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1 Introduction
1.1 Secondary metabolism is the key to the plant adaptivity
Plant metabolism comprises of two main categories. Primary metabolic pathways are directly required for
growth and maintenance of plant cells. Primary metabolites, i.e. carbohydrates, fatty acids, amino acids, and
nucleic acids, are essential to all plants and both the compounds and their biosynthetic pathways are highly
conserved across the plant kingdom (Hartmann 2007; Kliebenstein & Osbourn 2012; Lacchini & Goossens
2020). Instead, the majority of the secondary metabolites are phylogenetically restricted (Chezem & Clay
2016) and their biological significance remained obscure for long. The early studies regarded secondary
metabolites nothing but inert by-products of primary metabolism or detoxification processes that were
dispensable for plant development (Hartmann 2007; Kessler & Kalske 2018; Lacchini & Goossens 2020).
Achievements in biochemistry and ecology revealed the functionality of the plant secondary metabolites
(Hartmann 2007). The current concept of secondary, or to put it more contemporary, specialized metabolism
incorporates all plant – environment interactions from abiotic stress responses to antagonistic and
mutualistic interactions (Hartmann 2007; Kliebenstein & Osbourn 2012; Kessler & Kalske 2018; Lacchini &
Goossens 2020). Secondary metabolites have ecochemical characters, but they are involved in
developmental processes also, having primary functions (Hartmann 2007).

As sessile organisms, plants must react and adapt to all stimuli at metabolic level which sets high demands
on both the biosynthetic processes and their genetic control. Secondary metabolism not only mediates but
is also directly involved in plant defensive responses to pathogen and herbivore attacks, and in allelopathic
competition (e.g. Kliebenstein & Osbourn 2012; Kessler & Kalske 2018; Lacchini & Goossens 2020). Defensive
secondary metabolites can be divided into two groups by their occurrence in a plant cell. The constitutive
chemical defence relies on phytoanticipins that either form physical barriers or are toxic compounds that are
stored inactivated or vacuolized in a living cell. The secondary metabolites involved in the inducible chemical
defence are called phytoalexins and their biosynthetic pathways are activated by exogenous or endogenous
elicitors upon threat (Lacchini & Goossens 2020). Abiotic stresses, like drought, heat, or exposure to
ultraviolet (UV) light irradiation and free radicals, also trigger secondary metabolic responses (Kessler &
Kalske 2018; Lacchini & Goossens 2020). Additionally, the secondary metabolites act in mutualistic
communication with pollinators and symbiotic microbes, in nutrient sensing, and in regulation of
fundamental physiological processes, including circadian clock and phototropism (Hartmann 2007;
Kliebenstein & Osbourn 2012; Chezem & Clay 2016; Kessler & Kalske 2018).

A plant faces myriad of stresses and interactions that put an evolutionary pressure on secondary metabolism
to constantly produce chemical innovations. However, many of the secondary metabolites are expensive to
synthesize, since they are derived from the intermediates or from the end products of primary metabolic
pathways (Chezem & Clay 2016; Lacchini & Goossens 2020), which may lead to a trade-off between growth
and defence (e.g. Züst et al. 2011; Guo et al. 2018). The defence responses being at the essence of survival,
the secondary metabolites are of crucial importance in the reproductive fitness of a plant (Kliebenstein &
Osbourn 2012; Chezem & Clay 2016; Lacchini & Goossens 2020). The adaptivity of secondary metabolites is
demonstrated in the poor survival rate and low fitness of knockout mutants that lack them (e.g. Brown et al.
2005; Züst et al. 2011; Flores-Ortiz et al. 2020). The evolutionary pressures have generated an enormous
diversity of secondary metabolites that are highly lineage-specific but that have a scattered appearance in
the plant phylogeny (Kliebenstein & Osbourn 2012; Chezem & Clay 2016). The high cost of production
efficiently selects against unnecessary metabolites.
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Conifers have adapted to a large variety of habitats despite their relatively low number of species compared
to the angiosperms (Brodribb et al. 2012; Prunier et al. 2016). Conifers often have an ecologically dominant
position in the temperate and boreal forests (Prunier et al. 2016; Pascual et al. 2016) where Pinaceae is the
most successful family (Brodribb et al. 2012). Their immediate success relies on efficiency in nutrient-use on
poor soils and in tracheid structure which improves their cold hardiness beyond angiosperm abilities
(Brodribb et al. 2012). Certain conifers are also the longest-living organisms on Earth, which manifests their
phenotypic plasticity and resistance to biodegrading processes (Prunier et al. 2016). The conifer adaptability
is proposed to rely, at least to some extent, on their secondary metabolite properties, which contribute to
the pathogen and herbivore defence (Brodripp et al. 2012; Paasela 2017).

The phenylpropanoid pathway produces many of the key secondary metabolites in plants. The pathway has
had a great impact on the adaptive radiation of terrestrial plants. This is highlighted in the discovery of
phenylalanine ammonia-lyase (PAL), the enzyme responsible for the first step of the pathway, in the last
common ancestor of land plants (Emiliani et al. 2009). Lignins and lignans, flavonoids, stilbenes, coumarins
and hydroxycinnamic acid conjugates originate from the general phenylpropanoid pathway and its specific
branches (Vogt 2010; Chezem & Clay 2016). Phenylpropanoids take part in a vast array of plant aspects of
life, including biotic and abiotic stress responses, habitat colonisation, and reproduction (Vogt 2010).
Phenylpropanoids form the basis to the constitutive defence mechanisms in conifers. Lignins and suberins
reinforce tissues against mechanical penetration by pathogens and pests while various chemical defence
compounds, including phenolics, terpenoids, and alkaloids, have toxic functions (Pascual et al. 2016).

