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Abstract

An important part of the annugtowth cycle of white sprucé(cea glaucgMoench.]
Voss;Pg) trees is the transition from active growth to dormamayich confersprotection
against the potentially destructive environmental elements of winter. Terminal bud formation
and cessation of emistemic 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 angiosp&hORT VEGETATIVE PHASEVP
genes have been implicated in the control of bud formation, groggsation and dormancy
induction. However, theolesof SVRIlike genesn white spruce and other conifdraveyet to
beinvestigatedn this context

We identified a suite of white sprugenes with sequence similarity 8/Pgenes and
exploredwhetherthese genes have a role in bud formation. To determine the white spruce genes
that are mostly closely related to angiosp&wiPandSVRIike genes, we constructed a
phylogenetic treesingnucleotide and deduced amino acid sequefroas a range ofland
plants This analysis showed thegverwhite spruce genes form a sister clade with ISR
like sequences and the closely rela#d€aAMOUSLIKE 24-like (AGL24like) sequences from
angiospem species. Based on this evolutionary relationship, we have called these white spruce
genePgSVP/AGL24ike (PgSAL. Transcriptional profiling revealatiat the seveRgSAL
geneplus the more distantly related GQ03118 H14 exhililtegle majoexpressin patterns
with five of the seve®gSALgenesshowing declining expression at later time poir@ased on
transcriptional data, the gentbst are most likely to be involved in regulating bud formation

and/or growth cessation aPgSAL1, PgSALPgSAL3PgSAL4 andPgSALS



Based ortheseexpression profilesve selected tw&®gSALgenedor furtherfunctional
characterizatiothrough identifying factors dtregulate their expressioiWe targetedhe
promoter sequences BSALlandPgSALSo identify potential upstream regulatork silico
characterization revealgmbtentialtranscription factor binding sites in tRgSAL1 andputative
PgSALS promoterghatmay 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 auxif)NA-protein interactionasdeterminedy yeast
onehybrid revealedhat the promoter d?gSALL geneshowed interactions consistent with a
function in the bud formation pathways conserved with the angiosperm photoperiodic pathway.
TheputativePgSALS promoteris regulagéd by factors that suggestrale outside of bud
formation, based on the angiosperm mod&bththe PgSAL1 andputativePgSALS5 promoters
were regulated by transcription factors that participate in regulatory netwdds of
temperaturethe abscisic acid response, plal@fenseand/or secondary growthA subset of
transcription factor binding sites suggtsit PgSALlandPgSAL5could beregulated by the
defense pathway, which may indicate novel roles for these genes outside of the phase transition
from active growth to dormayy.

We demonstrat¢hat white spruc&ALgenes are homologous to angiosp&viand
AGL24genes, angroposethat a subset of these gefase rolsin 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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1.0Chapter 1: Introduction and Background

1.1Importance of white spruce in Canadan forests

Canada has 348 million hectardgorest, 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 spigea glaucgMoench)

Voss), red sprucdéPfcea rubenssarg.), black sprucé{cea mariangMill.) Britton, Sterns &
Poggenb), Engelmann sprugdcea engelmanniParry ex Engelm,)Sitka spuce(Picea
sitchensigBong.) Carriere)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 f@idedneedles, with the exception of the two
sided needles of Sitka spruce.

White spruce treeandtheir hybridsare found in almost all forests within Canada except
for northern regions of Nunavut and the Pacif
(Government of Albert2006, Natural Resources Canada 2015, Canadian Wildlife Federation
2017). White spruce trees have a transcontinental distribution across Canada (Nienstaedt and
Zasada 1990, Figure.1). In Alberta,Piceamake up approximately 45% of forested areas, with
white spruce comprising 30%0vernment of Albert2013). Natural hybrid zones of white x
Engelmann sprucéd{cea glaucgMoench) Voss YiceaengelmanniParry ex Engelm.) occur
where the distributionsfahese trees overlap in Alberf@overnment of Alberta 20)60ther
trees commonly found growing in forestsntaining white spruce include Sitka spruzgsam

poplar, aspen and bircksovernment of Alberta003).



Spruce trees play an important roleeontributing to the maintenance of forest ecology.
Forests containing spruce trees provide habitats for many speciearth@aefamily,
including deer, moose, caribou and elk, @il &s sheep, goats and bedrsaddition, many
Indigenous communds (~70%)are located irCanadian forests (Natural Resources Canada
2014a). Continuedattentionis being placedowardsconservatiorand regeneration of Canadian
forestswith cariboubeingdeclared a speciestagk bythe Canadian federal government
(Government of Canada 2017). Thisiseffort to preservearibouhabitds, which havea
preference for forests containing white spruce, among t#especiefGovernment of Canada
2017).

Canadads softwood Imamybfespruces meaod fit, snd geoemager i s e
a GDP of $22 billion annually (Natural Resources Canada 2014b). Over Q@x0Aadians are
employed by the forestry industry in Canada (Natural Resources Canada 2017). Spruce trees are
harvested for use isolid wood and paper prodts,and grown commercially for theéhristmas
treeindustry Some of the products manufactured from white spruce include newsprint,
constructiormaterials plywood, paddles, musical instruments and packing ca&sass(nment
of Alberta2006,Government of Albert2003). Trees are generally harvested when trees have

reached 80 to 120 years of a@oyernment of Albert2003).

1.2Dormancy
1.2.1 Endodormancy, ecodormancy, paradormancy
Entrance into a dormant state is a key component of themakéfestyle 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 wordhalancy to describe the cessation of growth. In Lang



(1987) and Langt 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 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 regraewth at
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 dominasitiee 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
theapicalbud or deapitation, thereby removing the inhibitory auxin signal (Getall. 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 thargant,
imposed by the environment. é&codormancygrowth permissive conditions such as warm
temperatures, nutrient and water availability are absent and as a result growth of the structure
does not occur.

Langod6s (1987) definiticetheyrelybnth@ overalancy ar e
appearance of growth on a physiological level, and focus on the source of the dormancy
imposing cues. Thisharacterizatioiis problematic becausbe dormancy status of a structure is
based on whether the structure has thetyld resume growth, not if growth actually occurs
(Rohde and Bhalerao 2007). Rohde and Bhalerao (2006ppse an alternative definitiarf
dormancy which implicates the meristem as the main determinant of dormancy status. Rohde and

Bhalerao (2007) defesnbud dormancy as the absence of growth in meristematic tissues even



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. Tdescriptionis also inclusive towards structures which may
not resume growth as a result of inhibition being imposed byanptant structure. Here
thereaftethe termdormancy will refer to the simple and inclusive definition proposed by Rohde

and Bhalerao (2007).

1.2.2 Dormancy cepth

Despiteimprovements researchers have mad#eifmingthe 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 regiwth exists on a continuum. Dormancy is now recognized as a
guantitative trait, and the scale of dormancy
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 Mergen3&&as
1974, Leinonen 1996). Dormancy depth can be influenced by the temperature during dormancy
establishment. Intermediate temperatures can induce deeper dormancy in birta éiwahtt
2003), apple and pear (Jonkers 1979). Environmental factors influencing dormancy will be
discussed furthen Chapter 3

Cookeet al.(2012) propose that the definition of dormancy should be expanded to
incorporate the depth of dormancy of atgaitar structure like buds, similar to that of seed
dormancy, using the terms deep, intermediate, orde@p (Baskin and Baskin 2004, Graedter

al. 2012). This categorization of dormancy takes into account that dormanguanttative



trait as opposeto aqualitativetrait, integrating internal as well as external signals to modulate

and regulate depth (Cooke¢al.2012).

1.2.3 Dormancy etablishment

Dormancy can be induced by environmental or endogenous factors, with the importance
and strength odach factor tending to be species specific (Setgil. 2017, Hanninen and
Tanino 201} Following bud burst in the springreformedneedle primordiand stem units
contained within the bud will elongatereformed growth occurs in the previous grosghason
whereas neoformed growth occurs in the same greadkon Indeterminate growth refers to a
plant e.g. poplarwhich producesieoformed stem unind elongatemternodes irthe same
growing seasorKozlowski and Pallardy 19977, Rohdeal.2000). While determinate growth
(e.g.white spruck referstothema j or i t y or saurrentgiowvthtobee s easonb
predetermined by the number of preformed stem units from the previous growing season
(Kozlowski and Pallardy 19977, Rohdeal.2000. After the summer equinox, the days begin
to shorten, which is perceived by plants as short days (SDs)are recognized by the plant
when the period of light falls below the critical dapgth(Taiz and Zeige2010. Perception of
these changing photefdods are believedo be perceived in the needles and ledizegjles and
Wareing 1964Wareing 1970Singhet al.2017) SDshave beemshown to trigger bud set and
cessation of growth isome species, such Bspulusspeciesncludinghybrid aspenRopulus
tremulaL. x Populustremuloides Michx Olsenet al. 1997b), bay willow $alix pentandrd..;
Junttila 1980)anddowny birch Betula pubescerthrh.;Junttila 1980). SD signals
developmental changes in buds, causirsybsebf primordia todifferentiate into bud scales

instead of needles or leaves (Okuba 2000). Terminal bud set is a presguilormancy



induction, and is followed by cessation of cell divisiomatristemgRohde and Bhalerao 2007).
Evidence has shown that the eelicel communication networks, plasmodesmata, become
blocked with callose prevessignaling molecules, such as transcription factors and hormones,
from reaching thehoot apical meristen8AM; Rinne and van der Schoot 1998, Rireteal.
2005, Levyet al.2007, Rinneet al.2011). This model proposes that bud dormancy is the result
of the symplasm of the buzecomingphysically isolatedrom the rest of the plant. The
establishment and removal of these plasmodesmata plugs are associated with dormancy
establishrent and release in birch and poplar (Baal.1997, Rinne and van der Schoot 1998,
Rinneet al.2011). It is believed that plasmodesmata plugs must be removed in order for the bud
to regain communication with the rest of the plamtito subsequentlyeceive the necessary
signals to resume growth, which is associated with dormancy release €Rairiz011).
However ,at this timeno genetic or molecular biology has confirmed this hypothesis on bud
dormancy (Singlet al.2017).

In white spruceSDs arenot necessary for the formation of terminal buds (El Kayal.
2011, Hamiltoret al.2016). HoweverSDshave been found to accelerate the development of
terminal buds and suppress g@meseason expansion néedle primordia in partially formed
buds El Kayalet al.2011, Hamiltoret al. 2016), otherwise known as second flush or lammas
growth (Figure 2). Younger white spruce trees are more susceptible to gessttion and
terminal bud setinderSDs however this trait declines as the tree matareiikely becomes
regulated byendogenous signa{€ookeet al.2012 Singhet al.2017).

Photoperiod is not a ubiquitous stimulus for the induction of bud set and growth
cessation, as some speciesd growt hRosagead e i s

family, including appleMalus pumilaMill. ) and pearRyrus communik.), use low



temperatures as an indication to commence the processes associated with bud set and growth
cessation (Heide and Prestrud 2005). Unlike day length, temperaturaveagrbat variation
yearto-year.Althoughdormancy is induced by photoperiodnmost species, songpeciesise

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 andidhgspen (Heide

1974, Junttila 1980, Mglmaret al.2005). Fall temperatures can also affect growth cessation,
rate of dormancy acquisition and depth of dormangyjiar (Kalcsitset al. 2009, Tanincet al.
2010). Low temperatures are not a requiremenbiéid formation in white spruce (El Kayatlal.
2010), however low temperatures delay bud formationdantbt prevent second flush in trees
grown undetongday (D) conditions (Hamiltoret al.2016). The delay in bud formation

caused by low temperatsen LD conditionis in agreement with evidence in poplar that

suggests temperatur e ddphowpesod (Rbhdetal.2081¢ 6 s r espon

1.3Molecular regulation of bud formation and dormancy acquisition

1.3.1 MADS-box genes

Sincemanygenes that have been implicated in bud formation belong to the MARS
gene family, here | have included an overview ofdtnacture of these gene$he MADSbox
gene family is a family of transcription factors (TFs) that has roles in development and
d fferentiation in plant, fungi and ani mal spe
earliest described members of this famitiei M étandfor MINICHROMOSOME
MAINTENANCEIMCM1) in yeast $accharomyces cerevisideyen Ex. HansenPassmore

et al.1988) thefi A stands foAGAMOUS discovered irArabidopsis thaliandL.) Heynh



(hereafter referred to @gabidopsis Yanofskyet al.1990) t he A DOrDEFICENS s f or
from snapdragorAntirrhinum majud..) (Sommetet al. 1990, SchwarSommeret al. 1992)

andthef Sstandfor SERUM RESPONSE FACTQ@BRHA from humansKomo sapiens.)

(Normanet al.1988). Members in this family are categorized as Type | and TYWADISbox

genes based on conserved domaans, are believed to have undergartiplication event

preceding the divergence between plant and animals (Ahgargita et al.2000). Type MADS
boxgenes contain theRFlike domain, whereas Type |l genes encodé¢YaODCYTE

ENHANCER FACTOREke (MEF2-like) domain and are exclusively fodin plants (De Bodt

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

Type IIMADSboxgenes are also referred to as MIKC genes due to the characteristic
four domain structure: AMO (IMAIDS)) , a-t@rdhiodd)Co nt @ r
(Theisseret al. 1996). TheiMo andiiKo domains are well conserved and participate in DNA
binding and protenprotein interactions, respectively (Davigtsal. 1996, Faret al. 1997). The
flo domain is comparatively less conserved, and is believed to contribute to dimerization
speci fi ci teyal.2008pn Thai@oidamain i§the most divergent domain, and is
involved in multimeric protein complex formatioas well as transcriptional taation (Egea

Cortineset al. 1999, Honma and Goto 2001). TypeMADSboxgenes are further subdivided

into MIKC* and MIKCE. The &daddiin FMmfaEr §§ t o ficl ganesi co, si

possess the classic MIK@pe domains found in this family @8ker and Theissen 2003). The

asteri sk, A*o, I n M|l KWBDSbakgenes tleriate fromhthetclassib i s gr o
MIKC domainsviaane | ongat e d,infaddidonthtohmeaai chi ver gence i n the
(Becker and Theissen 2003). Thereisalsawdoe nt ati on of a | ess wel | C
which proceedt he @A MO domai n, Iniootityspeciesi(Henschetlaly f ound i n



2002). MIKC proteins bind to promoter regions as hetimers, heteraimers, or higher order

protein complexes to regulate transcription (EGeaineset al. 1999, Honma and Goto 2001).

1.3.2The photoperiodic flowering pathway

Considerable research Hasen put forth to characterize the function of MIKC genes in
Arabidopsisand other angiosperm species. This work has demonstrated MIKC genes have roles
in floral organ and meristem identity determinat{gaufmannet al.2005,Gramzow and
Theissen 2010)n addition to the regulation of flowering time, also referred to as the phase
transition from vegetative to reproductive growthe pivotalresearch by Bohleniwet al.
(2006) showed that a poplar flowering geREQWERING LOCUS TFT), also regulates the
activity-dormancy transition, demonstrating that ttasitionto dormancy is regulated by a
signaling networkanalogougo the photoperiodic pathway that regulates the transition from
vegetative to reproductive growtiGiven the inportance surrounding the regulation of these
processes, many researchers use the flowering pathway as a guide to understand the transition
from vegetative growth to dormancfaoth flowering and dormancy represent transitions in
developmental stages, whioley employ a similar pathway=ndogenous and environmental
signals are integrated at the SAM to regulate this phase transi#sabidopsisHartmannet
al. 2000, Tacet al.2012), including light, temperature and endogenous signals (reviewed in
Amasiro 2010). Several transcription factors within and outside the MB®S&family
participate in the photoperiodic transition to flowering which include, but are not limited to the
following gene:CONSTANSCO), FT, APETELAL(API), LEAFY (LFY), and theMADSbox
genesFLOWERING LOCUS @FLC), SUPPRESSOR OF OVEREXPRESSION OF CONSTANS
1 (SOCJ, AGAMOUSLIKE 24 (AGL24 andSHORT VEGETATIVE STAGEVB (reviewed in

Amasino 2010 anttish 2010).



