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Abstract 

An important part of the annual growth cycle of white spruce (Picea glauca [Moench.] 

Voss; Pg) trees is the transition from active growth to dormancy, which confers protection 

against the potentially destructive environmental elements of winter.  Terminal bud formation 

and cessation of meristemic growth is a precursor to dormancy induction.  Environmental cues, 

such as photoperiod, temperature, water stress and phytohormones influence the progression of 

bud development and growth cessation.  In angiosperms, SHORT VEGETATIVE PHASE (SVP) 

genes have been implicated in the control of bud formation, growth cessation and dormancy 

induction.  However, the roles of SVP-like genes in white spruce and other conifers have yet to 

be investigated in this context. 

We identified a suite of white spruce genes with sequence similarity to SVP genes and 

explored whether these genes have a role in bud formation.  To determine the white spruce genes 

that are mostly closely related to angiosperm SVP and SVP-like genes, we constructed a 

phylogenetic tree using nucleotide and deduced amino acid sequences from a range of land 

plants.  This analysis showed that seven white spruce genes form a sister clade with both SVP-

like sequences and the closely related AGAMOUS-LIKE 24-like (AGL24-like) sequences from 

angiosperm species.  Based on this evolutionary relationship, we have called these white spruce 

genes PgSVP/AGL24-like (PgSAL).  Transcriptional profiling revealed that the seven PgSAL 

genes plus the more distantly related GQ03118_H14 exhibited three major expression patterns, 

with five of the seven PgSAL genes showing declining expression at later time points.  Based on 

transcriptional data, the genes that are most likely to be involved in regulating bud formation 

and/or growth cessation are PgSAL1, PgSAL2, PgSAL3, PgSAL4, and PgSAL5. 
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Based on these expression profiles, we selected two PgSAL genes for further functional 

characterization through identifying factors that regulate their expression.  We targeted the 

promoter sequences of PgSAL1 and PgSAL5 to identify potential upstream regulators.  In silico 

characterization revealed potential transcription factor binding sites in the PgSAL1 and putative 

PgSAL5 promoters that may be regulated by environmental cues associated with bud formation 

and growth cessation, such as low temperatures, light, water stress and hormones (abscisic acid, 

ethylene, cytokinin, gibberellins and auxin).  DNA-protein interactions as determined by yeast 

one-hybrid revealed that the promoter of PgSAL1 gene showed interactions consistent with a 

function in the bud formation pathways conserved with the angiosperm photoperiodic pathway.  

The putative PgSAL5 promoter is regulated by factors that suggest a role outside of bud 

formation, based on the angiosperm model.  Both the PgSAL1 and putative PgSAL5 promoters 

were regulated by transcription factors that participate in regulatory networks of low 

temperature, the abscisic acid response, plant defense and/or secondary growth.   A subset of 

transcription factor binding sites suggest that  PgSAL1 and PgSAL5 could be regulated by the 

defense pathway, which may indicate novel roles for these genes outside of the phase transition 

from active growth to dormancy.   

We demonstrate that white spruce SAL genes are homologous to angiosperm SVP and 

AGL24 genes, and propose that a subset of these genes have roles in the bud formation processes 

that precede winter dormancy based on expression patterns and associated upstream regulatory 

pathways, in addition to possible functions outside of bud formation. 
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1.0 Chapter 1: Introduction  and Background 

1.1 Importance of white spruce in Canadian forests 

 

Canada has 348 million hectares of forest, which is 9% of the global forest cover, ranking 

Canada in third place, behind Russia and Brazil, in forested areas (Natural Resources Canada 

2014a). The five species of spruce native to Canada, white spruce (Picea glauca (Moench) 

Voss), red spruce (Picea rubens Sarg.), black spruce (Picea mariana (Mill.) Britton, Sterns & 

Poggenb), Engelmann spruce (Picea engelmannii Parry ex Engelm.), Sitka spruce (Picea 

sitchensis (Bong.) Carrière), make up a large proportion of Canadian forests (Natural Resources 

Canada 2015a, Canadian Wildlife Federation 2017). A distinct feature of spruce trees that 

differentiate them from other conifers is their four-sided needles, with the exception of the two-

sided needles of Sitka spruce. 

White spruce trees and their hybrids are found in almost all forests within Canada except 

for northern regions of Nunavut and the Pacific Coast, and comprise 20% of Canadaôs forests 

(Government of Alberta 2006, Natural Resources Canada 2015, Canadian Wildlife Federation 

2017).  White spruce trees have a transcontinental distribution across Canada (Nienstaedt and 

Zasada 1990, Figure. 1.1).  In Alberta, Picea make up approximately 45% of forested areas, with 

white spruce comprising 30% (Government of Alberta 2013).  Natural hybrid zones of white x 

Engelmann spruce (Picea glauca (Moench) Voss x Picea engelmannii Parry ex Engelm.) occur 

where the distributions of these trees overlap in Alberta (Government of Alberta 2016). Other 

trees commonly found growing in forests containing white spruce include Sitka spruce, balsam 

poplar, aspen and birch (Government of Alberta 2003).   
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Spruce trees play an important role in contributing to the maintenance of forest ecology.  

Forests containing spruce trees provide habitats for many species of the Cervidae family, 

including deer, moose, caribou and elk, as well as sheep, goats and bears.  In addition, many 

Indigenous communities (~70%) are located in Canadian forests (Natural Resources Canada 

2014a).  Continued attention is being placed towards conservation and regeneration of Canadian 

forests with caribou being declared a species at risk by the Canadian federal government 

(Government of Canada 2017).  This is an effort to preserve caribou habitats, which have a 

preference for forests containing white spruce, among other tree species (Government of Canada 

2017). 

Canadaôs softwood lumber exports comprise mainly of spruce, pine and fir, and generate 

a GDP of $22 billion annually (Natural Resources Canada 2014b). Over 200,000 Canadians are 

employed by the forestry industry in Canada (Natural Resources Canada 2017). Spruce trees are 

harvested for use in solid wood and paper products, and grown commercially for the Christmas 

tree industry.  Some of the products manufactured from white spruce include newsprint, 

construction materials, plywood, paddles, musical instruments and packing cases (Government 

of Alberta 2006, Government of Alberta 2003). Trees are generally harvested when trees have 

reached 80 to 120 years of age (Government of Alberta 2003). 

1.2 Dormancy 

1.2.1 Endodormancy, ecodormancy, paradormancy 

Entrance into a dormant state is a key component of the perennial lifestyle in northern 

temperate climates. Dormancy aids to protect trees from the unfavourable conditions of winter so 

that they may go on to resume growth and thrive the following spring. There are multiple 

descriptions that have employed the word dormancy to describe the cessation of growth. In Lang 
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(1987) and Lang et al. (1987) three states of dormancy were described: (1) endodormancy, (2) 

paradormancy and (3) ecodormancy. Endodormancy is also described as innate or seasonal 

dormancy. Endodormancy is a state in which the cessation of a structure is imposed by the tissue 

itself, and regrowth of this structure will not occur even when placed under growth permissive 

conditions. Paradormancy is a state in which the inhibitory cues preventing regrowth at a 

structure is imposed by the plant, but this inhibitory signal originates from a different structure. 

Paradormancy is also referred to as correlative inhibition, and is commonly displayed through 

apical dominance, especially in conifers. Apical dominance is the circumstance that attribute the 

characteristic conical shape of conifers trees, in which auxin released from the apical bud inhibits 

the growth of lateral buds. Inhibitory effects of apical dominance can be removed by damage to 

the apical bud or decapitation, thereby removing the inhibitory auxin signal (Gocal et al. 1991) 

and allowing cytokinin originating from the roots to stimulate axillary bud growth (Bangerth 

1994). Ecodormancy is when cessation of growth of a structure is external to the plant, and 

imposed by the environment. In ecodormancy growth permissive conditions such as warm 

temperatures, nutrient and water availability are absent and as a result growth of the structure 

does not occur. 

Langôs (1987) definitions of dormancy are limited since they rely on the overall 

appearance of growth on a physiological level, and focus on the source of the dormancy 

imposing cues. This characterization is problematic because the dormancy status of a structure is 

based on whether the structure has the ability to resume growth, not if growth actually occurs 

(Rohde and Bhalerao 2007). Rohde and Bhalerao (2007) propose an alternative definition of 

dormancy which implicates the meristem as the main determinant of dormancy status. Rohde and 

Bhalerao (2007) define bud dormancy as the absence of growth in meristematic tissues even 
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when permissive growth conditions are present. This definition is similar to the description of 

endodormancy proposed by Lang (1987) but makes the clear distinction that once dormant, 

growth may still not occur as a result of environmental factors preventing resumption of growth, 

also referred to as ecodormancy. This description is also inclusive towards structures which may 

not resume growth as a result of inhibition being imposed by another plant structure. Here 

thereafter the term dormancy will refer to the simple and inclusive definition proposed by Rohde 

and Bhalerao (2007). 

1.2.2 Dormancy depth 

Despite improvements researchers have made in defining the state of dormancy, the 

current definition implies that dormancy is either present or absent in a structure. This definition 

does not take into account that dormancy is not a strict qualitative trait, and instead the ability of 

dormancy to inhibit regrowth exists on a continuum. Dormancy is now recognized as a 

quantitative trait, and the scale of dormancy establishment is referred to as ñdepthò. This depth 

can be quantified either by the number of days of chilling or the temperature at the time of 

chilling and may be supplemented with photoperiod input (Worral and Mergen 1967, Sarvas 

1974, Leinonen 1996). Dormancy depth can be influenced by the temperature during dormancy 

establishment. Intermediate temperatures can induce deeper dormancy in birch (Junttila et al. 

2003), apple and pear (Jonkers 1979). Environmental factors influencing dormancy will be 

discussed further in Chapter 3. 

Cooke et al. (2012) propose that the definition of dormancy should be expanded to 

incorporate the depth of dormancy of a particular structure like buds, similar to that of seed 

dormancy, using the terms deep, intermediate, or non-deep (Baskin and Baskin 2004, Graeber et 

al. 2012). This categorization of dormancy takes into account that dormancy is a quantitative 
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trait as opposed to a qualitative trait, integrating internal as well as external signals to modulate 

and regulate depth (Cooke et al. 2012). 

1.2.3 Dormancy establishment 

 

Dormancy can be induced by environmental or endogenous factors, with the importance 

and strength of each factor tending to be species specific (Singh et al. 2017, Hänninen and 

Tanino 2011). Following bud burst in the spring, preformed needle primordia and stem units 

contained within the bud will elongate. Preformed growth occurs in the previous growth season, 

whereas neoformed growth occurs in the same growth season.  Indeterminate growth refers to a 

plant, e.g. poplar, which produces neoformed stem units and elongates internodes in the same 

growing season (Kozlowski and Pallardy 19977, Rohde et al. 2000).  While determinate growth 

(e.g. white spruce), refers to the majority or all of the seasonôs current growth to be 

predetermined by the number of preformed stem units from the previous growing season 

(Kozlowski and Pallardy 19977, Rohde et al. 2000).  After the summer equinox, the days begin 

to shorten, which is perceived by plants as short days (SDs). SDs are recognized by the plant 

when the period of light falls below the critical day length (Taiz and Zeiger 2010).  Perception of 

these changing photoperiods are believed to be perceived in the needles and leaves (Eagles and 

Wareing 1964, Wareing 1970, Singh et al. 2017). SDs have been shown to trigger bud set and 

cessation of growth in some species, such as Populus species including hybrid aspen (Populus 

tremula L. x Populus tremuloides Michx; Olsen et al. 1997b), bay willow (Salix pentandra L.; 

Junttila 1980), and downy birch (Betula pubescens Ehrh.; Junttila 1980). SD signals 

developmental changes in buds, causing a subset of primordia to differentiate into bud scales 

instead of needles or leaves (Okuba 2000). Terminal bud set is a prerequisite to dormancy 



 6 

induction, and is followed by cessation of cell division at meristems (Rohde and Bhalerao 2007). 

Evidence has shown that the cell-to-cell communication networks, plasmodesmata, become 

blocked with callose prevents signaling molecules, such as transcription factors and hormones, 

from reaching the shoot apical meristem (SAM; Rinne and van der Schoot 1998, Rinne et al. 

2005, Levy et al. 2007, Rinne et al. 2011). This model proposes that bud dormancy is the result 

of the symplasm of the bud becoming physically isolated from the rest of the plant. The 

establishment and removal of these plasmodesmata plugs are associated with dormancy 

establishment and release in birch and poplar (Jian et al. 1997, Rinne and van der Schoot 1998, 

Rinne et al. 2011). It is believed that plasmodesmata plugs must be removed in order for the bud 

to regain communication with the rest of the plant and to subsequently receive the necessary 

signals to resume growth, which is associated with dormancy release (Rinne et al. 2011). 

However, at this time, no genetic or molecular biology has confirmed this hypothesis on bud 

dormancy (Singh et al. 2017). 

In white spruce, SDs are not necessary for the formation of terminal buds (El Kayal et al. 

2011, Hamilton et al. 2016). However, SDs have been found to accelerate the development of 

terminal buds and suppress the same-season expansion of needle primordia in partially formed 

buds (El Kayal et al. 2011, Hamilton et al. 2016), otherwise known as second flush or lammas 

growth (Figure 2). Younger white spruce trees are more susceptible to growth cessation and 

terminal bud set under SDs, however this trait declines as the tree matures and likely becomes 

regulated by endogenous signals (Cooke et al. 2012, Singh et al. 2017). 

Photoperiod is not a ubiquitous stimulus for the induction of bud set and growth 

cessation, as some speciesô growth cycle is driven by temperature. Species from the Rosaceae 

family, including apple (Malus pumila Mill. ) and pear (Pyrus communis L.), use low 
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temperatures as an indication to commence the processes associated with bud set and growth 

cessation (Heide and Prestrud 2005). Unlike day length, temperature can have great variation 

year-to-year. Although dormancy is induced by photoperiod in most species, some species use 

both temperature and photoperiod cues in regulating their annual growth cycles. For instance, 

high day temperatures and low night temperatures can serve to replace the photoperiod 

requirement for dormancy induction in Norway spruce, bay willow and hybrid aspen (Heide 

1974, Junttila 1980, Mølmann et al. 2005). Fall temperatures can also affect growth cessation, 

rate of dormancy acquisition and depth of dormancy in poplar (Kalcsits et al. 2009, Tanino et al. 

2010). Low temperatures are not a requirement for bud formation in white spruce (El Kayal et al. 

2010), however low temperatures delay bud formation and do not prevent second flush in trees 

grown under long day (LD) conditions (Hamilton et al. 2016). The delay in bud formation 

caused by low temperatures in LD condition is in agreement with evidence in poplar that 

suggests temperature alters the treeôs responsiveness to photoperiod (Rohde et al. 2011). 

 

1.3 Molecular regulation of bud formation and dormancy acquisition 

1.3.1 MADS-box genes 

 

Since many genes that have been implicated in bud formation belong to the MADS-box 

gene family, here I have included an overview of the structure of these genes.  The MADS-box 

gene family is a family of transcription factors (TFs) that has roles in development and 

differentiation in plant, fungi and animal species. The designation ñMADSò is derived from the 

earliest described members of this family:  the ñMò stands for MINICHROMOSOME 

MAINTENANCE1 (MCM1) in yeast (Saccharomyces cerevisiae Meyen Ex. Hansen) (Passmore 

et al. 1988), the ñAò stands for AGAMOUS, discovered in Arabidopsis thaliana (L.) Heynh 
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(hereafter referred to as Arabidopsis, Yanofsky et al. 1990), the ñDò stands for or DEFICIENS 

from snapdragon (Antirrhinum majus L.) (Sommer et al. 1990, Schwarz-Sommer et al. 1992) 

and the ñSò stands for SERUM RESPONSE FACTOR (SRF) from humans (Homo sapiens L.) 

(Norman et al. 1988). Members in this family are categorized as Type I and Type II MADS-box 

genes based on conserved domains, and are believed to have undergone a duplication event 

preceding the divergence between plant and animals (Alvarez-Buylla et al. 2000). Type I MADS-

box genes contain the SRF-like domain, whereas Type II genes encode a MYOCYTE 

ENHANCER FACTOR2-like (MEF2-like) domain and are exclusively found in plants (De Bodt 

et al. 2003, Alvarez Buylla et al. 2000). 

Type II MADS-box genes are also referred to as MIKC genes due to the characteristic 

four domain structure: ñMò (MADS), ñIò (intervening), ñKò (keratin-like) and ñCò (C-terminal) 

(Theissen et al. 1996). The ñMò and ñKò domains are well conserved and participate in DNA 

binding and protein-protein interactions, respectively (Davies et al. 1996, Fan et al. 1997).  The 

ñIò domain is comparatively less conserved, and is believed to contribute to dimerization 

specificity (Parǝnicov§ et al. 2003). The ñCò domain is the most divergent domain, and is 

involved in multimeric protein complex formation, as well as transcriptional activation (Egea-

Cortines et al. 1999, Honma and Goto 2001). Type II MADS-box genes are further subdivided 

into MIKC* and MIKC
c
.  The additional ñ

c
ò in MIKC

c
 refers to ñclassicò, since MIKC

c
 genes 

possess the classic MIKC-type domains found in this family (Becker and Theissen 2003). The 

asterisk, ñ*ò, in MIKC* denotes that this group of MADS-box genes deviate from the classic 

MIKC domains via an elongated ñIò domain, in addition to the divergence in the ñKò domain 

(Becker and Theissen 2003). There is also documentation of a less well conserved ñNò domain, 

which proceeds the ñMò domain, but it is only found in minority species (Henschel et al. 
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2002).  MIKC proteins bind to promoter regions as homo-dimers, hetero-dimers, or higher order 

protein complexes to regulate transcription (Egea-Corines et al. 1999, Honma and Goto 2001). 

1.3.2 The photoperiodic flowering pathway 

Considerable research has been put forth to characterize the function of MIKC genes in 

Arabidopsis and other angiosperm species. This work has demonstrated MIKC genes have roles 

in floral organ and meristem identity determination (Kaufmann et al. 2005, Gramzow and 

Theissen 2010), in addition to the regulation of flowering time, also referred to as the phase 

transition from vegetative to reproductive growth. The pivotal research by Böhlenius et al. 

(2006) showed that a poplar flowering gene, FLOWERING LOCUS T (FT), also regulates the 

activity-dormancy transition, demonstrating that the transition to dormancy is regulated by a 

signaling network analogous to the photoperiodic pathway that regulates the transition from 

vegetative to reproductive growth.  Given the importance surrounding the regulation of these 

processes, many researchers use the flowering pathway as a guide to understand the transition 

from vegetative growth to dormancy.  Both flowering and dormancy represent transitions in 

developmental stages, which may employ a similar pathway.  Endogenous and environmental 

signals are integrated at the SAM to regulate this phase transition in Arabidopsis (Hartmann et 

al. 2000, Tao et al. 2012), including light, temperature and endogenous signals (reviewed in 

Amasino 2010). Several transcription factors within and outside the MADS-box family 

participate in the photoperiodic transition to flowering which include, but are not limited to the 

following gene: CONSTANS (CO), FT, APETELA1 (AP1), LEAFY (LFY), and the MADS-box 

genes FLOWERING LOCUS C (FLC), SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 

1 (SOC1), AGAMOUS-LIKE 24 (AGL24) and SHORT VEGETATIVE STAGE (SVP) (reviewed in 

Amasino 2010 and Irish 2010). 
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Figure 1.3 is a simplified overview of the photoperiodic flowering pathway in 

Arabidopsis.  Under LDs in Arabidopsis, the expression of CO peaks at the end of the day 

allowing the CO protein to remain stable to transcribe FT (Suarez-López et al. 2001).  In the 

absence of the LDs the transcription of CO peaks in the dark and the protein is degraded, thereby 

it is unable to transcribe FT (Suárez-López et al. 2001). FT is transcribed in the leaf and is 

believed to translocate to the SAM to induce the expression of AP1 and SOC1, which leads to the 

meristem transitioning from vegetative to reproductive growth (Abe et al. 2005, Yoo et al. 2005, 

Nakamura et al. 2013). SOC1 and AGL24 upregulate each otherôs expression (Michaels et al. 

