romanian population (dashed 
line) during day extensions with red light (RL). Plants grown in continuous light were entrained 
and transferred to cycles of 16-h cool-white fluorescent light with a R:FR ratio of 10.1 (RL) and 
8-h white light with a R:FR ratio of 3.0 (WL). Grey and white bars at the top represent RL and 
WL periods. Expression levels of PaFT4 were normalised to the average expression level of the 
Romanian population and shown together with the standard error. 
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The effect of temperature on bud set in Norway spruce 
Expression levels of PaFT4 were significantly higher in plants growing at 2°C compared to 
plants growing at 20°C and 30°C (Fig. 5). Transcript levels were also significantly higher for 
PaGI  in the 2°C treatment than under the 20°C or 30°C treatments (Fig. 6). The most 
pronounced differences for both genes were observed after five days. The relative level of 
transcripts during day 5 was almost 50 times higher in the 2°C treatment compared to the 
20°C treatment for PaFT4, and over 8 times for PaGI (Fig. 7). After day 5, some seedlings 
from the 2°C and 30°C treatments were transferred to the 20°C treatment. Expression levels 
were measured 7 days after the transfer. Seedlings that remained in the 2°C treatment 
displayed a continued elevation of relative PaFT4 expression (>270 fold). However the plants 
that were transferred from 2°C to 20°C showed reduced levels of PaFT4 transcript (Fig. 8). 
The plants from the 30°C treatment did not deviate markedly from the 20°C treatment in the 
experiment. There was however a small reduction in expression of PaGI at day five in the 
20°C treatment resulting in significant deviation between the 20°C and 30°C treatments 
(Wilcoxon rang sum tests with correction for multiple testing confirmed the differences 
between treatments). Plants were also measured during five weeks in the different treatments. 
Plants growing at 2°C grew a lot less than the ones in the other treatments. However, plants 
transferred from 2°C to 20°C accelerated growth to a pace close to that of the ones in 20°C 
(Fig. A1, Appendix). 
 
 
 
 

Figure 4. Expression of PaGI is higher in plants from a Romanian population (dashed line) 
compared to a northern population (solid line) during day extension treatments with RL. Plants 
were raised continuous light, followed by entraining and then transfer to cycles of 16-h cool-
white fluorescent light with a R:FR ratio of 10.1 (RL) and 8-h white light with a R:FR ratio of 
3.0 (WL). Grey and white bars at the top represent RL and WL periods. Expression levels of 
PaGI were normalised to the lowest expression level of the northern population and shown 
together with the standard error. 
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Figure 5. PaFT4 expression differs significantly between different temperature regimes in 
seedlings of Norway spruce from a Romanian population. Prior to treatment plants were 
raised in continuous light. Every treatment was subjected to a light regime of 19-h light and 
5-h dark, white and black bars at the top respectively. Temperature treatments were: 2°C 
(solid line □); 20°C (dotted line○); 30°C (dashed line Δ). Expression levels are given as 
ΔCT (CTUBQ – CTPaFT4) 

Figure 6. Expression of PaGI differs between different temperature regimes in Norway 
spruce seedlings from a Romanian population. Plants were grown in continuous light and 
transferred to one of three treatments. Treatments were: 2°C (solid line □); 20°C (dotted 
line○); 30°C (dashed line Δ). White and black bars represent light (19-h) and dark (5-h) 
periods and were the same for all treatments. Expression levels are given as ΔCT (CTUBQ – 
CTPaGI). 
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Sequencing and population genetics 
To study DNA sequence variation of PaFT4 an attempt to sequence the complete PaFT4 gene 
was made. Complete cDNA and parts of untranslated regions (UTRs) from 23 individuals 
from different geographical origins were successfully obtained. Intron 1 and intron 3 were 
also fully sequenced in 26 and 37 individuals respectively. However, sequencing of 
representatives from Romanian populations failed for intron 3. Amplification of intron 2 
failed in all samples as well as the attempt to obtain sequences from the promoter region (Fig. 
A4, Appendix).  
 
The gene structure of PaGI is only described for a limited part of the 3´-end (Fig. A5, 
Appendix). However 48 individuals from different origins have been sequenced for that 
region. In the attempt to extend the 5´-end of the cDNA of PaGI all RACE reactions and 
primers failed. 
 