Figurel.3 is a simplified overview of the photoperiodic flowering pathway in
Arabidopsis Under LDs inArabidopsis the expression aZO peaks at the end of the day
allowing the CO protein to remain stable to transchbg¢SuarezLopezet al.2001). In the
absece of the LDs the transcription 60 peaks in the dark and the protein is degraded, thereby
it is unable to transcribEeT (SuaezLopezet al.2001).FT is transcribed in the leaf and is
believed to translocate to the SAM to induce the expressidRbandSOC] which leads to the
meristem transitioning from vegetative to reproductive growth @kesd. 2005, Yooet al.2005
Nakamureetal.2013 . SOC1 and AGL24 upregul atetaleach
2003). SOC1 is proposed to complex WAiGBL24 to transcribé FY (Leeet al.2008), and LFY
goes on to upregulateP1to induce flowering (Litet al.2009). SVP directly binds to tf®&OC1
promoter to inhibit the transcription 80C1in the SAM and leaf (Let al. 2008), thereby
inhibiting the tansition to flowering. SOCL1 is believed to play a part in the inhibition of the
transcription ofSVPthrough its ability to bind an intron within tf8&/Pgene (Imminket al.

2012). When the plant is exposedatobienttemperatures (16°CGVPcomplexes with FLC to
repress the transcription BT in the leaf, andblock the transition to flowering until a chilling
requirement is mgleeet al.2007, Liet al.2008).The mechanism behind the increase of
AGL24expression in response to vernaliaatis not clearalthoughit is believed this regulation

occurs independent of FLC (Michaelsal.2003).

1.3.3 Conceptual model of bud formation and dormancy@uisition in angiosperms and

conifers

Many genes have been implicated in the regulatioroohdncy 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 (Blinning 1936), of which | will
give a very briebverview Theexternal 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 cusuch as lighto bring about flowering. In the LD plant
ArabidopsisPHYTOCHROME A(PHYA) perceives light and prevents daggtion of the CO
protein during LDgValverdeet al.2004,Langercrant2009. CO will now remain stable for an
exterded time during periods of light to promote transcription of the flowering ingd&der
(SuérezLopezet al.2001). PHYA may further function to regulate growth cessation as
demonstrated iArabidopsis In phyamutants, the transcript levels of genes associated with
flowering, CO andFT, are reduced as a consequence of the absendeardteonal PHYA
(Yanovsky and Kay 2002). A pivotal study determined that overexpression of tieveas(
sativalL.) PHYAgene in hybrid aspet®Opulus tremula x tremuloidesenders the tree
unresponsive to changes in day length when maintained adnbteshperatures (Olsem al.
1997b). This result supported the proposition that phytochromes, partideitdyl,are

involved in sensing and signaling SD induced growth cessation, bud set, cold acclimation and
induction of dormancy. It has also been conéd that orthologs ohrabidopsisFT andCO did

not display a reduced transcription in the hybrid aspen overexpressiAb6Ai{Bohleniuset

al. 2006). Thidack of reductiorsuggests th@rabidopsisregulatory mechanism &HYA over

FT andCOis similar in hybrid aspen, and regulationFof andCO are important for SD induced

growth cessation and bud set.

A key flowering time regulatdfT promotes the transition to flowering in monocot and
eudicot species (Pin and Nilsson 201Rk)has been demonstrated thdtorthologscanhave

roles outside of the flowering pathway. In experiments conductedpnlus tremula x
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tremuloidesaFT orthologfrom Populus trichocarpaorr. & A. Gray has been shown to be
involved in this early resp@e to SD induced growth cessation and bud set gesbte(Buset
al. 2006). FT orthologs also participate in bud set and growth cessation in Norway spruce
(Gyllenstrancet al.2007, Karlgreret al.2011), as well as growth termination in tomato
(Solanumycopersicumni.; Lifschitz et al.2006) and tuberization in potatSdlanum tuberosum
L.; Navarroet al.2011). Research in white spruce has identified that genes with similarity to
angiosperm genes that participate in the initiation of floral buds,asM®THER OF FT AND
TFL1 (MFT) andAP1, are also differentially expressed during white spruce bud formation (El
Kayalet al.2011). Karlgreret al.(2011) found thaFT genes sister t6 T/TERMINAL
FLOWERI(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 Arabidopsisplants. This accumulation of research demonstrates that theidrafi®m
vegetative growth to reproductive growthconifersshares similarities with the molecular
pathway involve in the transition between active growth to dormancgrigiosperms
However, due to the evolutionary distance between angiospermsm@fet€it is quite possible
that are divergent functions of the orthologous genes involved in these patBwayshough
conifers and flowering plants shared a common ancestor approximately 310 million years ago
(Schneideet al.2004), it is possible #re 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 rolekat have been functionally characterizedrabidopsis

In addition totranscription factors, pttohormones play a role in the developmental
processes leading to dormancy, although further evidence is necessary to establish direct roles in

dormancy establishment. Ethylene afgcisic acid (ABA)nay function cooperatively ibud
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formation (Rohdest al.2002, Ruttinket al.2007). One of the roles &BA is preventing the
growth of shoots (Davies 2010). However, there is evidence that ABA participates in bud
development and maturation (Roheteal. 2002, Ruttinket al.2007).In hybrid aspen, the rate of
bud maturation is slowed in the presence of decreased ABA sengieiterleet al 2011).
Two weeksof SD treatmentipregulatedjyenes involved in the transcription in ethylene
biosynthesis and signaling Populus tremuld.. x Populus alba.. (Ruttink et al.2007).
Ethylene insensitiven birch ETHYLENE RESPONSHE#&trl] Ruonalaet al.2006) and
ABSCISICACID-INSENSITIVE3ABI3) in poplar result in similar altered bud morphology
(Rohdeet al.2002, Ruttinket al.2007).However the expression dABI3is not affected by
ABA levelsin poplar and therefore the link between ABA and bud maturation is unclear
(Maurya and Bhalerao 2017). Fewer studies have been conducted on the effect «3-akdle
acid/auxin (IAA/AUX) ard cytokinins in SBinduced growth cessation and apical bud formation.
Thefamily of phytohormone that has been most well studied ifirisidced growth
cessatiorarethegibberellins (GA). GA play a key role in cell division and elongation in plants,
and itis believed decreasing GA levels contribute to growth cessatrabidopsisSVPinhibits
transcription of a key GA biosynthesis gene (Andéal. 2014), which prevents the
transcription of key flowering genes, thereby delaying the transition to flogvéBiazquezt al.
1998, Mooret al.2003). InSalix phytochromes recognize the photoperiod shift to SD, which
diminishes the GA and IAA/AUX content (Olsehal.1995a, b, Olsert al. 1997a). In
addition to decreased amounts of GA, continued exposure to SD also causes the tree to become
insensitive to GA irBalix (Juntilla and Jensen 1988). In controlled growth chamber conditions
photoperiodinduced transcriptional changes can bedetd as early as two weeks following the

switch fromLD to SD conditions ilPopulus and bud formation is seen as early as three weeks

13



of SD treatment (Ruttinkt al.2007). Work performed in hybrid aspen suggests PHYA may

control GA levels during SD ination. Overexpression of oBHY Aresulted in no reductions in

GA content nor decreased activity of GA-@ddase, a rate limiting enzyme in GA biosynthesis

(Olsenet al.1997a, Mglmanetal.2 0 0 3 ) . Further evidence of GAOGs
denonstrated with a delay in growth cessation in the presence of overexpreSSiar26f

oxidase n hybrid aspen (Eriksson and Moritz 2002)
growth cessation has been demonstrated in the bud and this mechanism lie getdported in

dormancy at the cambium (Druaittal.2007).

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

SVPis a member othe MADS-box gene family, and has been extensively examined in
Arabidopsisn relationto flowering (Blazquezet al. 1998,Hartmannet al. 2000,Moon et al.
2003,Gregiset al. 2006, Leeet al.2007, Liet al.2008,Li et al.2008 2006, Gregi®t al.2009,

Liu et al.2009, André=t al.2014) ArabidopsispossessesneSVPgeneandanother sequence
with high similarity toSVPR AGAMOUSLIKE 24 (AGL24). SVPis a negative regulator of
flowering, demonstrated by the kneolit phenotype that displays an early flowering phenotype,
while overexpression induces the formation of-ldad sepals and flowers later than wildtype
(Hartmanret al. 2000, Masiereet al.2004). Despite the high sequence similarity and close
evolutionary history betweeGL24andSVP( P a r a stial2@08),AGL24plays an
antagonistic function by promoting the transition from vegetative to reproductive phase
(Michaelset al.2003). AGL24loss of function mutants flower later, while overexpression
results in early flowering (Michaett al.2003). During vegetates growthSVPis expressed in

leaves and th8AM to maintain the vegetative state (Hartmatmal.2000) while AGL24is

14



primarily expressed itheinfloresence meristemndpromotes the development of the floral
meristem Michaelset al. 2003,Yu et al. 2004).

ArabidopsisAGL24andSVPhave roleghatextend beyond regulating the timing of
flowering. AGL24 and SVP participate in the regulatioMGFAMOUS(AG) in a transcription
factor complex taffectnormal flower development (Greges al. 2006). Overexpression of
AGL24andSVPindependently cause similar floral abnormalities, such as the development of
structures resembling leaves where one would expect petals and sepals (Michia2G03,
Masieroet al.2004). BarleyHordeum vulgare..) SVRIlike genes are also believed to control
meristem identity as demonstrated by the floral reversion phenotypes observed in mutant barley
andArabidopsig(Trevaskiset al.2007).At early stages of floral development SVP and AGL24
both inhibit transaption of SOC1 aMADSboxgene which promotes the floral transition
(Gregiset al.2006). SVP and AGL24 also hetedonerize with AP1 to repress expression of
floral meristem identity genes (Gregisal. 2006, Gregi®t al. 2009, Liuet al.2009).
Arabidopsismutant and phenotyping experimehts/edemonstrated th&VPis epistatic to
AGL24in the flowering pathway (Greget al.2006).

DORMANCY ASSOCIATED MAEEDX(DAM) genes are a group 8VRlike genes
thathave been associated with roles il bormation, flowering and/or dormancy acquisition
(Bielenberget al.2004, Liet al.2009, Jiméneet al.2009, Yamanet al.2011) DAM genes
have been identified in peadBAr(nus PersicdL.) Batsch Pp; Bielenberget al.2004, Jiménez
et al.2009), Japanese apric&r(nus mumé¢Siebold) Siebold & Zuc¢Saskiet al.2011), leafy
spurge Euphorbia esuld..; Horvathet al.2010), raspberryRubus idaeuk.; Mazzitelli et al.
2007), potato%olanum tuberosum; Campbellet al.2008), trifoliae orangeRoncirus

trifoliata (L.) Raf, Li et al.2010), kiwifruit (Actinidia deliciosa(A. Chev.) C.F. Liang & A.R.
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FergusonWu et al.2011), appleNalusdomesticeBorkh,, Mimida et al.2015) and Asian pear
(Pyrus pyrifolia(Burm. F.) NakaiLiu et al.2012). Initial evidence that tH2AM genes play a
role in dormancy arose from tinaturally occurringpeachEVERGROVING (EVG mutant
(Rodriguezet al.1994). TheEVG mutant does not form terminal vegetative buds in response to
dormancyinducing conditions such as shortened photoperiod and low temperaturespdoes
cease growth at terminal meristeand does not enter an endodormant state (Rodregjusdz
1994). Thisphenotype is attributed to the deletion of six tandemly arraRgddAM genes
(Bielenberget al.2004) which demonstrate seasonal expression patterns (Jigteale2009).
Based on expression praifig, these genes are hypothesized to haveradandantoles in
growth cessation and/or terminal bud formation, and may have undergero sub
neofunctionalization (Jiménext al.2009). It should be noted thaVGalso has a reduced level
of cold hardiness in comparison to wildtype peach trees (Rodregusez1994, Aroraet al.

1996), however it has not yet been investigated iP{pi@AM genes have direct or indirect roles
in this pathway.

Research from angiospe®@VPR andDAM-like genesacross 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 BAM genes regulatingT homologs consideringhe
recent evolutionary divergence betwd2AM andSVPgenes. Based on these studied the
observation that a sequence showing similaritg¥é&was differentially regulated during white
spruce bud formation (El Kayat al.2011),we chose to investigate the role¥Rlike genes

in white spruce terminal bud formation.

1.4The current study
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While SVRIlike genes have been well characterized in angiosperms species, prior to this
research, little if anything was known ab@\Rlike genes, their function and regulation in
conifers.The longterm goal of this researétto determine iIMADSboxgenes related t8VP
regulate bud formation and/or transition to dormancy in white spruce.

The following are thepecificobjectives oimy thesis research:

(1) identify the white spruce genes most closely related to functionally charac®viPed
genes of angiosperm species, and determine their evolutionary relationship;

(2) establish if the expression profiles of candidate white sfBMedike genes correlate
with the developmental events of bud formation; and

(3) discover upstream regulators of white sprv@like genes using yeast chgbrid

andin silico promoter motif identification.

Through addressing these objectives, | testeddtiowinghypotheses: (1) white spruce
SW-like genes share a common ancestor with angiosg&filike genes; (2) white sprecS\P-
like genes are involved in bud formation and possibly dormancy establishment; and (3) white
spruceS\WP-like genes are regatied by transcription factors which have also been found to
regulate bud formation or dormancy acquisition in other species.

This thesis is composed of fotimapters. Chapter 1 contaias overview of the
photoperiodic flowering pathway andsammary obackground material related to the molecular
and developmental processes involved imginocessation and bud formatid@hapter 2
presentsa phylogenetic analysis of the white spruce genes relat®dRgand hypothesized
functions ofthesegeneshased omRT-PCR transcript profilinglataobtainedirom developing

white spruce buds. Chaptersan investigation ofthe promoters for two of these white spruce
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genes, identifyingranscription factorand other regulatory moleculésatmayregulate the
expression. Chapter gresents synthesis of thesesults and conclusionand proposes future

directions.
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Chapter 1 Figures

Figure 1.1 Distribution of white spruce trees across Canada (Natural Resource Canada
Canadiarforest Service2015b).This figure is a copy of an official work that is published by
the Governmenbf Canada and the reproduction has not been produedfiigtion with, or

with the endorsement of th@overnmenof Canada.
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Figure 1.2Summary of phenotypic stages of bud formation across long day and short day
conditions from Hamiltoret 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 ashorithik
observation is not saean the shortlay conditions because second flush is repredgedified

from Hamiltonet al.(2016).
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Figure 1.3.A simplified summary of a subset of transcription factors involved in the flowering
pathway inArabidopsisunder long photoperiods (modified from Amasino 2010 and égnetr

al. 2014). Under long days in the leaf the CONSTANS (CO) protein is stabilized in the light to
induce transcription dFLOWERING LOCUS TFT). FT is translocated to the shagptcal
meristem to upregulat’PETELAL(AP1) andSUPPRESSOR OF OVEREXPRESSION OF
CONSTANS (SOC). SOC1 and SHORT VEGETATIVE PHASE (SVP) act to inhdath

ot h expréssion. SOC1 and AGAMOUiRe 24 (AGL24) upregulate one another, and
dimerize to incease transcription afEAFY (LFY). LFY transcribe#\P1, 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 forSHORT VEGETATIVE PHASE/AGAMOUSLIKE 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 (hereaft tefe
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 formatiut{ink et al.2007) and growth cessation
(Weiser 1970Kalcsitset 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 budlssa&orm 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
(Ingvarssoret al. 2006, Luquezt al.2007, Cookeet al.2012, Ding and Nilsson 20},6ne have
demonstrated that white spru¢ddea glaucagMoench) Voss) is able to complete bud formation
in the absence of dormancy inducing cues such as shortening photoperiod tatdpevatures,
although short days (Spaccelerate bud formation by suppressing the occurrence of lammas

growth (El Kayalet al.2011, Hamiltoret al.2016).