2003).  SOC1 is proposed to complex with AGL24 to transcribe LFY (Lee et al. 2008), and LFY 

goes on to upregulate AP1 to induce flowering (Liu et al. 2009). SVP directly binds to the SOC1 

promoter to inhibit the transcription of SOC1 in the SAM and leaf (Li et al. 2008), thereby 

inhibiting the transition to flowering. SOC1 is believed to play a part in the inhibition of the 

transcription of SVP through its ability to bind an intron within the SVP gene (Immink et al. 

2012). When the plant is exposed to ambient temperatures (16°C) SVP complexes with FLC to 

repress the transcription of FT in the leaf, and block the transition to flowering until a chilling 

requirement is met (Lee et al. 2007, Li et al. 2008). The mechanism behind the increase of 

AGL24 expression in response to vernalization is not clear, although it is believed this regulation 

occurs independent of FLC (Michaels et al. 2003). 

1.3.3 Conceptual model of bud formation and dormancy acquisition in angiosperms and 

conifers 

 

Many genes have been implicated in the regulation of dormancy induction based on key 

players in the controlling the flowering pathway which are highlighted here.  The most widely 
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accepted theory of flowering is the external coincidence model (Bünning 1936), of which I will 

give a very brief overview.  The external coincidence model assumes the plant has an internal 

circadian oscillation of gene expression that is reset daily based on photoperiod, which must 

coincide with an external cue, such as light, to bring about flowering.  In the LD plant 

Arabidopsis, PHYTOCHROME A (PHYA) perceives light and prevents degradation of the CO 

protein during LDs (Valverde et al. 2004, Langercrantz 2009).  CO will now remain stable for an 

extended time during periods of light to promote transcription of the flowering inducer, FT 

(Suárez-López et al. 2001).  PHYA may further function to regulate growth cessation as 

demonstrated in Arabidopsis.  In phya mutants, the transcript levels of genes associated with 

flowering, CO and FT, are reduced as a consequence of the absence of a functional PHYA 

(Yanovsky and Kay 2002).  A pivotal study determined that overexpression of the oat (Avena 

sativa L.) PHYA gene in hybrid aspen (Populus tremula x tremuloides) renders the tree 

unresponsive to changes in day length when maintained at constant temperatures (Olsen et al. 

1997b). This result supported the proposition that phytochromes, particularly PHYA, are 

involved in sensing and signaling SD induced growth cessation, bud set, cold acclimation and 

induction of dormancy. It has also been confirmed that orthologs of Arabidopsis FT and CO did 

not display a reduced transcription in the hybrid aspen overexpressing oat PHYA (Bo↓hlenius et 

al. 2006). This lack of reduction suggests the Arabidopsis regulatory mechanism of PHYA over 

FT and CO is similar in hybrid aspen, and regulation of FT and CO are important for SD induced 

growth cessation and bud set. 

A key flowering time regulator FT promotes the transition to flowering in monocot and 

eudicot species (Pin and Nilsson 2012).  It has been demonstrated that FT orthologs can have 

roles outside of the flowering pathway. In experiments conducted in Populus tremula x 
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tremuloides, a FT ortholog from Populus trichocarpa Torr. & A. Gray has been shown to be 

involved in this early response to SD induced growth cessation and bud set genes (Bo↓hlenius et 

al. 2006).  FT orthologs also participate in bud set and growth cessation in Norway spruce 

(Gyllenstrand et al. 2007, Karlgren et al. 2011), as well as growth termination in tomato 

(Solanum lycopersicum L.; Lifschitz et al. 2006) and tuberization in potato (Solanum tuberosum 

L.; Navarro et al. 2011). Research in white spruce has identified that genes with similarity to 

angiosperm genes that participate in the initiation of floral buds, such as MOTHER OF FT AND 

TFL1 (MFT) and AP1, are also differentially expressed during white spruce bud formation (El 

Kayal et al. 2011). Karlgren et al. (2011) found that FT genes sister to FT/TERMINAL 

FLOWER1 (TFL1) were implicated in bud formation and growth cessation in Norway spruce, 

and these orthologs were able to affect flowering time and one also altered flower morphology in 

wildtype Arabidopsis plants. This accumulation of research demonstrates that the transition from 

vegetative growth to reproductive growth in conifers shares similarities with the molecular 

pathway involved in the transition between active growth to dormancy in angiosperms.  

However, due to the evolutionary distance between angiosperms and conifers it is quite possible 

that are divergent functions of the orthologous genes involved in these pathways. Even though 

conifers and flowering plants shared a common ancestor approximately 310 million years ago 

(Schneider et al. 2004), it is possible there is conserved regulatory mechanism associated with 

bud formation and/or phase transitions.  Furthermore, it is possible for these genes to function 

outside of the traditional roles that have been functionally characterized in Arabidopsis. 

In addition to transcription factors, phytohormones play a role in the developmental 

processes leading to dormancy, although further evidence is necessary to establish direct roles in 

dormancy establishment. Ethylene and abscisic acid (ABA) may function cooperatively in bud 
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formation (Rohde et al. 2002, Ruttink et al. 2007). One of the roles of ABA is preventing the 

growth of shoots (Davies 2010).  However, there is evidence that ABA participates in bud 

development and maturation (Rohde et al. 2002, Ruttink et al. 2007). In hybrid aspen, the rate of 

bud maturation is slowed in the presence of decreased ABA sensitivity (Petterle et al. 2011). 

Two weeks of SD treatment upregulated genes involved in the transcription in ethylene 

biosynthesis and signaling in Populus tremula L. x Populus alba L. (Ruttink et al. 2007).  

Ethylene insensitive in birch (ETHYLENE RESPONSE1 [etr1] Ruonala et al. 2006) and 

ABSCISIC ACID-INSENSITIVE3 (ABI3) in poplar result in similar altered bud morphology 

(Rohde et al. 2002, Ruttink et al. 2007). However, the expression of ABI3 is not affected by 

ABA levels in poplar, and therefore the link between ABA and bud maturation is unclear 

(Maurya and Bhalerao 2017). Fewer studies have been conducted on the effect of indole-3-acetic 

acid/auxin (IAA/AUX) and cytokinins in SD-induced growth cessation and apical bud formation. 

The family of phytohormone that has been most well studied in SD-induced growth 

cessation are the gibberellins (GA). GA play a key role in cell division and elongation in plants, 

and it is believed decreasing GA levels contribute to growth cessation. Arabidopsis SVP inhibits 

transcription of a key GA biosynthesis gene (Andrés et al. 2014), which prevents the 

transcription of key flowering genes, thereby delaying the transition to flowering (Blázquez et al. 

1998, Moon et al. 2003). In Salix, phytochromes recognize the photoperiod shift to SD, which 

diminishes the GA and IAA/AUX content (Olsen et al. 1995a, b, Olsen et al. 1997a).   In 

addition to decreased amounts of GA, continued exposure to SD also causes the tree to become 

insensitive to GA in Salix (Juntilla and Jensen 1988). In controlled growth chamber conditions 

photoperiod-induced transcriptional changes can be detected as early as two weeks following the 

switch from LD to SD conditions in Populus, and bud formation is seen as early as three weeks 
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of SD treatment (Ruttink et al. 2007). Work performed in hybrid aspen suggests PHYA may 

control GA levels during SD induction. Overexpression of oat PHYA resulted in no reductions in 

GA content nor decreased activity of GA 20-oxidase, a rate limiting enzyme in GA biosynthesis 

(Olsen et al. 1997a, Mølmann et al. 2003). Further evidence of GAôs role in growth cessation is 

demonstrated with a delay in growth cessation in the presence of overexpression of GA 20-

oxidase in hybrid aspen (Eriksson and Moritz 2002). However, most evidence of GAôs role in 

growth cessation has been demonstrated in the bud and this mechanism is yet to be supported in 

dormancy at the cambium (Druart et al. 2007). 

1.3.4 SHORT VEGETATIVE PHASE/AGAMOUS-LIKE  24-like genes 

 

SVP is a member of the MADS-box gene family, and has been extensively examined in 

Arabidopsis in relation to flowering (Blázquez et al. 1998, Hartmann et al. 2000, Moon et al. 

2003, Gregis et al. 2006, Lee et al. 2007, Li et al. 2008, Li et al. 2008, 2006, Gregis et al. 2009, 

Liu et al. 2009, Andrés et al. 2014). Arabidopsis possesses one SVP gene and another sequence 

with high similarity to SVP, AGAMOUS-LIKE 24 (AGL24). SVP is a negative regulator of 

flowering, demonstrated by the knock-out phenotype that displays an early flowering phenotype, 

while overexpression induces the formation of leaf-like sepals and flowers later than wildtype 

(Hartmann et al. 2000, Masiero et al. 2004). Despite the high sequence similarity and close 

evolutionary history between AGL24 and SVP (Parǝnicov§ et al. 2003), AGL24 plays an 

antagonistic function by promoting the transition from vegetative to reproductive phase 

(Michaels et al. 2003).  AGL24 loss of function mutants flower later, while overexpression 

results in early flowering (Michaels et al. 2003). During vegetative growth SVP is expressed in 

leaves and the SAM to maintain the vegetative state (Hartmann et al. 2000), while AGL24 is 
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primarily expressed in the infloresence meristem and promotes the development of the floral 

meristem (Michaels et al. 2003, Yu et al. 2004). 

Arabidopsis AGL24 and SVP have roles that extend beyond regulating the timing of 

flowering.  AGL24 and SVP participate in the regulation of AGAMOUS (AG) in a transcription 

factor complex to affect normal flower development (Gregis et al. 2006). Overexpression of 

AGL24 and SVP independently cause similar floral abnormalities, such as the development of 

structures resembling leaves where one would expect petals and sepals (Michaels et al. 2003, 

Masiero et al. 2004). Barley (Hordeum vulgare L.) SVP-like genes are also believed to control 

meristem identity as demonstrated by the floral reversion phenotypes observed in mutant barley 

and Arabidopsis (Trevaskis et al. 2007). At early stages of floral development SVP and AGL24 

both inhibit transcription of SOC1, a MADS-box gene which promotes the floral transition 

(Gregis et al. 2006). SVP and AGL24 also hetero-dimerize with AP1 to repress expression of 

floral meristem identity genes (Gregis et al. 2006, Gregis et al. 2009, Liu et al. 2009). 

Arabidopsis mutant and phenotyping experiments have demonstrated that SVP is epistatic to 

AGL24 in the flowering pathway (Gregis et al. 2006). 

DORMANCY ASSOCIATED MADS-BOX (DAM) genes are a group of SVP-like genes 

that have been associated with roles in bud formation, flowering and/or dormancy acquisition 

(Bielenberg et al. 2004, Li et al. 2009, Jiménez et al. 2009, Yamane et al. 2011). DAM genes 

have been identified in peach (Prunus Persica (L.) Batsch, Pp; Bielenberg et al. 2004, Jiménez 

et al. 2009), Japanese apricot (Prunus mume (Siebold) Siebold & Zucc.; Saski et al. 2011), leafy 

spurge (Euphorbia esula L.; Horvath et al. 2010), raspberry (Rubus idaeus L.; Mazzitelli et al. 

2007), potato (Solanum tuberosum L.; Campbell et al. 2008), trifoliate orange (Poncirus 

trifoliata (L.) Raf.; Li et al. 2010), kiwifruit (Actinidia deliciosa (A. Chev.) C.F. Liang & A.R. 
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Ferguson; Wu et al. 2011), apple (Malus domestica Borkh.; Mimida et al. 2015) and Asian pear 

(Pyrus pyrifolia (Burm. F.) Nakai; Liu et al. 2012). Initial evidence that the DAM genes play a 

role in dormancy arose from the naturally occurring peach EVERGROWING (EVG) mutant 

(Rodriguez et al. 1994). The EVG mutant does not form terminal vegetative buds in response to 

dormancy-inducing conditions such as shortened photoperiod and low temperatures, does not 

cease growth at terminal meristem, and does not enter an endodormant state (Rodriguez et al. 

1994). This phenotype is attributed to the deletion of six tandemly arranged Pp DAM genes 

(Bielenberg et al. 2004) which demonstrate seasonal expression patterns (Jiménez et al. 2009). 

Based on expression profiling, these genes are hypothesized to have non-redundant roles in 

growth cessation and/or terminal bud formation, and may have undergone sub- or 

neofunctionalization (Jiménez et al. 2009). It should be noted that EVG also has a reduced level 

of cold hardiness in comparison to wildtype peach trees (Rodriguez et al. 1994, Arora et al. 

1996), however it has not yet been investigated if the PpDAM genes have direct or indirect roles 

in this pathway. 

Research from angiosperm SVP- and DAM-like genes across a range of angiosperms 

provide strong evidence that that these genes have roles in cessation of growth at meristem and 

terminal bud formation, and possibly other functional roles as well. Horvath (2009) proposes that 

dormancy may be partially regulated by DAM genes regulating FT homologs, considering the 

recent evolutionary divergence between DAM and SVP genes. Based on these studies and the 

observation that a sequence showing similarity to SVP was differentially regulated during white 

spruce bud formation (El Kayal et al. 2011), we chose to investigate the role of SVP-like genes 

in white spruce terminal bud formation. 

1.4 The current study 



 17 

 

While SVP-like genes have been well characterized in angiosperms species, prior to this 

research, little if anything was known about SVP-like genes, their function and regulation in 

conifers. The long-term goal of this research is to determine if MADS-box genes related to SVP 

regulate bud formation and/or transition to dormancy in white spruce. 

The following are the specific objectives of my thesis research: 

(1) identify the white spruce genes most closely related to functionally characterized SVP 

genes of angiosperm species, and determine their evolutionary relationship; 

(2) establish if the expression profiles of candidate white spruce SVP-like genes correlate 

with the developmental events of bud formation; and 

(3) discover upstream regulators of white spruce SVP-like genes using yeast one-hybrid 

and in silico promoter motif identification. 

 

Through addressing these objectives, I tested the following hypotheses: (1) white spruce 

SVP-like genes share a common ancestor with angiosperm SVP-like genes; (2) white spruce SVP-

like genes are involved in bud formation and possibly dormancy establishment; and (3) white 

spruce SVP-like genes are regulated by transcription factors which have also been found to 

regulate bud formation or dormancy acquisition in other species. 

This thesis is composed of four chapters. Chapter 1 contains an overview of the 

photoperiodic flowering pathway and a summary of background material related to the molecular 

and developmental processes involved in growth cessation and bud formation. Chapter 2 

presents a phylogenetic analysis of the white spruce genes related to SVP, and hypothesized 

functions of these genes based on qRT-PCR transcript profiling data obtained from developing 

white spruce buds. Chapter 3 is an investigation of the promoters for two of these white spruce 
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genes, identifying transcription factors and other regulatory molecules that may regulate their 

expression. Chapter 4 presents a synthesis of these results and conclusions, and proposes future 

directions. 
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Chapter 1 Figures 

 

 
 

Figure 1.1 Distribution of white spruce trees across Canada (Natural Resource Canada, 

Canadian Forest Services, 2015b). This figure is a copy of an official work that is published by 

the Government of Canada and the reproduction has not been produced in affiliation with, or 

with the endorsement of the Government of Canada. 
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Figure 1.2 Summary of phenotypic stages of bud formation across long day and short day 

conditions from Hamilton et al. (2016).  Under long day conditions stage of bud formation shifts 

back to an average of stage 0 at four weeks because of the occurrence of second flush.  This 

observation is not seen in the short day conditions because second flush is repressed.  Modified 

from Hamilton et al. (2016). 
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Figure 1.3. A simplified summary of a subset of transcription factors involved in the flowering 

pathway in Arabidopsis under long photoperiods (modified from Amasino 2010 and AndreӢs et 

al. 2014).  Under long days in the leaf the CONSTANS (CO) protein is stabilized in the light to 

induce transcription of FLOWERING LOCUS T (FT).  FT is translocated to the shoot apical 

meristem to upregulate APETELA1 (AP1) and SUPPRESSOR OF OVEREXPRESSION OF 

CONSTANS 1 (SOC1).  SOC1 and SHORT VEGETATIVE PHASE (SVP) act to inhibit each 

otherôs expression.  SOC1 and AGAMOUS-like 24 (AGL24) upregulate one another, and 

dimerize to increase transcription of LEAFY (LFY).  LFY transcribes AP1, and LFY and AP1 

will go on to induce transcription of downstream genes involved in inducing flowering. 
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2.0 Chapter 2: Roles for SHORT VEGETATIVE PHASE/AGAMOUS-LIKE 24-like genes in 

distinct phases of white spruce apical bud formation 

2.1 Introduction 

Successful timing of the transition from active growth to dormancy is critical to the 

survival of perennial species in Northern temperate forests.  Endodormancy (hereafter referred to 

as dormancy) is the cessation of growth in meristematic tissue, in which growth will not resume 

even under permissive conditions (Rohde and Bhalerao 2007).  Processes leading to dormancy 

acquisition are interconnected, since bud formation (Ruttink et al. 2007) and growth cessation 

(Weiser 1970, Kalcsits et al. 2009) are important for cold acclimation, and apical bud 

formation is a prerequisite for dormancy induction (Rohde and Bhalerao 2007).  Vegetative bud 

formation is the process by which bud scales form to protect and enclose the shoot apical 

meristem, and leaf primordia and subtending stem units for the next growing season are created.  

While photoperiod is the primary environmental cue to induce bud initiation in many tree species 

(Ingvarsson et al. 2006, Luquez et al. 2007, Cooke et al. 2012, Ding and Nilsson 2016), we have 

demonstrated that white spruce (Picea glauca (Moench) Voss) is able to complete bud formation 

in the absence of dormancy inducing cues such as shortening photoperiod and low temperatures, 

although short days (SDs) accelerate bud formation by suppressing the occurrence of lammas 

growth (El Kayal et al. 2011, Hamilton et al. 2016). 

To prevent damage to the shoot apical meristem (SAM), perennials integrate endogenous 

and environmental signals to promote correct timing of bud formation during the autumnal 

transition from active growth.   The SAM contains densely packed cells and maintains the 

population of undifferentiated cells, some of which go on to differentiate into leaf or 
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reproductive primordia (Rohde et al. 2000).  As with the activity-dormancy transition, the SAM 

also integrates various endogenous and environmental cues to regulate the transition from 

vegetation to reproductive growth (Hartmann et al. 2000, Tao et al. 2012).  An accumulating 

body of research suggests that regulatory components of the network signaling the transition 

from vegetative to reproductive growth and the transition from active growth to dormancy are 

evolutionarily conserved (reviewed in Petterle et al. 2013 and Singh et al. 2017). For example, 

the phosphatidylethanolamine-binding protein (PEBP) family member FLOWERING LOCUS T 

(FT) acts as a floral promoter (reviewed in Pin and Nilsson 2012). FT orthologs have been 

shown to regulate bud set and growth cessation in angiosperm perennial species such as poplar 

(Bo↓hlenius et al. 2006, Hsu et al. 2011), while a related set of PEBP genes named 

FT/TERMINAL FLOWER1-like (FTL1) have been implicated in bud formation and growth 

cessation in the conifer species Norway spruce (Picea abies (L.) H. Karst., Gyllenstrand et al. 

2007, Karlgren et al. 2011, Klintenäs et al. 2012).  Following the seminal finding that FT 

orthologs regulate bud set and growth cessation, other orthologs of regulators downstream of the 

CO/FT module have been identified that govern aspects of the activity-dormancy transition in 

apical buds, including FLOWERING LOCUS D-like 1 (FDL1, Tylewicz et al. 2015), Like 

APETELA1 (LAP1, Azeez et al. 2014), and AINTEGUMENTALIKE1 (AIL1, Karlberg et al. 

2011).  Taken together, these studies suggest that these and other putative orthologs in the 

regulatory network that control time to flowering may function as regulators of bud formation in 

conifers such as white spruce. 