1.2 Scots pine heartwood is of quality breeding interest
Scots pine (Pinus sylvestris L.) has a wide geographical distribution in Eurasian boreal forests, frequently being
an ecologically dominant species (e.g. Durrant et al. 2016). Scots pine wood is an economically important
resource, both for the mechanical timber industry and for the pulp and paper industry. In the Finnish forest
sector, Scots pine is the most utilized tree species (Natural Resources Institute Finland (Luke) 2021). The
wood product industry highly values Scots pine wood chemical and mechanical properties, the most
important ones being related to the heartwood (e.g. Partanen et al. 2011; Ahtikoski et al. 2020), a highly
specialized tissue developed from secondary xylem.

A mature Scots pine trunk consists of bark as the outmost epidermal layer, followed by cork cambium, cortex
and primary and secondary phloem. Vascular cambium is producing secondary phloem outwards and
secondary xylem inwards. Primary xylem surrounds the pith (Fig. 1) (Esau 1977). In the secondary xylem, the
only living cells are parenchymatic. There are both axially and radially oriented and specialized, resin duct
forming parenchymatic cells. The radially oriented ray parenchyma connects the secondary xylem to the
secondary phloem (Spicer 2014; Celedon & Bohlmann 2018). The secondary xylem provides mechanical
support to the tree, takes care of water and nutrient transport, serves as carbohydrate storage, and takes
part in defensive mechanisms (Spicer 2005; Celedon & Bohlmann 2018). The younger layers of secondary
xylem next to the vascular cambium form sapwood and the senescing inner layers form heartwood. At a thin
transition zone, the physiologically active sapwood is converted to heartwood, a tissue composed of dead
cells packed with heartwood extractives instead of storage compounds (e.g. Taylor et al. 2002; Celedon &
Bohlmann 2018). The desiccation of the cells and change in the wood colour mark visibly the transition zone
(e.g. Taylor et al. 2002; Paasela 2017; Lim 2017) (Fig. 1).
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Figure 1. Cross-section of a mature Scots pine trunk exhibits a layered pattern where bark is the outmost layer followed
by cork cambium, cortex, primary and secondary phloem, vascular cambium, secondary and primary xylem, and pith.
Secondary xylem is divided in light-coloured sapwood and dark heartwood. Within sapwood, radially and axially
oriented parenchyma comprises of living, metabolically active cells. At narrow transition zone, the cells accumulate
heartwood extractives and go through cytological changes culminating in programmed cell death of the parenchymatic
cells. Drawing based on Esau 1977; Spicer 2014. Photo of cross-section: Anni Vanhatalo.

There are numerous theories about the biological causes of the heartwood formation (summarized in e.g.
Taylor et al. 2002; Bergström 2003; Paasela 2017). Applying the pipe model theory (Shinozaki et al. 1964a,
b), the heartwood formation can be seen as a means of saving resources by limiting the amount of
energetically expensive sapwood to the minimum needed in the maintenance of the foliage. Currently, this
is the most widespread, though not fully agreed nor comprehensive, explanation to the existence of
heartwood (e.g. Beauchamp et al. 2013; Lehnebach et al. 2018). A recent study proved the pipe model theory
to be a useful tool to predict Scots pine foliage biomass from sapwood area (Lehtonen et al. 2020) which may
indicate also more general applicability of the theory on Scots pine.

The heartwood formation is initiated with a peak in secondary metabolic activity of heartwood extractive
pathways followed by cytological changes that culminate in programmed cell death (PCD) (Bergström 2003;
Ye & Zhong 2015; Paasela 2017; Celedon & Bohlmann 2018). The heartwood extractives are synthesized in
the middle ray parenchyma cells (Bergström 2003; Paasela 2017) but also axial parenchyma may contribute
in the extractive biosynthesis (Celedon & Bohlmann 2018). The accumulation of heartwood extractives is
accompanied with the cell wall lignification process and decreasing water content (Bergström 2003; Zheng
et al. 2014; Lim et al. 2016). Simultaneously, the storage carbohydrates and triglycerides are vanishing, which
is likely an indication of them being exploited in the extractive biosynthesis and in lignification (Bergström
2003; Paasela 2017). In the mature coniferous heartwood, the pits have become encrusted with heartwood
extractives (Paasela 2017) and the middle ray parenchyma cells die within one growth ring (Bergström 2003;
Nakaba et al. 2006; Nakaba et al. 2008). The lignification process relies on compounds secreted in the
sapwood and it continues in the heartwood even after PCD, marked by disappearing of the ray parenchymatic
nuclei (Pesquet et al. 2013; Zheng et al. 2014). At the gene expression level, PCD is defined by the expression
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of a bifunctional nuclease (BFN), which is involved in the degradation of DNA and RNA. BFN expression is
specific to the transition zone (Lim et al. 2016) being non-inducible but exclusively developmentally regulated
(Paasela et al. 2017a).