Population genetics analysis of the above described fragments showed low or moderate levels 
of genetic diversity (Table 1.) Estimates of Tajima´s D statistic varied from -1.21 to 1.0285, 
however none were significant (Table 1). In order to test for population differentiation 
sequences were divided into three clusters; the Baltico-Nordic domain (Sweden, Finland and 
Russia), the Alpine domain (Germany, Italy and Switzerland), and Romania, based on the 
population subdivision made by Heuertz et al. (2006). The output of the Snn statistics showed 
significant values for both the cDNA of PaFT4 and PaGI (Table 1). FST values indicated a 
differentiation between the Baltico-Nordic domain and the Romanian for the cDNA and 
intron 1 of PaFT4, FST = 0.36 and 0.2 respectively. The Alpine domain and the Baltico-
Nordic domain also showed the same pattern of differentiation for the cDNA and intron 1 of 

Figure 7. Both PaFT4 and PaGI expression 
levels were significantly higher at 2°C during 
day 5 from the temperature treatment. Grey 
bars represent PaFT4 and white bars represent 
PaGI. Expression levels were normalised to the 
average expression level from day 5 of the 
respective gene at 20°C and shown together 
with the standard error. 
 

Figure 8. Expression of PaFT4 dramatically dropped 
when plants from the 2°C treatment were transferred 
back to 20°C. After 5 days in different temperature 
regimes some plants from the 2°C and 30°C treatment 
were placed in 20°C. Expression levels of PaFT4 was 
measured 7 days after transfer. Expression levels were 
normalised to the average expression level in the 20°C 
treatment and shown together with the standard error. 
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PaFT4, FST = 0.36 and 0.11 respectively. Between the Alpine domain and the Romanian the 
only positive estimate was from the GI fragment, FST = 0.28.  
 

 
 
Table 1. Summary statistics of sequence variation in four gene fragments of Picea abies. 

Gene  n L S θw
b πb 

Tajima's 
D Snn 

FT4 cDNA  23 748 3 0.89 1.05     0.41   0.51* 
FT4 Intron 1a  26 266 3 3.36 2.97          -0.28 0.38 
FT4 Intron 3a 37 260 3 2.76 4.04     1.03          0.54 
GI known structurea 48 795 7 2.04 1.28     -1.21   0.44* 

 

aFor exact positions and structure see appendix, Fig. 10 and 11. 
b Nucleotide diversity estimates (θw and π) are x103. 
* Significant value 
 
 

Discussion 
 
As sessile organisms, plants and especially those growing at higher latitudes, must have a way 
of adapt to the prevailing photoperiod. Michael et al. (2003) showed that there was a 
latitudinal cline in the period of the Arabidopsis circadian clock, which was consistent with a 
primary role of the circadian clock in the synchronisation of an organism with its periodic 
surroundings. The ability to correctly anticipate daily changes is important for plants. Plants 
rely heavily on environmental cues to control the developmental transitions. Photoperiod, 
light quality and temperature are known environmental cues affecting different processes in 
plants (Thomas and Vince-Prue 1997; Devlin et al., 2002; Bäurle and Dean, 2006). 
 
The effect of light 
In angiosperms different responses to light and dark have been observed. An example is given 
in a study by Hayama & Coupland (2004), where Arabidopsis needs long days (LD) in order 
to flower, whilst rice (Oryza sativa) needs short days (SD). In the conifer Norway spruce the 
division into either LD or SD is not as clear-cut as in rice and Arabidopsis. A characteristic 
feature of light-dominant plants (mostly long day plants) is a requirement for far-red light. 
Seedlings from northern populations of Norway spruce show light dominant responses and set 
terminal buds during day extensions with 8-h normal WL photoperiod followed by 16-h far-
red deficient RL. Seedlings originating from southern populations on the other hand do not 
stop extension growth and set terminal buds during the same setup indicating a dark 
dominated route (Clapham et al., 1998a). In my study I measured the expression levels of 
PaFT4 and PaGI in entrained seedlings from northern- (above the Artic circle) and southern 
(Romanian) populations respectively, under the same light conditions as above. The results 
showed an increased level of PaFT4 transcripts in the northern population during the RL 
period with a slight decrease during the normal WL period. The expression levels of the 
Romanian population, however, remained low throughout the treatment. Gyllenstrand et al. 
(2007), made a similar experiment measuring the expression level of PaFT4, but without 
entrainment of the plants. Their results on PaFT4 did also show similar patterns as mine but 
without entrainment, two peaks of expression were evident in seedlings from the northern 
population (Fig. A3, Appendix). The first peak appeared after 12 h, and the second after 24 h, 
while in the present study, a single peak was present after around 16 h. This difference might 
be due to an underlying difference in the circadian rhythm between experiments. The peak 
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after 12 h in non-entrained samples indicates that the clock was started when conditions were 
changed from WL to RL. In the entrained samples on the other hand the clock was probably 
not restarted at the transition to RL. 
 