Several of the aforementioned genes belong to the MADS-box family of transcription 

factors (Tao et al. 2012, Hartmann et al. 2000).  Within the large and diverse MADS-box family 

is a subgroup of genes referred to as MIKC-type genes based on their four conserved domains. 
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The MIKC gene SHORT VEGETATIVE PHASE (SVP) is widely known as an important negative 

regulator of flowering, and the Arabidopsis SVP knockout mutant svp-41 causes an early 

flowering phenotype (Hartmann et al. 2000).  SVP-like genes, also called DORMANCY-

ASSOCIATED MADS-BOX (DAM) genes, have been implicated in regulation of bud formation 

in peach (Prunus persica (L.) Batsch, Jiménez et al. 2009, Yamane et al. 2011), as well the 

acquisition and/or release of dormancy in peach (Jiménez et al. 2009), raspberry (Rubus idaeus 

L.; Mazzitelli et al. 2007), Japanese apricot (Prunus mume (Siebold) Siebold & Zucc.; Sasaki et 

al. 2011), leafy spurge (Euphorbia esula L.; Horvath et al. 2010) and kiwifruit (Actinidia 

deliciosa (A. Chev.) C.F. Liang & A.R. Ferguson; Wu et al. 2011).  Despite the high sequence 

similarity between AGAMOUS-LIKE 24 (AGL24) and SVP, these genes have opposing role with 

AGL24 being a positive regulator of flowering (Parǝnicov§ et al. 2003, Michaels et al. 2003).  To 

our knowledge there have been no studies that have looked into the role of AGL24-like genes in 

the activity-dormancy transition.  The phase change between vegetative and reproductive growth 

at the SAM is regulated by genes that include AGL24 and SVP (Becker and Theissen 2003). 

Previously, we conducted a microarray transcriptomic analysis that identified genes with 

sequence similarity to Arabidopsis. CO/FT network regulators of flowering, including SVP, that 

are differentially expressed during white spruce bud formation (El Kayal et al. 2011).  Based on 

this finding, in this study, we explored the hypothesis that a lineage of white spruce genes with 

sequence similarities to angiosperm SVP genes may play a role in regulating developmental 

events associated with the activity-dormancy transition in apical buds of white spruce. We first 

identified candidate genes to study by generating phylogenies of a broad sampling of MIKC 

genes across multiple species.  We also investigated patterns of expression during bud 
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development using quantitative reverse transcriptase PCR (qRT-PCR), and used the resulting 

transcript profiles to speculate on roles of these genes.   

2.2 Materials and Methods 

2.2.1 Plant material 

White spruce seedlings originating from Québec provenances obtained from the 

Canadian Forestry Service (Québec, Canada) were used to generate materials for qRT-PCR 

experiments.  Seedlings represented the same population used in El Kayal et al. (2011), Galindo-

Gonzalez et al. (2012) and Galindo-Gonzalez et al. (2015).  Trees in their second growth cycle 

were grown under long day conditions (LD; 16 h days/8 h nights) at 20°C with 50% relative 

humidity for approximately eight weeks of active growth.  At Day 0, half of the plants were 

switched to short day conditions (SD; 8 h days/16 h nights) at 20°C with 50% relative humidity.  

A complete randomized design was used for the experiment, with plant materials within each 

photoperiod condition arranged within randomized blocks.  Apical shoot tips/developing buds 

from four to five plants were harvested from the leader at five time points (Day 0, 7, 14, 28 and 

70) following transfer to SD or LD conditions.  Following harvest, tissues were immediately 

frozen in liquid nitrogen and stored at -80°C. 

2.2.2 Phylogenetic analyses 

Nucleotide and amino acid sequences of 88 MIKC sequences (32 from white spruce, 

three from Physcometrella patens, 28 from Arabidopsis, 25 from range of angiosperm species) 

sampled from 14 different species were obtained from GenBank and GenPept, respectively 

(Table S1). Arabidopsis sequences were used as a backbone to resolve major topologies, and 

additional characterized SVP/AGL24 (SA) genes from various angiosperm species were added to 
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diversify the SA clade.  White spruce sequences were identified by submitting Arabidopsis 

MIKC coding sequences, from Par↑enicová et al. (2003), to BLASTx of the GCAT database 

(Rigault et al. 2011).  This white spruce expressed gene resource represents 27,720 unique, 

mostly full-length cDNA sequences, developed from sequencing of 42 different libraries (Rigault 

et al. 2011).  The top ten white spruce hits from each query were pared down to a non-redundant 

list of representative unigenes after constructing a tentative Neighbour Joining phylogenetic tree.  

Sequences were deemed redundant is they had a >95% similarity.   If the contig comprised 

multiple ESTs (sequences representing physical cDNA clones), the longest clone that had been 

sequenced from both the 5ô and 3ô ends were used.  If these were not available, clones that had 

been sequenced from the 5ô end was used. Three MADS-box genes from the moss species 

Physcomitrella patens, a representative of an early diverging lineage of land plants, were 

selected as outgroups.  Nucleotide sequences were derived from the open reading frame (ORF) 

of the cDNA sequences using NCBIôs ORF Finder (ncbi.nlm.nih.gov/orffinder/). White spruce 

amino acid sequences were not available on GenPept and were predicted by translating the 

cDNA ORF into amino acids. 

Amino acid alignments (Figure 1) were generated in MAFFT v7 (Katoh and Standley 

2013), using amino acid partition by L-INS-i (single domain alignment) parameters.  Nucleotide 

sequences were then forced to appropriate codon triplet to their respective amino acid sequence 

in Mesquite v2.75 (Maddison and Maddison 2011). 

Phylogenetic relationships of the amino acid and nucleotide partitions were inferred using 

maximum parsimony (MP) and maximum likelihood (ML).  MP searches were conducted in 

PAUP* 4.0b10 (Swofford 2002) with the following parameters: 300 random addition replicates, 

terminal branch rearrangement (TBR), 50 trees held in the construction of the initial starting tree, 
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1000 bootstrap (BS), 1000 trees with a length greater than or equal to 1 held during 1000 times 

BS. 

We conducted both unweighted (e.g., Fitch 1971) and weighted searches under 

parameters above to test if the topology of the major clades would be altered by a greater 

importance assigned to the more highly conserved gene regions.  Weighted searches 

incorporated variable weighting schemes according to MIKC domain conservation:  (1) the ñMò 

(MADS-box) domain, which recognizes and binds to the MADS-box domain on downstream 

target genes and facilitates dimerization, (2) the ñIò (intervening) domain that specifies the 

formation of DNA dimers (Theissen et al. 1996); (3) the ñKò (keratin-like) domain participates 

in protein-protein interactions and is well conserved (Kaufman et al. 2005), (4) the ñCò (C-

terminal) domain that has roles in transcriptional activation and higher order complex formation 

(Kaufmann et al. 2005, Cseke and Podila 2004); (5)ñNò (N-terminal) domain precedes the ñMò 

domain, however it is only found in a minority of genes.  As the ñMò and ñKò domain are highly 

conserved, and the ñIò and ñCò domains are less well conserved across land plants (Davies et al. 

1996, Fan et al. 1997, Parǝnicov§ et al. 2003, Egea-Cortines et al. 1999), we ran weighted 

analyses following a weighting scheme.  Domains were weighted according to the defined ñNò, 

ñMò, ñIò, ñKò, ñCò regions outline in Henschel et al. (2002): ñNò domain weight of 0.5, ñMò 

domain weight of 3, ñIò domain weight of 2, ñKò domain weight of 3, ñCò domain weight of 1. 

Maximum likelihood (ML) analyses were conducted with nucleotide and amino acid 

partitions using GARLI 2.0 (molecularevolution.org/software/phylogenetics/garli/, Zwicki 2006, 

Bazinet and Cummings 2008, Sukumaran and Holder 2010).  Models of molecular evolution for 

the nucleotide and amino acid data were determined using the AIC (Akaike Information 

Criterion) and BIC (Baysian Information Criterion) as implemented in jModelTest2 (Darriba et 
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al. 2012, Guidon and Gascuel 2003) and ProtTest (Abascal et al. 2005), respectively. The 

GTR+I+ũ (general time reversible + invariable + gamma) substitution model was selected for 

nucleotide data.  The JTT+I+ũ (Jones-Taylor-Thornton + invariable + gamma) model was 

selected for amino acid data.  All tree searches were conducted with estimated state frequencies, 

proportion of invariant sites was estimated, 4 rate categories, 100 times bootstrap. 

Alternative topologies of constraint trees were tested against the original unconstrained 

ML tree in PAUP* using the Shimodaira-Hasegawa (SH) test (Shimodaira and Hasegawa 1999).  

Likelihood settings in PAUP* were adjusted to meet the optimality parameters of the original 

GARLI analysis of the unconstrained tree that correspond to the GTR+I+ũ model.  Likelihood 

scores were estimated in PAUP* using the Roger-Swofford approximation method (Rogers and 

Swofford 1998) branch-length optimization with the one-dimensional Newton-Raphson with 

pass limit= 20 and delta = 1e-06.  The SH test with the following parameters 1000 RELL 

(Resampling Estimated Log-Likelihoods) bootstrap one-tailed test, assuming p<0.05 was 

significant. 

2.2.3 qRT-PCR 

RNA extractions were performed as described by Pavy et al. (2008).  Quantity and 

quality was assessed with an Infinite® 200 NanoQuant (Tecan Group Ltd., Männedorf, 

Switzerland) and gel electrophoresis, as well as 2100 Bioanalyzer (Agilent, Mississauga, ON, 

Canada) for a subset of samples.  Primer design was carried out using Primer Express® v3.0 

(Applied Biosystems, Carlsbad, CA, USA; Table 2.2).  cDNA synthesis and qRT-PCR using a 

SYBR Green assay was carried out according to El Kayal et al. (2011).   Three to four biological 

replicates and two technical replicates were used for each time point.  Reactions were performed 

using an Applied Biosystems® 7500 Fast Real-Time PCR System (Applied Biosystems, Foster 
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City, CA, USA) or an Applied BiosystemsÈ Quant StudioÊ 6 Flex Real Time PCR System 

(Applied Biosystems, Carlsbad, CA, USA).  Standard curves were used to quantify transcript 

abundance of the reference gene TRANSLATION INITIATION FACTOR5A (TIF5A, 

GQ00410_I10, GenBank DR448953).  Due to pipetting error TIF5A values from the qRT-PCR 

plate run for GQ03707_I04 was substituted for the TIF5A values from another plate, after being 

normalized to the calibrators present on the plates. 

2.2.4 Statistical analyses 

Statistical analyses to detect significant differences of transcript abundance was carried 

out in RStudio v3.4.1 (R Core Team 2017), the FDR (false discovery rate) test for the 

MANOVA , the Levene test for homogeneity of variance using the ñcarò package v2.1-5 (Fox 

and Weisberg 2011), and the ñlsmeansò package (Lenth 2016).  A split-plot two-way ANOVA 

was used for analysis of the reference gene expression. Transcript quantities log transformed to 

fulfill normality and heterogeneity of variance assumptions, and a MANOVA (multivariate 

analysis of variance) was run.  Shapiro-Wilk test for normality and histograms were used to 

assess normality.  We were unable to acquire a p value > 0.05 for homogeneity of variance 

photoperiod for GQ03118_H14 (p = 0.385).  A FDR test (alpha = 0.05) was used to determine 

significant differences. 

2.3 Results 

2.3.1 A clade of white spruce genes is sister to the angiosperm clade containing Arabidopsis 

thaliana SVP and AGL24 

A total of 32 MIKC-like cDNA sequences were identified in the white spruce expressed 

gene catalogue representing 27,720 unique cDNA sequences derived from 42 different libraries 
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(Rigault et al. 2011).  We found all four MIKC domains were present and conserved in our 

alignment (Figure 2.1).  We identified six major clades consistent with gene families (Figure 2.2, 

the following ML and MP BS support are listed):  ARABIDOPSIS NITRATE REGULATED 1 

(ANR1; 95, 76), FLOWERING LOCUS C (FLC; 100, 100), SUPPRESSOR OF 

OVEREXPRESSION OF CONSTANS 1 (SOC1; 98, 69), SEPELLATA (SEP; 75, 54), 

SHATTERPROOF (SHP; 66, 62) and SVP/AGAMOUS-LIKE 24 (SA; 85, 99).  The topology of 

the six major clades were consistent across phylogenetic analyses (Figure 2.2, Supplemental 

Figure S2.1, S2.2, S2.3 and S2.4).  For each of these major clades, white spruce genes form sister 

clades to the angiosperm clades.  Consistent with this pattern, seven white spruce sequences form 

a sister clade (ML and MP BS support: 100, 100) to the SA clade (Figure 2.1).  An eighth gene, 

PgGQ03118_H14, was not a part of the PgSAL clade, but resolved as ancestral to the PgSAL 

clade in the nucleotide ML before BS (Supplemental Figure S2.6), nucleotide weighted MP 

(Supplemental Figure S2.3) and the nucleotide MP (Supplemental Figure S2.2) analyses. 

To confirm the robustness of the sister relationship between SA and PgSAL genes, we 

performed an SH test (Shimodaira and Hasegawa 1999).  Six alternative topologies were created 

to constrain the seven white spruce genes that are sister to the SA clade, the SOC1 clade 

(Supplemental Figure S2.11), the SEP clade (Supplemental Figure S2.9), the SHP clade 

(Supplemental Figure S2.10), ANR1 (Supplemental Figure S2.7), FLC (Supplemental Figure 

S2.8) and the AGL15 clade (AGAMOUS-LIKE15, AtAGL15, AtAGL18, PgGQ03118_H14; 

Supplemental Figure S2.6).  The SH test indicated that the ML score of the constraint trees were 

significantly different from the ML score of the unconstrained tree (Table 2.1), thus the topology 

in Figure 2.2 is the best explanation of the data. 
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2.3.2 White spruce SAL genes show distinct transcript abundance profiles during terminal 

bud development 

Based on their phylogenetic relationship with the SA clade and presence of MIKC motifs 

(Figure 2.1), the seven white spruce sequences sister to the SA clade were named PgSA-like1 

(PgSAL1, GQ03605_C12), PgSA-like2 (PgSAL2, GQ03707_I04), PgSA-like3 (PgSAL3, 

GQ02822_N14), PgSA-like4 (PgSAL4, GQ03702_K12), PgSA-like5 (PgSAL5, GQ03806_I20), 

PgSA-like6 (PgSAL6, GQ04010_J13) and PgSA-like7 (PgSAL7, GQ03232_K15).  Since these 

seven PgSAL sequences and the SA angiosperm sequences are inferred to have had a common 

ancestor, we hypothesized that at least some of the PgSAL genes might play roles during the 

activity-dormancy transition in white spruce.  As the first exploration of this hypothesis, qRT-

PCR transcript profiling was carried out over the course of apical bud development under both 

short days and long days for each of these seven genes plus the more distantly related 

GQ03118_H14 (Figure 2.3).  Bud formation followed the same developmental progression as 

reported in El Kayal et al. (2011).  Developing buds were first visible between 7 and 14 days.  At 

70 days, SD buds had completed development but were not dormant, while LD buds were still 

under development.  While lammas growth (second flush) can occur in white spruce under LD 

conditions (El Kayal et al. 2011, Hamilton et al. 2016), buds were not sampled from any trees 

that showed indications of lammas growth. 

All seven PgSAL genes and PgGQ03118_H14 displayed significant differences in 

transcript abundance across time during the course of SD or LD bud formation (Figure 2.3).  A 

split-plot two-way ANOVA using Ctôs demonstrated TIF5A transcript abundance was 

significantly different across ñphotoperiodò nested in ñdayò (p = 0.015), with a significant 

difference in short-day Day 0 versus Day 70 (p = 0.048).  As a result, we will not compare 
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directly between photoperiods, and make conservative statements about any significant 

differences for short Day 0 versus Day 70 for our genes of interest.  Relative transcript 

abundance and transcript profiles over bud development differed markedly between genes.  Five 

of the eight genes ï PgSAL1 (GQ03605_C12), PgSAL2 (GQ03707_I04), PgSAL3 

(GQ02822_N14), PgSAL4 (GQ03702_K12), and PgSAL5 (GQ03806_I20) - exhibited 

significantly greater transcript abundance during the first two weeks of bud formation than at 

later time points.  PgSAL1 and PgSAL5 expression is reduced in SD at Day 28, whereas LD 

expression did not decline until Day 70.  PgSAL3 expression began to decline in LD at Day 28, 

and was followed by a further decline in expression at Day 70 in both SD and LD conditions 

(Table 2.3, Figure 2.3). PgSAL6 (GQ04010_J13) exhibited significantly greater transcript 

abundance only at later time points, with an increase seen in SD at Day 28 and Day 70, and in 

LD at Day 70 (Table 2.3, Figure 2.3).  PgSAL7 (GQ03232_K15) expression significantly 

decreased at SD Day 28, whereas no significant change in expression was found in the LD 

treatment (Table 2.3, Figure 2.3).  GQ03118_H14 expression fluctuated during bud formation.  

In SD, GQ03118_H14 declined at Day 14 and reached a maximum at Day 70.  Peak expression 

of GQ03118_H14 during SD contrasted with the significant increase in expression during mid-

phase development observed in LD, at Day 14 (Table 2.3, Figure 2.3).   

Given the known roles of AtSVP and AtAGL24 in the photoperiodic flowering pathway, 

we further tested whether photoperiod affected transcript profiles for any of these genes during 

bud development. PgSAL3 showed a significant difference in response to overall SD and LD 

photoperiod treatments (Table 2.3, Figure 2.3).  PgSAL3 SD expression declined sooner in SD 

versus LD, with SD expression beginning to decrease at Day 28.   
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We observed that the four genes that share the most closely related evolutionary 

relationship, SAL1, SAL2, SAL4 and SAL5, also have a similar expression profile across bud 

formation in SD and LD conditions (Figure 2.1, 2.2).  These SAL genes have a greater transcript 

abundance at earlier time points in bud development, in comparison to later later time points in 

bud development. 

2.4 Discussion 

2.4.1 A clade of white spruce SAL genes is sister to functionally characterized angiosperm 

SA genes 

Studies over the last decade have identified orthologs of photoperiodic flowering 

pathway genes, including multiple MIKC MADS-box genes such as SVP that regulate events 

during the activity-dormancy transition in perennial species (reviewed in Singh et al. 2017).  

However, most studies from which the current conceptual model of this regulatory network have 

been carried out in angiosperms.  El Kayal et al. (2011) found that genes showing sequence 

similarity to MIKC MADS-box floral regulators, such as SVP, MOTHER OF FT AND TFL1 

(MFT) and APETELA2 (AP2), are also differentially expressed during white spruce bud 

formation, suggesting that orthologs of MADS-box genes of the photoperiodic flowering pathway 

may function in regulation of bud formation in conifers.  Thus, we addressed the hypothesis that 

white spruce genes with sequence similarity to SVP and SVPôs closest relative in Arabidopsis, 

AGL24, are involved in regulating processes associated with bud set in the coniferous species, 

white spruce. 

As the first step, we demonstrated using multiple phylogenetic methods that seven MIKC 

white spruce sequences, denoted PgSAL1 to PgSAL7, form a sister clade to the angiosperm clade 
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containing SVP from Arabidopsis and other species (Figure 2.2).  AtAGL24, which is closely 

related to AtSVP but exhibits contrasting function (Hartmann et al. 2000, Yu et al. 2002), also 

fell within the angiosperm SA clade, as previously shown (PaŚenicov§ et al. 2003).  Other 

phylogenetic analyses carried out on SA genes from the angiosperm perennials ï such as the 

DORMANCY-ASSOCIATED MADS-BOX (DAM) genes ï identified SA orthologs within the 

same clade (Jiménez et al. 2009, Yamane et al. 2011, Mazzitelli et al. 2007, Sasaki et al. 2011, 

Horvath et al. 2010, Wu et al. 2011).  Since angiosperms and gymnosperms are widely agreed to 

be sister clades (Qiu et al. 2010, Soltis et al. 2011, Wickett et al. 2014), conifer genes resolving 

as a sister clade with their most closely related angiosperm genes is consistent with their 

evolutionary history.  The relationship of conifer genes resolving as sister to their angiosperm 

homologs is consistent with the topology of the other major clades in our phylogenetic trees.  