To prevent damage to the shoot apical meristem (SAM), perennials integrate endogenous
and enviromental 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 (Rohadx al.2000). As with the activitglormancy transition, the SAM
also integrates various endogenous and environmental cues to regulate the transition from
vegetation to reproductive growth (Hartmastral.2000, Tacet 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 Pettestal. 2013 and Singlet al.2017). For example,
the phosphatidylethanolamuending protein (PEBP) family membELOWERING LOCUS T
(FT) acts as a floral promoter (reviewed in Pin and Nilsson 2EG129rthologs have been
shown to regulate bud set and growth cessation in angiosperm perennial species such as poplar
(Bahleniuset al.2006, Hswet al.2011), while a related set of PEBP genes named
FT/TERMINAL FLOWER1like (FTL1)have been implicated in ddormation and growth
cessation in the conifer species Norway sprétes@ abiegL.) H. Karst, Gyllenstrancet al.
2007, Karlgreret al.2011, Klintenasteal. 2012). Following the seminal finding thiaT
orthologs regulate bud set and growth cessabtither orthologs of regulators downstream of the
CO/FT module have been identified that govern aspects of the aalimityancy transition in
apical buds, includingLOWERING LOCUS Bike 1 (FDL1, Tylewiczet al.2015),Like
APETELALLAP], Azeezet al.2014), andAAINTEGUMENTALIKEXAIL1, Karlberget 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 suclas white spruce.

Several of the aforementioned genes belong to the MB®@Samily of transcription
factors (Tacet al.2012, Hartmanmt al.2000). Within the large and diverse MABR®x family

is a subgroup of genes referred to as MigfBe genes based dheir four conserved domains.

23



The MIKC geneSHORT VEGETATIVE PHASEVP)is widely known as an important negative

regulator of flowering, and th&rabidopsis SVRnockout mutansvp41 causes an early

flowering phenotype (Hartmaret al.2000). SVRIlike genes, also callddORMANCY

ASSOCIATED MADB8OX(DAM) genes, have been implicated in regulation of bud formation

in peach Prunus persicdL.) Batsch Jiménezt al.2009, Yamane et al. 2011), as well the

acquisition and/or release of dormancy ingte@iménezt al.2009), raspberryRubus idaeus

L.; Mazzitelli et al.2007), Japanese apricétrinus mumé¢Siebold) Siebold & Zuc¢Sasakiet

al. 2011), leafy spurgeHuphorbia esuld..; Horvathet al.2010) and kiwifruit Actinidia

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

similarity betweelPAGAMOUSLIKE 24 (AGL24 andSVR these genes have opposing role with

AGL24being a positive regulator of flowering @ r @ net a.20038 Michael®t al.2003. To

our knowledge there have been no studies that have looked into the AG@é&24like genes in

the activitydormancyransition The phase change between vegetative and reproductive growth

at the SAM is regulated by genes that inclad&d_24andSVP(Becker and Theissen 2003).
Previously, we conducted a microarray transcriptomic analysis that identified genes with

sequence similarity tArabidopsis CO/FT network regulators of flowering, includir§VP that

are differentially expressed during whifgrgce bud formation (El Kayait 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 assodied with the activitydormancy transition in apical buds of white spruce. We first

identified candidate genes to study by genergiimgogeniesf a broad sampling of MIKC

genes across multiple species. We also investigated patterns of expressiobuiring
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development using quantitative reverse transcriptase PCRRGHRI), and used the resulting

transcript profiles to speculate on roles of these genes.

2.2 Materials and Methods
2.2.1 Plant naterial

White spruce seedlings originating from Québec provenances obtained from the
Canadian Forestry Service (Québec, Canada) were used to generate materialsFGRIRT
experiments. Seedlings represented the same population used in Etay@011), Galndo
Gonzalezt al.(2012) and Galind@&onzalezt 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 Daldf 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 randomizedesign 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 plantsvere harvested from the leader at five time points (Day 0, 7, 14®28 a
70) following transfer to SD or LD conditions. Following harvest, tissues were immediately

frozen n liquid nitrogen and stored é80°C.

2.22 Phylogenetic aalyses

Nucleotide and amino acid sequences of 88 MIKC sequences (32 from white spruce,
threefrom Physcometrella paten28 fromArabidopsis 25 from range of angiosperm species)
sampled from 14 different species were obtained from GenBank and GenPept, respectively
(Table S1)Arabidopsissequences were used as a backbone to resolve major tepp kil

additional characterize8VP/AGL24SA genes from various angiosperm species were added to
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diversify theSAclade. White spruce sequences wdeatified by submittingArabidopsis

MIKC coding sequencefrom Paenicovaet al.(2003),to BLASTx of the GCAT database

(Rigaultet 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 \wite sprucehitsfrom each querwere pared down to a noadundant

list of representative unigena$ter constructing gentativeNeighbour Joining phylogenetic tree
Sequences were deemed medhint is they had a >95% similarity. te contig comprised

multiple ESTYsequences representing physical cDNA clan®&&longestclone that had been

sequenced frohotht he 56 and 30 ends were used. I f t he
been sequenced f r dhmeeMADEboXgénessfrondthewrmss spess e d .
Physcomitrella patens representative of an early diverging lineage of land plants, were

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

of the c¢cDNA sequenc e s(nchi.slm.nilggoviodfiBler/H WhiteasRrice Fi nder
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 bylNS-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 nudegiartitions 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 branchrearrangemen(fTBR), 50 trees &ld in the construction of the initial starting tree,
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1000 bootstrap (BS), 1000 trees with a length greater than or equiétd during 1000 times
BS.

We conducted both unweighted (e.g., Fitch 1971) and weighted searches under
parameters above to tekthe 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 accor
(MADS-box) domainwhich recognizes and binds to the MAB8x domain on downstream
target genes and facilitates dimerization, (2
formation of DNA dimers (Theissest al. 1996); (3) théd K 0  ( Kile)ydanain participates
in proteinprotein interactions and is well conserved (Kaufregal.2 0 05) , ( 4-) t he A CCc
terminal) domain that has roles in transcriptional activation and higher order complex formation
(Kaufmannetal.l2 005, Cseke and PobdimanabDDP4ydyoméabhninpoec
domain, however it is only found aminority ofgenes. As théMoandfiKo domain are highly
conserved, and tH#o andfAiCo domains are less well conserved across land plantsg&etal.
1996, Faretal.1 9 9 7, P atralo2003,EgeeClrtineset al. 1999), we ran weighted
analyses following a weighting schemgomains were weightealccording to the defineiNo,
AM ¢, il 0, AK O, AICO regions outline in Henschet al. (2002):fiNo domain weight of 0.55M0
domain weight of 3flcd omai n wei ght of 2, 6 ACHdéh@inWeigmefil.n wei gl

Maximum likelihood (ML) analyses were conducted with nucleotide and amino acid
partitions using GARLI 2.0njolecularevolution.org/softare/phylogenetics/garlizZwicki 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 implementgtwdelTest2 (Darribaet
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al. 2012, Guidon and Gascuel 2003) and ProtTest (Abasehl2005), respectively. The
GTR+I+i (general time reversible + invariable + gamma) substitution model was selacted f
nucleotide data. The JTT+i+ ( JTayloeEhorntan + invariable + gamma) model was
selected for amino acid data. All tree searches were conducted with estimated state frequencies,
proportion of invariant sites wastémated, 4 rate categories,0lfimes bootstrap

Alternative topologies of constraine&s were tested against the original unconstrained
ML tree in PAUP* using the Shimodaitdasegawa (SH) test (Shimodaira and Hasegawa 1999).
Likelihood settings in PAUP* were adjusted to meet the optimality parameters of the original
GARLI analysis of theinconstrained teethat correspond to the GTR4l+ mo d e | . Li kel
scores were estimated in PAUP* using the Ré&eofford approximation method (Rogers and
Swofford 1998) branckength optimization with the or@dimensional NewtoiiRaphson with
pass limit=20 and delta = 286. The SH test with the following parameters 1000 RELL
(Resampling Estimated Lelgkelihoods) bootstrap ontiled test, assuming p<0.05 was

significant.

2.2.3 gRT-PCR

RNA extractions were performed as described by Raay. (2008). Quantity and
quality was assessed with an Infinite® 200 NanoQuant (Tecan Group Ltd., Mannedorf,
Switzerland) and gel electrophoresis, as well as 2100 Bioanalyzer (Agilent, Mississauga, ON,
Canada) for a subset of samples. Primer design was carriedraquPusner Express® v3.0
(Applied Biosystems, Carlsbad, CA, USA; Table 2.2). cDNA synthesis anePgiR using a
SYBR Green assay was carried out according to El Ketyall (2011). Threeto four biological
replicates and two technical replicates wesedufor each time point. Reactions were performed

using an Applied Biosystems® 7500 Fast REahe PCR System (Applied Biosystems, Foster
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City, CA, USA) or an Applied BiosystemsE Quan

(Applied Biosystems, Carlsbad, CASA). Standard curves were used to quantify transcript
abundance of the reference gdfi®ANSLATION INITIATION FACTORFAIF5A,
GQO00410_I110GenBank DR448953). Due to pipetting erféF5A values from the gR-PCR
plate run for GQO03707_104 was substituted fortHe5A values from another plate, after being

normalized to the calibrators present on the plates.

2.2.4 Statistical aalyses

Statistical analyses to detect significant differende@saoscript abundance was carried
out in RStudio v3.4.1R Core Team 20)7the FDR (false discovery rajeestfor the
MANOVA, the Levere test for homogeneity of varianosingt h e @ackage @b (Fox
and Weisberg 201)and t he @Al s menth2Gl¢p A ppht-plat avgveay ANOVA
was used for analysis of the reference gene expre3smmscript quantities log transformed to
fulfill normality and heterogeneity of variance assumptions, aMd\BOVA (multivariate
analysis of variance) was ru&hapireWilk test for normality and histograms were used to
assess normality. We were unable to acquire a p value > 0.80érmmygeneity of variance
photoperiod foilGQ03118 H14 (p = 0.385).A FDRtest (alpha = 0.05) was used to determine

significant dfferences.

2.3 Results
2.3.1 A clade of white spruce genes is sister to the angiosperm clade contairngbidopsis

thaliana SVPand 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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(Rigaultet al.2011). We found all four MIKG@lomainswere present and consed 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 listeddRABIDOPSIS NITRATE REGULATED 1
(ANRZ 95, 76),FLOWERING LOCUS @FLC; 100, 100) SUPPRESSOR OF
OVEREXPRESSION OF CONSTANSOC? 98, 69),SEPELLATASEP; 75, 54),
SHATTERPROOKSHP, 66, 62) andSVP/AGAMOUS.IKE 24 (SA 85, 99). The pbpology of

thesix major clades were consistent across phylogenetic analyses (Figure 2.2, Supplemental
Figure S2.1, S2.2, S2.3 and S2.Bpr each of these major clades, white spruce genes form sister
clades to the angiosperm clades. Consistent with this pageenvehite spruce sequences form

a sister clade (ML and MP BS support: 100, 100) tdcSthelade (Figure 2.1). Amighthgene,
PgGQ03118_H14, was notgart of thePgSALclade, but resolved as ancestral toRgSAL

clade in the nucleotide ML before BS (Sugpkental 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 bet@éamdPgSALgenes, we
performed an SH test (Shimodaira and Hasea 1999). Six alternative topologies were created
to constrain the seven white spruce genes that are sister3a¢kaede, theSOClclade
(Supplemental Figure S2.11), t8&Pclade (Supplemental Figure S2.9), 8idPclade
(Supplemental Figure S2.1@NR1(Supplemental Figure S2.H|.C (Supplemental Figure
S2.8) and thAGL15clade AGAMOUSLIKE15, AtAGL15 AtAGL18 PgGQ03118 H14;
Supplemental Figure S2.6). The SH test indicated that the ML score of the constraint trees were
significantly differentfrom 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 spruceSAL genes show distinct transcript abundance profiles during terminal

bud development

Based on their phylogenetelationship with th&Aclade ad presence of MIKC motifs
(Figure2.1), the seven white spruce sequences sister @Abkade were nameldgSAlikel
(PgSAL1GQO03605 C12)PgSAlike2 (PgSAL2 GQO03707_104)PgSAlike3 (PgSAL3
GQ02822_N14)PgSAlike4 (PgSAL4 GQ03702_K12)PgSAlike5 (PgSALS GQ03806_120),
PgSAlike6 (PgSAL6 GQ04010 J13) anlgSAlike7 (PgSAL7 GQ03232_K1h Since these
sevenPgSALsequences and ti&Aangiosperm sequences are inferred to have had a common
ancestor, we hypothesiz#tht at least some of tiRgSALgenes mighplay roles during the
activity-dormancy transition in white sprucés the first exploration of this hypothesis, gRT
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
GQO03118 H14 (Figure 2.3). Bud formation followed the same developmental progression as
reported in El Kayaét al.(2011). Developing buds were first visible betweeand 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 Kayakt al.2011, Hamiltoret al.2016), luds were not sampled from any trees
that showed indications of lammas growth.

All sevenPgSALgenesandPgGQ03118 H1l4lisplayed significant differences in
transcript abundance across time during the course of SD or LD bud formation (Figure 2.3). A
splitplottwooway ANOVA usi ng TRS5Atansdipt abonmdanterwast e d
significantly differenta cr oss fAphotoperi odod nested in Adayo

difference in shortlayDay Oversus Day’0 (p =0.048). As a result, we wilhotcompare
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directly between photoperiods, am@ke conservative statements aboutsiggificant
differences for shoay Oversus Day 7@or our genes of interest. Relative transcript
abundance and transcript profiles over bud development differed mabetadigen gened-ive
of the eight genes PgSAL1(GQO03605_C12)PgSAL2(GQ03707_104)PgSAL3
(GQ02822_N14)PgSAL4GQ03702_K12), an®@gSAL5GQ03806 120} exhibited
significantly greater transcript abundance during the first two weeks of bud formation than at
later time points.PgSALL andPgSA.5 expression is reduced in SD at Day 28, whereas LD
expressiordid not decline until Day 70PgSA.3 expressiorbeganto decline in LD at Day 28,
andwasfollowed by a further decline in expressianDay 70 in both SD and LD conditions
(Table 2.3 Figure 2.3. PgSAL6(GQO04010_J13) exhibited significantly greater transcript
abundance only at later time pointgth an increse seen in SD at Day 28 and Day 70, and in
LD at Day 70(Table 2.3Figure 2.3. PgSAL7(GQ03232_K15kxpression significantly
decreased at SD D&8, whereas no significant change in expression was found in the LD
treatmen{Table 2.3Figure 2.3. GQ03118 H14 expression fluctudturing bud formation.
In SD, GQO03118_H14 decledat Day 14 andeached a maximumt Day 70 Peak expression
of GQM3118_ H14 during SD contrast withthe significant increase in expreesi during mid
phase developmenbservedn LD, atDay 14(Table 2.3Figure 2.3.