In Scots pine, stilbenes and resin acids are the essential heartwood extractives that define both passive decay
resistance and active defensive responses (Willför et al. 2003; Paasela et al. 2017a) acting as phytoanticipins
and as phytoalexins. The amount of stilbenes and resin acids increase sharply at the transition zone
(Bergström 2003; Venäläinen et al. 2003; Belt et al. 2020). The transcriptome data (Lim et al. 2016) suggests
that the stilbene biosynthesis happens at the transition zone, while the resin acids are transported there
from the sapwood. In the surrounding wood tissue, the synthesized extractives are allocated highly variably,
both content- and distribution-wise between and within annual rings, which is likely to affect the decay
resistance and hence the mechanical timber properties (Belt et al. 2020). The resin acid biosynthesis peaks
at spring, and that of stilbenes at summer and autumn. However, the stilbene pathway transcripts
accumulate already during the winter. The end of BFN expression marks the end of seasonal heartwood
formation in autumn (Lim et al. 2016). The heartwood formation has been proposed to initiate as response
to ageing since BFN expression pattern at the transition zone indicates internal signal driven regulation over
environmental triggers (Paasela 2017). However, the process is unlikely to be detached from environmental
cues due to seasonality in the biosynthesis of extractives.

In a branch of the phenylpropanoid pathway, Pinus species are suggested to synthesise two stilbenes,
pinosylvin and dihydropinosylvin, named after their precursors cinnamoyl-coenzyme A (CoA) and
dihydrocinnamoyl-CoA, respectively (Valletta et al. 2021). From Scots pine, there have been characterized
only pinosylvin synthase genes. An early description of a dihydropinosylvin (Fliegmann et al. 1992) has been
proved to be a misinterpretation (Schanz et al. 1992) and the gene in question corresponds to pinosylvin
synthase PST-1, described by Preisig-Müller et al. (1999). Maturing heartwood of an adult Scots pine
accumulates pinosylvin and its mono- and dimethylated derivatives as the essential decay resistance
compounds (Willför et al. 2003; Harju & Venäläinen 2006; Lim et al. 2016; Belt et al. 2017). Pinosylvin and
pinosylvin monomethyl ether concentrations in the heartwood have strong negative correlation with the loss
of heartwood mass under fungal attack (Harju & Venäläinen 2006; Leinonen et al. 2008). Also, more recent
studies confirm the elevation in pinosylvin concentration to increase Scots pine decay resistance (e.g. Lu et
al. 2016; Belt et al. 2017; Vek et al. 2020).

In addition to their role in heartwood, pinosylvin and pinosylvin monomethyl ether act as important
phytoalexins and protective compounds against abiotic stresses in various Scots pine tissues. Their
production is upregulated in trees at all ages under pathogen attacks (Gehlert et al. 1990; Chiron et al. 2000;
Johansson et al. 2004; Kovalchuk et al. 2017), herbivore invasions (Sullivan et al. 1992), wounding (Chiron et
al. 2000; Harju et al. 2009; Harju & Venäläinen 2012; Lim et al. 2021), exposure to UV light irradiation
(Schöppner & Kindl 1979; Gehlert et al. 1990; Preisig-Müller et al. 1999; Paasela et al. 2017a) and to chemical
treatments, like ozone (Rosemann et al. 1991; Zinser et al. 1998; Chiron et al. 2000) and cycloheximide
(Paasela et al. 2017b). Interestingly, already the ancestral function of PAL seems to have been involved with
pathogen defence and UV light protection (Emiliani et al. 2009).

Transcripts related to the stilbene pathway peak both under stress-induction and under developmental
regulation at the transition zone (Lim et al. 2016). An effective response to stress-induction could predict a
high developmental pinosylvin production contributing to the decay resistance of the heartwood making it a
valuable breeding tool. This was demonstrated in the parent – offspring study by Harju et al. (2009) where
the offspring stilbene biosynthesis as a response to wounding had a positive correlation with the heartwood
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stilbene concentration of the mother trees. The heartwood extractives concentration has been
demonstrated to have large variance and to be a high heritability trait in Scots pine (Fries et al. 2000; Harju
& Venäläinen 2002; Venäläinen et al. 2003; Harju & Venäläinen 2006; Harju et al. 2009; Partanen et al. 2011).
As traditional tree breeding for Scots pine can take up to 40 years to complete the cycle of selecting parental
trees, crossing them, testing progeny, and selecting again (Ruotsalainen 2014), there is an apparent need for
accelerated breeding. An Academy of Finland funded BioFuture 2025 consortium, Genomic Selection:
Towards more Efficient, Financially Viable and Resilient Wood Production (GenoWood), aims to assess the
feasibility of genomic selection on Nordic conifers to improve sustainable breeding for mechanical wood
industry purposes. GenoWood project searches for genes responsible of genetic variation of heartwood traits
focusing on Scots pine extractives enhancing the decay resistance of timber.

Pinosylvin concentration has the highest heritability of the studied extractives (Harju et al. 2009) making it a
particularly tempting target for quality trait breeding of decay resistance. Increasing the understanding of
the pinosylvin biosynthesis pathway and its regulation forms the basis for successful breeding. This study
focuses on putative direct regulators of Scots pine pinosylvin synthase, thereby also contributing to
GenoWood project. The rational of accelerated breeding lies in early phenotyping and genotyping. The bred
traits have to be confirmed not to compromise for other traits of interest, as growth and survival in mature
life. This is where genomic selection is the most powerful tool for a breeder. Since the specific regulatory
factors are unlikely to interfere other traits, uncovering them in the pinosylvin pathway could reveal useful
markers for early selection.