The sister relationship between the conifer PgSAL and angiosperm SA genes is reflective of the 

relationship between conifer and angiosperm genes described for other gene families.  A sister 

relationship has been reported, for example, between conifer FTL1-like genes that are implicated 

in bud formation and angiosperm FT and TERMINAL FLOWER1 (TFL1) genes implicated in 

time of flowering by Karlgren et al. (2011) and Klintenäs et al. (2012), as well as for conifer and 

angiosperm MYBs implicated in regulation of secondary metabolism pathways (Bedon et al. 

2010).  We provided additional evidence of the robustness of our topology by performing a 

constraint analysis using an SH test.  This test indicated that the topology of PgSAL and 

angiosperm SA as sister clades is a significantly better explanation of the data than alternative 

topologies.  An eighth sequence, PgGQ03118_H14 resolves near the PgSAL clade, but cannot 

conclusively labeled a member of a gene-specific clade in the nucleotide MP unweighted and 

weighted trees.  We hypothesize that PgGQ03118_H14, which showed weak association with 
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the AGL15 clade, may have some conserved functions with the AGL15 clade.  Other weighting 

schemes were also tested (ñNò = 0.5, ñMò = 4, ñIò = 2, ñKò = 3, ñCò = 1), but were not found to 

significantly differ from the topology of the original weighted tree (data not shown).  It is 

possible that PgGQ03118_H14 may have developmental roles at the meristem.  Arabidopsis 

AGL15 and AGL18 are expressed in the embryo and developing endosperm (Lehti-Shiu et al. 

2005), and more recent evidence suggests AGL15 may suppress FT expression (Fernandez et al. 

2014).  It is important to acknowledge that the accuracy of the SH test is dependent on the 

number of trees included in the analysis (Buckley et al. 2001). 

The number of SAL genes differs between species.  White spruce appears to have at least 

seven SAL genes based on an extensive expressed gene catalogue (Rigault et al. 2011), although 

we cannot discount that additional genes may be identified as the white spruce draft genome 

sequence matures to a reference quality genome assembly (Birol et al. 2013). Arabidopsis has 

two SA genes (SVP and AGL24; Yu et al. 2002), while peach has a minimum of six (DAM1-6; Li 

et al. 2009, Jiménez et al. 2009), kiwi has a minimum of four (SVP1-4; Wu et al. 2011) and 

Japanese apricot has a minimum of six (DAM1-6; Sasaki et al. 2011). Within the small subset of 

species that we considered, perennials appear to possess a greater number of SAL genes than 

annuals.  As has been proposed for other conifer gene families (e.g. Bedon et al. 2010), the 

expansion of the SVP subfamily in perennials, and the maintenance of these duplicated genes, 

may reflect functional redundancy and/or regulation of additional processes associated with the 

perennial lifestyle by signaling networks analogous to the photoperiodic signaling network.  The 

seven PgSAL genes plus the AGL15-like PgGQ03118_H14 showed both distinct and overlapping 

expression profiles over the course of bud formation under LD and SD, as was found for DAM 

genes in peach (Li et al. 2009), supporting the notion that PgSAL genes perform both redundant 
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and non-redundant roles in regulating gene expression during early, mid, and late bud formation 

in white spruce.  Perennials may require more genes in order to tightly regulate processes of 

vegetative and reproductive bud formation, initiation of bud set, bud burst, dormancy initiation 

and dormancy release.  Annuals, such as Arabidopsis, simply need to regulate processes involved 

in reproductive bud formation.  Therefore, it is reasonable to expect perennials would have a 

larger, more diversified group of SVP-like genes in order to tightly regulate these processes. 

2.4.2 A subset of PgSALs may share conserved role in bud formation and/or growth 

cessation 

Expression of PgSAL1, PgSAL2, PgSAL3, PgSAL4, and PgSAL5 were significantly 

higher during the first two week of bud formation than at later stages of bud formation, 

suggesting that these transcription factors are positive regulators of bud development processes.   

Given the function of SVP and AGL24 genes in angiosperm flowering time and development, we 

believe that PgSAL genes may also participate in cone development (Mouradov et al. 1998, 

Sundström et al. 1999).  If the putative roles of PgSAL1-5 hold true, they would contrast with the 

repressive role of AtSVP in floral transition (Hartmann et al., 2000), and make their function 

more similar to that of AtAGL24 (Michaels et al. 2003) in promoting flowering.  Interestingly, 

this predicted function is analogous to the picture emerging for the Norway spruce FT/TFL1-like 

gene FTL2 ï a regulator of bud formation and growth cessation (Karlgren et al. 2011) ï which 

has a biochemical function more similar to the flowering repressor TFL1 than to the flowering 

activator FT (Klintenäs et al. 2012). 

MADS-box genes are widely known for functioning as dimers and quaternary complexes 

(Riechmann 1996, Egea-Cortines et al. 1999, Honma and Goto 2001).  It may also be possible 
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that the function of SAL genes is dependent on expression of their hetero-dimer partner.  This 

possibility would add another layer of fine regulation for a process as complex as bud formation, 

which is reliant on multiple environmental cues as well endogenous signals. 

The PgSAL genes did not show strong transcript abundance responses to photoperiod, a 

pattern consistent with our previous findings that SD is not required to initiate bud formation in 

white spruce (Hamilton et al. 2016).  SD accelerates the completion of bud formation while 

suppressing lammas growth (Hamilton et al. 2016), consistent with our postulated roles for these 

genes in regulating early- and mid-stage bud formation processes. 

Taken together, our results suggest that PgSAL1, PgSAL2, PgSAL3, PgSAL4, and 

PgSAL5 are the most likely candidates to function as transcription factors in regulating bud 

formation and/or growth cessation, analogous to roles postulated for SAL genes in woody 

angiosperm species such as peach (Jiménez et al. 2009, Yamane et al. 2011), raspberry 

(Mazzitelli et al. 2007), Japanese apricot (Sasaki et al. 2011), leafy spurge (Horvath et al. 2010) 

and kiwifruit (Wu et al. 2011).  Of these five genes, PgSAL1 and PgSAL4 are the most closely 

related genes based on phylogenetic analyses, and show similar patterns of expression.  On the 

other hand, PgSAL5 and PgSAL6 are also closely related, but show opposite patterns of 

expression.  The most divergent expression pattern is observed in PgGQ03118_H14, which is 

not a bona fide SAL gene.  These findings demonstrate that topology is not strong predictor of 

gene expression. 

A limitation in our qRT-PCR analysis is that the amplicons were not subjected to 

sequencing to confirm target identity.  Sequencing the amplicon would have confirmed that the 

desired amplicon has been transcribed, and that the desired amplicon was the only reaction 

product. 
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2.4.3 A PgSAL may have acquired novel functions 

Further evidence for non-redundant functions comes from the distinct expression profiles 

exhibited by PgSAL6.  PgSAL6 showed significant upregulation only at later stages of bud 

formation, leading us to speculate that this transcription factor regulates processes associated 

with completion of bud formation and possibly transition to dormancy.  At this time point, SD 

trees have largely completed bud formation and are transitioning to dormancy, while LD trees 

are still undergoing active bud development (El Kayal et al. 2010, Hamilton et al. 2016).  Future 

experiments should focus on functional characterization of this PgSAL. 

2.5 Conclusion 

In this study, we have shown that conifer SAL genes likely share a common ancestor with 

angiosperm SA and SAL genes.  Gene expression profiling suggests that the PgSAL genes may 

have acquired diverse regulatory roles during the course of bud formation.  PgSAL1, PgSAL2, 

PgSAL3, PgSAL4, and PgSAL5 exhibited gene expression that are consistent with overlapping 

but perhaps non-redundant SA roles in regulating early and/or mid stages of bud formation in 

white spruce.  PgSAL6 may regulate processes associated with later stages of bud formation and 

possibly dormancy transition, and thus may participate in a different signaling network.  Further 

functional characterization of these PgSAL genes is warranted, given that these MIKC MADS-

box genes potentially play novel roles that have yet to be described in angiosperms. 

Given the well-documented role for angiosperm SAs in the seasonal response network 

regulating the transition to flowering, and evidence for the involvement of angiosperm SA genes 

in regulating bud formation, we hypothesize that PgSAL1, PgSAL2, PgSAL3, PgSAL4, and/or 

PgSAL5 function as part of a conifer signaling network that shares an evolutionary history with 

the angiosperm CO/FT signaling network regulating bud formation (Singh et al. 2017) and 
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flowering transition (Andrés and Coupland 2012).  Similar to SVP and AGL24 in Arabidopsis, 

PgSAL1, PgSAL2, PgSAL3, PgSAL4, and PgSAL5 may also have roles outside of timing of bud 

formation (Gregis et al. 2006, Gregis et al. 2009, Liu et al. 2009).  At the same time, this study 

and others (e.g.  Gyllenstrand et al. 2007, Karlgren et al. 2011, Klintenäs et al. 2012, Karlgren et 

al. 2013) suggest that the long period of evolutionary divergence between these taxonomic 

groups has also given rise to substantive differences between angiosperm and conifer activity-

dormancy signaling networks.  Consequently, care must be taken when applying the angiosperm 

model of signaling networks regulating bud formation, growth cessation and dormancy entrance 

to conifer species.  
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Chapter 2 Figures 

 

 

Figure 2.1 Amino acid alignment of MIKC sequences, with the individual ñMò and ñKò 

domains labeled.  A subset of taxa was included for purpose of demonstrating conservation of 

the MIKC domains.  The defined domains are based on Physcomitrella patens (PhP) from 
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Henschel et al. (2002).  Here we also display seven Picea glauca (PG) SAL genes with their 

unique identifier from the GCAT assembly (Rigault et al. 2011) that is included in each 

sequenceôs NCBI flat file, Arabidopsis thaliana (AT) SA genes, and Solanum tuberosum (ST) 

genes.  AtAGL15, AtAGL16 and PgGQ03118_H15 were also included based on their placement 

as closely related to the PgSAL clade based on the ML prior to BS.  

 



 42 

 

Figure 2.2 Maximum likelihood (ML) tree constructed from MIKC nucleotide partition (-ln = 

42000.21361).  Branches with less than 50% bootstrap support have been collapsed. Values 
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above nodes represent bootstrap values (maximum likelihood/maximum parsimony).  Clade 

names, based on gene function, are indicated in boxes.  The following abbreviations 

accompanying gene names refers to species of origin: AC = Actinidia chinensis, AT = 

Arabidopsis thaliana, CT = Citrus trifoliata, EG = Eucalyptus grandis, EE = Euphorbia esula, 

HV = Hordeum vulgare, PhP = Physcomitrella patens, PG = Picea glauca, PA = Prunus avium, 

PM = Prunus mume, PP = Prunus persica, ST = Solanum tuberosum, VV = Vitis vinifera.  The 

white spruce genes in the SAL clade were later named SAL1 (GQ03605_C12), SAL2 

(GQ03707_I04), SAL3 (GQ02822_N14), SAL4 (GQ03702_K12), SAL5 (GQ03806_I20), SAL6 

(GQ04010_J13) and SAL7 (GQ03232_K15). 
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Figure 2.3 Transcript abundance profiles.  Expression data corresponds to eight white spruce 

MIKC genes quantified in terminal shoot apices undergoing bud development under either SD or 

LD conditions.  Transcript abundance was quantified by qRT-PCR using a standard curve 

method.  TIF5A was used as a reference.  Standard error bars represent three to four biological 

replicates.  Letters above bars represent FDR grouping as determined by a MANOVA.  Upper 

case letters represent significant differences (p<0.05) across time points within short days, and 

lower-case letters represent significant differences across time points within long days.  

Statistical comparisons are not made between photoperiod within days.  
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Chapter 2 Tables 

 

Table 2.1 Shimodaira-Hasegawa (SH) test of alternative topologies.  SH test was performed 

on constrained maximum likelihood (ML) trees.  Log-likelihood score of the original ML tree is 

significantly greater than the alternative constraint trees (see Supplementary Figures S6-11) 

Tree Log-likelihood score (-ln) p-value 

Unconstrained 4200.21 - 

SEP constraint 42619.76 <0.001 

SHP constraint 42499.24 <0.001 

SOC1 constraint 42143.22 0.002 

FLC constraint 42228.67 <0.001 

ANR1 constraint 42145.91 0.004 

AGL15 constraint 42086.43 0.031 
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Table 2.2 Gene specific primers used for qRT-PCR analysis.  Primers were designed with 

Primer Express® v3.0. 

Gene Primer Name Primer Sequence (5ô to 3ô) 

GQ02822_N14 GQ02822_N14 FW CAGATGTAGCCCTCGTCGTTTT 

GQ02822_N14 RV ATGCTGGAGCTCGAGTAGTCGTA 

 

GQ03702_K12 

 

GQ03702_K12 FW CGGGAGCTATCGATTCTATGTGA 

GQ03702_K12 RV TAGTCGTACAGCTTCCCAGTTGAA 

 

GQ03605_C12 

 

GQ03605_C12 FW GGCCCGCGAGAAAATAAAAA 

GQ03605_C12 RV CCTGCGCCTCTTCGAGAAC 

 

GQ03707_I04 

 

GQ03707_I04 FW CACAAGACTGCCATATCCTTCACT 

GQ03707_I04 RV GGGAATACAAATGATAGAGGACAATACA  

   

GQ03232_K15 

 

GQ03232_K15 FW CGCTTTCGAAGTACGGTGTTG 

GQ03232_K15 RV GGCCTGTGGAGAATAACCCTAA 

 

GQ03806_I20 GQ03806_I20 FW ACCCCCCGTCATCTGAATCTAT 

GQ03806_I20 RV TAGCTGCAAGGAAGTAACATAATCATC 

 

GQ04010_J13 

 

GQ04010_J13 FW TTTGTCGTTTGATTTTAGGGTTCTC 

GQ04010_J13 RV CCGAAGGCCTACACCAAGATT 

 

GQ03118_H14 

 

GQ03118_H14 FW GGAGGGTAGGCTTTGCTTTGT 

GQ03118_H14 RV TGCCAATTCCCCACAGACA 

 

TRANSLATION 

INITIATION 

FACTOR5A 

(TIF5A) 

GQ00410_I10 FW TCGGCGGTGGCAGAGT 

GQ00410_I10 RV TCCCCACAACTACGAAATCTCA 
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Table 2.3 p-values from a multivariate analysis of variance (MANOVA) performed on 

quantitative reverse transcriptase PCR (qRT-PCR) values of white spruce terminal buds.  

MANOVAôs were performed across photoperiod and across time (i.e. day) nested in each 

photoperiod.  Pillai test was used to calculate approximate F-value for the overall MANOVA, 

and sum of squares was used to calculate the F-value for the ANOVAs applied to the individual 

genes.  Shapiro-Wilk test for normality and histograms were used to assess normality, and the 

Levene test was used to assess for homogeneity of variance.  Statistics were conducted in 

RStudio, with an alpha value of 0.05.   

 p-value 

 

MANOVA across all 

genes 

 

Photoperiod 

 

Photperiod/Day 

 

Degrees of freedom 

Pillai  

Approx. F-value 

p-value 

 

Gene 

1 

0.585 

4.404 

0.002 

 

Photoperiod 

8 

2.958 

2.347 

<0.001 

 

Photperiod/Day 

GQ02822_N14/SAL3 

Degrees of freedom 

Sum of squares 

F-value 

p-value 

 

1 

3.078 

13.205 

<0.001 

 

8 

30.471 

16.354 

<0.001 

GQ03702_K12/SAL4 

Degrees of freedom 

Sum of squares 

F-value 

p-value 

 

1 

0.297 

0.571 

0.455 

 

8 

24.075 

5.791 

<0.001 

GQ03605_C12/SAL1 

Degrees of freedom 

Sum of squares 

F-value 

p-value 

 

1 

0.030 

1.655 

0.207 

 

8 

1.351 

18.726 

<0.001 
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GQ03707_I04/SAL2 

Degrees of freedom 

Sum of squares 

F-value 

p-value 

 

1 

0.201 

0.554 

0.462 

 

8 

29.203 

10.073 

<0.001 

GQ03232_K15/SAL7 

Degrees of freedom 

Sum of squares 

F-value 

p-value 

 

1 

1.311 

1.494 

0.231 

 

8 

11.612 

1.654 

0.149 

GQ03806_I20/SAL5 

Degrees of freedom 

Sum of squares 

F-value 

p-value 

 

1 

0.703 

1.457 

0.236 

 

8 

24.861 

6.442 

<0.001 

GQ04010_J13/SAL6 

Degrees of freedom 

Sum of squares 

F-value 

p-value 

 

1 

0.428 

1.475 

0.2334 

 

8 

31.280 

13.466 

<0.001 

GQ03118_H14 

Degrees of freedom 

Sum of squares 

F-value 

p-value 

 

1 

1.417 

2.438 

0.128 

 

8 

20.982 

4.512 

<0.001 
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Chapter 2 Supplementary Data 

Figure S2.1 Maximum parsimony tree constructed from nucleotide partition. 

Figure S2.2 Weighted maximum parsimony tree. MP tree constructed from nucleotide 

partition in PAUP*.  

Figure S2.3 Maximum parsimony tree from amino acid partition. MP tree constructed 

from amino acid partition in PAUP*.  

Figure S2.4 Maximum likelihood tree from amino acid partition. 

Figure S2.5 Maximum likelihood tree without bootstrap. 

Figure S2.6 AGL15 maximum likelihood constraint. 

Figure S2.7 ANR1 maximum likelihood constraint. 

Figure S2.8 FLC maximum likelihood constraint. 

Figure S2.9 SEP maximum likelihood constraint. 

Figure S2.10 SHP maximum likelihood constraint. 

Figure S2.11 SOC1 maximum likelihood constraint. 

Table S2.1 List of nucleotide and amino acid sequences of 88 MIKC sequences from 14 

different species used for phylogenetic trees. 
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Figure S2.1 Maximum parsimony tree constructed from nucleotide partition.  Branches with less 

than 50% BS support have been collapsed. Values above nodes represent BS values. Values 

above nodes represent bootstrap values.  Clade names, based on gene function, are indicated in 

boxes.  The following abbreviations accompanying gene names refers to species of origin: AC = 

Actinidia chinensis, AT = Arabidopsis thaliana, CT = Citrus trifoliata, EG = Eucalyptus grandis, 

EE = Euphorbia esula, HV = Hordeum vulgare, PhP = Physcomitrella patens, PG = Picea 

glauca, PA = Prunus avium, PM = Prunus mume, PP = Prunus persica, ST = Solanum 

tuberosum, VV = Vitis vinifera. 
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Figure S2.2 Weighted maximum parsimony tree. MP tree constructed from nucleotide partition 

in PAUP*.  Tree search was conducted with 300 random addition replicates, TBR, 50 trees held 

in the construction of the initial starting tree, 1000 BS, 1000 nchuck with a chuckscore of greater 

than or equal to 1, majority rule 50% consensus tree.  Weighting imposed across domains: ñNò = 

0.5, ñMò = 3, ñIò = 2, ñKò = 3, ñCò = 1.  Branches with less than 50% BS support have been 

collapsed.  Values above nodes represent bootstrap values.  Clade names, based on gene 
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function, are indicated in boxes.  The following abbreviations accompanying gene names refers 

to species of origin: AC = Actinidia chinensis, AT = Arabidopsis thaliana, CT = Citrus trifoliata, 

EG = Eucalyptus grandis, EE = Euphorbia esula, HV = Hordeum vulgare, PhP = Physcomitrella 

patens, PG = Picea glauca, PA = Prunus avium, PM = Prunus mume, PP = Prunus persica, ST 

= Solanum tuberosum, VV = Vitis vinifera. 
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Figure S2.3 Maximum parsimony tree from amino acid partition. MP tree constructed from 

amino acid partition in PAUP*.  Tree search was conducted with 300 random addition replicates, 

TBR, 50 trees held in the construction of the initial starting tree, 1000 bootstrap, 1000 nchuck 

with a chuckscore of greater than or equal to 1, majority rule 50% consensus tree. Branches with 

less than 50% BS support have been collapsed.  Values above nodes represent bootstrap values.  