Given the known roles AtSVPandAtAGL24in the photoperiodic flowering pathway,
we further tested whether photoperiod affected transcript profiles for any of these genes during
bud developmenPgSAL3showed a significant difference in response to overall SD and LD
photopeiod treatments (Tabl2.3, Figure2.3). PgSAL3SD expression declined sooner in SD

versus LD, with SD expression beginninglecreasat Day 28.
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We observed that tHeur genes that share the most closely related evolutionary
relationship SAL1 SAL2 SAL4andSALS also have a similar expression profile across bud
formation in SD and LD conditions (Figure 2.1, 2.ZheseSALgenes have a greater transcript
abundance at earlier time points in bud development, in comparison to later later time points in

bud develoment.

2.4 Discussion
2.4.1 A clade of white spruc&AL genes is sister to functionally lsaracterized angiosperm

SAgenes

Studies over the last decade have identified orthologs of photoperiodic flowering
pathway genes, including multiple MIKRBADSboxgenessuch asSVPthat regulate events
during the activitydormancy transition in perennial species (reviewed in Setgth 2017).
However, most studies from which the current conceptual model of this regulatory network have
been carried out in angiosperms. El Kagtadl.(2011) found that genes showing sequence
similarity to MIKC MADSboxfloral regulators, such &VP, MOTHER OF FT AND TFL1
(MFT) andAPETELA2(AP2), are also differentially expressed during white spruce bud
formation, suggesting that orthologsMADSboxgenes of the photoperiodic flowering pathway
may function in regulation of bud formation in conifefus, we addressed the hypothesis that
white spruce genes with sequence similarit®¥WPandSVRO s ¢ | o0 s e Atabidopsis at i ve i
AGL24 are involved in regulating processes associated with bud set in the coniferous species,
white spruce.

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

white spruce sequences, dendBglbAL1to PgSALTY form a sister clade to the angiosperm clade
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containingSVPfrom Arabidopsisand other species (Figure2p. AtAGL24 which is closet

related toAtSVPbut exhibits contrasting function (Hartmaenal. 2000, Yuet al.2002), also

fell within the angiosperrSAc | ade, as pr evi oetall2903)sGteewn ( Pa Sen
phylogenetic analyses carried out®fagenes from the angiospermreenialsi such as the
DORMANCYASSOCIATED MADBOX(DAM) genes identified SAorthologs within the

same clade (Jiménet al.2009, Yamanet al.2011, Mazzitelliet al.2007, Sasaket al.2011,
Horvathet al.2010, Wuet al.2011). Since angiospermgdagymnosperms are widely agreed to
be sister clades (Qet al.2010, Soltiset al.2011, Wickettet 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 twpgy of the other major clades in our phylogenetic trees.
The sister relationship between the conRgSALand angiosperrBAgenes is reflective of the
relationship between conifer and angiosperm genes described for other gene families. A sister
relationship has been reported, for example, between cdiiet-like genes that are implicated

in bud formation and angiospefiT andTERMINAL FLOWERZ{TFL1) genes implicated in

time of flowering by Karlgreret al. (2011) and Klintenéast al.(2012), as well sfor conifer and
angiosperm MYBs implicated in regulation of secondary metabolism pathways (Bealon
2010). We provided additional evidence of the robustness of our topology by performing a
constraint analysis using an SH test. This test indichtddhe topology oPgSALand
angiospernSAas sister clades is a significantly better explanation of the data than alternative
topologies. An eighth sequené®gGQ03118 H14 resolves near thgSALclade, but cannot
conclusively labeled a member of a gapecific clade in the nucleotide MP unweighted and

weighted trees. We hypothesize tRaGQ03118 H14, which showed weak association with
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the AGL15clade, may have some conserved functions witiAthe15clade. Other weighting
schemes were also testédll¢ = 0.5,iMo = 4,flo = 2,AKo = 3,iC0 = 1), but were not found to
significantly differ from the topology of the original weighted tree (data not shown). Itis
possible thaPgGQ03118 H14 may have developmental roles at the merigeabidopsis
AGL15andAGL18are expressed in the embryo and developing endosperm-glabtt al.
2005), and more recent evidence suggk&kl5may suppresBT expression (Fernandez al.
2014). Itis important to acknowledge that the accuracy of the SH test is dejpendee
number of trees included in the analysis (Bucldegl.2001).

The number oSALgenes differs between speci@¥hite spruce appears to have at least
sevenSALgenes based on an extensive expressed gene catalogue @igh@®11) although
we cannot discount that additional genes may be identified as the white spruce draft genome
sequence matures to a reference quality genome assemblyetBit®013).Arabidopsishas
two SAgeneySVPandAGL24 Yu et al.2002),while peach ha a minimum of sixDAM1-6; Li
et al.2009, Jiméneet al.2009), kiwi has a minimum of fouS{/P14; Wu et al.2011) and
Japanese apricot has a minimum of 8)A1-6; Sasakiet al.2011). Within the small subset of
species that we considered, perennials appear to possess a greater nGfbgeonés than
annuals. As has been proposed for other conifer gene families (e.g. 8ed®010), the
expansion of th&VPsubfamily in peennials, 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
sevenPgSALgenes plus thAGL15like 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 (lat al.2009), supporting the notion tHagSALgenes perform lib redundant
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and norredundant 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, initiatddtoud set, bud burst, dormancy initiation

and dormancy release. Annuals, sucA@bidopsissimply need to regulate processes involved

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

larger, more diversiéid group ofSVRIlike genes in order to tightly regulate these processes.

2.4.2 A subset oPgSALsmay share conserved role in bud formation and/or growth

cessation

Expression oPgSAL1L, PgSALPgSAL3PgSAL4 andPgSALS5were significantly
higher during tk 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 o8VPandAGL24genes in angiosperm flowering time and develepthwe
believethatPgSALgenes may also participate in cone development (Moureidav1998,
Sundstrénet al. 1999). If the putative roles &fgSAL15 hold true, they would contrast with the
repressive role AAtSVPIn floral transition (Hartmanetal., 2000), and make their function
more similar to that oAtAGL24(Michaelset al.2003) in promoting flowering. Interestingly,
this predicted function is analogous to the picture emerging for the Norway §{ridel1-like
geneFTL271 a regulator of bd formation and growth cessation (Karlgetral.2011)i which
has a biochemical function more similar to the flowering reprédsbt than to the flowering
activatorFT (Klintendset al.2012).

MADS-box genes are widely known for functioning as dimesaraternarycomplexes

(Riechmann 1996, Egdaortineset al. 1999, Honma and Goto 2001). It may also be possible

36



that the function o6ALgenes is dependent on expression of their heliener partner. This
possibility would add another layer of fine tégfion for a process as complex as bud formation,
which is reliant on multiple environmental cues as well endogenous signals.

ThePgSALgenes did not show strong transcript abundance responses to photoperiod, a
pattern consistent with our previous findsnifpat SD is not required to initiate bud formation in
white spruce (Hamiltoet al.2016). SD accelerates the completion of bud formatioitew
suppressing lammas growtHamiltonet al.2016), consistent with our postulated roles for these
genes in redating early and midstage bud formation processes.

Taken together, our results suggest BgBALL, PgSALPGSAL3IPgSAL4 and
PgSALB5are the most likely candidates to function as transcription factors in regulating bud
formation and/or growth cessaticamalogous to roles postulated 84Lgenes in woody
angiosperm species such as peach (Jiménaiz2009, Yamanet al.2011), raspberry
(Mazzitelli et al.2007), Japanese apricot (Sasatkal. 2011), leafy spurge (Horvatt al.2010)
and kiwifruit Wu et al.2011). Of thesefive genesPgSALlandPgSAL4are the most closely
related genebased on phylogenetic analyses, and show similar patterns of expression. On the
other handPgSAL5andPgSALGarealsoclosely relatedbut showopposite patterns of
expression. The most divergent expression pattern is obserg®@03118 H14, which is
not abora fide SALgene. These findings demonstrate that topology is not sorexiictorof
gene expression.

A limitation in our qRFPCR analgis is that themplicons were not subjected to
sequencingo 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 APgSALmay have acquired novel functions

Further evidence for neredundant functions comes from the distinct expression profiles
exhibited byPgSAL6 PgSALG6showed significant upregulation only at later stages of bud
formation, leading us to speculate thasttnanscription 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 undegoing active bud development (El Kalal.2010, Hamiltoret al.2016). Future

experiments should focus on functional characterization oP&AL

2.5 Conclusion

In this study, we have shown that coni8%Lgenes likely share a common ancestor with
angiospernSAandSALgenes. Gene expression profiling suggests tha ¢S\ Lgenes may
haveacquired diverseegulatoryroles during the course of bud formatidAgSAL1, PgSAL?2
PgSAL3PgSAL4 andPgSALSexhibited gene expression that are consistétht overlapping
but perhaps nomedundanSAroles in regulatingarly and/or mid stages btid formation in
white spruce.PgSAL6mayregulat processes associatetth later stages dfud formation and
possibly dormancy transition, and thus may participate in a different signaling network. Further
functional characterization of theBgSALgenes is warranted, given that these MIMKBDS
boxgenes potentially play novel roles that haeétp be described in angiosperms.

Given the welldocumented role for angiospef®sin the seasonal response network
regulating the transition to flowering, and evidence for the involvement of angioS#agenes
in regulating bud formation, we hypothesithatPgSAL1, PgSALPgSAL3 PgSAL4 and/or
PgSALSunction as part of a conifer signaling network that shares an evolutionary history with

the angiospern©O/FT signaling network regulating bud formation (Sirgghal.2017) and
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flowering transition (Andés and Coupland 2012). Similar8¥PandAGL24in Arabidopsis

PgSAL1, PgSALPgSAL3PgSAL4 andPgSAL5may also have roles outside of timing of bud
formation (Gregist al.2006, Gregi®t al.2009, Liuet al.2009). At the same time, this study
andothers (e.g. Gyllenstraret al.2007, Karlgreret al.2011, Klintena®t al.2012, Karlgreret

al. 2013) suggest that the long period of evolutionary divergence between these taxonomic
groups has also given rise to substantive differences between angicapd 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.

39



Chapter 2 Figures
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Figure 2.1 Amino acid alignment of MIKC sequences, with the individiMb andfiK 6
domains labeled. A subset of taxa was included for purpose of demonstrating conservation of

the MIKC domains. The defined domains are basedhyscomitrella patenghP)from
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Henschekt al.(2002). Here we also display seveicea glaucgPG) SALgenes with their

unique identifier from the GCAT assembly (Rigault et al. 2011) that is included in each
sequenceo6s AabiBopsistthaliangdATj SAgeaes, andolanum tuberosusT)
genes.AtAGL15 AtAGL16andPgGQ03118 H15 were also included based on their placement

asclosely relatedo thePgSALclade based on the ML prior to BS.
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Figure 2.2Maximum likelihood (ML) tree constructed from MIKC nucleotidartition(-In =

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. Tdwifglabbreviations
accompanying gene names refers to species of origin: A@iridia chinensisAT =

Arabidopsis thalianaCT =Citrus trifoliata, EG =Eucalyptus grandi€zE =Euphorbia esula,

HV = Hordeum vulgarePhP= Physcomitrella paten®G= Picea glauca PA =Prunus avium,
PM =Prunus mumePP =Prunus persicaST =Solanum tuberosunvV = Vitis vinifera The
white spruce genes in ti8ALclade were later name&AL1(GQ03605 C12)SAL2
(GQO03707_104)SAL3(GQ02822_N14)SAL4(GQ03702_K12)SAL5(GQ03806_I20)SAL6

(GQO4010_J13) anSAL7(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 condtions. Transcript abundance was quantified by /R using a standard curve

method. TIF5Awas used as a reference. Standard error bars repitessto four biological
replicates. Letters above bars repre$@iR grouping as determined byMANOVA. Upper

case letters represent significant differences (p<0.05) across time pointssiltitiays, and
lower-caseletters represent significant differen@soss time points within Igdays.

Statistical comparisons are not made between phataperthin days.
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Chapter 2 Tables

Table 2.1 ShimodairaHasegava (SH) testof alternative topologies SH test was performed

on constrained maximum likelihood (ML) treesog-likelihood score of the original ML tree is

significantly greater than tredternative constraint trees (see Supplementary Figurd4)S6

Tree Log-likelihood score 4n) 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 2.2Gene specific primers used for glFPTCR analysis. Primers were designed with

Primer Express® v3.0.

Gene

Primer Name

Pri mer Sequence |

GQO02822_N14

GQ03702_K12

GQO03605_C12

GQO03707_104

GQO03232_K15

GQ03806_120

GQO04010_J13

GQO03118_H14

TRANSLATION
INITIATION
FACTOR5A

(TIF5A)

GQ02822_N14 FW
GQO02822_N14 RV

GQO03702_K12 FW
GQ03702_K12 RV

GQO03605_C12 FW
GQO03605_C12 RV

GQ03707_104 FW
GQ03707_I04 RV

GQ03232_K15 FW
GQ03232_K15 RV

GQO03806_120 FW
GQ03806_120 RV

GQO04010_J13 FW
GQO04010_J13 RV

GQO03118 H14 FW
GQO03118 H14 RV

GQ00410_I1FW
GQO00410_I1RV

CAGATGTAGCCCTCGTCGTTTT
ATGCTGGAGCTCGAGTAGTCGTA

CGGGAGCTATCGATTCTATGTGA
TAGTCGTACAGCTTCCCAGTTGAA

GGCCCGCGAGAAAATAAAAA
CCTGCGCCTCTTCGAGAAC

CACAAGACTGCCATATCCTTCACT
GGGAATACAAATGATAGAGGACAATACA

CGCTTTCGAAGTACGGTGTTG
GGCCTGTGGAGAATAACCCTAA

ACCCCCCGTCATCTGAATCTAT
TAGCTGCAAGGAAGTAACATAATCATC

TTGTCGTTTGATTTTAGGGTTCTC
CCGAAGGCCTACACCAAGATT

GGAGGGTAGGCTTTGCTTTGT
TGCCAATTCCCCACAGACA

TCGGCGGTGGCAGAGT
TCCCCACAACTACGAAATCTCA
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Table 2.3p-values froma multivariateanalysis of variancdMANOVA) performed on

guantitative reverse transcriptase PCR (¢fOR)values of white spruce terminal buds.