In Arabidopsis, GI has recently been proposed to be a part of the core circadian clock. An 
attractive hypothesis for the different response of PaFT4 in northern and southern population 
is variation in the phase, period or amplitude of the circadian clock. Previous experiments 
have indicated a difference in the phase of the rhythm of PaGI expression between northern 
and southern populations under different photoperiods, which could potentially explain a 
different response of PaFT4 to photoperiod. In the present study the expression pattern of 
PaGI mainly differed in amplitude between northern and southern populations, indicating that 
deficiency of far-red light has an effect on the circadian clock. However, further studies are 
clearly needed to test the relationship between PaGI and PaFT4 in Norway spruce. 
 
Control experiments using low irradiance illumination from metal halogen lamps have also 
been performed on northern and southern populations. In those day extensions seedlings from 
neither population set terminal buds, confirming that the low R:FR ratio rather than the 
reduced level of illumination was inducing bud set in the northern population (Clapham et al., 
1998a).  
 
The effect of temperature 
The effect of temperature on genes in the circadian- and flowering pathways has previously 
been poorly known. Recent research has shown that the PRR7 and PRR9 genes are part of the 
temperature entrainment in Arabidopsis (Salomé and McClung 2005). In a study by Paltiel et 
al., (2006), the role of GI in this process was investigated in both Arabidopsis and Medicago 
truncatula. They found that apart from its involvement of light input to the clock, GI also 
responded to changes in temperature with an increase in expression. GI acts in the core 
oscillator earlier in the flowering pathway than FT. Mutant analyses have shown that GI also 
acts between the circadian oscillator and CO to promote flowering by increasing CO and FT 
mRNA (Mizoguchi et al., 2005). FT expression has also been suggested to be influenced 
directly by temperature fluxes (apart from the well studied vernalization pathway) via 
phytochromes and/or the autonomous pathway (including the hormone gibberellin) (Blázquez 
et al., 2003; Halliday et al., 2003; Balasubramanian et al., 2006). In Norway spruce 
photoperiod is important in the transition from vegetative growth to winter dormancy. 
Terminal bud set is known to be controlled by photoperiodic changes and light quality 
(Thomas and Vince-Prue 1997). The bud set response was found to be correlated to the 
Norway spruce FT homologue (PaFT4) (Gyllenstrand et al., 2007). Since photoperiod is 
known to affect the expression levels of PaFT4 during bud set, I tested if temperature may 
have a direct effect on PaFT4 expression during bud set. Plants from southern populations 
(e.g. Romanian) require 7 to10 h of darkness in order to elevate PaFT4 expression and set 
terminal buds at normal temperatures (Dormling, 1973; Gyllenstrand et al., 2007). I therefore 
exposed Romanian seedlings to non-inductive photoperiods of 19-h light and 5-h dark and 
three different temperature regimes: 2°C, 20°C, and 30°C. The results showed that the 
expression levels of PaFT4 in the plants treated in 2°C significantly differed from the 
expected normal 20°C treatment. The levels of expression in the 30°C treatment did not 
deviate significantly from that of the 20°C treatment. At 2°C, PaFT4 increased gradually over 
time. About two weeks after the initiation of the experiment, plants from 2°C displayed a 
>270 fold increase of PaFT4 expression compared to plants growing at 20°C. Temperature 
has also been shown to affect the expression of FT and flowering in Arabidopsis (Blazquez et 
al., 2003; Halliday et al., 2003; Balasubramanian et al., 2006; Lee et al., 2007). On the one 
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hand, flowering is induced by high temperatures, an effect that is mediated through FT 
(Balasubramanian et al., 2006). On the other hand, flowering is also accelerated by prolonged 
exposure to cold (vernalization). Both these effects have been suggest to be mediated partly 
by binding of the floral repressors FLC and SVP to the promoter and first intron of FT (Lee et 
al., 2007). The strong induction of PaFT4 by low temperature in Norway spruce suggests that 
at least some of these pathways regulating FT by temperature might be conserved. 
 