Clade names, based on gene function, are indicated in boxes.  The following abbreviations 

accompanying gene names refers to species of origin: AC = Actinidia chinensis, AT = 

Arabidopsis thaliana, CT = Citrus trifoliata, EG = Eucalyptus grandis, EE = Euphorbia esula, 

HV = Hordeum vulgare, PhP = Physcomitrella patens, PG = Picea glauca, PA = Prunus avium, 

PM = Prunus mume, PP = Prunus persica, ST = Solanum tuberosum, VV = Vitis vinifera. 
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Figure S2.4 Maximum likelihood tree from amino acid partition.  ML tree constructed from 

nucleotide data with GARLI 2.0 under the JTT+I+G model.  Tree search was conducted with 

estimated state frequencies, proportion of invariant sites was estimated, 4 rate categories, 1000 

times BS.  Branches with less than 50% BS support have been collapsed.  Values above nodes 

represent bootstrap values.  Clade names, based on gene function, are indicated in boxes.  The 

following abbreviations accompanying gene names refers to species of origin: AC = Actinidia 

chinensis, AT = Arabidopsis thaliana, CT = Citrus trifoliata, EG = Eucalyptus grandis, EE = 

Euphorbia esula, HV = Hordeum vulgare, PhP = Physcomitrella patens, PG = Picea glauca, PA 
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= Prunus avium, PM = Prunus mume, PP = Prunus persica, ST = Solanum tuberosum, VV = 

Vitis vinifera. 
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Figure S2.5 Maximum likelihood tree without bootstrap. The best ML tree constructed from 

nucleotide data (-ln = 42000.21361) with GARLI 2.0.  Tree search was conducted with 

GTR+I+ũ substitution model, estimated state frequencies, proportion of invariant sites was 

estimated, 4 rate categories. Clade names, based on gene function, are indicated in boxes.  The 

following abbreviations accompanying gene names refers to species of origin: AC = Actinidia 

chinensis, AT = Arabidopsis thaliana, CT = Citrus trifoliata, EG = Eucalyptus grandis, EE = 

Euphorbia esula, HV = Hordeum vulgare, PhP = Physcomitrella patens, PG = Picea glauca, PA 
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= Prunus avium, PM = Prunus mume, PP = Prunus persica, ST = Solanum tuberosum, VV = 

Vitis vinifera. 
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Figure S2.6 AGAMOUS-LIKE 15 (AGL15) maximum likelihood constraint. The best ML tree 

constructed from nucleotide data (-ln = 42086.43568) with GARLI 2.0.  Spruce SAL clade 

constrained with the AGL15 clade.  Tree search was conducted with GTR+I+ũ substitution 

model, proportion of invariant sites was estimated, 4 rate categories.  
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Figure S2.7 ARABIDOPSIS NITRATE REGULATED 1 (ANR1) maximum likelihood constraint. 

The best ML tree constructed from nucleotide data (-ln = -42024.59) with GARLI 2.0.  Spruce 

SAL clade constrained with the ANR1 clade.  Tree search was conducted with GTR+I+ũ 

substitution model, proportion of invariant sites was estimated, 4 rate categories. 
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Figure S2.8 FLOWERING LOCUS C (FLC) maximum likelihood constraint. The best ML tree 

constructed from nucleotide data (-ln = 42228.67448) with GARLI 2.0.  Spruce SAL clade 

constrained with the FLC clade.  Tree search was conducted with GTR+I+ũ substitution model, 

estimated state frequencies, proportion of invariant sites was estimated, 4 rate categories. 
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Figure S2.9 SEPELLATA (SEP) maximum likelihood constraint. The best ML tree constructed 

from nucleotide data (-ln = 42619.76438) with GARLI 2.0.  Spruce SAL clade constrained with 

the SEP clade.  Tree search was conducted with GTR+I+ũ substitution model, estimated state 

frequencies, proportion of invariant sites was estimated, 4 rate categories. 
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Figure S2.10 SHATTERPROOF (SHP) maximum likelihood constraint. The best ML tree 

constructed from nucleotide data (-ln = 42499.24251) with GARLI 2.0.  Spruce SAL clade 

constrained with the SHP clade.  Tree search was conducted with GTR+I+ũ substitution model, 

estimated state frequencies, proportion of invariant sites was estimated, 4 rate categories. 
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Figure S2.11 SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1 (SOC1) maximum 

likelihood constraint. The best ML tree constructed from nucleotide data (-ln = 42143.22345) 

with GARLI 2.0.  Spruce SAL clade constrained with the SOC1 clade.  Tree search was 

conducted with GTR+I+ũ substitution model, estimated state frequencies, proportion of invariant 

sites was estimated, 4 rate categories. 

  



 65 

Table S2.1 List of nucleotide and amino acid sequences of 88 MIKC sequences from 14 

different species used for phylogenetic trees.  GenBank and GenPept accession numbers 

obtained from NCBI.  Locus identity included in parenthese for Arabidopsis sequences.  

Authorities found from tropicos.org.  Lineages are listed as A = angiosperm, B = bryophyte, C = 

conifer. 

Species Lineage Initials Genes GenBank  

accession no. 

GenPept  

accession no. 
 

       

Actinidia 

chinensis Planch. 

A AC SVP1 JF838216.1 AFA37967.1  

Actinidia 

chinensis Planch. 

A AC SVP2 JF838217.1 AFA37968.1  

Actinidia 

chinensis Planch. 

A AC SVP3 JF838218.1 AFA37969.1  

Actinidia 

chinensis Planch. 

A AC SVP4 JF838219.1 AFA37970.1  

Arabidopsis 

thaliana 

(L.) Heynh. 

 AT SEP3 

(AT1G24260) 

NM_102272.3 AEE30503.1  

Arabidopsis 

thaliana 

(L.) Heynh. 

A AT AP1 

(AT1G69120) 

NM_105581.2 AEE34887.1  

Arabidopsis 

thaliana 

(L.) Heynh. 

A AT XAL1 

(AT1G71692) 

NM_105825.2 AEE35216.1  

Arabidopsis 

thaliana 

(L.) Heynh. 

A AT MAF1 

(AT1G77090) 

NM_180648.3 AEE35931.1  

Arabidopsis 

thaliana 

(L.) Heynh. 

A AT SEP4 

(AT2G03710) 

NM_126418.2 AEC05738.1  

Arabidopsis 

thaliana 

(L.) Heynh. 

A AT ANR1 

(AT1G08090) 

NM_126990.3 AEC06290.1  

Arabidopsis 

thaliana 

(L.) Heynh. 

A AT SVP 

(AT2G22540) 

NM_127820.3 AEC07320.1  

Arabidopsis 

thaliana 

(L.) Heynh. 

A AT AGL17 

(AT2G22630) 

NM_127828.2 AEC07331.1  
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Arabidopsis 

thaliana 

(L.) Heynh. 

A AT SHP2 

(AT2G42830) 

NM_180046.2 AEC10175.1  

Arabidopsis 

thaliana (L.) 

Heynh. 

A AT AGL6 

(AT2G45650) 

NM_130127.1 AEC10582.1  

Arabidopsis 

thaliana (L.) 

Heynh. 

A AT SOC1 

(AT2G45660) 

NM_130128.3 AEC10583.1  

Arabidopsis 

thaliana (L.) 

Heynh. 

A AT SEP2 

(AT3G02310) 

NM_111098.3 AEE73791.1  

Arabidopsis 

thaliana (L.) 

Heynh. 

A. AT AGL16 

(AT3G57230) 

NM_115583.5 AEE79629.1  

Arabidopsis 

thaliana (L.) 

Heynh. 

A AT AGL18 

(AT3G57390) 

NM_115599.3 AEE79650.1  

Arabidopsis 

thaliana (L.) 

Heynh. 

A AT SHP1 

(AT3G58780) 

NM_001203201.1 AEE79831.1  

Arabidopsis 

thaliana (L.) 

Heynh. 

A AT AGL13 

(AT3G61120) 

NM_115976.1 AEE80158.1  

Arabidopsis 

thaliana (L.) 

Heynh. 

A AT STK 

(AT4G09960) 

NM_001084895.1 AEE82817.1  

Arabidopsis 

thaliana (L.) 

Heynh. 

A AT AGL14 

(AT4G11880) 

NM_117258.5 AEE83062.1  

Arabidopsis 

thaliana (L.) 

Heynh. 

A AT AG 

(AT4G18960) 

NM_118013.2 AEE841121.1  

Arabidopsis 

thaliana (L.) 

Heynh. 

A AT GL19 

(AT4G22950) 

NM_118424.2 AEE84684.1  

Arabidopsis 

thaliana (L.) 

Heynh. 

A 

 

AT AGL24 

(AT4G24540) 

NM_118587.5 AEE84922.1  

Arabidopsis 

thaliana (L.) 

Heynh. 

A AT AGL21 

(AT3G37940) 

NM_119955.2 AEE86856.1  

Arabidopsis 

thaliana (L.) 

Heynh. 

A AT FLC 

(AT5G10140) 

NM_121052.2 AED91498.1  

Arabidopsis A AT AGL15  NM_121382.3 AED91941.1  
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thaliana (L.) 

Heynh. 

(AT5G13790) 

Arabidopsis 

thaliana (L.) 

Heynh. 

A AT SEP1 

(AT1G34360) 

NM_001125758.1 AED92208.1  

Arabidopsis 

thaliana (L.) 

Heynh. 

A AT ABS 

(AT5G23260) 

NM_203094.1 AED93144.1  

Arabidopsis 

thaliana (L.) 

Heynh. 

A AT AGL42 

(AT5G62165) 

NM_125610.3 AED97574.1  

Arabidopsis 

thaliana (L.) 

Heynh. 

A AT MAF2 

(AT5G65050) 

NM_001126026.1 AED97992.1  

Citrus trifoliate L. A CT SVP FJ373210.1 ACJ09169.1  

Eucalyptus 

grandis W. Hill  

A EG SVP AY263809.1 AAP33087.1  

Euphorbia esula 

L. 

A EE DAM2 EU339320.1 ABY60423.1  

Hordeum vulgare 

L. 

A HV BM1 AJ249142.1 CAB97350.1  

Physcomitrella 

patens (Hedw.) 

Bruch & Schimp 

B PhP PPM1 XM_001769810.1 AAG09136.2  

Physcomitrella 

patens (Hedw.) 

Bruch & Schimp 

B PhP PPM2 AF150933.1 EDQ72735.1  

Physcomitrella 

patens (Hedw.) 

Bruch & Schimp 

B PhP PPMADS1 XM_001779819.1 EDQ55286.1  

Picea glauca 

(Moench) Voss 

C PG GQ02822_K07 BT105450.1 -  

Picea glauca 

(Moench) Voss 

C PG GQ03806_I20 BT116779.1 -  

Picea glauca 

(Moench) Voss 

C PG GQ0164_P01 BT102045.1 -  

Picea glauca 

(Moench) Voss 

 C PG  GQ03235_L08 BT111301.1 -  

Picea glauca 

(Moench) Voss 

C PG GQ03105_H22 BT107302.1 -  

Picea glauca 

(Moench) Voss 

C PG GQ0012_K17 BT100378.1 -  

Picea glauca 

(Moench) Voss 

C PG GQ0067_D06 BT101090.1 -  

Picea glauca 

(Moench) Voss 

C PG GQ01311_E19 EX309542.1 -  
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Picea glauca 

(Moench) Voss 

C PG GQ0198_E13 BT102624.1 -  

Picea glauca 

(Moench) Voss 

C PG GQ0204_E19 BT102975.1 -  

Picea glauca 

(Moench) Voss 

C PG GQ02802_O10 BT103840.1 -  

Picea glauca 

(Moench) Voss 

C PG GQ02810_C03 BT104415.1 -  

Picea glauca 

(Moench) Voss 

C PG GQ02819_I15 BT105191.1 -  

Picea glauca 

(Moench) Voss 

C PG GQ02830_J15 BT105966.1 -  

Picea glauca 

(Moench) Voss 

C PG GQ02903_O11 BT106143.1 -  

Picea glauca 

(Moench) Voss 

C PG GQ02905_A16 BT106210.1 -  

Picea glauca 

(Moench) Voss 

C PG GQ03118_H14 BT108213.1 -  

Picea glauca 

(Moench) Voss 

C PG GQ03232_K15 BT111101.1 -  

Picea glauca 

(Moench) Voss 

C PG GQ03302_I14 BT111713.1 -  

Picea glauca 

(Moench) Voss  

C PG GQ03319_N08 BT112706.1 -  

Picea glauca 

(Moench) Voss 

C PG GQ03324_L13 BT113029.1 -  

Picea glauca 

(Moench) Voss 

C PG GQ03605_C12 BT114920.1 -  

Picea glauca 

(Moench) Voss 

C PG GQ03707_I04 BT115854.1 -  

Picea glauca 

(Moench) Voss 

C PG GQ03716_L14 BT116336.1 -  

Picea glauca 

(Moench) Voss 

C PG GQ03718_H15 BT116425.1 -  

Picea glauca 

(Moench) Voss 

C PG WS03217_G24 DR550143.1 -  

Picea glauca 

(Moench) Voss 

C PG WS03225_D18 DR553148.1 -  

Picea glauca 

(Moench) Voss 

C PG GQ04010_J13 EX439444.1 -  

Picea glauca 

(Moench) Voss 

C PG GQ02822_N14 BT105463.1 -  

Picea glauca 

(Moench) Voss 

C PG GQ02817_J10 BT105004.1 -  

Picea glauca 

(Moench) Voss 

C PG GQ03803_A01 BT116601.1 -  
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Picea glauca 

(Moench) Voss 

C PG GQ03702_K12 BT115613.1 -  

Prunus avium (L.) 

L. 

A PA MADS1 EU196362.1 ABW82562.1  

Prunus mume 

(Siebold) Siebold 

& Zucc. 

A PM DAM1 AB576350.1 BAK78921.1  

Prunus mume 

(Siebold) Siebold 

& Zucc. 

A PM DAM2 AB576351.1 BAK78922.1  

Prunus mume 

(Siebold) Siebold 

& Zucc. 

A PM DAM3 AB576352.1 BAK78923.1  

Prunus mume 

(Siebold) Siebold 

& Zucc. 

A PM DAM4 AB576353.1 BAK78924.1  

Prunus mume 

(Siebold) Siebold 

& Zucc. 

A PM DAM5 AB576349.1 BAK78920.1  

Prunus mume 

(Siebold) Siebold 

& Zucc. 

A  PM DAM6 AB437345.1 BAH22477.1  

Prunus persica 

(L.) Batsch 

A PP DAM1 DQ863253.2 ABJ96361.2   

Prunus persica 

(L.) Batsch 

A PP DAM2 DQ863257.1 ABJ96370.1   

Prunus persica 

(L.) Batsch 

A PP DAM3 DQ863256.1 ABJ96370.1   

Prunus persica 

(L.) Batsch 

A PP DAM4 DQ863257.1 ABJ96365.1   

Prunus persica 

(L.) Batsch 

A  PP DAM5 DQ863251.1 ABJ96366.1   

Prunus persica 

(L.) Batsch 

A  PP DAM6 DG863252.1 ABJ96367.1   

Solanum 

tuberosum L. 

A  ST MADS11 AF008652.1 AAB94006.1  

Solanum 

tuberosum L. 

A  ST MADS16 AF008651.1 AAV65504.1  

Vitis vinifera L. A  VV SVP1 JQ387569.1 AFC96914.1  

Vitis vinifera L. A  VV SVP2 XM_002285651.2 XP_002285687.1  
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3.0 Chapter 3:  Picea glauca SHORT VEGETATIVE PHASE/AGAMOUS-

LIKE 24-like 1 regulation may have evolved from a common angiosperm 

pathway, while SHORT VEGETATIVE PHASE/AGAMOUS-LIKE 24-like 5 

may be regulated by novel pathways 

3.1 Introduction 

Perennial trees of the boreal forest undergo seasonal changes in growth and development 

to protect against the harsh environmental conditions of winter. In preparation for the phase 

transition from active growth to dormancy, white spruce (Picea glauca (Moench) Voss, Pg), 

trees form a terminal bud and meristematic growth ceases (Rohde and Bhalerao 2007).  The 

transition from active growth to dormancy is regulated by environmental cues such as 

photoperiod (Garner and Allard 1923, Nitsch 1957, Garris et al. 2009) and temperature (Kalcsits 

et al. 2009, Tanino et al. 2010, Rohde et al. 2011). Photoperiod has a more pronounced influence 

than temperature in the regulation of growth cessation and terminal bud formation in trees 

displaying indeterminate growth such as poplar (Nitsch 1957, Heide 1974).  Low temperature 

delays the rate of bud set in white spruce trees in both long day (LD) and short day (SD) 

treatments (Hamilton et al. 2016), however the combinatorial effect between temperature and 

photoperiod is species dependent (Heide and Prestrud 2005, Junttila 1980). White spruce trees 

are able to form terminal buds in the absence of both SD and low temperatures, although both of 

these environmental cues affect the rate of bud formation (El Kayal et al. 2011, Hamilton et al. 

2016).  In white spruce, a determinate species, SD in combination with warm temperatures 

accelerates terminal bud formation and growth cessation in above ground tissue (Hamilton et al. 

2016).  Terminal bud formation and growth cessation proceed more slowly in LD and/or low 
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temperatures conditions, with the combination of SD and low temperatures displaying the 

slowest rate of progression (Hamilton et al. 2016). 

In addition to environmental cues, a number of hormones are implicated in regulating the 

events that make up the activity to dormancy transition in angiosperms (Eriksson and Moritz 

2002, Ruonala et al. 2006, Ruttink et al. 2007, Baba et al. 2011).  Abscisic acid (ABA) content 

increases in response to SDs in poplar (Rohde et al. 2002) to cease growth, and may be involved 

in dormancy establishment in hybrid aspen (Tylewicz et al. 2015).  During white spruce bud 

formation ABA content is low during bud development, which suggests ABA may have a role in 

growth cessation in conifers (El Kayal et al. 2011).  ABA is also involved in the abiotic stress 

response to salinity, drought and cold.  Low temperatures may contribute to ABA accumulation, 

growth cessation (Welling and Palva 2006) and the circadian clock during dormancy (Ramos et 

al. 2005). Decreased accumulation of gibberellins (GA) contributes to cessation of growth 

leading up to dormancy establishment in hybrid aspen (Populus tremula L. x Populus 

tremuloides Michx.; Eriksson et al. 2000, Eriksson and Moritz 2002). Timing of dormancy 

induction is shown to be linked to ethylene in birch and poplar (Ruonala et al. 2006, Ruttink et 

al. 2007). In birch trees, ethylene is not a requirement for the transition to endodormancy, but it 

can affect the timing of transition (Ruonala et al. 2006). Furthermore, ethylene may play a role in 

mediating correct developmental processes at the shoot apical meristem (SAM) since ethylene 

insensitive birch trees displayed altered bud structures (Ruonala et al. 2006). Auxin participates 

in a wide variety of plant development pathways, and is known to inhibit lateral bud outgrowth 

apical dominance in trees. Auxin sensitivity is also involved in halting cell division of cambial 

cells of hybrid aspen, and thereby participates in growth cessation and dormancy (Resman et al. 

2010, Baba et al. 2011). Auxin levels in white sprue apical buds were found to decrease in 
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response to SD (El Kayal et al. 2011).  A clear role for cytokinin (CK) in seasonal growth 

regulation have yet to be well established, however CKs are well established in the regulation of 

cell division and in stimulating the outgrowth of angiosperm lateral buds (Cline and Dong-Il 

2002, Ferguson and Beveridge 2009).  Increased CK levels were also found to correlate with 

Norway spruce bud size (Chen et al. 1996). 

Despite the evolutionary divergence between conifers and angiosperms, angiosperms 

serve as a reasonable model to base our assumptions of developmental processes involved in 

white spruce dormancy.  There is an accumulating body of evidence, mainly from angiosperms, 

that there is a conserved network involved in regulating the transition from vegetative to 

reproductive growth and the transition from active growth to dormancy (Bo↓hlenius et al. 2006, 

Gyllenstrand et al. 2007, Mohamed et al. 2010, Karlgren et al. 2011). For example, genes 

orthologous to flowering time regulators, such as Populus trichocarpa Torr. & A. Gray 

CONSTANS 2 and FLOWERING LOCUS T 1 and Populus tremuloides Michx. 