MA N OV A 0 & pevicermed across photoperiod aetoss time (i.e. dayjested in each
photoperiod Pillai test was used to calculapproximatd=-value for the overall MANOVA,

and sum of squares was used to catetlse Fvalue for the ANOVAs applied to the individual
genes.ShapireWilk test for normality and histograms were used to assess normality, and the
Levenetest was used to assess for homogeneity of varigBtegistics were conducted in

RStudio, withanalphavalue 0f0.05.

p-value
MANOVA across all Photoperiod PhotperiodDay
genes
Degrees of freedom 1 8
Pillai 0.585 2.958
Approx. Fvalue 4.404 2.347
p-value 0.002 <0.001
Gene Photoperiod PhotperiodDay
GQ02822 N14AL3
Degrees of freedom 1 8
Sumof squares 3.078 30.471
F-value 13.205 16.354
p-value <0.001 <0.001
GQO03702_K123AL4
Degrees of freedom 1 8
Sum of squares 0.297 24.075
F-value 0.571 5.791
p-value 0.455 <0.001
GQO03605_C1ZBAL1
Degrees of freedom 1 8
Sum of squares 0.030 1.351
F-value 1.655 18.726
p-value 0.207 <0.001

47



GQ03707_I043AL2

Degrees of freedom 1 8
Sum of squares 0.201 29.203
F-value 0.554 10.073
p-value 0.462 <0.001
GQ03232_K13AL7
Degrees of freedom 1 8
Sum of squares 1.311 11.612
F-value 1.494 1.654
p-value 0.231 0.149
GQO03806_I20BAL5S
Degrees of freedom 1 8
Sum of squares 0.703 24.861
F-value 1.457 6.442
p-value 0.236 <0.001
GQO04010_J13BAL6
Degrees of freedom 1 8
Sum of squares 0.428 31.280
F-value 1.475 13.466
p-value 0.2334 <0.001
GQO03118H14
Degrees of freedom 1 8
Sum of squares 1.417 20.982
F-value 2.438 4.512
p-value 0.128 <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 treeonstructed 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 onstraint.

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 S2.1Maximum parsimony tree constructed from nua#®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 abbreviationscnpanying gene names refers to species of origin: AC =
Actinidia chinensisAT = Arabidopsis thalianaCT =Citrus trifoliata, EG =Eucalyptus grandis,

EE =Euphorbia esulaHV = Hordeum vulgarePhP= Physcomitrella paten$G= Picea

glauca PA =Prunus aviumPM =Prunus mumeRP =Prunus persicaST =Solanum

tuberosumVV = Vitis vinifera
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Substitutions/site

1.0
Figure S2.2Weighted 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 asttarekof greater
than or equal to 1, majority rule 50% consens

0.5, AMo = 3, Alo = 2, AKo = 3, ACo = 1. Br a

collapsed. Values above nodes represent bootsthagsvaClade 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 chinensisAT = Arabidopsis thalianaCT =Citrus trifoliata,

EG =Eucalyptus grandifE =Euphorbia esulaHV = Hordeum vulgarePhP= Physcomitrella
patens PG = Picea glauca PA =Prunus aviumPM = Prunus mume?P =Prunus persicaST

= Solanum tuberosunvV = Vitis vinifera
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Figure S2.3Maximum 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 bootd€fpnthuck

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 indicataakes. The following abbreviations
accompanying gene names refers to species of origin: A@iridia chinensisAT =

Arabidopsis thalianaCT =Citrus trifoliata, EG =Eucalyptus grandidzE =Euphorbia esula,

HV = Hordeum vulgarePhP= Physcomitrellgpatens PG = Picea glauca PA =Prunus avium,

PM =Prunus mumeRP =Prunus persicaST =Solanum tuberosunvV = Vitis vinifera
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Figure S2.4Maximum likelihood tree from amino acid partition. ML tree constructed from
nucleotide data with GARLI 2.0nder 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
represenbootstrap values. Clade names, based on gene function, are indicated in boxes. The
following abbreviations accompanying gene names refers to species of originAétihiidia
chinensis AT = Arabidopsis thalianaCT =Citrus trifoliata, EG =Eucalyptus grandiE =

Euphorbia esulaHV = Hordeum vulgarePhP= Physcomitrella paten$G= Picea glauca PA
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= Prunus aviumPM =Prunus mumeRP =Prunus persicaST =Solanum tuberosunvV =

Vitis vinifera
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Figure S2.5Maximum 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+IHi substitution model, estimated state frequencies, proportion of invariant sites was
estmated, 4 rate categories. Clade names, based on gene function, are indicated in boxes. The
following abbreviations accompanying gene names refers to species of originAétihiidia
chinensis AT = Arabidopsis thalianaCT =Citrus trifoliata, EG =Eucdyptus grandisgE =

Euphorbia esulaHV = Hordeum vulgarePhP= Physcomitrella paten$G= Picea glauca PA
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= Prunus aviumPM =Prunus mumeRP =Prunus persicaST =Solanum tuberosunvV =

Vitis vinifera
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Figure S2.6AGAMOUSLIKE 15(AGL195 maximum likelihood constraint. The best ML tree
constructed from nucleotide datin(= 42086.43568) with GARLI 2.0. SpruS&&Lclade
constrained with thAGL15clade. Tree search was conducted with GTR-dabstitution

model, proportion of invariant gi$ was estimated, 4 rate categories.
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Figure S2.7ARABIDOPSIS NITRATE REGULATEBANR1) maximum likelihood constraint.
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Table S2.1List of nucleotide and amino acid sequences of 88 MIKC sequences from 14

different species used for phylogenetic tre@gnBankandGenPept accession numbers

obtained from NCBI.Locus identity included in parenthese fAmabidopsissequences.

Authorities found from tropicos.org. Lineages are listed as A = angiosperm, B = bryophyte, C =

conifer.
Species Lineage Initials Genes GenBank GenPept
accession no. accession no.
Actinidia A AC SVP1 JF838216.1 AFA37967.1
chinensigPlanch.
Actinidia A AC SVP2 JF838217.1 AFA37968.1
chinensigPlanch.
Actinidia A AC SVP3 JF838218.1 AFA37969.1
chinensigPlanch.
Actinidia A AC SVP4 JF838219.1 AFA37970.1
chinensigPlanch.
Arabidopsis AT SEP3 NM_102272.3 AEE30503.1
thaliana (AT1G24260)
(L.) Heynh.
Arabidopsis A AT AP1 NM_105581.2 AEE34887.1
thaliana (AT1G69120)
(L.) Heynh.
Arabidopsis A AT XAL1 NM_105825.2 AEE35216.1
thaliana (AT1G71692)
(L.) Heynh.
Arabidopsis A AT MAF1 NM_180648.3 AEE35931.1
thaliana (AT1G77090)
(L.) Heynh.
Arabidopsis A AT SEP4 NM_126418.2 AEC05738.1
thaliana (AT2G03710
(L.) Heynh.
Arabidopsis A AT ANR1 NM_126990.3 AEC06290.1
thaliana (AT1G0809Q
(L.) Heynh.
Arabidopsis A AT SVP NM_127820.3 AEC07320.1
thaliana (AT2G22540
(L.) Heynh.
Arabidopsis A AT AGL17 NM_127828.2 AEC07331.1
thaliana (AT2G22630Q
(L.) Heynh.
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3.0 Chapter 3: Picea glaucaSHORT VEGETATIVE PHASE/AGAMOUS
LIKE 24-like 1 regulation may have evolved from a common angiosperm
pathway, while SHORT VEGETATIVE PHASE/AGAMOUSLIKE 24-like 5

may be regulated by novel pathways

3.1 Introduction

Perennial trees of the boreal forest undergo seasonal changes in growth arghtvelo
to protect against the harsh environmental conditions of winter. In preparation for the phase
transition from active growth to dormancy, white sprueied¢a glaucagMoench) VossPg),
trees form a terminal bud and meristematic growth ceases (Rothdhaterao 2007). The
transition from active growth to dormancy is regulated by environmental cues such as
photoperiod (Garner and Allard 1923, Nitsch 1957, Gatrad. 2009) and temperature (Kalcsits
et al.2009, Tanincet al.2010, Rohdet al.2011).Photoperiod has a more pronounced influence
than temperature in the regulation of growth cessation and terminal bud formation in trees
displaying indeterminate growtuch as poplar (Nitsch 1957, Heide 1974). Low temperature
delays the rate of bud setwrhite spruce trees in both long day (LD) and short day (SD)
treatments (Hamiltoet al.2016), however the combinatorial effect between temperature and
photoperiod is species dependent (Heide and Prestrud 2005, Junttila 1980). White spruce trees
are ableo 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 keaghl2011, Hamiltoret al.
2016). In white spruce, determinate specieSD in combination with wrm temperatures
accelerates terminal bud formation and growth cessation in above ground tissue (Hztrailton

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 S® law temperatures displaying the
slowest rate of progression (Hamiltehal.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 (Erécssdoritz
2002, Ruonalat al.2006, Ruttinket al.2007, Babat al.2011). Abscisic acid (ABA) content
increases in response3®sin poplar (Rohdet al.2002) to cease growth, and may be involved
in dormancy establishment in hybrid aspen (Tyleveical.2015). During white spruce bud
formationABA content is low during bud development, which suggests ABA may have a role in
growth cessation in conifers (El Kayetlal.2011). ABA is also involved in the abiotic stress
response to salinity, drougaihd cold. Low temperatures may contribute to ABA accumulation,
growth cessation (Welling and Palva 2006) and the circadian clock during dormancy @amos
al. 2005). Decreased accumulation of gibberellins (GA) contributes to cessation of growth
leading g to dormancy establishment in hybrid asgeopulus tremuld.. x Populus
tremuloidesMlichx.; Erikssonet al. 2000, Eriksson and Moritz 20pZ'iming of dormancy
induction is shown to be linked to ethylene in birch and poplar (Ruebhala2006, Ruttinket
al. 2007). In birch trees, ethylene is not a requirement for the transition to endodormancy, but it
can affect the timing of transition (Ruonaial. 2006). Furthermore, ethylene may play a role in
mediating correct developmental processes at the sipazal meristem (SAM) since ethylene
insensitive birch trees displayed altered bud structures (Ruetnal2006). Auxin participates
in a wide variety of plant development pathways, and is known to inhibit lateral bud outgrowth
apical dominance in tes. Auxin sensitivity is also involved in halting cell division of cambial
cells of hybrid aspen, and thereby participates in growth cessation and dormancy (Btesiman

2010, Babaet al.2011).Auxin levels in white sprue apical buds were found to decrease in
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response to SD (El Kayat 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 stimulatig theoutgrowth of angiosperm lateral bu@3ine and Dongl
2002, Ferguson and Beveridge 200B)creased CK levels were also found to correlate with
Norway spruce bud size (Chehal.1996)

Despite the evolutionary divergence between conifers and angiosperms, angiosperms
serve as a reasonable model to base our assumptions of developmental proacdgsdsn
white spruce dormancyrlhere is an accumulating body of evidence, mainly fromcapgirms,
that there is a conserved network involved in regulating the transition from vegetative to
reproductive growth and the transition from active growth to dormanayléBiuset al. 2006,
Gyllenstrancet al.2007, Mohameet al. 2010, Karlgreretal. 2011). For example, genes
orthologous to flowering time regulators, suchPagulus trichocarpaorr. & A. Gray
CONSTANS 2ndFLOWERING LOCUS T andPopulus tremuloides Michx.
CENTRORADIALIS andCENTRORADIALIS Dave been shown to regulate budiation in
forest trees (Bhleniuset al. 2006, Hswet al. 2006, Mohameet al.2010). Building on the
findings of Bohleniuset al.(2006),PaFTL2, a gene sister SBLOWERING LOCUS &nd
TERMINAL FLOWER {TFL1) in Arabidopsisthaliana (.) Heynh. At), has been implicated in
bud formation and growth cessation of Norway spritiee@ abiegL.) H. Karst; Gyllenstrand
et al.2007, Karlgreret al.2011, Klintena®t al.2012). Expression d?aFTL2is upregulated
after treatment with reduced day length, evhcontrasts expression Afabidopsis FT which is
downregulated in response to SD (Gyllenstrandl.2007,SuéarezL.épezet al.2007). This
difference in pattern suggests the roléafFTL2may be suppression of growth, a function more

similar toArabidopsisTFL1 (Karlgrenet al.2011).
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Severaktudies have focused on the functional roleSIADSboxgenes irbud
formation and dormancy acquisitifllazzitelli et al. 2007, Jiméneet al.2009, Horvattet al.
2010, Sasaket al.2011, Wuet al.2011). An important paper on bud development and
dormancy induction investigatechatural occurrindgnock-out mutant ofPrunus persicdL.)
BatschDORMANCYASSOCIATEIMADSBOX (DAM) genesan SVRIike gene which resulted
in theEVERGROWINGnutant Bielenbergetal. 2004, Jiméneet al.2009. The
EVERGROWINGnutant does not produce terminals buds or enter a dormant&tdenberget
al. 2004, Jiméneet al.2009, suggesting genes with functions of similar importance may exist
in other species. In contrasgpression oArabidopsisSVPis unaffected by changes in
temperature and photoperiod (Hartmatmal 2000). However, there is evidence that
environmental conditions, such as warmer temperattesslt in thedegradatiorof the SVP
protein,thereby reducingunction and impactinfjowering time (Leeet al.2007, Leeet al.
2013, Leect al.2014, Fernandeet al.2016).AtSVPis stable at low temperatures and acts to
inhibit the transition to flowering by dimerizing wifLOWERING LOCUS MFLM) (Leeet al.
2013).AtSVP additionally forms a repressive complex vRttOWERING LOCUS QFLC) to
prevent the transcription of key flowering geis#$PPRESSOR OF OVEREXPRESSION OF
CONSTANS (SOC) andFLOWERING LOCUS TFT) (Li et al.2008, Jangt al.2009, Searle
et al.2006). Expression AAtFLC is mediated by the vernalization pathway through activation
by FRIGIDA (FRI) complexing wittFLOWERING C EXPRESSURLX) genes (Dinget al.
2013).AtSOClanAtSVPacttomutually nhi bit one anotherds transc.]
flowering (Li et al.2008, Imminket al.2012). There is also evidence that suggests components

of the circadian clockCIRCADIAN CLOCKASSOCIATEDICCAY) andLATE ELONGATED
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HYPOCOTYL (LHY), may downregulat8&VPexpression in the morning to alleviate SVP
repression oF T (Fujiwaraet al.2008).

As demonstrated in Chapten&e identified a set oWhite sprucegeneghatare sister to
Arabidopsis SVPthe closely relateAGL24and thePrunus persica DAMBased on the
homology ofPgSVRIlike genes withArabidopsis SVRNdAGL24 we named these white spruce
genesSHORT VEGETATIVE PHASE/AGAMOUKE 24-like (PgSAL. Transcript profiling
data support th&gSAL1PgSAL2 PgSAL3PgSAL4 andPgSALSmay be involved in the early
staged of bud developmernio test the hypothesis thRgSALgenes 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 activafigBAk land
PgSALS5 PgSALlandPgSALSwere chosen texplore further based dheir expressiorprofiles
and our ability to clone large regions of these promoters for further analyses. dtwish
investigate the functional roles and upstream regulatdPg8ALlandPgSALSelated to bud
development in whé spruce, since few studies have looked into this topic in conifers.

To perform these analyses, we clonedpbtetivepromoters for these two genesd
used available sequence data from draft assemblies of the white spruce @&noine¢ al.

2013, Warenet al.2015)to furthercharacterize the cloned sequences. Based on these analyses,
theyweredesignated aBgSALland putativdPgSALS5promoters. We used these promoter
sequencem two experimental approaches. In the first approach, we identifiescription

factor binding sites (TFBS) ithe PgSAL landputativePgSAL5promoters with purpose of
cataloguinghe breadth of the possible interactions involved. In the second approach, we
identifiedtranscription factors (TF) that bind tRgSALlandputativePgSAL5promoters.