Recent data implicates that also GI is important in temperature regulation of flowering time 
(Paltiel et al. 2006). My results indicated altered expression levels of PaGI  in particular in 
seedlings cultured at low temperatures. If these effect are due to a general shut down of the 
circadian clock at low temperature as observed in Chestnut (Ramos et al., 2005), or to more 
specific alterations of the rhythm of PaGI affecting PaFT4 needs further study. 
 
Plants were also measured for growth during the temperature treatments. Plants growing at 
2°C on average grew a lot less than the seedlings in the other treatments (Fig 9. appendix). 
Interestingly, this reduction of growth was correlated with an increase in PaFT4 expression. 
One hypothesis for the biological function of PaFT4 includes the repression of growth 
(Lifschitz and Eshed 2006). Thus, further studies of PaFT4 function in P. abies are clearly 
needed. However, terminal bud set did not follow expected patterns. Some plants in all 
treatments set terminal buds at the end of the experiment even though the 19 h/5 h long day 
regime is not supposed to induce bud set in 20°C. A likely explanation for these results is the 
low light intensity in my experiment as compared to previous studies. 
  
Previous studies on SD response in Norway spruce (58° 20’) showed that the longer the plants 
were grown in cycles of SD the less they grew. Growth was resumed when plants were 
transferred back to continuous light, but the duration of growth cessation was related to the 
number of SD experienced. It was suggested that that plants exposed to a limited number of 
SD entered a state of pre-dormancy, since growth rapidly resumed after transfer to continuous 
light (Thomas and Vince-Prue 1997). The authors also conclude that temperature may be 
extremely important for dormancy phenomena. High temperatures were found to inhibit the 
SD induction of dormancy in seedlings of Populus, Acer rubrum, and Betula. The response to 
photoperiod also failed in low temperatures. Plants of Robinia pseudacacia stopped growing 
at 10°C in SD, but failed to be completely dormant and resumed growth when returned to LD. 
However, at 15°C, complete dormancy was established in SD. In natural conditions 
temperature interactions are extremely important. SD-induced cold resistance can fail to occur 
if the temperature is too low. The same pattern as in Robinia pseudacacia was found in 
Cornus stolonifera, where plants became more cold resistant at 20°C day/15°C night than at 
15°C day/5°C night (Thomas and Vince-Prue 1997). The plants in my 2°C treatment grew 
poorly, but continued growth in a more rapid manner when they were transferred after 5 days 
to the 20°C treatment (Fig 9. appendix). This could potentially be a sign indicating that the 
cold treatment induced some kind of pre-dormancy state. The low temperature might also 
reflect the poor sign of bud set in those plants. In order to fully strengthen the idea of a 
temperature dependent route to bud set formation, more experiments using different 
irradiance levels, less extreme temperatures and a temperature control in constant light are 
needed.    
 
Sequencing and population genetics  
One important task is to identify genes and nucleotide polymorphisms that cause the observed 
latitudinal difference in PaFT4 expression and bud set response. Based on the correlation 
between bud set and PaFT4 expression (Gyllenstrand et al., 2007), a logical first step was to 



 19 

evaluate if the causative polymorphism could reside in PaFT4 it self. Consequently, I tried to 
sequence the complete PaFT4 gene. Complete sequences from cDNA and intron 1 and 3 were 
successfully obtained from several individuals. However no amplification was obtained from 
the second intron. Many Norway spruce genes are known to contain large introns 
(Gyllenstrand et al., unpublished). A possible explanation why amplification failed could be 
that intron 2 is too large to amplify by the polymerase. TAIL reactions to amplify the 
promoter region were also unsuccesful. Attempts were also made to obtain sequence data 
from PaGI, which is a potential upstream gene that might control the expression of PaFT4. 
The attempt to extend the 5´end of the cDNA using a RACE method also failed, however, the 
partial sequence data obtained showed some interesting results. 
 