1.3 Stilbene biosynthesis pathway in Scots pine
The Scots pine pinosylvin biosynthesis pathway is a branch of the phenylpropanoid pathway originating from
phenylalanine, an aromatic amino acid produced in the primary metabolic shikimate pathway (Fig. 2). The
first enzymatic step of PAL catalysing non-oxidative deamination of phenylalanine to cinnamate is common
to all land plants, laying basis for stilbene, lignin and flavonoid pathway branches (e.g. Chong et al. 2009;
Pascual et al. 2016; Dubrovina & Kiselev 2017; Paasela et al. 2017a; Valletta et al. 2021). Inhibition of PAL
blocks the entire phenylpropanoid pathway (Emiliani et al. 2009). Most likely due to this necessity, PAL is
present in multiple copies in plant genomes (Dixon et al. 2002). Within Pinus species, there is evidence from
jack pine (Pinus banksiana) that PAL might be encoded by several functionally divergent genes (Butland et al.
1998). The constitutively expressed PAL has equivalents in loblolly pine (Pinus taeda) and in Scots pine
(Whetten & Sederoff 1992; Dvornyk et al. 2002).

Lignin and flavonoid pathways diverge from the stilbene pathway at cinnamate processing. Lignin and
flavonoids are common compounds found in all vascular plants, but stilbenes exhibit scattered occurrence in
the plant phylogeny (Chong et al. 2009; Paasela et al. 2017a). In the pine stilbene pathway, cinnamate is
processed to cinnamoyl-CoA instead of 4-coumarate which, in lignin and flavonoid pathways, is further
processed to 4-coumaroyl-CoA by 4-coumarate-CoA ligases (4CL) (Paasela et al. 2017a; Valletta et al. 2021).
4CLs have been suggested to perform cinnamate processing in the stilbene pathway despite their generally
weak preference of cinnamate as substrate. None of the 4CLs studied in Pinus species (Voo et al. 1995; Zhang
& Chiang 1997; Wagner et al. 2009; Chen et al. 2014) have been explicitly identified to be the enzyme
responsible for this step (Paasela 2017). 4CL is known to function in stilbene pathways of other species
leading to resveratrol biosynthesis and in lignin and flavonoid pathways (Vogt 2010; Paasela et al. 2017a;
Valletta et al. 2021). A specific cinnamate-CoA ligase (CNL) has been detected in some angiosperms and it
has been proposed to function in the pinosylvin pathway (Paasela 2017; Valletta et al. 2021). In Scots pine
the enzyme catalysing the step from cinnamate to cinnamoyl-CoA remains still unknown.
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Figure 2. The biosynthesis pathway of Scots pine stilbene pinosylvin is a branch of the phenylpropanoid pathway,
starting from phenylalanine originating from shikimate pathway. PAL, phenylalanine ammonia lyase; 4CL, 4-coumaroyl-
CoA ligase; CNL, cinnamate-CoA ligase; CHS, chalcone synthase; C4H, cinnamate 4-hydroxylase; STS, stilbene synthase;
PST, pinosylvin synthase; PMT, pinosylvin methyl transferase. Modified from Paasela 2017.

Stilbene synthase (STS) is condensing the cinnamoyl-CoA with three malonyl-CoA to form pinosylvin (Schanz
et al. 1992; Chong et al. 2009; Paasela 2017; Dubrovina & Kiselev 2017; Valletta et al. 2021). In Pinus species,
a small gene family encoding STS is commonly found (Raiber et al. 1995; Preisig-Müller et al. 1999; Kodan et
al. 2002). In Scots pine, Preisig-Müller et al. (1999) identified a gene family of five pinosylvin synthases (PST-
1 – PST-5) which had highly conserved coding regions but differed by the promoter regions and in lesser
extent by the intron compositions. The promoter of PST-1 had the highest response in pathogen, UV light
irradiation and wounding stress. Accordingly, PST-1 coding region corresponded to the most abundant PST
transcript in the pine seedlings under pathogen attack. Preisig-Müller et al. (1999) suggested that PST-1 acts
both in stress responses and in developmental pinosylvin production. Taking PST-1 as the most prominent
pinosylvin synthase in Scots pine, this study focuses on the regulation of the promoter of PST-1.

Methylation changes significantly the chemical properties of stilbenes, affecting greatly their biological
functions (e.g. Valletta et al. 2021). A portion of pinosylvin is modified further by a specific, stress-inducible
S-adenosyl-L-methionine dependent pinosylvin O-methyltransferase PMT2 (Paasela et al. 2017a). In Scots
pine, also another O-methyltransferase, PMT1, targeting pinosylvin, has been characterized. However, PMT1
substrate spectrum is broad and its expression under stilbene-inducing conditions is controversial. Chiron et
al. (2000) found the PMT1 expression induced under ozone, pathogen, and wounding stresses, but Paasela
et al. (2017a) observed no change in its expression in response to UV-C treatment, a well-known powerful
inducer of stilbene biosynthesis. PMT2, in contrast, was shown to have a strong co-expression pattern with
STS, which suggests that they are under common regulation and members of the same pathway (Paasela et
al. 2017a). Whereas pinosylvin has higher antifungal and antibacterial effect in general (Vek et al. 2020),
pinosylvin monomethyl ether is a more potent compound against certain brown-rot fungi, at least in the
outer heartwood (Hart 1981; Venäläinen et al. 2003). Thus, optional methylation step at the end of the
pinosylvin pathway increases specificity in pathogen defence.
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1.4 MYB domain transcription factors are potential regulators of Scots pine stilbene pathway

1.4.1 MYB TFs regulate secondary metabolism
The regulation of the heartwood formation and the extractives biosynthesis is still understood incompletely.
The localised and controlled manner of the process suggests that the heartwood formation is highly regulated
and comparable to the general xylem differentiation (Paasela 2017) where complex networks of
phytohormones, transcription factors (TFs), receptors, regulatory peptides, and microRNAs define vascular
cambium activity and xylem differentiation via integrating external and internal signals into gene expression
patterns (e.g. Zhang et al. 2014; Ye & Zhong 2015; De Micco et al. 2019).