Together these two approachaiowed us tadentify component®f upstream regulatory
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networks involved in regulatinggSALlandPgSALS which in turn reveal new insight about the

functional roles of these genes

3.2 Materialsand Methods
3.2.1 Plant Material

White spruce terminal bud mRNA from two experiments were pooled to construct the
cDNA library used for yeast orgybrid screeningCombined, these two experiments cover the
development of terminal buds from initiation torchancy. Prior to exposure to treatments trees
were grown under LD conditiorisr active growth. In the sheterm time course trees
experienced three weeks of active growth, whereas trees used in extended time course had
approximately eight weeks aftive growth.The shortterm time course used twaearold
white spruce seedlings were grown under(8h days/16 h nights) at 20°Terminal buds
were harvested at five time points (Day 0, 7, 14, 28, Té3es in the extended time course
experimentvere twoeyearold white spruce trees obtained from the experiment conducted in
Hamiltonet 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) wererusetlifo
library construction. All terminal buds from both experiments were immediately frozen in liquid

nitrogen upon harvest and stored&a °C.

3.2.2PgSAL1 and putative PgSALS5 promoter isolation

PgSAL1LGQO03605_C12, BT114920.1) apdtativePgSAL5GQ03806_I20,
BT116779.1) promoters were isolated using the GenomeW#Ik#niversal 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 Changet al. 1993, Roeet al.2010) We used th fragments obtained using
GenomeWalkéM, 426 bp forPgSALland 862 bp foputativePgSALS5 to identify the
corresponding genomic scaffolds in v1.0 of the Norway spruce genome sequence @ ydtedt
2013),the most complete genome assembly at the tisiag the BLAST function inConGenie
(congenie.org, Sundedt al.2015). Primers were designed against the upstream region of the
Norway spruce sequences and used to obtain final promoter sequences from whit@ aptace
3.1). Complete promoter sequenaes givenn Appendixl (Al).

Primers for Genome Walké&¥ cloning, and cloning using the Norway spruce gDNA as a
guide, were generated using Integrated DNA Technologies (IDT) PrimerQuest Tool
(idtdna.com/Primerquest/Homaflex), primers (Table B). To adhere to the Genome WalRér
recommendationsll primers were designed to be-28 bp in length with a GC content between
4058 %, wi th a maxi mum of three GOs -aamedingCds i n
Primas were also designed to limit selimers and heterdimers, and hairpin strength.

Promoter fragments were cloned into the pGEW Easy vector (Promega, Madison, USA) and

sequenced with the T7 and SP6 universal primers.

3.2.3 Yeast OneHybrid (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 Pawt al.(2008). RNA quality and quantity was assessed with an
Infinite® M200 NanoQuant (Tecan, Mannerdorf, Switzerland) and gel electrophoresis. mMRNA
was isolated from total RNA using NEBNext® Poly(A) mMRNA Magnetic Isolation Module

(New England Biolabs, IpswiclA, USA). A subset ofour mMRNA samplesvererun on &
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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 CloneMircDNA Library
Construction Kit (Lfe 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 o730 ng of pooled enriched mRNA from whitthcreate the cDNA
library. Asample of Zg control mRNA provided by the kit was useslaapositive control for
all steps othe cDNA libraryconstructiorto ensureghe proceduréad been carried out correctly.
White sprucanRNA was split into two reaction tubes so that 2860 ng of enriched mRNA was
usedas astarting material for the cDNA synthesis, adaptor ligation steps and column

chromatography. For cDNsynthesisye were concerned that the oligo dT primers provided in
the kit would not perform as well as the anchored oliga g, and therefore performed one

cDNA synthesis reaction with the oligo dT primers in the kit, and the other with our own
anchored oligo dfg)N. A first primingstepwas carried out over 18.5 miover which the
temperature declined from 70°C to 454Capproximately 1°C/45 sec. Thefocol for first
stand synthesis was as follows: 45%€ 20 sec, 50°C for 20 sec, 55°C for 20 sec, then
immediate removal of tubes from the machine onto icedwegnt temperature from increasing
past 16°C. Secondrahd synthesis protocol was as follows: 16°C for 2 hours, additioslof 2
T4 DNA polymerase to create blunt ends, 16°C 5 min, add @G 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 columieanup yields wee quantified on an

Infinite® 200 NanoQuant (Tecan Group Ltd., M&nnedorf, Switzerlemdhpsure prodct
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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, 196.56ng for the control) so the two white spruagactions were pooled for a total of

138.84 ng to use for the remainder of the prototdirary quality was assessed by checking 30
randomly sampled plasmids, aadalyzingcDNA fragmentdy agarose gel electrophoresiieT

cDNA library had a 100% recombinarfie. 100% of cDNA fragments recombined into the

destination vectonyith cDNA fragmentsizes rangingrom about 650 bp to 2.25 kb, with an
average cDNA fragment size of approximately 1
instructions, a standard cDNA library should have a minimum of 95% recombinants and the

average insert size should greater than or equal to 1.5 kbs &further assessment of library

quality, atiter of the number of colony forming unitsfu) per mL was also performed with the

Escherichia col(E. coli) colonies transformed with the cDNA fragments (see calculation

Appendix3, A3) and was above the minimum of 5 *21u/imL recommended by the

manufacturer

A subsampl®f the cDNA library culture was grown in 50 mL cultw&LB mediato an
OD600 of approximately 1, amlasmidsextracted using a Qiagen Midiprep Kit (Qiagen,
Hil den, Ger many) . Extracted plasmids (50 ng)
(450 ng) using Gateway® LR recombination. Reactions were carried out at 25°C2for 16
hours, inactivated with 2l of Proteinase K at 37°C for 15 min and then a final step of 75°C for
10 min. I n this method, the c¢cDNA sequence in
by sites known as fiattlLl and attlL20, and the
(pDESTERR3Ankesd by fAattR1 and attR20 sites. Thi

ARO sites and will transfer the | et hal ccdB ¢
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sequences residing in the destination vector.
activation domain, which is necessary for prometetivation in yeast onbybrid interactions.

Cloning of bait constructs was carried out according to Deplagicale(2006). Based
on SALlandputativeSAL5upstream equences cloned from Genome Walkewe trimmed the
cDNA portion of the sequencieavingthe untranslatedegion as part of the promoter sequence.
PgSALlandputativePgSALSpromoters were first cloned into the 476 pbEs Gateway vector
(purchased from addgene.org) using Kpnl, SAll/an8mal restriction enzymes and prometer
specific primers.PgSALlandputativePgSAL5promoters were thelbR cloned into the pMW#2
vector containing the histidine reporter gene (Deplametiet. 2006, purchased from
addgene.org) to generate promoter baits. To generate baits, promoters were cloned from the 476
p5Emcs Gateway vector into pMW#2 using Gateway LR Clonase Il enzyme mix (Invitrogen,
Carlsbad, USA). Cloning reactions were incubate2b&€ for one hour, followed by addition of
1 ¢l 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 cont&g8Al 1or
putativePgSALS5promoterswvere linearized in order to be integrated into yeast genome. See
Appendix 3 (A3 for a detailed cloning protocol.

Saccharomyces cerevisia®14271 strain (Cerdarlane, Burlington, CA) cells were grown
and transformed based on a protocol from Matchmaker Gold Yeadtmel Library
Screening System (Clontech, Mountain View CA, USA). Linearized plasmids were transformed
into the yeast genomesing freshly prepared yeast cultures that had reached a minimum optical
density (O®00) of 0.4-0.5. Yeast cultures were harvested by centrifugati®nor to
transformation yeast cells were incubate@8@C for 3045 minutes.Yeast cells were

transforned at42°C for 1520 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°(2¢oiotfive days.
See Appendix 4 (Adfor detailed protocols on cloning and yeast transformations.

For PCR screeninddNA wasextractionfrom eachselected/east ctony using Zylomase
(Clontech, Mountain View, USA). PCR was conducted with E S T E&peéifc primers.
PCRproductswere run on agarose gels to determine if single or multiple transformations
occurred, ando determine relative cDNA size. DNA fronegst coloniegielding a single band
werethenextractedusing the Qiagen PCR Purification Kit (Qiagen, Hilden, Germany}tsand
inserts equenced usispedfic gr AT gFiResIn instancesvhere nucleotide
basesould notbe called by the sequencing threshti@, corresponding basegre obtaied by
examining the raw sequencing data (characters in bold in appendix seqh&nctsthe raw
sequencing data were ambiguous, the sequantstitutedoy comparison téhe white spruce
cDNA sequence in NCBWith the highest sequence similarity (urldexd characters ithe
sequence of ppendix1, Al).

A subset of positive Y1H colonies subjected to sequencing were then used for a BLASTn
search to confirm sequence identify.subset of six sequences were selected for additional
analyses. Anore robussearch was conducted by translatingdixewucleotide sequense
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
identifiedad an AATGO codon or alternative initiatioao
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 longestacid ORF

with the highest similarity fullength spruce clone.
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To provide additional evidence of sequence identity, a subset of Y &mM/dile submitted
to a motif search or pairwise sequence comparisons with close relatives. To ensure the correct
PgMYBwere identified, sequence similarities for (@MY Bsequence similarity table
(Supplemental Table 3.1) were restricted toRg&YB113 genes identified by Bedaeat al.

(2007). Sequence similarities are based on pairwise comparisonsegouenceisilarity
determined with EMBOSS NEEDLE global amino acid alignment
(ebi.ac.uk/Tools/services/web_emboss_needle/toolform.&bionfirm the presence of NBS
LRR (nucleotidebinding site/leucingich repeatand WRKY domains, we performed additional
motif analysis for this sequence. The NBBR and WRKY domairs wereidentified using TF
domain database searches viatantTFDB (planttfdb.cbi.pku.edu.cn/blast.phpNucleotide
sequences identified by Y1H can be found in Appe2diX?2).

A 3-aminc1,2,4triazole (3AT) screerwas performed to assess the strength of the
promotefTF 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 PoQuest™ Two-Hybrid System (Invitrogen, Carlsbad, CA, USAJhe chemical 3AT
inhibits the transcription of histidine, therefore colonies that continue to grow on higher
concentrations of-A\T represent a stronger DNpvrotein interactionThe six Y1H TFs were
extracted from yeast and transformed again into yeast using the above described methodology, to
confirm this was a true interactioi¥.east was grown on plates lacking histidine and tryptophan
to confirm the presence of the promoted dit 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 containthe promoter being screened as well as the corresponding empty vector
(b DE S T f whixh was used for cDNA library construction.

A detailed description of replica plating is foundAppendix 5 (A5. Colonies were
grown for two to three days at 28on nonselective YPDA media and then replica plated with
sterile velvets onto amino acid dropt media (containing: yeast nitrogen base without amino
acids, amino acid media of choice, agar, glucose) with increasing concentratieA$ oh3
separate plates (Sé&@pendix 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 signsast growth.

3.2.4In silico promoter analysis

To identify TFBS present in promoter sequenceBgdALlandputativePgSALS
promoterssequences weribmitted promoter sequences¥asta through the zPicture
alignment tool (rvista.dcode.org, Loasal. 2002, Loots and Ovcharenko 2004). rVista uses a
comparative sequence analysis approach to identify putative plant TFBS based on sequences of
previously described TFBS (Loats al.2002). We used the TRANSFAC V10.2 plant library
and imposed a 0.75 mmid cut off, which has been shown to be a sufficient and acceptable cutoff
to detect similarities while balancing the possibility of false positives (Letait 2002, Loots
and Ovcharenko 2004, Donner and Scarpella 2013).

To further confirm the cloned promoters belonged to the correspoBSdibgene, we
performed ann silico BLASTN search using default parameters of the cloned promoters, and
known cDNA sequences against the PG29 (Bifl et al.2013)and WS77111 v1.0Narren
et al.2015)white spruce genome assemblies on ConGenie (congenie.org/). Default parameters

of the ConGenie search included: BLOSUM®62 scoring matrisglee cutoff of 1e3, standard
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guery genetic code, standard database genetic code, and 10 results returned.-ydigker e

cutoffs were imposed for cDNA sequence$Sai1(90%) becauseontigs of higher @alues

had good alignment3aVe submitted the entire cloned portion of the prenadnhcluding the

UTR and the cloned portion of the coding region (regions distinguished in App®hdixThe

known cDNA sequences &ALlandSAL5also contained a UTR regiofRreliminary
alignmentsagainst queriesere conductedsing EMBOSS Needle nieotide alignment
(ebi.ac.uk/Tools/psa/emboss_needle/nucleotide.html). Contigs determined to be the most likely
to be representat of the query sequences based on prelimiagypments The final

alignment figure oSAL1containing thenostrepresentdive 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 fellauto alignment method
unalign level O, gap open penalty 1.63f f set value 0, score of 0 as:
default guide treeTheputativeSAL5final alignment figure consisting of the most

representative contigs, cDNA sequence and cloned promoter containing a cloned portion of the
coding sequence weless conserved and contained large insertionghanebythe alignment

was conducted using Geneious v10@®&neious.com, Kearss al. 2012 with the Mauve

plugin.

3.3 Results
3.3.1lIsolation andin silico analyses oftwo SAL promoters

We were able to clone 923 and 1798 upstream of thEegSALlandPgSALS5
transcriptional start sites, respectively, combining GenomeW#lleard mining of v1.0 of the
white spruce draft genome (Sundstilal. 2015, see promoter sequences in Appendix Abth

sequences were cloned as single fragments, verifying the integrity of the seqlisa8AL1
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andSAL5promoters shared a 30% sequence identity (Figure BiBoth cases, the cloned
sequences contained a portion of the coding sequence, allowingargydhat both sequences

are upstream d¥1IKC sequences. In both cases, this cloned region of the coding sequence only
contained a portion of the M domain, which is highly conserved beti#€@ genes and

therefore did not allow us to verify that theproter fragments were upstream of the targeted
SALgenes.To investigate if the cloneskquencewereupstream othe SAL1landSAL5genes

we used both the cloned promoter fragments and the cDNAs to theePy29 v4 and WS77111

v1 white spruce genonassemblies using the ConGenie BLASTn functiwm{.congenie.org

last accessediruary8 2018) We used the highest hit contifyjem these queriet® construct
preliminary alignment@ orderto determine which contigs producedanmparativelyjong and
relatively continuous alignment (Table S3.1). Contigs determined to most likely represent the
genomic portions of thBALlor SAL5promoter and/orcDNA i . e. t he weleest cont
submitted to aeciprocalBLASTn search as a method of confirmation if tbastig wouldresult

in SALlor SAL5as the highst BLASTn hit (Table S3.2). The best contig or contigs were

aligned to the&SAL1lor SAL5promoter containing the cloned cDNA a84L1(Figure S3.1) or

SAL5 cDNA (Figure S3.2, Figure 3.3).

From this analyis, the best contggligning to both th&SAL1promoter andcSAL1cDNA
were determined to be R11r141201s213727rom the PG2%4 assemblyand Pg
02r141203s0882372 from the WS77Mllassembly (Table S3.1). Thdgtermination was
based orthe degree adlignment between treequences, arttiat in the reciprocal BLAST using
the contigsas the queryGQ03605_C123ALJ was returned as the highest hithis analysis
lends confidence that the clon8&L1promoter is indeed upstream of thAL1coding

sequene.
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Using oth theputativeSAL5promoter andBAL5cDNA as querieproduced less certain
results. The best contigs for tBALS promoter andBALS cDNA were determined to be Pg
01r141201s0119707, Pg01r141201s23567302, ar@lPgt1201s2765746 from the P&
assembly, and P@1r141201s0119707 from the WS77Mllassembly (Table S3.1). However,
the alignments for these contigs contaifeagerstretches of continuous nucleotide alignments in
comparison tao theSALlalignment which gives us less confidesmthat the contigsetrieved
with the SAL5cDNA arenot bona fideéSAL5sequencesFurthermore, when the best contigs for
SAL5areused as the BLAST querthe SALS5cDNA is notreturned ashe highest hit. This was
true even for the contigs found by tBAL5cDNA best contigTherefore, the current genome
assemblies were not sufficient for us to determine whether the cBXiegpromoter is in fact
upstream of th&AL5coding region. For this reason, weder to this promoter as the putative

SAL5promote.