CENTRORADIALIS 1 and CENTRORADIALIS 2, have been shown to regulate bud formation in 

forest trees (Bo↓hlenius et al. 2006, Hsu et al. 2006, Mohamed et al. 2010).  Building on the 

findings of Bo↓hlenius et al. (2006), PaFTL2, a gene sister to FLOWERING LOCUS T and 

TERMINAL FLOWER 1 (TFL1) in Arabidopsis thaliana (L.) Heynh. (At), has been implicated in 

bud formation and growth cessation of Norway spruce (Picea abies (L.) H. Karst.; Gyllenstrand 

et al. 2007, Karlgren et al. 2011, Klintenäs et al. 2012). Expression of PaFTL2 is upregulated 

after treatment with reduced day length, which contrasts expression of Arabidopsis FT, which is 

downregulated in response to SD (Gyllenstrand et al. 2007, Suárez-López et al. 2001). This 

difference in pattern suggests the role of PaFTL2 may be suppression of growth, a function more 

similar to Arabidopsis TFL1 (Karlgren et al. 2011).  
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Several studies have focused on the functional roles of MADS-box genes in bud 

formation and dormancy acquisition (Mazzitelli et al. 2007, Jiménez et al. 2009, Horvath et al. 

2010, Sasaki et al. 2011, Wu et al. 2011). An important paper on bud development and 

dormancy induction investigated a natural occurring knock-out mutant of Prunus persica (L.) 

Batsch DORMANCY ASSOCIATED MADS-BOX (DAM) genes, an SVP-like gene, which resulted 

in the EVERGROWING mutant (Bielenberg et al. 2004, Jiménez et al. 2009).  The 

EVERGROWING mutant does not produce terminals buds or enter a dormant state (Bielenberg et 

al. 2004, Jiménez et al. 2009), suggesting genes with functions of similar importance may exist 

in other species.  In contrast, expression of Arabidopsis SVP is unaffected by changes in 

temperature and photoperiod (Hartmann et al. 2000).  However, there is evidence that 

environmental conditions, such as warmer temperatures, result in the degradation of the SVP 

protein, thereby reducing function and impacting flowering time (Lee et al. 2007, Lee et al. 

2013, Lee et al. 2014, Fernández et al. 2016). AtSVP is stable at low temperatures and acts to 

inhibit the transition to flowering by dimerizing with FLOWERING LOCUS M (FLM) (Lee et al. 

2013). AtSVP additionally forms a repressive complex with FLOWERING LOCUS C (FLC) to 

prevent the transcription of key flowering genes SUPPRESSOR OF OVEREXPRESSION OF 

CONSTANS 1 (SOC1) and FLOWERING LOCUS T (FT) (Li et al. 2008, Jang et al. 2009, Searle 

et al. 2006). Expression of AtFLC is mediated by the vernalization pathway through activation 

by FRIGIDA (FRI) complexing with FLOWERING C EXPRESSOR (FLX) genes (Ding et al. 

2013). AtSOC1 an AtSVP act to mutually inhibit one anotherôs transcription in the transition to 

flowering (Li et al. 2008, Immink et al. 2012).  There is also evidence that suggests components 

of the circadian clock, CIRCADIAN CLOCK-ASSOCIATED1 (CCA1) and LATE ELONGATED 



 74 

HYPOCOTYL (LHY), may downregulate SVP expression in the morning to alleviate SVP 

repression of FT (Fujiwara et al. 2008). 

As demonstrated in Chapter 2, we identified a set of white spruce genes that are sister to 

Arabidopsis SVP, the closely related AGL24 and the Prunus persica DAM.  Based on the 

homology of PgSVP-like genes with Arabidopsis SVP and AGL24, we named these white spruce 

genes SHORT VEGETATIVE PHASE/AGAMOUS-LIKE 24-like (PgSAL). Transcript profiling 

data support that PgSAL1, PgSAL2, PgSAL3, PgSAL4, and PgSAL5 may be involved in the early 

staged of bud development.  To test the hypothesis that PgSAL genes are involved in bud 

formation and potentially other events that take place during the transition from active growth to 

dormancy, we investigated the upstream pathways regulating the activation of PgSAL1 and 

PgSAL5.  PgSAL1 and PgSAL5 were chosen to explore further based on their expression profiles 

and our ability to clone large regions of these promoters for further analyses. We wished to 

investigate the functional roles and upstream regulators of PgSAL1 and PgSAL5 related to bud 

development in white spruce, since few studies have looked into this topic in conifers.  

To perform these analyses, we cloned the putative promoters for these two genes, and 

used available sequence data from draft assemblies of the white spruce genome (Birol et al. 

2013, Warren et al. 2015) to further characterize the cloned sequences.  Based on these analyses, 

they were designated as PgSAL1 and putative PgSAL5 promoters.  We used these promoter 

sequences in two experimental approaches.  In the first approach, we identified transcription 

factor binding sites (TFBS) in the PgSAL1 and putative PgSAL5 promoters with purpose of 

cataloguing the breadth of the possible interactions involved.  In the second approach, we 

identified transcription factors (TF) that bind the PgSAL1 and putative PgSAL5 promoters. 

Together, these two approaches allowed us to identify components of upstream regulatory 
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networks involved in regulating PgSAL1 and PgSAL5, which in turn reveal new insight about the 

functional roles of these genes. 

3.2 Materials and Methods 

3.2.1 Plant Material 

White spruce terminal bud mRNA from two experiments were pooled to construct the 

cDNA library used for yeast one-hybrid screening.  Combined, these two experiments cover the 

development of terminal buds from initiation to dormancy.  Prior to exposure to treatments trees 

were grown under LD conditions for active growth.  In the short-term time course trees 

experienced three weeks of active growth, whereas trees used in extended time course had 

approximately eight weeks of active growth.  The short-term time course used two-year-old 

white spruce seedlings were grown under SD (8 h days/16 h nights) at 20°C.  Terminal buds 

were harvested at five time points (Day 0, 7, 14, 28, 70).  Trees in the extended time course 

experiment were two-year-old white spruce trees obtained from the experiment conducted in 

Hamilton et al. (2016).  Trees were grown under SD at 22°C day, and 16°C night temperatures.   

Terminal buds harvested at three later time points (Day 92, 106, 126) were used for cDNA 

library construction.  All terminal buds from both experiments were immediately frozen in liquid 

nitrogen upon harvest and stored at -80 °C. 

3.2.2 PgSAL1 and putative PgSAL5 promoter isolation  

PgSAL1 (GQ03605_C12, BT114920.1) and putative PgSAL5 (GQ03806_I20, 

BT116779.1) promoters were isolated using the GenomeWalkerTM Universal Kit (Clontech, 

Mountain View CA, USA) from a single white spruce sample.  White spruce gDNA was 

extracted from white spruce needles using a modified cetyltrimethylammonium bromide (CTAB) 
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protocol (Chang et al. 1993, Roe et al. 2010).  We used the fragments obtained using 

GenomeWalkerTM, 426 bp for PgSAL1 and 862 bp for putative PgSAL5, to identify the 

corresponding genomic scaffolds in v1.0 of the Norway spruce genome sequence (Nystedt et al. 

2013), the most complete genome assembly at the time, using the BLASTn function in ConGenie 

(congenie.org, Sundell et al. 2015).  Primers were designed against the upstream region of the 

Norway spruce sequences and used to obtain final promoter sequences from white spruce (Table 

3.1).  Complete promoter sequences are given in Appendix 1 (A1).   

Primers for Genome Walker TM cloning, and cloning using the Norway spruce gDNA as a 

guide, were generated using Integrated DNA Technologies (IDT) PrimerQuest Tool 

(idtdna.com/Primerquest/Home/Index), primers (Table 3.1).  To adhere to the Genome WalkerTM 

recommendations, all primers were designed to be 26-30 bp in length with a GC content between 

40-58%, with a maximum of three Gôs and Côs in the primerôs 3ô end to prevent self-annealing.  

Primers were also designed to limit self-dimers and hetero-dimers, and hairpin strength.  

Promoter fragments were cloned into the pGEM®-T Easy vector (Promega, Madison, USA) and 

sequenced with the T7 and SP6 universal primers. 

3.2.3 Yeast One-Hybrid (Y1H) Assay 

Terminal bud mRNA was pooled to generate one cDNA library.  Total RNA was 

extracted from two to four white spruce terminal buds per time point using the small scale CTAB 

protocol described in Pavy et al. (2008). RNA quality and quantity was assessed with an 

Infinite® M200 NanoQuant (Tecan, Männerdorf, Switzerland) and gel electrophoresis. mRNA 

was isolated from total RNA using NEBNext® Poly(A) mRNA Magnetic Isolation Module 

(New England Biolabs, Ipswich, MA, USA). A subset of four mRNA samples were run on an 
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Agilent 2100 Bioanalyzer (Aglient, Waldbronn, Germany) to ensure purification and sample 

integrity.   

The terminal bud cDNA library was created with the CloneMinerTMII cDNA Library 

Construction Kit (Life Technologies, Carlsbad, CA, USA) according to the manufacturer 

instructions. Approximately 390 to 1174 ng of mRNA was used from each of the eight time 

points to create a total of 5720 ng of pooled enriched mRNA from which to create the cDNA 

library.  A sample of 2 ɛg control mRNA provided by the kit was used as a positive control for 

all steps of the cDNA library construction to ensure the procedure had been carried out correctly.  

White spruce mRNA was split into two reaction tubes so that 2860 ng of enriched mRNA was 

used as a starting material for the cDNA synthesis, adaptor ligation steps and column 

chromatography.  For cDNA synthesis, we were concerned that the oligo dT primers provided in 

the kit would not perform as well as the anchored oligo dT(18)N, and therefore performed one 

cDNA synthesis reaction with the oligo dT primers in the kit, and the other with our own 

anchored oligo dT(18)N.  A first priming step was carried out over 18.5 min, over which the 

temperature declined from 70°C to 45°C at approximately 1°C/45 sec.  The protocol for first 

stand synthesis was as follows: 45°C for 20 sec, 50°C for 20 sec, 55°C for 20 sec, then 

immediate removal of tubes from the machine onto ice to prevent temperature from increasing 

past 16°C.  Second strand synthesis protocol was as follows: 16°C for 2 hours, addition of 2 ɛl 

T4 DNA polymerase to create blunt ends, 16°C 5 min, add 10 ɛl 0.5 M EDTA (pH 8) to stop 

reaction.   

Following cDNA synthesis, samples were purified using phenol:choloroform:isoamyl 

alcohol (in proportions of 25:24:1).  Following column cleanup, yields were quantified on an 

Infinite® 200 NanoQuant (Tecan Group Ltd., Männedorf, Switzerland) to ensure product 
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recovery.  Yield was very low (18.2 ng for the oligo dT reaction and 120 ng anchored oligo 

dT(18)N, 196.56 ng for the control) so the two white spruce reactions were pooled for a total of 

138.84 ng to use for the remainder of the protocol.  Library quality was assessed by checking 30 

randomly sampled plasmids, and analyzing cDNA fragments by agarose gel electrophoresis. The 

cDNA library had a 100% recombinants (i.e. 100% of cDNA fragments recombined into the 

destination vector) with cDNA fragment sizes ranging from about 650 bp to 2.25 kb, with an 

average cDNA fragment size of approximately 1.68 kb.  According the manufacturerôs 

instructions, a standard cDNA library should have a minimum of 95% recombinants and the 

average insert size should be greater than or equal to 1.5 kb.  As a further assessment of library 

quality, a titer of the number of colony forming units (cfu) per mL was also performed with the 

Escherichia coli (E. coli) colonies transformed with the cDNA fragments (see calculation in 

Appendix 3, A3) and was above the minimum of 5 x 10
6 cfu/mL recommended by the 

manufacturer. 

A subsample of the cDNA library culture was grown in 50 mL culture of LB media to an 

OD600 of approximately 1, and plasmids extracted using a Qiagen Midiprep Kit (Qiagen, 

Hilden, Germany).  Extracted plasmids (50 ng) were then cloned into the pDESTÊ22 plasmids 

(450 ng) using Gateway® LR recombination.  Reactions were carried out at 25°C for 16-20 

hours, inactivated with 2 ɛl of Proteinase K at 37°C for 15 min and then a final step of 75°C for 

10 min.  In this method, the cDNA sequence in the donor plasmid (pDONRÊ222) are flanked 

by sites known as ñattL1 and attL2ò, and the lethal ccdB gene in the destination vector 

(pDESTÊ22) is flanked by ñattR1 and attR2ò sites. The LR ClonesÊ recognizes the ñLò and 

ñRò sites and will transfer the lethal ccdB gene into the donor vector, resulting in the cDNA 
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sequences residing in the destination vector.  The pDESTÊ22 plasmid contains the GAL4 

activation domain, which is necessary for promoter activation in yeast one-hybrid interactions.   

Cloning of bait constructs was carried out according to Deplancke et al. (2006).  Based 

on SAL1 and putative SAL5 upstream sequences cloned from Genome WalkerÊ we trimmed the 

cDNA portion of the sequence, leaving the untranslated region as part of the promoter sequence. 

PgSAL1 and putative PgSAL5 promoters were first cloned into the 476 p5E-mcs Gateway vector 

(purchased from addgene.org) using KpnI, SAlI and/or SmaI restriction enzymes and promoter-

specific primers.  PgSAL1 and putative PgSAL5 promoters were then LR cloned into the pMW#2 

vector containing the histidine reporter gene (Deplancke et al. 2006, purchased from 

addgene.org) to generate promoter baits.  To generate baits, promoters were cloned from the 476 

p5E-mcs Gateway vector into pMW#2 using Gateway LR Clonase II enzyme mix (Invitrogen, 

Carlsbad, USA).  Cloning reactions were incubated at 25°C for one hour, followed by addition of 

1 ɛl of Proteinase K incubated at 37°C for 10 minutes to inactivate the Clonase enzyme.  After 

each round of cloning, inserts were verified by PCR.  pMW#2 vectors containing PgSAL1 or 

putative PgSAL5 promoters were linearized in order to be integrated into the yeast genome.  See 

Appendix 3 (A3) for a detailed cloning protocol.   

Saccharomyces cerevisiae YM4271 strain (Cerdarlane, Burlington, CA) cells were grown 

and transformed based on a protocol from Matchmaker Gold Yeast One-Hybrid Library 

Screening System (Clontech, Mountain View CA, USA).  Linearized plasmids were transformed 

into the yeast genome using freshly prepared yeast cultures that had reached a minimum optical 

density (OD600) of 0.4-0.5.  Yeast cultures were harvested by centrifugation.  Prior to 

transformation yeast cells were incubated at 30°C for 30-45 minutes.  Yeast cells were 

transformed at 42°C for 15-20 minutes.  Following transformation, yeast cells were incubated at 
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30°C for 1.5 hours at 200 rpm of shaking.  Yeast samples were harvested by centrifugation, 

diluted and plated onto selective media.  Plates were incubated at 30°C for three to five days.  

See Appendix 4 (A4) for detailed protocols on cloning and yeast transformations. 

For PCR screening, DNA was extraction from each selected yeast colony using Zylomase 

(Clontech, Mountain View, USA).  PCR was conducted with pDESTÊ22-specific primers.  

PCR products were run on agarose gels to determine if single or multiple transformations 

occurred, and to determine relative cDNA size.  DNA from yeast colonies yielding a single band 

were then extracted using the Qiagen PCR Purification Kit (Qiagen, Hilden, Germany) and the 

insert sequenced using pDESTÊ22-specific or oligo dT primers.  In instances where nucleotide 

bases could not be called by the sequencing threshold, the corresponding bases were obtained by 

examining the raw sequencing data (characters in bold in appendix sequences A1).  If the raw 

sequencing data were ambiguous, the sequences substituted by comparison to the white spruce 

cDNA sequence in NCBI with the highest sequence similarity (underlined characters in the 

sequence of Appendix 1, A1).  

A subset of positive Y1H colonies subjected to sequencing were then used for a BLASTn 

search to confirm sequence identity.  A subset of six sequences were selected for additional 

analyses.  A more robust search was conducted by translating the six nucleotide sequences 

obtained from NCBI into the longest open reading frame (ORF) amino acid sequence.  Longest 

ORF was determined by ORF Finder (ncbi.nlm.nih.gov/orffinder/). ORF start codons were 

identified as an ñATGò codon or alternative initiation codons.  Sequences were then resubmitted 

to BLASTn to find similar sequences to determine identities.  TFs identified from Y1H were 

determined to be full length or partials based on an alignment of their longest amino acid ORF 

with the highest similarity full-length spruce clone.   
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To provide additional evidence of sequence identity, a subset of Y1H TFs were submitted 

to a motif search or pairwise sequence comparisons with close relatives.  To ensure the correct 

PgMYB were identified, sequence similarities for the PgMYB sequence similarity table 

(Supplemental Table 3.1) were restricted to the PgMYB1-13 genes identified by Bedon et al. 

(2007).  Sequence similarities are based on pairwise comparisons from sequence similarity 

determined with EMBOSS NEEDLE global amino acid alignment 

(ebi.ac.uk/Tools/services/web_emboss_needle/toolform.ebi).  To confirm the presence of NBS-

LRR (nucleotide-binding site/leucine-rich repeat) and WRKY domains, we performed additional 

motif analysis for this sequence.  The NBS-LRR and WRKY domains were identified using TF 

domain database searches with Plant TFDB (planttfdb.cbi.pku.edu.cn/blast.php).  Nucleotide 

sequences identified by Y1H can be found in Appendix 2 (A2).  

A 3-amino-1,2,4-triazole (3-AT) screen was performed to assess the strength of the 

promoter-TF interaction of six Y1H TFs that we decided to pursue further based on identities 

obtained from the BLASTn search, using a protocol similar to the manufacturers protocol from 

the ProQuestTM Two-Hybrid System (Invitrogen, Carlsbad, CA, USA).  The chemical 3-AT 

inhibits the transcription of histidine, therefore colonies that continue to grow on higher 

concentrations of 3-AT represent a stronger DNA-protein interaction. The six Y1H TFs were 

extracted from yeast and transformed again into yeast using the above described methodology, to 

confirm this was a true interaction.  Yeast was grown on plates lacking histidine and tryptophan 

to confirm the presence of the promoter and TF in the yeast cells. The histidine reporter gene is 

adjacent to the promoter sequences integrated into the yeast genome, whereas the tryptophan 

reporter gene is encoded within the vector containing the TF cDNA. The negative control yeast 
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lines contain the promoter being screened as well as the corresponding empty vector 

(pDESTÊ22), which was used for cDNA library construction.  

A detailed description of replica plating is found in Appendix 5 (A5). Colonies were 

grown for two to three days at 28 on non-selective YPDA media and then replica plated with 

sterile velvets onto amino acid drop-out media (containing: yeast nitrogen base without amino 

acids, amino acid media of choice, agar, glucose) with increasing concentrations of 3-AT on 

separate plates (See Appendix A3 for media recipes). One velvet was used for up to five replica 

plates.  Each replica plate was cleaned with a minimum of five fresh velvets, and grown for two 

to three days at 28.  Plates were photographed and visually observed for signs of yeast growth. 

3.2.4 In silico promoter analysis  

To identify TFBS present in promoter sequences of PgSAL1 and putative PgSAL5 

promoters, sequences were submitted promoter sequences to rVista through the zPicture 

alignment tool (rvista.dcode.org, Loots et al. 2002, Loots and Ovcharenko 2004).  rVista uses a 

comparative sequence analysis approach to identify putative plant TFBS based on sequences of 

previously described TFBS (Loots et al. 2002). We used the TRANSFAC V10.2 plant library 

and imposed a 0.75 matrix cut off, which has been shown to be a sufficient and acceptable cutoff 

to detect similarities while balancing the possibility of false positives (Loots et al. 2002, Loots 

and Ovcharenko 2004, Donner and Scarpella 2013). 