Secondary metabolic processes are generally agreed to be mainly transcriptionally regulated involving
specific, multimeric TF complexes that are closely connected to jasmonate, ethylene and gibberellin signalling
(Colinas & Goossens 2018; Lacchini & Goossens 2020). Typically, TFs that are active in secondary metabolism
regulate target genes in combinatorial manner (Chezem & Clay 2016; Colinas & Goossens 2018). The TFs bind
to the cis-regulatory elements of the target promoters either independently, competitively, or cooperatively,
both as homo- and heteromers (Colinas & Goossens 2018). Even though TFs are generally specific to their
target sequences, studies in human have demonstrated that TF sequence specificity varies depending both
on the multimer and on the target DNA molecular properties (Jolma et al. 2015; Ibarra et al. 2020). Thus, an
individual TF may bind to a certain DNA element but, while being incorporated in a regulatory complex, to
another element, and yet the DNA molecule itself actively interacts with TFs modulating the binding
possibilities (Jolma et al. 2015; Ibarra et al. 2020). The combinatorial action of TFs enables highly specific
secondary metabolic responses to varying environmental and developmental stimuli by adjustment of
regulatory components (Colinas & Goossens 2018).

The regulatory complexes acting in plant secondary metabolism typically involve combinatorily interacting
MYELOBLASTOSIS (MYB) and basic helix-loop-helix (bHLH) family TFs, or two bHLH TFs from different
subgroups, frequently accompanied by a WD-repeat protein (WDR) (Chezem & Clay 2016). The MYB family
TFs are found in all eukaryotes and, in plants, they comprise one of the largest TF families (Du et al. 2015;
Cao et al. 2020) exhibiting the highest diversity of MYB TFs within eukaryotes (Dubos et al. 2010). MYB TFs
are involved in developmental processes (Ramsay & Glover 2005; Du et al. 2013), stress responses (Li et al.
2015) and secondary metabolism (Liu et al. 2015). In several branches of phenylpropanoid metabolism, MYB
TFs are the key regulators of the late biosynthetic genes (Xu et al. 2015; Ma & Constabel 2019).

1.4.2 Structure and function of MYB TFs
MYB TFs are characterized by conserved N-terminal DNA-binding MYB domain which consists of one to four
tandem repeats of approximately 52 amino acids, each forming three -helices (Dubos et al. 2010; Du et al.
2015; Chen et al. 2019; Ma & Constabel 2019). The MYB-repeats are named after their similarity to the
prototypic vertebrate c-Myb (UniProt P10242-1) repeats R1, R2 and R3 (Dubos et al. 2010) and the MYB TFs
are classified according to the number of repeats (Fig. 3A) (Dubos et al. 2010; Chen et al. 2019; Ma &
Constabel 2019). In plants, R2R3-MYB TFs comprise the largest subfamily with typically over 100 members
(Dubos et al. 2010; Chezem & Clay 2016; Ma & Constabel 2019). Most of the known Arabidopsis (Arabidopsis
thaliana) R2R3-MYB TFs are activators. Considerable number of both activators and repressors have targets
in phenylpropanoid metabolism (Chezem & Clay 2016). R2R3-MYB TFs are highly conserved at N-terminal
DNA-binding MYB domains but variable at other parts, including activation and repression domains at C-
terminus (Dubos et al. 2010; Ma & Constabel 2019). Based on the conservation of DNA binding domain and
C-terminal motifs, R2R3-MYB TFs are divided into subgroups 1-25, many of which are specific to certain taxa
(Dubos et al. 2010).
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Figure 3. A) MYB TFs are classified into four categories based on the conservation of their MYB repeats R1, R2 and R3 in
relation to prototypic vertebrate c-Myb. B) MYB TFs contain various transcriptional regulation domains. Blue colour
indicates a repression and green an activation domain. A putative repressive motif is indicated in light blue. A
controversially characterized motif carries both colours. Orange circles represent bHLH interaction domain. MYB,
MYELOBLASTOSIS; TF, transcription factor; R, repeat; bHLH, basic-helix-loop-helix; EAR, ethylene-responsive element
binding factor-associated amphiphilic repression motif; SID, SAD2 interacting motif; AAD, acidic activation domain.
Drawing based on Dubos et al. 2010; Chen et al. 2019; Ma & Constabel 2019; Meng et al. 2019.

Since the very first identification of a plant gene encoding a TF, a C-terminal acidic activation domain (AAD)
(Fig. 3B) has been known to associate with R2R3-MYB activators (Paz-Ares et al. 1987; Meng et al. 2019). The
amino acid composition of activation domains exhibits low conservation (Meng et al. 2019) making them
difficult to characterize in detail but, recently, a C-terminal AAD has been successfully characterized from a
R2R3-MYB regulating carotenoid and anthocyanin biosynthesis in Medicago truncatula (Meng et al. 2019).
Based on studies of a yeast activator, it seems that C-terminal AAD may harbour short, hydrophobic motifs
that have significant impact on TF activation capacity (Staller et al. 2018). In Arabidopsis, MYB repressors
mainly belong to the R2R3-MYB subgroup 4 containing a C-terminal repressive ethylene-responsive element
binding factor-associated amphiphilic repression (EAR) motif or TLLLRF motif  (Fig. 3B) (Chen et al. 2019; Ma
& Constabel 2019). Also sensitive to ABA and drought 2 (SAD2) protein interacting (SID) motif is associated
with R2R3-MYB repressors (Chen et al. 2019). C-terminal GIDP motif has been identified as putative activating
domain present in subgroups 8, 9 and 11 (Matsui et al. 2008; Ma & Constabel 2019), although it has also
been suggested to have repressive action (Chen et al. 2019). R2R3-MYB activators and repressors are
involved in regulation of all aspects of plant life, including primary and secondary metabolism, determination
of cell fate and identity, developmental processes, and various stress-responses (Dubos et al. 2010; Prouse
& Campbell 2012; Liu et al. 2015; Ma & Constabel 2019).