3.32 TFBS searchsuggestdgSAL promoters are regulated by similar networks

The PgSALlandputativePgSALS5promoter sequences were submitted to rVista v2.0 to
identify putative TFBS within each of these promoters. The rVista search identified 64 TFBS for
thePgSAL1promoter, and 66or theputativePgSALS5promoter(Figure 3.2) Of these, 44
(69%)PgSALland %6 (69%)PgSALSTFBS were found to be legitimate, nucldaased TFs that
had a defined function accorgdimo TAIR or UniProt (Tables 3.2 and 3RBigure 3.2. 42 of
these motifs were shared betwddgbALS5andPgSAL1promoters 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 functidhat was not limited thaving a general role in transcriptiand

extended for example to development or environmental respoBsa®e of the identified HBS
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were generainotifs, and didnot implicate a specific gene. In these instances, only one gene in
that family ofmotifs was selected to be represented in Tables 3.1 andA&&. applyingthe
above criteria, weetermined that thegSALland putativdPgSALSpromoters eachossessed
TFBS associated with response to hormones (GA, ethylene, ABA,, ayxokinin),
defensévounding responseabioticfactors(such as cold temperaturdight and water stress),
root development, development of reproductive structures, meristem developmeiijsieh,
cell differentiation pigment biosynthesiand cell wall biosynthesis {gure 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 (ZINDEPENDENT ACTIVATOR
PROTEIN1) in putativePgSALS5 and ATHB9 (ARABIDOPSIS THALIANA HOMEOBOX
PROTEIN 9)and NAC (NAM, ATAF1/2, CUC2)n PgSAL1(Figure 3.3) TheputativePgSAL5
promoter had a greater number of motifs associated with the response to GA (PIF3), abiotic
stress (PIF3) and defense/wounding (ZAP1/WRKFigure 3.3. ThePgSALlpromoter was
found to have a greater number of motifs associated with the develop of/S&€)s meristems
(ATHB9), leaves (ATHB9), as well as cell differentiation (ATHB9) and cell wall biosynthesis
(NAC, Figure 3.3. ThePgSALlandputativePgSAL5promotes had 11 motifs associated with
reproductive structure development, 10 of these mdtdsesl between the two promoters.
Additiond reproductive structure motifs included ATBH9 f8gSALL and MYBS8O forputative
PgSALS5

We further looked at the distribution of motifs within promoter sequences by visualizing
the type and number of motifs wigle graphs (Figur8.4). Boththe PgSALlandputative

PgSAL5promoters contains the following motifs: AP2/B3, AP2/ERF, ARF, ARR, BHLH,
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BZIP, DOF, E2F, EIL, GATA, HBZIP, MADS, MYB, PHD, RITA, TALE/KNOX, TCP,
TRIHELIX, and ZNF. Forthe PgSAL1promoter the most abundant motifs were BZIFB¢4),
MYB (16%),andMADS (11%,Figure3.4A). Forthe putativePgSAL5promoter the most
abundant motifs were BZIP §%), MYB (18%), MADS (11%Figure3.4B). The unique motifs
for thePgSAL1promoterwere ATBH9 (50%)xnd ABI4 (50%, Figur8.40), andfor the putative
PgSALSpromoter werdMYB (33%), ZAP1/WRKY1 (33%) and PIF (33%, Figude4D).
3.3.3Si_x putatiye regulators bind PgSAL1 and putative PgSAL5promoters in weak and
strong interactions
Y1H assays were conducttaidentify white spruce proteins interacting with the cloned
PgSALlandputativePgSALSpromoters Approximately 800 yeast colonies were screened for
PgSALlandputativePgSAL5promoter interactions (refer to A8r adetailed protocol).
Approximately 317 yeast colonies screened by PCR possessed a single band, and as a result
thesePCR products werehosen for sequencindgsequencing results weused to query the
NCBI database usinBLASTn, and pared down to six Y1H TFs for further anaysased on
BLASTN identities which represented plausiblesTFable 3.5. A list of other putative TFs that
were identified in the Y1H scredmut werenot used fofurtheranalysis are listed in Appendbx
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 requRgiS8AL1landPgSALS
and therefore offer clues as to the functionB@SALlandPgSALYTable 3.4). Fomthe
PgSAL1promoterinteracting proteins, we selected SUPPRESSOR OF OVEREXPRESSION OF
CONSTANSIike (SOCtlike), FLC EXPRESSORike (FLX-like), and ABSCISIC ACID

STRESS RIPENINGike (ASR-like) for the Y1Hinteraction strengthssay PgSOC1like and
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PgASRIike cDNAs werefull-length, whilePgFLX-like wasa partialcDNA, with approximately
500 nucleotides r unc at ed f Pgs@Clikehsequehces shared 64.8% sequence
similarity with SOC1/PTMSrom Populus tremuloides characterizeOClike genefrom a
perennial specig€sekeet al.2003). PgSOC1like has 100% sequence similarity to
PgGQ023235_L08, a spru@®NA included in ouphylogenetic analysis (Chter 2). The
phylogenetic analysis showed tiRgSOC1/PGQ02335_L08s sister taheclade containing
ArabidopsisSOC1 PgFLX-like had a 29.8% sequence similarityRioX-like 3gene inCicer
arietinumL. PgASRIike had a 22.7% snilarity to Solanum lycopersicon. ASR4and 33.3%
similarity to Solanum lycopersicon ASR1

Fromthe putativePgSAL5promoterinteracting proteins, wecreened
CAPRICEENHANCER OF TRYPTYCHON AND CAPRICHike (CPC/ETClike), anR2R3
MYB, PgMYB1, andnucleotide bnding siteleucine rich repeadflUCLEOTIDE BINDING
SITE-LEUCINE RICH REPEAR/WRKY(NBS-LRR/WRKY) for the Y1Hinteractionstrength
assay(Table 3.4).PgMYB1wasa full-length sequenc&gCPC/ETClike wasa partial sequence
with 46 aminoacida b s ent f r oTimePgNBELRE/WRKMikedsequencevasa partial
sequence based on its sholéergth(560 bp nucleotide, 147 amino acré)ativeto its
corresponding full length white spruce cDNA sequddg6Q0033_E20 (710 bp nucleotide, 171
aminoacid), and relative to thArabidopsisfull length sequences showing the highest sequence
similarity, AT1G69550.1 (5248p, 1400 amino acids)rhe PgNBSLRR/WRKWYlike partial
cDNA also appeared to contaieletions and insertion§he YIHPgMYB1 TF was of interest
to us becausef thephylogenetic and functional characterizatibat hasbeen carried oubr
this gengBedonet al.2007, Bomalet al.2008,Bomalet al.2014. PgMYB1lidentity was

validatedby sequence comparisonRgMYB1PgMYB13a subset of thBgMYBTFs identified
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by phylogenetic analysis belonging to the same clg@=donet al.2007). Whereas the
PgSAL1 promotetinteractingPgMYBhad a 98.5% amino acid sequence similaritygd1YB1
the sequence similaritie$ PgSAL1promoterinteractingPgMYBto PgMYB213 ranged from
27.2% to 37.6%. This level of sequence similarly indicates th&gM Bsequence identified
by Y1H isPgMYB1

The Plant TFDB domain search identified BgNBSLRR/WRKMYike TF sequences to
have a WRKYdomain(e-value 1e09). The NBSLRR domain was also identified by the Plant
TFDB domain search {ealue 1e06 to 6e04). A globally optimized alignment &igNBS
LRR/WRKMYlike andArabidopsisWRKY19 yieldeda low sequence similigy of 3.5%, and 4.6%
with Arabidopsis WRKY1@lable3.4). The truncate®gNBSLRRIike likely contributel to the
low sequence similarity, as tA¢WRKY 1GandAtWRKY 1%mino acids sequence®re
approximately 1200 to 1750 bp longer tiRgNBSLRRIike. Using alignment (Supplemental
Figure A3.6, Figure S3)7and conserved domain identification
(ncbi.nlm.nih.gov/Structure/cdd/wrpsb.c§upplementaFigure S3.8 we identified that the
PgNBSLRR/WRKYomain aligedto separaté. RR domains in th&tWRKY 1Gnd AtWRKY 19
sequencel believePgNBSLRR/WRKYike may be a truncated version of the spruce clone
PgGQ0033_E20.PgNBSLRR/WRKYlike appearedo be a hybrid of NB&RR and WRKY,
since both domains are present and share sequence similarity with previously identified
ArabidopsisNBS-LRR and WRKY hybrids (Rinersoet al.2015). Despite the low sequence
similarity of PgNBSLRR ike to AtWRKY 1andAtWRKY 16the identified WRKY domain
appearedo be conserved even in this truncated sequence.

All six of the above proteinseredeterminedo interactwith thePgSALlor putative

PgSAL5promoter to a greater degree than the negative co(fEigisre 3.5. Interactions were
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identified as fAstrongo wsibleyeastg@ktoon m@aeasng o n
concentrations of-AT. ThePgSAL1promoterwas identified to have a weak interaction with
PgSOC1like, and strong interactions witPgFLX-like andPgASRIike (Table3.4). The
PgSAL1promotemegative control exhibited almost no growth at 5 M1 At 5 mM 3-AT,
PgSOC1ike showedweak growth, whildPgFLX-like andPgASRIike had more pronounced
growth.PgFLX-like andPgASRIike colonies also exhibited some weak growth on 10 mAT3
plates, whilePgSOC1like and the negative control ttao growth. Growth of thputative
PgSAL5promotemegative controlvasdramatically reduced at 10 mMAST and absent at 20
mM 3-AT. PgMYB1 appeaedto have a weak interaction, since its growth at 10 wddonly
slightly better tharthat ofthe negative controPgMYB1 also appearetb have very small
amounts of growth at 20 mM-AT. PgCPC/ETGike andPgNBSLRR/WRKY-like hadstrong
interactiors because they gne well on 10 mM 3AT, andformedvisible colonies on 20 mM-3
AT.

TheputativePgSALS5promoteryeast line appeardd have a higher baseline activation of
the histidine reporter gene compared toRg8AL1promoterine. Promoters are integrated into
the yeasggenome independentlgnd thereforean have different baseline levels of expression
basedon their location in the genome.iff@rent genomic integration sites may explain why the
putativePgSALS5promoteryeas line wasable to grow on higher levels of 8T than thePgSAL1

promoteryeast line.

3.4 Discussion
We demonstratenh Chapter 2hat white spruce SAL1 and SAL5 genes are homologous
to both angiosperm SVP and AGL24 genes. PgSAL1 and PgSAL5 showed bumitant

identicalpatterns of expression (Chapter 2), peaking within the first two weeks of bud formation
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and declines at lateinte points. Hergwe investigatd the possible regulatory networttsat
SALlandSAL5function in usingbothin silico identification of TFBS anah vivoidentication
of promoterinteracting protensia Y1H. These approaches argeful foridentifying possible
functions for these genes. These complementary approachesdli®io examingvhetherthe
identified putativelFs regulating?gSALlandPgSAL5are the same or differerats well as
provide evidence to support a role for either or BRgBAL1andPgSALSN processes associated
with bud formation.

In the absence of a qualitgferencenhite spruce genome assembly at the time that this
research was conducted, | cloned the promote®d&ALlandPgSALSusing Genome Walker.
| used the two cloed promoters anthe SAL1landSAL5cDNA sequence® querythePG29 v4
and WS77111 vivhite sprucalraftassemblies tascertain whether thedboned promoter
sequenceand targetedDNA sequencesould be aligned with confidence to the same genomic
contig,thereby providing evidence that the cloned promoters are upstream of the t&#&jeted
coding sequenced-rom these analysesgewave confidence that tB&AL1promoters upstream
of the SAL1coding sequenc¢eand is therefore a bona fi@&AL1promoter(Supplemental Figure
3.1, Supplementalable 3.1, 3.2).In contrast, our analyses suggested that neitige3ALS
promotemor SAL5cDNA sequencarenot represented in tlearrentPG29 or WS7711draft
assembliessince the alignment of the contigs witie SAL5promoteror cDNA sequences had
large gaps and large regions of mismatchiése finding hat theSAL5locus is notepresered
in thesedraftassembliess not surprising, given that very few contigs contain a fully assembled
locus, and only a small number of contigs contain multiple loci (Baal.2017). We have
someevidence that the cloned promoter is mostly likeAL5based on the high sequence

similarity and low evalue to GQ03806_I205ALH when weusethe cloned portion ahe SALS
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UTR andcodingsequencas BLAST queriesHowever, this region of the coding sequence
contains the conserved M domain, and thus does not have @Ad4bsignatures.For this
reason, wéave less evidendhat the cloned SALS5 promoter is upstream of3Aé.5coding
sequence and therefdnavereferedtothispr omot er as the fipilheati ve S/
inability to identify a high confidence contig from tI®AL5cDNA demonstrates the limitations
of thecurrentwhite spruce genome assemhli€snsiderablenprovementgo the assembly by
additional sequencing and improved assembly metamlsequired in order fahe white spruce
genome to reach reference status

The majority of putative TFB&lentified by rVistaweresharedetweenPgSALland
putativePgSAL5promoters The Y1H identified six promising TFs for future investigations.
Many of the putative TFBS and Y1H TBsaggestedunctions related to growth and
development. In addition, many TFBS related to hormone regulation were identified.
3.4.1PgSAL1 and putative PgSAL5 promoters are regulated by external stimuli and
hormones

Pathwayghat may benvolved in regulating the promoter activity of bdgSALland
putativelyPgSALSnclude response to water stress, cold temperatures, light quality, biotic and
abiotic stress, ethylene, GA, ABA, auxin, and CK. Both promatss contained TFBS
associated with cell division, cell differentiation, the developrmén¢productive structures, and
seed development&ven though the promoters only shared ca. 30% sequence iddntigt all
of the TFBS with defined functions were identified in bothPig8 ALlandputativePgSALS
promoterssuggestindghat the genes may be regulated by similar signaling pathwidnesTFBS
database sedred demonstrated thtlte putativePgSAL5promoterhadadditionalTFBS

associated with the response to ABA, light, GAJ defense. In contraghe PgSAL1promoter
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was regulated bywo additional T linked to development of the leaf, the seed, the merjstem
cell wall biogenesigand cell differentiation. Based on these differenttesputativePgSALS
promotemmay be associated with maegulatory responses related to hormonal control and
external stimuli, whileghe PgSAL1promoterhadsomeTFs 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 batie PgSALlandputativePgSALS
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, Woodgegt al.2003). The WRKY TF family has a variety of roles in plant
development and biotic and abiotic stress (Ciolkowsldl. 2008).This is in agreement with our
Y1H, which also suggested that tatativePgSAL5promoter interactedith a defenseelated
WRKY TF. Altered flowering time irArabidopsisplants by soybean WRKY's further
denonstrates that transition froffowering is affected by regulatory networks involved in the
stress response, and appears to be mediated by WRKYs ¢¥ahg016).