 To further confirm the cloned promoters belonged to the corresponding SAL gene, we 

performed an in silico BLASTN search using default parameters of the cloned promoters, and 

known cDNA sequences against the PG29 v.4.0 (Birol et al. 2013) and WS77111 v1.0 (Warren 

et al. 2015) white spruce genome assemblies on ConGenie (congenie.org/).  Default parameters 

of the ConGenie search included: BLOSUM62 scoring matrix, e-value cutoff of 1e-3, standard 
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query genetic code, standard database genetic code, and 10 results returned.  Higher e-value 

cutoffs were imposed for cDNA sequences of SAL1 (90%) because contigs of higher e-values 

had good alignments.  We submitted the entire cloned portion of the promoter, including the 

UTR and the cloned portion of the coding region (regions distinguished in Appendix A1).  The 

known cDNA sequences of SAL1 and SAL5 also contained a UTR region.  Preliminary 

alignments against queries were conducted using EMBOSS Needle nucleotide alignment 

(ebi.ac.uk/Tools/psa/emboss_needle/nucleotide.html).  Contigs determined to be the most likely 

to be representative of the query sequences based on preliminary alignments.  The final 

alignment figure of SAL1 containing the most representative contig, cDNA sequence and cloned 

promoter containing a cloned portion of the coding sequence were aligned using MAFFT 

(mafft.cbrc.jp/alignment/server/).  MAFFT parameters were as follows: auto alignment method, 

unalign level 0, gap open penalty 1.53, offset value 0, score of 0 assigned to ñNò regions, and the 

default guide tree.  The putative SAL5 final alignment figure consisting of the most 

representative contigs, cDNA sequence and cloned promoter containing a cloned portion of the 

coding sequence were less conserved and contained large insertions, and thereby the alignment 

was conducted using Geneious v10.2.3 (geneious.com, Kearse et al. 2012) with the Mauve 

plugin. 

3.3 Results 

3.3.1 Isolation and in silico analyses of two SAL promoters 

We were able to clone 923 and 1798 bp upstream of the PgSAL1 and PgSAL5 

transcriptional start sites, respectively, combining GenomeWalkerTM and mining of v1.0 of the 

white spruce draft genome (Sundell et al. 2015, see promoter sequences in Appendix A1).  Both 

sequences were cloned as single fragments, verifying the integrity of the sequence.  The SAL1 
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and SAL5 promoters shared a 30% sequence identity (Figure 3.1).  In both cases, the cloned 

sequences contained a portion of the coding sequence, allowing us to verify that both sequences 

are upstream of MIKC sequences.  In both cases, this cloned region of the coding sequence only 

contained a portion of the M domain, which is highly conserved between MIKC genes and 

therefore did not allow us to verify that the promoter fragments were upstream of the targeted 

SAL genes.  To investigate if the cloned sequences were upstream of the SAL1 and SAL5 genes, 

we used both the cloned promoter fragments and the cDNAs to query the PG29 v4 and WS77111 

v1 white spruce genome assemblies using the ConGenie BLASTn function (www.congenie.org, 

last accessed January 8 2018). We used the highest hit contigs from these queries to construct 

preliminary alignments in order to determine which contigs produced a comparatively long and 

relatively continuous alignment (Table S3.1).  Contigs determined to most likely represent the 

genomic portions of the SAL1 or SAL5 promoter and/or cDNA (i.e. the ñbest contigsò) were 

submitted to a reciprocal BLASTn search as a method of confirmation if this contig would result 

in SAL1 or SAL5 as the highest BLASTn hit (Table S3.2).  The best contig or contigs were 

aligned to the SAL1 or SAL5 promoter containing the cloned cDNA and SAL1 (Figure S3.1) or 

SAL5 cDNA (Figure S3.2, Figure 3.3).   

 From this analysis, the best contigs aligning to both the SAL1 promoter and SAL1 cDNA 

were determined to be Pg-01r141201s2137277 from the PG29 v4 assembly, and Pg-

02r141203s0882372 from the WS77111 v1 assembly (Table S3.1).  This determination was 

based on the degree of alignment between the sequences, and that in the reciprocal BLAST using 

the contigs as the query, GQ03605_C12 (SAL1) was returned as the highest hit.  This analysis 

lends confidence that the cloned SAL1 promoter is indeed upstream of the SAL1 coding 

sequence.  



 85 

Using both the putative SAL5 promoter and SAL5 cDNA as queries produced less certain 

results.  The best contigs for the SAL5 promoter and SAL5 cDNA were determined to be Pg-

01r141201s0119707, Pg01r141201s23567302, and Pg-01r141201s2765746 from the PG29 v4 

assembly, and Pg-01r141201s0119707 from the WS77111 v1 assembly (Table S3.1).  However, 

the alignments for these contigs contained fewer stretches of continuous nucleotide alignments in 

comparison to to the SAL1 alignment, which gives us less confidence that the contigs retrieved 

with the SAL5 cDNA are not bona fide SAL5 sequences.  Furthermore, when the best contigs for 

SAL5 are used as the BLAST query, the SAL5 cDNA is not returned as the highest hit. This was 

true even for the contigs found by the SAL5 cDNA best contig. Therefore, the current genome 

assemblies were not sufficient for us to determine whether the cloned SAL5 promoter is in fact 

upstream of the SAL5 coding region.  For this reason, we refer to this promoter as the putative 

SAL5 promoter. 

3.3.2 TFBS search suggests PgSAL promoters are regulated by similar networks    

The PgSAL1 and putative PgSAL5 promoter sequences were submitted to rVista v2.0 to 

identify putative TFBS within each of these promoters. The rVista search identified 64 TFBS for 

the PgSAL1 promoter, and 66 for the putative PgSAL5 promoter (Figure 3.2).  Of these, 44 

(69%) PgSAL1 and 46 (69%) PgSAL5 TFBS were found to be legitimate, nucleus-based TFs that 

had a defined function according to TAIR or UniProt (Tables 3.2 and 3.3, Figure 3.2).  42 of 

these motifs were shared between PgSAL5 and PgSAL1 promoters (Figure 3.2).  TFBS were 

categorized as legitimate if literature searches revealed TFBS were valid, if the TF associated 

with the binding site was located in the nucleus, and in the TF associated with the binding site 

was found to have a function that was not limited to having a general role in transcription and 

extended for example to development or environmental responses.  Some of the identified TFBS 
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were general motifs, and did not implicate a specific gene.  In these instances, only one gene in 

that family of motifs was selected to be represented in Tables 3.1 and 3.2.  After applying the 

above criteria, we determined that the PgSAL1 and putative PgSAL5 promoters each possessed 

TFBS associated with response to hormones (GA, ethylene, ABA, auxin, cytokinin), 

defense/wounding response, abiotic factors (such as cold temperatures, light and water stress), 

root development, development of reproductive structures, meristem development, cell division, 

cell differentiation, pigment biosynthesis and cell wall biosynthesis (Figure 3.3).  These 

identified TFBS were not necessarily the same motif. Some differences in TFBS identified 

between the two promoters was the presences of MYB80, PIF3 (POLYCHROME 

INTERACTING FACTOR 3) and ZAP1/WRKY1 (ZINC-DEPENDENT ACTIVATOR 

PROTEIN-1) in putative PgSAL5, and ATHB9 (ARABIDOPSIS THALIANA HOMEOBOX 

PROTEIN 9) and NAC (NAM, ATAF1/2, CUC2) in PgSAL1 (Figure 3.3). The putative PgSAL5 

promoter had a greater number of motifs associated with the response to GA (PIF3), abiotic 

stress (PIF3) and defense/wounding (ZAP1/WRKY1, Figure 3.3).  The PgSAL1 promoter was 

found to have a greater number of motifs associated with the develop of seeds (NAC), meristems 

(ATHB9), leaves (ATHB9), as well as cell differentiation (ATHB9) and cell wall biosynthesis 

(NAC, Figure 3.3).  The PgSAL1 and putative PgSAL5 promoters had 11 motifs associated with 

reproductive structure development, 10 of these motifs shared between the two promoters.  

Additional reproductive structure motifs included ATBH9 for PgSAL1 and MYB80 for putative 

PgSAL5. 

We further looked at the distribution of motifs within promoter sequences by visualizing 

the type and number of motifs with pie graphs (Figure 3.4).  Both the PgSAL1 and putative 

PgSAL5 promoters contains the following motifs:  AP2/B3, AP2/ERF, ARF, ARR, BHLH, 
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BZIP, DOF, E2F, EIL, GATA, HD-ZIP, MADS, MYB, PHD, RITA, TALE/KNOX, TCP, 

TRIHELIX, and ZNF.  For the PgSAL1 promoter, the most abundant motifs were BZIP (16%), 

MYB (16%), and MADS (11%, Figure 3.4A).  For the putative PgSAL5 promoter, the most 

abundant motifs were BZIP (18%), MYB (18%), MADS (11%, Figure 3.4B).  The unique motifs 

for the PgSAL1 promoter were ATBH9 (50%) and ABI4 (50%, Figure 3.4C), and for the putative 

PgSAL5 promoter were MYB (33%), ZAP1/WRKY1 (33%) and PIF (33%, Figure 3.4D). 

3.3.3 Six putative regulators bind PgSAL1 and putative PgSAL5 promoters in weak and 

strong interactions 

Y1H assays were conducted to identify white spruce proteins interacting with the cloned 

PgSAL1 and putative PgSAL5 promoters.  Approximately 800 yeast colonies were screened for 

PgSAL1 and putative PgSAL5 promoter interactions (refer to A3 for a detailed protocol).  

Approximately 317 yeast colonies screened by PCR possessed a single band, and as a result 

these PCR products were chosen for sequencing.  Sequencing results were used to query the 

NCBI database using BLASTn, and pared down to six Y1H TFs for further analysis based on 

BLASTn identities which represented plausible TFs (Table 3.5).  A list of other putative TFs that 

were identified in the Y1H screen but were not used for further analysis are listed in Appendix 5.  

Most of these did not produce a significant alignment when used to query the NCBI database. 

From this full set of interacting proteins, we focused on a subset of interacting TFs whose 

putative functions shed some light on the signaling networks regulating PgSAL1 and PgSAL5, 

and therefore offer clues as to the functions of PgSAL1 and PgSAL5 (Table 3.4). From the 

PgSAL1 promoter-interacting proteins, we selected SUPPRESSOR OF OVEREXPRESSION OF 

CONSTANS-like (SOC1-like), FLC EXPRESSOR-like (FLX-like), and ABSCISIC ACID 

STRESS RIPENING-like (ASR-like) for the Y1H interaction strength assay.  PgSOC1-like and 
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PgASR-like cDNAs were full -length, while PgFLX-like was a partial cDNA, with approximately 

500 nucleotides truncated from the 3ô end.  PgSOC1-like sequences shared 64.8% sequence 

similarity with SOC1/PTM5 from Populus tremuloides, a characterized SOC1-like gene from a 

perennial species (Cseke et al. 2003).  PgSOC1-like has 100% sequence similarity to 

PgGQ023235_L08, a spruce cDNA included in our phylogenetic analysis (Chapter 2).  The 

phylogenetic analysis showed that PgSOC1/PgGQ02335_L08 is sister to the clade containing 

Arabidopsis SOC1. PgFLX-like had a 29.8% sequence similarity to FLX-like 3 gene in Cicer 

arietinum L. PgASR-like had a 22.7% similarity to Solanum lycopersicon L. ASR4 and 33.3% 

similarity to Solanum lycopersicon ASR1.  

From the putative PgSAL5 promoter-interacting proteins, we screened 

CAPRICE/ENHANCER OF TRYPTYCHON AND CAPRICE-like (CPC/ETC-like), an R2R3 

MYB, PgMYB1, and nucleotide binding site-leucine rich repeat NUCLEOTIDE BINDING 

SITE-LEUCINE RICH REPEAR/WRKY (NBS-LRR/WRKY) for the Y1H interaction strength 

assay (Table 3.4).  PgMYB1 was a full-length sequence, PgCPC/ETC-like was a partial sequence 

with 46 amino acids absent from the 5ô end. The PgNBS-LRR/WRKY-like sequence was a partial 

sequence based on its shorter length (560 bp nucleotide, 147 amino acid) relative to its 

corresponding full length white spruce cDNA sequence PgGQ0033_E20 (710 bp nucleotide, 171 

amino acid), and relative to the Arabidopsis full length sequences showing the highest sequence 

similarity, AT1G69550.1 (5244 bp, 1400 amino acids).  The PgNBS-LRR/WRKY-like partial 

cDNA also appeared to contain deletions and insertions. The Y1H PgMYB1 TF was of interest 

to us because of the phylogenetic and functional characterization that has been carried out for 

this gene (Bedon et al. 2007, Bomal et al. 2008, Bomal et al. 2014).  PgMYB1 identity was 

validated by sequence comparison to PgMYB1-PgMYB13, a subset of the PgMYB TFs identified 
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by phylogenetic analysis as belonging to the same clade (Bedon et al. 2007).  Whereas the 

PgSAL1 promoter-interacting PgMYB had a 98.5% amino acid sequence similarity to PgMYB1, 

the sequence similarities of PgSAL1 promoter-interacting PgMYB to PgMYB2-13 ranged from 

27.2% to 37.6%.  This level of sequence similarly indicates that the PgMYB sequence identified 

by Y1H is PgMYB1. 

The Plant TFDB domain search identified the PgNBS-LRR/WRKY-like TF sequences to 

have a WRKY domain (e-value 1e-09). The NBS-LRR domain was also identified by the Plant 

TFDB domain search (e-value 1e-06 to 6e-04). A globally optimized alignment of PgNBS-

LRR/WRKY-like and Arabidopsis WRKY19 yielded a low sequence similarity of 3.5%, and 4.6% 

with Arabidopsis WRKY16 (Table 3.4). The truncated PgNBS-LRR-like likely contributed to the 

low sequence similarity, as the AtWRKY16 and AtWRKY19 amino acids sequences were 

approximately 1200 to 1750 bp longer than PgNBS-LRR-like. Using alignment (Supplemental 

Figure A3.6, Figure S3.7) and conserved domain identification 

(ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi, Supplemental Figure S3.8), we identified that the 

PgNBS-LRR/WRKY domain aligned to separate LRR domains in the AtWRKY16 and AtWRKY19 

sequence.  I believe PgNBS-LRR/WRKY-like may be a truncated version of the spruce clone 

PgGQ0033_E20.  PgNBS-LRR/WRKY-like appeared to be a hybrid of NBS-LRR and WRKY, 

since both domains are present and share sequence similarity with previously identified 

Arabidopsis NBS-LRR and WRKY hybrids (Rinerson et al. 2015).  Despite the low sequence 

similarity of PgNBS-LRR-like to AtWRKY19 and AtWRKY16, the identified WRKY domain 

appeared to be conserved even in this truncated sequence. 

All six of the above proteins were determined to interact with the PgSAL1 or putative 

PgSAL5 promoter to a greater degree than the negative controls (Figure 3.5). Interactions were 
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identified as ñstrongò or ñweakò based on the amount of visible yeast growth on increasing 

concentrations of 3-AT.  The PgSAL1 promoter was identified to have a weak interaction with 

PgSOC1-like, and strong interactions with PgFLX-like and PgASR-like (Table 3.4).  The 

PgSAL1 promoter negative control exhibited almost no growth at 5 mM 3-AT. At 5 mM 3-AT, 

PgSOC1-like showed weak growth, while PgFLX-like and PgASR-like had more pronounced 

growth. PgFLX-like and PgASR-like colonies also exhibited some weak growth on 10 mM 3-AT 

plates, while PgSOC1-like and the negative control had no growth. Growth of the putative 

PgSAL5 promoter negative control was dramatically reduced at 10 mM 3-AT and absent at 20 

mM 3-AT. PgMYB1 appeared to have a weak interaction, since its growth at 10 mM was only 

slightly better than that of the negative control. PgMYB1 also appeared to have very small 

amounts of growth at 20 mM 3-AT. PgCPC/ETC-like and PgNBS-LRR/WRKY-like had strong 

interactions because they grew well on 10 mM 3-AT, and formed visible colonies on 20 mM 3-

AT.  

The putative PgSAL5 promoter yeast line appeared to have a higher baseline activation of 

the histidine reporter gene compared to the PgSAL1 promoter line. Promoters are integrated into 

the yeast genome independently, and therefore can have different baseline levels of expression 

based on their location in the genome.  Different genomic integration sites may explain why the 

putative PgSAL5 promoter yeast line was able to grow on higher levels of 3-AT than the PgSAL1 

promoter yeast line. 

3.4 Discussion 

We demonstrated in Chapter 2 that white spruce SAL1 and SAL5 genes are homologous 

to both angiosperm SVP and AGL24 genes.  PgSAL1 and PgSAL5 showed similar but not 

identical patterns of expression (Chapter 2), peaking within the first two weeks of bud formation 
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and declines at later time points.  Here, we investigated the possible regulatory networks that 

SAL1 and SAL5 function in, using both in silico identification of TFBS and in vivo identication 

of promoter-interacting protens via Y1H.  These approaches are useful for identifying possible 

functions for these genes.  These complementary approaches allowed us to examine whether the 

identified putative TFs regulating PgSAL1 and PgSAL5 are the same or different, as well as 

provide evidence to support a role for either or both PgSAL1 and PgSAL5 in processes associated 

with bud formation.  

In the absence of a quality reference white spruce genome assembly at the time that this 

research was conducted, I cloned the promoters for PgSAL1 and PgSAL5 using Genome Walker.  

I used the two cloned promoters and the SAL1 and SAL5 cDNA sequences to query the PG29 v4 

and WS77111 v1 white spruce draft assemblies to ascertain whether the cloned promoter 

sequences and targeted cDNA sequences could be aligned with confidence to the same genomic 

contig, thereby providing evidence that the cloned promoters are upstream of the targeted SAL 

coding sequences.  From these analyses, we have confidence that the SAL1 promoter is upstream 

of the SAL1 coding sequence, and is therefore a bona fide SAL1 promoter (Supplemental Figure 

3.1, Supplemental Table 3.1, 3.2).  In contrast, our analyses suggested that neither the SAL5 

promoter nor SAL5 cDNA sequence are not represented in the current PG29 or WS77111 draft 

assemblies, since the alignment of the contigs with the SAL5 promoter or cDNA sequences had 

large gaps and large regions of mismatches.  The finding that the SAL5 locus is not represented 

in these draft assemblies is not surprising, given that very few contigs contain a fully assembled 

locus, and only a small number of contigs contain multiple loci (Pavy et al. 2017).  We have 

some evidence that the cloned promoter is mostly likely SAL5 based on the high sequence 

similarity and low e-value to GQ03806_I20 (SAL5) when we use the cloned portion of the SAL5 
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UTR and coding sequence as BLAST queries.  However, this region of the coding sequence 

contains the conserved M domain, and thus does not have unique SAL5 signatures.  For this 

reason, we have less evidence that the cloned SAL5 promoter is upstream of the SAL5 coding 

sequence and therefore have referred to this promoter as the ñputative SAL5 promoterò.  The 

inability to identify a high confidence contig from the SAL5 cDNA demonstrates the limitations 

of the current white spruce genome assemblies. Considerable improvements to the assembly by 

additional sequencing and improved assembly methods are required in order for the white spruce 

genome to reach reference status. 

The majority of putative TFBS identified by rVista were shared between PgSAL1 and 

putative PgSAL5 promoters.  The Y1H identified six promising TFs for future investigations.  

Many of the putative TFBS and Y1H TFs suggested functions related to growth and 

development.  In addition, many TFBS related to hormone regulation were identified.   