The second largest subfamily is both evolutionarily, functionally, and structurally a heterogenous group of
MYB TFs carrying single or partial MYB-repeat, therefore named MYB-related (Dubos et al. 2010; Du et al.
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2013). MYB-related TFs include both activators and repressors (Prouse & Campbell 2012). Some R3-MYB
activators are proposed to function through bHLH coactivators since R3 contains a bHLH interaction domain
and no transcriptional regulatory domain have been detected in them (Ma & Constabel 2019). The repressive
TLLLRF motif was first identified in an Arabidopsis R3-MYB TF (Matsui et al. 2008). Also, EAR motif is found in
R3-MYB TFs, exceptionally also at N-terminus (Ma & Constabel 2019). A repressive R/KLFGV motif is found
both individually and together with EAR motif in MYB-related TFs (Chen et al. 2019). Several MYB-related TFs
function in abiotic and biotic stress responses, contributing to drought, salt, and cold tolerance, as well as in
pathogen defence (Du et al. 2013; Li et al. 2015). R3-type MYB-related TFs have been detected to regulate
cellular morphogenesis and secondary metabolic pathways (Dubos et al. 2010). R1/R2-type MYB-related TFs
are evolutionarily older, and they function in circadian clock, organogenesis, chloroplast development, and
phosphate-deficiency responses (Dubos et al. 2010; Du et al. 2013).

The third class of MYB TFs is named R1R2R3-MYB. They control the cell cycle and they have been found in
most eukaryotes (Ito 2005; Haga et al. 2007; Dubos et al. 2010). The higher plant genomes usually encode
five members of R1R2R3-MYB subfamily (Dubos et al. 2010). In Arabidopsis, one of them is characterized as
activator, one has both activator and repressor functions, and two are repressors that are essential in DNA
damage stress response (Chen et al. 2017). The smallest subfamily is called 4R-MYB TFs which contain four
R1/R2-like repeats. There is typically only one 4R-MYB encoding gene detected in a genome, but knowledge
of the subfamily is very limited (Dubos et al. 2010).

Each MYB-repeat forms a helix-turn-helix structure at second and third -helices (Dubos et al. 2010; Chen et
al. 2019). Three regularly spaced hydrophobic amino acid residues, most commonly tryptophan, build up the
hydrophobic core of the structure (Ogata et al. 1996; Dubos et al. 2010; Du et al. 2013). In each repeat, the
third -helix functions as recognition helix that takes contact with DNA (Tanikawa et al. 1993; Jia et al. 2004;
Dubos et al. 2010). During DNA binding, two repeats of R2R3- and R1R2R3-MYB TFs are packed close by in
the major groove and their recognition helices bind cooperatively to the target sequence motif (Dubos et al.
2010; Prouse & Campbell 2012). The R2 – R3 interaction happens before contact to DNA and neither of them
is capable of binding on its own (Ogata et al. 1994).

The R2R3-MYB target sequences are divided into two categories: MYB core and AC elements. MYB core
elements are subdivided into type I CNGTT[G/A] and type II TNGTT[G/A]. AC elements represent consensus
sequences ACC[A/T]A[A/C][T/C] and ACC[A/T][A/C/T][A/C/T] (Prouse & Campbell 2012; Kelemen et al. 2015).
The target motif information is sporadic for other MYB subfamilies. A few target elements have been
identified for MYB-related TFs containing SHAQKYF motif in the C-terminal part of the DNA binding MYB-like
domain. Three rice (Oryza sativa) MYB-related TFs, OsMYBS1-3, bind both in vitro and in vivo to TATCCA, with
emphasis on CCA (Lu et al. 2002). In potato (Solanum tuberosum), MYBSt1 recognizes GGATA motif
(Baranowskij et al. 1994) whereas in Arabidopsis two MYB-related TFs bind to AAAATATCT negatively
regulating a circadian clock protein (Alabadí et al. 2001). SHAQKYF motif is highly conserved in a subgroup of
single-repeat MYB-related TFs across species in higher plants, algae, and even amoebae (e.g. Yoshioka et al.
2004; Rubio-Somoza et al. 2006; Yi et al. 2010; Cárdenas-Hernández et al. 2021) which could make the target
sequence information applicable for Scots pine as well. Interestingly, some MYB-related TFs act as
competitors to R2R3-MYB TFs over the same target motifs (Prouse & Campbell 2012). Experiments in tobacco
(Nicotiana tabacum) have characterized R1R2R3-MYB target as AACGG, a cell cycle mitotic phase specific
activator element (Ito et al. 1998).
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1.4.3 MYB TFs participate in regulatory protein complexes
Some MYB TFs require protein – protein interactions for their regulatory functions (Li et al. 2015). The most
studied complexes are MYB – bHLH (MB) and MYB – bHLH – WDR (MBW) complexes (Feller et al. 2011), WDR
protein having typically WD40-repeat (Xu et al. 2015; Chezem & Clay 2016). In the ternary complex, both
MYB and bHLH take contact to each other and to WD40. R3-repeat contains a conserved region that takes
contact with MYB-interacting region at bHLH N-terminus where also bHLH WD-interacting domain is located
(Xu et al. 2015). WD-interacting domain is not yet localised in MYB. In planta, WDR protein is necessary for
the function of the complex, yet it is dispensable in yeast (Saccharomyces cerevisiae) (Baudry et al. 2004) and
moss (Physcomitrella patens) protoplasts (Thévenin et al. 2012), which may either reflect its putative role in
preventing effects of plant-specific negative regulators or its replaceability with a heterologous protein (Xu
et al. 2015). In the MBW complex, MYB component is responsible for regulatory specificity while bHLH
cofactors typically exhibit remarkable redundancy (Chezem & Clay 2016). In Arabidopsis MBW, three bHLH
proteins act partially redundantly (Baudry et al. 2004) and WD40 protein is encoded by a single-copy gene
(Tominaga-Wada et al. 2011).