Average Tajima’s D values of 22 different spruce genes have previously been reported to be 
negative, with average Tajima’s D = -0.92. Only two out of 22 showed slightly positive 
values < 0.25 (Heuertz et al., 2006). The cDNA and intron 3 from PaFT4 in my analysis 
however showed quite large positive results, Tajima’s D = 0.41 and 1.03 respectively. The 
third PaFT4 fragment and the PaGI fragment were congruent with the other 22 previously 
described genes and displayed negative values of Tajima’s D. Tajima’s D is sensitive for an 
excess of low frequency mutations and events in the demographic history of the populations 
affects the output of the test. Negative values suggest an expanding population whereas 
positive results could result from selection or population substructure. The Tajima’s D 
estimates were however not significant and tests using an outgroup species e.g. Fay and Wu’s 
H in combination with additional sequence data might give more conclusive results. Heuertz 
et al. (2006) also found that European Norway spruce clustered in to three domains in a DNA 
polymorphism survey: the Baltico-nordic domain, the Alpine domain, and the Carpathian 
domain (represented only by a Romanian population). My data displayed tendencies of 
population subdivision between the northern Baltico-nordic domain and both the southern 
Alpine domain and Romanian population, for cDNA and intron 1 of PaFT4. A sign of 
population structure between the Alpine domain and the Romanian population was only found 
in PaGI. Since the level of polymorphism was low in the genetic regions I sequenced, it is 
hard to make strong conclusions of population differentiation.  
        
Conclusion 
It is clear from previous studies as well as the present study that PaFT4 expression is 
correlated with photoperiod and light signals. The latitudinal variation in the sensitivity to R 
and FR light between northern and southern populations seen both in my results and previous 
studies has been accounted for as important for bud set. Bud burst on the other hand is 
thought to be mediated by a temperature dependent pathway. The results from my study using 
different temperature regimes, indicates that PaFT4 expression is affected by temperature in 
non-inductive photoperiods in growing seedlings. This result proposes an alternative 
temperature inductive route for PaFT4 expression and maybe also bud set in Norway spruce. 
Lifschitz and Eshed (2006) suggests that an ancestral function of FT-like genes is to induce 
and terminate growth. Both my results and those of Gyllenstrand et al. (2007) lend additional 
support to this theory.Expression of PaGI, a potential upstream regulator of PaFT4, was also 
altered by temperature, suggesting that PaGI might be part of a temperature pathway 
regulating PaFT4 expression and growth rhythm. However the direct roles of the genes in 
temperature response needs further study. In order to characterise the direct routes and 
functions of these genes, transformation and protein studies should be performed along with 
additional expression studies.   
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Sequence analysis of PaFT4 and PaGI did not give any conclusive clinal variation between 
populations. Therefore it is still unknown where in the pathway the variation responsible for 
the clinal response to bud set is located. The next logical step would be to complete the 
PaFT4 sequence with its promoter region and thereafter search for regulatory variation 
upstream of the gene. 
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Figure A1. Average terminal growth of plants treated in different 
temperature regimes. Starting point of the measures was when half of 
the plants growing at 2°C and 30°C were transferred to 20°C, and 
measurements stopped four weeks after transfer.   
 

 
Figure A2.  A Summary of the annual growth cycle of Norway spruce. Top: First year seedlings, bottom: older 
seedlings/trees. (Picture taken from Gyllenstrand et al., 2007)  
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Figure A3.  Expression of PaFT4 in Norway spruce is repressed in plants from a southern Romanian population 
(dashed line) but not in palnts from a northern Arctic population (solid line) during day extensions with RL 
without entrainment. Plants were grown in continuous light and transferred to cycles 16-h cool-white fluorescent 
light with a R:FR ratio of 10.1 (RL) and 8-h white light with a R:FR ratio of 3.0 (WL). Grey and white bars at 
the top represent RL and WL periods. PaFT4 expression levels were normalised to the average expression level 
of the Romanian population. (Picture taken from Gyllenstrand et al., 2007) 