3.4.1 PgSAL1 and putative PgSAL5 promoters are regulated by external stimuli and 

hormones 

Pathways that may be involved in regulating the promoter activity of both PgSAL1 and 

putatively PgSAL5 include response to water stress, cold temperatures, light quality, biotic and 

abiotic stress, ethylene, GA, ABA, auxin, and CK. Both promoters also contained TFBS 

associated with cell division, cell differentiation, the development of reproductive structures, and 

seed development.  Even though the promoters only shared ca. 30% sequence identity, almost all 

of the TFBS with defined functions were identified in both the PgSAL1 and putative PgSAL5 

promoters, suggesting that the genes may be regulated by similar signaling pathways.  The TFBS 

database searched demonstrated that the putative PgSAL5 promoter had additional TFBS 

associated with the response to ABA, light, GA, and defense. In contrast, the PgSAL1 promoter 
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was regulated by two additional TFs linked to development of the leaf, the seed, the meristem, 

cell wall biogenesis and cell differentiation.  Based on these differences, the putative PgSAL5 

promoter may be associated with more regulatory responses related to hormonal control and 

external stimuli, while the PgSAL1 promoter had some TFs linked to cell cycle control and 

structure development.  

Potential roles development and phase transitions at the meristem are demonstrated by 

the presence of GAMYB and WRKY TFBSs in both the PgSAL1 and putative PgSAL5 

promoters. GAMYB has been shown to be involved in the response to GA and ABA, as well as 

seed storage, floral initiation, stem elongation, anther development and seed development 

(Washio 2003, Woodger et al. 2003). The WRKY TF family has a variety of roles in plant 

development and biotic and abiotic stress (Ciolkowski et al. 2008). This is in agreement with our 

Y1H, which also suggested that the putative PgSAL5 promoter interacted with a defense-related 

WRKY TF. Altered flowering time in Arabidopsis plants by soybean WRKYs further 

demonstrates that transition from flowering is affected by regulatory networks involved in the 

stress response, and appears to be mediated by WRKYs (Yang et al. 2016).  

 Multiple DNA binding motifs involved in light perception were identified in the PgSAL1 

and putative PgSAL5 promoters, indicating that PgSAL genes are a downstream target of light 

perception and/or light quality.  The PgSAL1 and putative PgSAL5 promoter possess four TFBS 

for the light response: CPRF2, CPRF3, RAV1 and TAV1 (Table 3.2, 3.3). This finding is in 

agreement with the knowledge that bud formation is accelerated under SD in white spruce 

(Hamilton et al. 2016) and that growth cessation and bud formation in other species such as 

Populus spp. is influenced by light signals and day length (Olsen 2010). 
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A greater number of TFBS were identified in the putative PgSAL5 promoter, likely 

because the putative PgSAL5 promoter sequence submitted for the motif search was about 800 

bp longer than the promoter sequence submitted for PgSAL1. Larger fragments of promoter 

sequence are naturally more likely to increase the number of TFBS identified.  We must 

acknowledge that TFBS need to further be validated and we predict that based on the nature of 

the search and conservation of functional TFBS that the number of true TFBS will likely be 

fewer than the number originally identified.  Also, in order to confirm that the cloned promoters 

are upstream of the SAL1 or SAL5 gene, the promoter and the entire respective SAL coding 

sequence should be cloned from white spruce gDNA.   

3.4.2 Yeast One-Hybrid Assay identified six proteins that may regulate PgSAL genes 

Based on the Y1H assay, we have at least four putative TFs that appear to be good 

candidates to interact physically with PgSAL promoters (Figure 3.5, Table 3.4): PgASR-like, 

PgCPC/ETC-like, PgFLX-like, and PgNBS-LRR/WRKY-like. Here, I will discuss the potential 

roles of these strong and weak (PgSOC1-like, PgMYB1), interactions with PgSAL1 or putative 

PgSAL5.  Interactions could have been more accurately characterized as ñstrongò and ñweakò if 

we possessed a positive Y1H control to compared our interactions.  However, due to the 

resources available in the white spruce system, a positive Y1H control was not available.  

Further experimental validation of these interactions could be carried out with targeted deletions 

of portions of the promoter sequences to determine the area the TFs bind. 

3.4.2.1 Transcription factors that interact with the putative PgSAL5 promoter suggest roles 

in development and beyond bud formation 
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Since PgNBS-LRR/WRKY-like protein possesses similarities to both LRR and WRKY 

domains, we speculate that this protein may help facilitate different protein interactions and 

binding partners related to transcription.  WRKYs have several roles in response to stress 

pathways, including plant defense, MAP kinase signaling, activation of ABA signaling and 

promotion of salt and drought tolerance (Phukan et al. 2016, Rushton et al. 2010). WRKYs also 

have several developmental roles, and may act to inhibit GA signaling during seed dormancy 

(Phukan et al. 2016, Rushton et al. 2010). For example, soybean (Glycine max L.) defense-

related WRKYs (GmWRKY58 and GmWRKY76) accelerate time to flowering when overexpressed 

in Arabidopsis (Yang et al. 2016). These results demonstrate that TFs related to defense can 

influence other developmental pathways, such as the transition from vegetative to reproductive 

growth. Furthermore, it was demonstrated through ChIP-seq that these soybean WRKYs bound 

to the promoter region of multiple Arabidopsis flowering time genes, including AtSVP (Yang et 

al. 2016).  This range of results leads us to believe that WRKYs may function outside of their 

traditional roles in plant defense, and participate in the regulation of flowering, which is 

intriguing because of the link between flowering time and bud formation. 

WRKY TFs bind the W-box, (T)(T)TGAC(C/T), in promoters. The putative PgSAL5 

promoter does possess a traditional WRKY motif (TTGACT, +1769), but the PgSAL1 promoter 

does not. The presence of a WRKY motif in the putative PgSAL5 promoter is supported by the 

rVista database search which identified W-boxes from WRKY TFs in the promoters of both 

PgSAL1 and putative PgSAL5 (Table 3.2, 3.3).  The pattern of both analyses suggests the 

presence of a potentially functional WRKY motif provides further evidence that there is a true 

interaction between putative and the WRKY TF.   



 96 

PgNBS-LRR/WRKY-like may be a chimeric NBS-LRR/WRKY TF, demonstrated by the 

identified domains and high DNA binding affinity, and may have regulatory functions.  Chimeric 

proteins containing both the NBS-LRR and WRKY domains have been identified in flowering 

plants (Rinerson et al. 2015, Rushton et al. 2010). In Arabidopsis, three NBS-LRR/WRKY genes 

have been identified: AtWRKY16, AtWRKY19 and AtWRKY52 (Rinerson et al. 2015). The 

AtWRKY16 and AtWRKY19 genes have DNA-binding capabilities, in addition to roles in 

signaling in the innate immune response (Rinerson et al. 2015, Rushton et al. 2010). Since our 

PgNBS-LRR/WRKY-like gene has a strong interaction strength on 3-AT plates, it seems unlikely 

its only purpose is in intracellular signaling. If PgNBS-LRR/WRKY-like only possessed a role in 

intracellular signaling and its interaction with the putative PgSAL5 promoter is non-specific, we 

would predict would be more likely to have a weak interaction.  In angiosperms, there have been 

at least eight types of NBS-LRR/WRKY genes identified, which possess unique combinations of 

NBS-LRR domains, WRKY domains and additional protein domains (Rinerson et al. 2015). 

Since our PgNBS-LRR-like sequence appears to be a partial sequence, in combination with the 

fact it appears to be similar to the relatively newly characterized NBS-LRR/WRKY gene hybrid, it 

is difficult to classify this protein with absolute certainty.   

Despite well characterized NBS-LRR roles in disease resistance, members of this family 

have also been shown through yeast-two hybrid assays to interact with MADS-box genes (Cseke 

et al. 2007, Acevedo et al. 2004, Gamboa et al. 2001). In poplar, the PTM5 and PtLRR protein-

protein interaction was proposed to represent a novel LRR-type gene to mediate protein-protein 

interactions (Cseke et al. 2007). Furthermore, other LRR proteins in Arabidopsis, such as 

CLAVATA1  and ERECTA, have demonstrated developmental roles through protein-protein 

interactions and intercellular signaling (Clark et al. 1997, Torii et al. 1996).    
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Similar to most of the other interacting proteins that we identified with Y1H, functional 

characterization of the R3 MYB CPC/ETC genes in other species revealed possible roles in 

development.  I could not find a direct link between CPC/ETC genes and SVP-like genes in the 

current literature. Arabidopsis CPC and ETC have contrasting roles in root development.  CPC 

acts as a positive regulator of hair-cell differentiation and is involved in cell fate determination in 

epidermal cells (Wada et al. 1997). ETC1 genes are believed to act as negative regulators of 

trichome differentiation, and a positive regulator of the development of root hairs (Kirik et al. 

2003). Interestingly, single loss of function ETC3/CAPRICE-LIKE MYB3 (CPL3) mutants 

exhibit delays in flowering, which suggests ETC3 has a role in the transition from vegetative to 

reproductive growth at the meristem (Tominaga-Wada et al. 2013). These findings lead us to 

propose that putative PgSAL5 plays a role in cell fate determination and development.  

Additional in vivo or in vitro analysis is necessary to confirm the interaction of the SVP-like 

promoters and their proposed interaction partners. 

PgMYB1, found to interact with the putative PgSAL5 promoter, is perhaps the best 

characterized of all conifer transcription factors (Bedon et al. 2007, Bomal et al. 2008, Bomal et 

al. 2014).  The presence of the MYB recognition sequence (TAACTG) in putative PgSAL5 

(+235 to 240) and PgSAL1 (+209 to 212) is in agreement with the MYB TFBS identified by the 

database search. PgMYB1 is hypothesized to be involved in lignin biosynthesis by regulating 

phenylpropanoid metabolism (Bedon et al. 2007). PgMYB1 also has a high sequence similarity 

to MYB1 in loblolly pine (Pinus taeda L.), which is suggested to be a positive regulator of lignin-

synthesizing enzymes (Patzlaff et al. 2003). Bedon et al. (2007) found PgMYB1 to be 

homologous to Arabidopsis MYB20, which is involved in cell differentiation and regulating fiber 

development (Ehlting et al. 2005). Our finding that PgMYB1 interacts with the putative PgSAL5 
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promoter suggests that PgSAL5 may possess roles outside of vegetative or reproductive bud 

formation, possibly in regulation of secondary cell wall formation. If true, it would suggest that 

PgSAL5 has acquired functions distinct from PgSAL1, which seems more likely to regulate 

events associated with bud formation. 

3.4.2.2 Transcription factors that interact with the PgSAL1 promoter suggest role in bud 

formation  

FLX is a component of the flowering pathway.  It has been demonstrated in yeast and 

transient in planta assays that AtFLX complexes with FRIGIDA (FRI) in order to promote the 

baseline expression of FLC (Choi et al. 2011, Ding et al. 2013). FLC in turn inhibits the 

expression of genes such as SOC1, FT, and TWIN SISTER OF FT (TSF), which repress 

flowering (Borner et al. 2000, Lee et al. 2000, Samach et al. 2000, Hepworth et al. 2002, 

Michaels et al. 2005). Vernalization, an extended period of cold temperatures required to initiate 

flowering in some species, alleviates the repression of FLC to promoter flowering (Michaels and 

Amasino 1999, Sheldon et al. 1999).  The interaction of the PgSAL1 promoter with FLX 

suggests that PgSAL1 could be regulated by cold temperatures, and that TFBSs involved in the 

cold response are conserved within the promoter. This evidence that PgSAL1 may be cold 

regulated is in agreement with our database search, which identified TFBS regulated by cold 

temperatures, including RELATED TO ABI1/VP1 (RAV1).  AtRAV1 is under circadian clock 

regulation (Fowler et al. 2005), is upregulated by low temperatures (Fowler and Thomashow 

2002), and may negatively regulate growth (Hu et al. 2004). In Arabidopsis, RAV1 also 

positively regulates leaf senescence and may act as an integrator of environmental cues with leaf 

maturity (Woo et al. 2010).  Overall these results show evidence that PgSAL1 may be involved 

in CO/FT regulatory network and may have a role in the control of bud formation.   
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Additional evidence linking PgSAL1 to regulating developmental events at the SAM is 

the interaction of PgSOC1-like with the PgSAL1 promoter.  SOC1 is a MADS-box protein that, 

in Arabidopsis has been found to bind the AtSVP promoter to allow flowering to proceed (Li et 

al. 2008, Immink et al. 2012).  SOC1 binds to the CArG-box motif (CC[A/T]6GG). No motifs 

with 100% similarity to CArG-box motifs were identified by our promoter motif search in the 

either promoter. However, several MADS-box TFBSs were identified by the rVista search in 

both the PgSAL1 and putative PgSAL5 promoters, which include AGAMOUS (AG), 

AGAMOUS-LIKE 1, i.e., SHATTERPROOF1 (AGL1), AGAMOUS-like 15 (AGL15), 

AGAMOUS-LIKE 2, i.e. SEPALLATA1 (AGL2), and AGAMOUS-LIKE 3, i.e. SEPALLATA4 

(AGL3).  Kaufmann et al. (2009) identified through ChIP-seq in Arabidopsis that CArG-box-like 

motifs can be sufficient for interacting with MADS-box TFs. We propose that although 

angiosperm motifs can be useful tools when searching conifer promoters, it is possible these 

motifs may not be fully conserved in conifers. Lack of motif conservation in conifers increases 

the likelihood that conifer promoters have diverged and may only possess partially conserved 

angiosperm motifs. Additionally, MADS-box TFs bind as hetero- or homo-dimers in order to 

form TF complexes (Egea-Corines et al. 1999, Honma and Goto 2001). We speculate that SOC1 

may have had a stronger interaction with the PgSAL1 promoter in the 3-AT screen if the 

necessary accompanying TFs were also present to facilitate this interaction. 

 We propose SOC1-like genes regulate SVP-like genes not just in the annual Arabidopsis, 

but also in white spruce. Poplar SOC1/PTM5 has not been identified as a target or regulator of 

poplar SVP-like genes. PTM5 demonstrates a seasonal variation in expression, and is believed to 

have a role in both xylem and phloem differentiation, and in the vascular cambium (Cseke et al. 

2003).  AtSOC1 has been shown to be a regulator of SVP expression (Immink et al. 2012).  In the 
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perennial woody species kiwifruit (Actinidia chinensis (A. Chev.) C.F. Liang & A.R. Ferguson) 

AcSOC1-like gene is proposed to function in partnership with AcSVP-like to impart 

transcriptional regulation (Voogd et al. 2015). This proposed function is supported the 

overlapping location and timing of expression of AcSOC1-like and AcSVP-like genes in kiwifruit 

(Wu et al. 2012). Voogd et al. (2015) proposes that AcSVP-like genes may also regulate 

transcription of SOC1-like genes, which would complement the Arabidopsis model (Immink et 

al. 2012, Tao et al. 2012, Gregis et al. 2013). SOC1 is a part of the photoperiodic regulation of 

flowering time in Arabidopsis, and is under the regulation of the circadian rhythm. If PgSOC1-

like is also under the control of the circadian clock, then the interaction with the PgSAL1 

promoter suggest that PgSAL1 may be regulated light and circadian rhythm.   

ABA has been shown to have a role in bud formation and maturation, as well as the onset 

of ecodormancy and growth cessation, making this hormone and related TFs interesting 

candidates for regulators of PgSAL1 (Rohde et al. 2002, Horvath et al. 2003, Ruttink et al. 

2007).  The observations that ABA content increased in white spruce buds under shortened 

photoperiods (El Kayal et al. 2011) and that shortened photoperiods increased ABA in poplar 

apical buds (Rohde et al. 2002), suggest that ABA may function in a similar manner in 

angiosperm and conifer bud development and growth cessation.  Potato (Solanum tuberosum L.) 

ASR regulates tuber development, which is triggered by external stimuli similar to dormancy 

inducing conditions, such as shortened day length, cool temperatures, and increased ABA levels 

(Xu et al. 1998, Rodríguez-Falcón et al. 2006).  ASR orthologs regulate the abiotic stress 

response (e.g. drought and salinity) in addition to fruit ripening and tuber development in potato 

(Golan et al. 2014, Frankel et al. 2004). Environmental conditions such as drought, salinity 

induce expression of Ginkgo biloba L. Asr and Asr orthologs (Shen et al. 2005). Overexpression 
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of ASR in tomato caused an increased tolerance to abiotic stress, including salinity, drought and 

cold (Golan et al. 2014).  ABA content showed a slight increase in white spruce buds near the 

finalization of bud formation, which may be associated with drought tolerance (El Kayal et al. 

2011).  Regulation of PgSAL1 by ASR suggests PgSAL1 is regulated by ABA, which could be 

linked to the perception of dormancy-inducing desiccation conditions.  Our speculation that ASR 

is involved in the ABA response is further supported by the identification of motifs from our 

promoter databased search that are regulated by the ABA response, including ABA 

INSENSITIVE 4 (ABI4), ARABIDOPSIS THALIANA HOMEOBOX PROTEIN 5 (ATBH5), 

and EARLY METHIONINE BINDING PROTEIN-1(EmBP1).    

3.4.3 Conceptual models of PgSAL1 and putative PgSAL5 regulatory networks 

Based on our findings in this paper and previous research we inferred upstream pathways 

regulating PgSAL1 and putative PgSAL5 (Figure 3.6). Specifically, we propose that genetic 

interactions as well as ethylene, light, auxin, GA, ABA, CK, defense and abiotic factors play an 

important role in regulation of both genes. 

The TFBS search yielded very similar TFs involved in activating both PgSAL1 and 

putative PgSAL5 promoters, suggesting that they are predominantly regulated by the same 

pathways. The TFBS identified from the database search were identified to be involved in the 

hormone response (ethylene, auxin, GA, CK, ABA), the response to light, as well as the defense 

response and the abiotic (water stress, cold) response.  However, these hormones and 

environmental cues also induce transcriptional changes in the regulation of pathways outside of 

bud formation and dormancy induction, including senescence, dormancy maintenance, dormancy 

release, and bud burst.   
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We hypothesized that PgSAL1 was involved in processes in the early stages of bud 

formation and/or growth cessation based on expression data (Chapter 2). These findings are 

further supported here based on the DNA interacting partners that were identified through Y1H: 

PgSOC1-like, PgASR-like and PgFLX-like.  ASR-like genes are believed to be ABA-responsive 

(Shen et al. 2005), while FLX-like genes may be regulated by cold temperatures (Ding et al. 

2013).  PgSOC1-like has not been functionally characterized in spruce; however, in poplar, 

SOC1/PTM5 has been suggested to regulate the formation of wood tissues (Cseke et al. 2007).  

Like PgSAL1, PgSAL5 showed an expression pattern consistent with roles in early bud 

development and/or growth cessation (Chapter 2). However, interacting TFs identified by Y1H 

in vivo interactions and through TFBS in silico analyses suggest that PgSAL5 has a role distinct 

from PgSAL1, and perhaps different from SVP/AGL24-like genes characterized from other 

species to date.  The known functions of PgMYB1 in regulating phenylpropanoid biosynthesis 

and the hypothesized functions of PgNBS-LRR-like allow us to hypothesize that PgSAL5 could 

participate in roles outside of bud initiation, and regulate development of wood tissue/secondary 

growth.  

Our work has demonstrated that conifers may have a conserved regulatory pathway for 

bud formation that is similar to angiosperms.  We also observed that PgSALs may have acquired 

or maintained roles that extend beyond bud formation into other areas of development not 

previously anticipated based on angiosperm models.  An alternative theory is that angiosperms 

have lost part of the ancestral repertoire, since PgSAL are sister to angiosperm SA.  These 

previously unanticipated functions may be a reflection of the evolutionary divergence between 

conifers and angiosperms, and our results required further experimentation to be conclusive.  

Additional experiments include electrophoretic mobility shift assay, tobacco co-infiltrations, or 
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ChIP, in order to validate the TF-promoter interactions identified by Y1H.  Further work is 

required to verify proposed functions include RNA interference experiments in spruce for PgSAL 

genes and select TFs that regulate PgSALs.  Transgenics are needed to uncover the regulators and 

moderators of these pathways in relation to different aspects of seasonal growth.  Additional 

experiments are also required to unequivocally link the PgSAL1 and PgSAL5 promoters 

upstream to their respective coding sequences. This can be done by cloning the entire promoter 

region and cDNA sequence as one piece, to confirm these promoters are upstream of the 

intended SAL genes.  Through these experiments we hope to uncover if PgSAL genes share 

similar functions to their DAM homologs, and furthermore that these genes are non-functionally 

redundant/demonstrate functional divergence.    
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