Multiple DNA binding motifs involved in light perception were identifiedie PgSAL1
andputativePgSAL5promoters, indicatinthatPgSALgenes are a downstream target of light
perception and/or light quality. THgSALlandputativePgSAL5promoter possess four TFBS
for the light response€CPRR2, CPRF3, RAV1 and TAV1 (Table 3.2, 3.3his finding is in
agreement with the knowledge that bud formation is accelerated under SD in white spruce
(Hamiltonet al.2016) and that growth cessatiand bud formation in other species such as

Populus sppis influenced by lighsignals and day length (Olsen 2010).
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A greater number of TFBS were identified in theativePgSAL5promoter likely
becausehe putativePgSAL5promoter sequence submitted for the motif search was 8b0ut
bp longer than the promoter sequence submitteBdSAL1 Larger fragments of promoter
sequence are naturally more likely to increase the number of TFBS identified. We must
acknowledge thalFBS 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 identifiedlso, in order to confirm that the clonpdomoters
are upstream of th@ALlor SAL5gene, the promoter and the entire respe@ikkcoding

sequencshould be cloned from white spruce gDNA.

3.4.2 Yeast OneHybrid Assay identified six proteins that may regulatePgSAL genes
Based on the Y1H assaye have at least four putative Tthatappear to be good
candidates tinteractphysicaly with PgSAL promoters figure3.5, Table 3.4 PgASR-like,
PgCPC/ETClike, PgFLX-like, andPgNBS-LRR/WRKY-like. Here | will discuss the potential
roles of thesstrongand weak PgSOC1like, PgMYB1), interactions witiPgSAL1or putative
PgSALS Il nt eractions could have been more accurat
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 aré&shand.

3.4.2.1Transcription factors that interact with the putative PgSALS5 promoter suggest roles

in development and beyond bud formation
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SincePgNBS-LRR/WRKY-like protein possesses similarities to both LRR and WRKY
domains, we speculate that this piotmay help facilitate different protein interactions and
binding partners related to transcriptidWRKY shave several roles in response to stress
pathways, including plant defense, MAP kinase signaling, activation of ABA signaling and
promotion of saland drought tolerance (Phukenal.2016, Rushtoet al.2010). WRKYSs also
have several developmental roles, and may act to inhibit GA signaling during seed dormancy
(Phukaret al.2016, Rushtort al.2010).For example, soybealycine max..) defense
relatedWRKYJGmMWRKY5&ndGmWRKY 7Haccelerate time to flowering when overexpressed
in Arabidopsis(Yanget al.2016). These results demonstrate that TFs related to defense can
influence other developmental pathways, such as the transitiorvégetative to reproductive
growth. Furthermore, it was demonstrated through GeliPthat these soybean WRKYs bound
to the promoter region of multipkrabidopsisflowering time genes, includingtSVP(Yanget
al. 2016. This range of results leads udtieve 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.

WRKYTFs bind the Whox, (T)(T)TGAC(C/T), in promotersThe putativePgSALS
promoterdoes possess a traditional WRKYotif (TTGACT, +1769), buthe PgSAL1promoter
does not. The presence of a WRKbtif in theputativePgSALS5promoter is supported by the
rVista database search which identifiedddkes from WRKY TFs in the promoters of both
PgSALlandputativePgSAL5(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 betweeputativeand the WRKY TF.
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PgNBSLRR/WRKYike may be a chimeric NBERR/WRKY TF, demonstrated bthe
identified domains and high DNA binding affinity, and may have regulatory functions. Chimeric
proteins containing both the NBSRR and WRKY domains have been identified in flowering
plants (Rinersoet al.2015, Rushtomt al.2010). InArabidopsisthreeNBSLRR/WRKYgenes
have been identifiedAtWRKY 16 AtWRKY 1BndAtWRKY5ZRinersoret al.2015). The
AtWRKY 1andAtWRKY19enes have DNAinding capabilities, in addition to roles in
signaling in the innate immune response (Rinestal. 2015, Rushtoet al.2010). Since our
PgNBSLRR/WRKYlike gene has a strong interaction strength -&ir'jplates, it seems unlikely
its only purpose is in intracellular signalinPgNBSLRR/WRKMYike only possessed a role in
intracellular signaling anis interactionwith the putativePgSAL5Soromoteris nonspecific, we
would predict would be more likely to have a weak interactiorangiosperms, there have been
at least eight types 6§ BSLRR/WRKYgenes identified, which possess unique combinatibns o
NBS-LRR domains, WRKY domains and additional protein domains (Rine&tsah2015).

Since oulPgNBSLRRIike sequence appears to be a partial sequence, in combination with the
fact it appears to be similar to the relatively newly characteNRB8LRR/WRKYgene hybrid, it
is difficult to classify this protein with absolute certainty.

Despitewell characterizetNBS-LRR roles in disease resistance, members of this family
have also beeshown through yeagwo hybridassaygo interact withMADSboxgenes (Cseke
et al.2007, Acevedet al.2004, Gamboat al.2001). In poplar, th@ TM5andPtLRRprotein
protein interaction was proposed to represent a ndvBitype gene to mediate protgimotein
interactions (Cseket al.2007). Furthermore, oth&RR proteins inArabidopsis such as
CLAVATA1 andERECTA have demonstrated developmental roles through prpteiein

interactions and intercellular signaling (Clatkal. 1997, Toriiet al. 1996).
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Similar to most of the other interacting protethat we identified with Y1H, functional
characterization of the R3 MYBPC/ETCgenes in other species revealed possible roles in
development.l could not find a direct link betwedgdPC/ETCgenes an&VRlike genes in the
current literatureArabidopsisCPC andETC have contrasting roles in root developme@PC
acts as a positive regulator of heell differentiation and is involved in cell fate determination in
epidermal cells (Wadet al.1997).ETC1genes are believed to act as negative regulators of
trichome differentiation, and a positive regulator of the development of root hairs éKaik
2003). Interestingly, single loss of functi&f C3/CAPRICE.IKE MYB3 (CPL3)mutants
exhibit delays in flavering, which suggestsTC3has a role in the transition from vegetative to
reproductive growth at the meristem (TominMyadaet al.2013). These findings lead to
proposehatputativePgSALSplays a role in cell fate determination and development.
Additionalin vivoor in vitro analysis is necessary to confirm the interaction oBSiBlike
promoters and their proposed interaction partners.

PgMYB1, found to interact with thputativePgSAL5promoter, is perhaps the best
characterized of all conifer transcription factors (Bedbal.2007, Bomakt al.2008,Bomal et
al. 2014. The presence of the MYB recognition sequence (TAACT@uiativePgSALS
(+235 to 240) an€gSAL1(+209 to 212) isn agreement with the MYB TFBS identified by the
database searcRgMYB1lis hypothesized to be involved in lignin biosynthesis by regulating
phenylpropanoid metabolism (Bedenal.2007).PgMYB1lalso has a high sequence similarity
to MYBL1in loblolly pine Pinus taedd..), which is suggested to be a positive regulator of lignin
synthesizing enzymes (Patzletfal. 2003). Bedoret al. (2007) foundPgMYB1to be
homologous t&rabidopsisMYB2Q which is involved in cell differentiation andgulating fiber

development (Ehltingt al. 2005).Our finding thatPgMY Blinteracts with thg@utativePgSAL5S
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promoter suggests thBgSALSmay possess roles outside of vegetative or reproductive bud
formation, possibly in regulation of secondary cell wall formation. If true, it would suggest that
PgSALB5has acquired functions distinct frdPgSAL1 which seems more likely to regulate
events asociated with bud formation.
3.4.2.2Transcription 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
transienin plantaassays thadtFLX complexes with FRIGIDA (FRI) in order to promote the
baseline expression 6L.C (Choiet al.2011, Dinget al.2013).FLC in turn inhibits the
expression of genes suchQC1 FT, andTWINSISTEROF FT (TSH, which repress
flowering (Borneret al. 2000, Leeetal. 2000, Samacht al.2000, Hepworttet al.2002,
Michaelset al.2005). Vernalization, an extended period of cold temperatures required to initiate
flowering in some species, alleviates the repressidiLGfto promoter flowering (Michaels and
Amasino1999, Sheldomt al. 1999). The interaction of tHegSAL1promoter with FLX
suggestshatPgSALlcould beregulated by cold temperatures, and that TFBSs involved in the
cold response are conserved within the promoter. This evidendegtBAL Imay be cold
regulated is in agreement with our database search, which identified TFBS regulated by cold
temperatures, including RELATED TO ABI1/VP1 (RAVIARAV1is under circadian clock
regulation (Fowleet al.2005), is upregulated by low temperatures (Fowler Bmmashow
2002), and maypegatively regulate growth (Het al.2004). InArabidopsis RAVl1also
positively regulates leaf senescence and may act as an integrator of environmental cues with leaf
maturity (Wooet al.2010). Overall these results show @nde thaPgSAL1may be involved

in CO/FTregulatory network and may have a role in the control of bud formation.
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Additional evidence linkindPgSAL1to regulating developmental events at the SAM is
the interaction oPgSOCL-like with thePgSAL1promoter. SOC1 is a MADShox protein that,
in Arabidopsishas been found to bind t#¢SVPpromoterto allow flowering to proceed (let
al. 2008, Imminket al.2012). SOCL1 binds to the CA#@Gx motif (CC[A/T]6GG). Nomotifs
with 100% similarity toCArG-box motifs were identified by our promoter motif search in the
either promoter. However, several MAB®x TFBSs were identified by the rVista search in
boththe PgSAL landputativePgSAL5promoterswhich includeAGAMOUS (AG),
AGAMOUS-LIKE 1, i.e., SHATTERPROOF{AGL1), AGAMOUS-like 15 (AGL15),
AGAMOUS-LIKE 2, i.e. SEPALLATAL (AGL2), and AGAMOUSLIKE 3, i.e. SEPALLATA4
(AGL3). Kaufmanret al.(2009) identified through ChiBeq inArabidopsishat CArGbox-like
motifs can be sufficient for interacting with MAB®Xx TFs. We propose that although
angiosperm motifs can be useful tools when searching conifer promoters, it is possible these
motifs may not béully conserved in conifers. Lack of motif conservation in conifers increases
the likelihood that conifer promatehave diverged and may only possess partially conserved
angiosperm motifs. Additionally, MAD®8ox TFs bind as heteror homedimers in order to
form TF complexes (Ege@orineset al. 1999, Honma and Goto 2001). We speculate that SOC1
may have had a singer interaction with thBgSAL1promoter in the AT screen if the
necessary accompanying TFs were also present to facilitate this interaction.

We proposé&sOC1llike genes regulat8VRIlike genes not just in the annuslabidopsis
but also in white sprgc PoplalSOC1/PTM5has not been identified as a target or regulator of
poplarSVRIlike genesPTM5demonstrates a seasowatiation inexpression, and is believed to
have a role ifrbothxylem and phloem differentiation, aimdthe vascular cambium (Cse&eal.

2003). AtSOC1 has been shown to be a regulat@\dPexpression (Imminlet al.2012). In the
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perennial woody species kiwifruid¢tinidia chinensigA. Chev.) C.F. Liang & A.R. Ferguspn
AcSOC1like gene is proposed to function in partnershithwicSVRIlike to impart
transcriptional regulation (Vooget al.2015). This proposed function is supported the
overlapping location and timing of expressiorAaSOClike andAcSVRIike genes in kiwifruit
(Wu et al.2012). Voogcet al.(2015) proposes #tAcSVRIlike genes may also regulate
transcription oSOCZlike genes, which would complement thebidopsismodel (Imminket
al. 2012, Tacet al. 2012, Gregi®t al.2013).SOCl1is a part of the photoperiodic regulation of
flowering time inArabidopsis andis under the regulation of the circadian rhythnRd¢lSOC1
like is also under the control of the circadian cldblen the interaction with tHegSAL1
promotersuggesthatPgSALImay be regulatelight and circadian rhythm.

ABA has been shown tcale 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 BOSAL1(Rohdeet al.2002,Horvathet al.2003 Ruttink et al.

2007). Theobservations that ABA content incredse white spruce budsndershortened
photoperiods (El Kayadt al.2011) andhatshortened photoperiods incred#dBA in poplar

apical buds (Rohdet al.2002), suggest that ABA may function in a similar manner in
angiosperm and conifer bud development and growth cess&miato(Solanum tuberosuim)
ASRregulates tuber development, which is triggered by external stimuli similar to dormancy
inducing conditions, such as shortened day length, cool temperaindéascreasd ABA levels

(Xu et al. 1998, RodriguefFalconet al.2006). ASRorthologs regulate the abiotic stress

response (e.g. drought and salinity) in addition to fruit ripening and tuber development in potato
(Golanet al.2014, Frankeét al. 2004).Environmental conditions such as drought, salinity

induce expression @sinkgo bilobal. AsrandAsrorthologs (Sheet al.2005). Overexpression
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of ASRin tomato caused an increased tolerance to abiotic stress, including salinity, drought and
cold (Golaret 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 étaajal

2011). Regulation oPgSALL by ASR suggestBgSALl is regulated by ABA, which could be

linked to the perception of dormantyducing desiccation conditions. Our speculation that ASR
is involved in the ABA response is further supported bydbkatification of motifs from our
promoter databased searchttaie regulated by the ABA response, includdiBA

INSENSITIVE 4 (ABI4), ARABIDOPSIS THALIANA HOMEOBOX PROTEIN 5 (ATBH5),

andEARLY METHIONINE BINDING PROTEIN-1(EmBP1)

3.4.3 Conceptual models dPgSALland putative PgSALS5 regulatory networks

Based on or findings in this paper and previous research we inferred upstream psthway
regulatingPgSALlandputativePgSAL5(Figure 3.9. Specifically, we propose that genetic
interactionsas well asthylene, 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 BgBALland
putativePgSAL5promoterssuggesting thatey 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 akim{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

releag, and bud burst.
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We hypothesized th&gSALlwas 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 partnenséhe identified through Y1H
PgSOC1ike, PgASRlike andPgFLXlike. ASRIlike genesare believed to be ABAesponsive
(Shenet al.2005), whileFLX-like genes may be regulated by cold temperatures (Eliag
2013). PgSOCH1ike has not been functioriglcharacterized in sprugchoweverin poplar,
SOC1/PTMb5has been suggested to regulate the formation of wood tissues €Cs¢iZ9O07).

Like PgSAL1, PgSALShowed an expression pattern consistent with roles in early bud
development and/or growth cessation (Chapter 2). However, interacting TFs identified by Y1H
in vivointeractionsand through TFB$ silico analyses suggest tHagSALShas a role distinct
from PgSAL1 and perhaps different froBVP/AGL24ike genes characterized from other
species to dateThe known functions dPgMYB1in regulating phenylpropanoid biosynthesis
and the hypothesized functionsRNBSLRRIike allow us to hypothesize thRgSAL5 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 alsgerved thaPgSALanay 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 ancestrapegtoire, sincégSALare sister to angiosper8A 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 experimentsnclude electrophoretic mobilityhift assay, tobacco dnofiltrations, or
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ChlIP, in order to validate the Tromoter nteractions identified by Y1HFurther workis

required to verify proposed functions include RNA interference experiments in sprirgSiaL
genes and select TFs that reguRtfSAls. Transgenics are needed to uncover the regulators and
moderators of these pathways in relation to different aspestsasbnal growthAdditional
experiments are also required to unequivocally linkRg8AL1 andPgSALS promoters

upstreanto their respectiveoding sequencedhis can be done lgtoningthe entire promoter
region and cDNA sequence as one piece, to rarthese promoters are upstream of the
intendedSALgenes.Through these experiments we hope to uncoveg8ALgenes share

similar functions to theiDAM homologs, and furthermore that these genes ardéummtionally

redundant/demonstrate functionaleligence.
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Chapter 3 Figures
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