 

 

 

    
 
Figure A4. A schematic illustration of the sequenced parts of the FT4 gene in Picea abies. Features of the gene 
are: Grey bars, untranslated regions (UTRs); black bars, exons; and thin line, introns. Indels, synonymous (s) and 
non-synonymous (ns) mutations are flagged at their respective position on the gene.    
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Figure A5. A schematic illustration of the sequenced parts of the of PaGI. Features of the gene are: dark grey 
bar, 3´ untranslated region (3´ UTR); black bars, exons; thin line, intron; light grey bar represents cDNA of 
unknown gene structure. Synonymous (s) and non-synonymous (ns) mutations are displayed at their respective 
position on the gene, where the structure is known. 5´RACE primers are placed at their respective position.  
 
 
 



 26 

 

 

Table A1. Real Time-PCR primers used in expression analyses of Norway spruce. 

Locus  Primer name Primer sequence 5'-3' 
POLYUBIQUITIN UBQ R ACACCTAGCGGCACACAGTTA 
POLYUBIQUITIN UBQ F TGGTCGTACTCTGGCCGATTATA 
PaGI PaGI F II GGCAGAAGGGCTATGGAA 
PaGI PaGI R II ATGTACTAAGTGCGCGGACA 
PaFT4 PaFT4 F 1 CGATGTTGGAGGAGACGAC 
PaFT4 PaFT4 R 2 GCATAAGCTCCCGTCCAAA 

 

 

 

Table A2. Primers used in amplification and sequencing of PaFT4 

Locus Primer name  Primer sequence 5'-3' 
PaFT4 FT4exon1fwdab GACATGTTCATGCCAAGTGTTA  
PaFT4 FT4exon2revab AAATACTCGCGAAGTGTTGGAT 
PaFT4 FT4exon2fwda ATCCAGATGCTCCTAGTCCAAG 
PaFT4 FT4exon3revab GTTGTAGCGGGAATATCCGTAA 
PaFT4 FT4exon3fwdab TTACGGATATTCCCGCTACAAC 
PaFT4 FT4exon4rev1ab TAATCCAAGGCCATTCATCTCT 
PaFT4 FT4exon4rev2ab GAAATCTCGTGTGCTGAAGTTG 
PaFT4 FT4ex1fwdb CAACTCCAATTCCGCCTTTA 
PaFT4 FT4ex4revb AAATCTCGTGTGCTGAAGT 
PaFT4 PaFT4_fwdab TCCAATTCCGCCTCTACTTC 
PaFT4 PaFT4_revab ATTATTTACGCCAGATTTCA 

a Primers used in amplification. 
b Primers used in sequencing. 
 

 

 

 

Table A3. Primers used in TAIL-reactions, to obtain promoter sequence of PaFT4. Clones were screened and 
sequenced using the universal T3 and T7 primers. 

Locus Primer name  Primer sequence 5'-3'  
PaGI TAIL 1 AAATACTCGCGAAGTGTTGGAT 
PaGI TAIL 2 1-1 ACGTCGTCAAATGAAATACGAAC 
PaGI TAIL 2 1-2 GGTTTTTGAAATCCAGCAGTAAA 
PaGI TAIL 3 CTGTACAAGTACGGTTCACAAT 
PaGI N_TAIL 1 CTTGATCTCGCAGCCATTGT 
PaGI N_TAIL 2 AGGCCACGGTAAGTTAACAC 
PaGI N_Tail 3 AACATCGCCAATAACTCTC 
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Table A4. Primers used to extend the 5’ end of PaGI cDNA according to the 5’RACE method. Clones were 
screened and sequenced using the universal T3 and T7 primers. 

Locus Primer name Primer sequence 5'-3' 
PaGI RACE 232 ATTAGCAACTGCCCATCTTGA 
PaGI RACE IP1 GACTCCAGCCCCATTAGCAA 
PaGI RACE IP2 CAGTCAGATTTGCGGTTTCAT 
PaGI RACE OP1 AGGAGCCCAAGAAGGAGGTG 
PaGI RACE OP2 GCAGCCCTCAGAAGTTCCAC 
PaGI RACE 160 CGCCATACACGTCACACTGAACATCAA 
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