MBW complex functions in proanthocyanidin and anthocyanin metabolism where it contains R2R3-MYB TFs
from subgroups 5 and 6, respectively (Xu et al. 2015; Chezem & Clay 2016). Instead, in certain lignin and
flavonol pathways, MBW complex is not required and the R2R3-MYB TFs belong to subgroups 3 and 7,
(Chezem & Clay 2016) lacking the bHLH-interacting domain (Ma & Constabel 2019). Other branches of lignin,
stilbene and isoflavonoid pathways have R2R3-MYB TFs from subgroup 2 but it is not known whether they
function in MBW complex or not (Chezem & Clay 2016). In flavonoid biosynthesis regulation, R2R3-MYB TFs
seem to be capable of acting as positive and as negative regulators in MBW complexes, on their own, and as
MB dimers, and it has been proposed that the mode of regulation could vary species-specifically (Dubrovina
& Kiselev 2017). In Norway spruce (Picea abies), there is evidence of MBW complex mediated regulation in
flavonoid and neolignan pathways and possibly also in stilbene pathway (Nemesio-Gorriz et al. 2017).
Interestingly, redundant R3-MYB TFs are able to disrupt MBW complex in the epidermal cell differentiation
processes (Ishida et al. 2008). In several studies, R3-MYB TFs have had inhibitory effect also on anthocyanin
biosynthesis (e.g. Zhu et al. 2009; Nemie-Feyissa et al. 2014; Hu et al. 2016) the most likely mechanism being
competition over bHLH with R2R3-MYB TFs (Ma & Constabel 2019). In addition to competitive regulation,
also phytohormones (Das et al. 2012) and microRNAs regulate MBW complexes both in angiosperms and
gymnosperms (e.g. Gou et al. 2011; Zhang et al. 2015).

1.4.4 The regulation of pinosylvin biosynthesis is likely to rely on MYB TFs
MYB TFs are known to control secondary metabolism also in gymnosperms, including conifers. Several R2R3-
MYB TFs from conifer subgroups 4 and 5 have been identified as regulators of both early and late biosynthetic
genes in flavonoid, stilbene and lignin pathways (Xue et al. 2003; Bedon et al. 2007; Bomal et al. 2008; Bedon
et al. 2010) and, based on angiosperm examples, they are expected to form MBW complexes with bHLH and
WD40 proteins (Zhao et al. 2013; Nemesio-Gorriz et al. 2017). However, the role of MBW complex is still
obscure. An MBW complex has been identified from Norway spruce flavonoid pathway (Nemesio-Gorriz et
al. 2017). Ginko (Ginko biloba) flavonoid pathway is regulated by a network of eight MYB TFs, three ethylene
responsive factors (ERF), one bHLH and one Trihelix factor (Guo et al. 2020). In Norway spruce, two MYB TFs
are involved in the regulation of seasonal lignification, one of them being a close homolog of AtMYB20, a
master regulator of lignification and secondary cell wall formation in Arabidopsis (Jokipii-Lukkari et al. 2018).
In loblolly pine, three R2R3-MYB TFs, one of them another homolog of AtMYB20, has been detected to
control lignification and secondary cell wall biogenesis (Patzlaff et al. 2003a, b; Bomal et al. 2008).
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Currently, our knowledge of MYB TF mediated regulation of stilbene biosynthesis is sporadic, grapevine (Vitis
vinifera) STS being studied most extensively. Two grapevine R2R3-MYB TFs have been identified as positive
regulators of stilbene pathway under various stresses (Höll et al. 2013). VvMYB14 and VvMYB15 have strong
co-expression pattern with STS genes. Overexpression of VvMYB15 leads to STS upregulation and elevated
piceid accumulation (Höll et al. 2013) while VvMYB14 expression correlates with resveratrol content (Fang
et al. 2014). In vitro, VvMYB14 has been demonstrated to directly interact with STS promoter (Fang et al.
2014). Recently, VvMYB14 was also detected to have combinatorial effect with a WRKY TF suggesting that
they may interact (Vannozzi et al. 2018). VvMYB13, a homolog of VvMYB15, seems likely to regulate same
STS genes as VvMYB14 and VvMYB15 (Wong et al. 2016).

In young Scots pine, Lim et al. (2021) detected wounding induced stilbene biosynthesis which was
accompanied by changes in TF expression profile. The transcriptome data revealed several upregulated and
two downregulated MYB TFs in addition to upregulated bHLH TFs, ERFs and variably coregulated WRKY TFs,
the last superfamily being the most prominent TF type in the transcriptome changes (Lim et al. 2021). The
majority of the MYB TFs were identified as R2R3-MYB TFs (Lim et al. 2021: supplementary table 6). During
Scots pine heartwood formation, yet another MYB TF accompanied by a NAC (NAM, ATAF, and CUC) TF has
been found to be upregulated and highly correlated to stilbene pathway transcripts (Lim et al. 2016) but
these two TFs were not induced in wounding (Lim et al. 2021) nor in UV-C treatment (Paasela et al. 2017b).
Additionally, UV-C induced TF transcripts, that were co-expressed with STS in needles, were absent from the
transition zone (Paasela et al. 2017b). These observations indicate that developmental and stress-induced
stilbene biosynthesis differ in their regulators (Paasela 2017; Lim et al. 2021).

The previous studies in Prof. Teemu Teeri laboratory (Lim et al. 2016; Paasela et al. 2017b; Lim et al. 2021)
have detected seven MYB TFs as potential regulators of Scots pine PST-1. In this study, these MYB TFs are
referred to by their tentative consensus (TC) sequence numbers in the Pine Gene Index Pinus EST collection
release 9 (PGI9) (Dana-Farber Cancer Institute 2014: The Gene Index Databases,
http://compbio.dfci.harvard.edu/tgi). Five of the MYB TFs, TC160194, TC159803, TC154966, TC182150, and
TC182032, were detected from induced RNA-Seq libraries where their expression is co-regulated with the
PST-1 upregulation. TC182032 expression level change is below the statistical significance, but being a
homolog to VvMYB14 (Tanja Paasela, unpublished data), a known regulator of STS in grapevine (Höll et al.
2013; Fang et al. 2014; Vannozzi et al. 2018), its potential to act on pPST-1 is high. TC188897 is
developmentally expressed at mature wood transition zone where its expression correlates with the stilbene
pathway transcripts (Lim et al. 2016). TC159619 was found promising in silico based on close clustering of its
homolog with stilbene biosynthesis pathway in Norway spruce (Jokipii-Lukkari et al. 2018).

It seems likely that Scots pine STS is regulated by both activators and repressors since chemical inhibition of
translation is sufficient to induce its transcription (Paasela et al. 2017b). Interestingly, the heartwood
formation also involves upregulation of biosynthetic pathways upstream of stilbene pathway, including the
shikimate pathway, whereas wounding does not trigger changes in upstream pathways (Lim et al. 2021).
However, PAL transcripts are induced during heartwood formation and they are constitutively active during
wounding stress, even though not at transition zone (Lim et al. 2021). Taken together, both MYB activators
and repressors are known to regulate the stilbene pathway and its related pathways in several species. The
transcriptomic data (Lim et al. 2016; Paasela et al. 2017b; Lim et al. 2021) strongly indicate MYB TF mediated
regulation also in Scots pine pinosylvin biosynthesis making MYB TFs compelling candidate targets for
genomic selection in quality trait breeding.



12

2 Aims of the study
Identifying and characterizing the transcriptional regulators of the Scots pine pinosylvin synthase PST-1 could
significantly speed up conifer wood quality trait breeding. The discovery of a regulator would provide a
starting point for variant screening in the natural populations and for analysing functional properties of
variants. As a hypothesis, it can be assumed, that a more effective variant of an activator or a less effective
variant of a repressor could promote overproduction of pinosylvin, which contributes to the increased decay
resistance of heartwood. Early genotyping would enable selection of the desired quality individuals at
seedling stage - decades before the start of developmental pinosylvin production. The early information
predicting mature tree qualities would be invaluable in breeding programs.

The previous studies in the laboratory indicate seven MYB TFs as potential regulators of PST-1.

In this study, I aim to

1. clone the MYB coding sequences and confirm their integrity and MYB character of the encoded
proteins

2. verify whether one or several of these MYB TFs are direct regulators of PST-1

3. identify the activator or repressor character of these putative regulators

Generation of the multipurpose vectors will also facilitate later studies in the laboratory.
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3 Materials and methods
3.1 Scots pine
Scots pine material used in the transcriptomic studies of the laboratory originate from the progeny trial stand
no. 30902 of Natural Resources Institute Finland (Luke) and from seeds acquired from Siemen Forelia Oy. The
transcriptomes were constructed from the transition zone of mature wood (Luke 30902: trees T285, T328,
T335, T415) (Lim et al. 2016), wounding experiments of young trees (Luke 30902: mother trees T395, T413,
T426, T547) (Lim et al. 2021), UV-C and cycloheximide treatments of seedling needles (Siemen Forelia Oy
EY/FIN/M29-04-0136) (Paasela et al. 2017b). Scots pine cDNA template for MYB TF cloning originate from
UV-C and cycloheximide experiments.

3.2 Microbial strains
Cloning was carried out using Escherichia coli DB3.1 and DH5  strains maintained in the laboratory.
Agrobacterium tumefaciens strain C58C1(pGV2260) (Deblaere et al. 1985) was employed to harbour the MYB
TF plant expression vectors. A. tumefaciens C58C1(pGV2260, pBin61-p19) expressing the silencing
suppressor p19 (Voinnet et al. 2003), and C58C1(pGV2260, pTHP53) containing the luciferase reporter
construct pPST-1 LUC (Tanja Paasela, unpublished), were obtained from the laboratory collection. pPST-
1 LUC reporter contains full-length PST-1 promoter (GenBank: Y17594.1). Saccharomyces cerevisiae strain
Y1HGold (Clontech) was used in the yeast one-hybrid (Y1H) experiment. All microbial cultures were grown
on plate to single colonies as pure cultures before starting liquid cultures. The microbial strains are presented
in detail in appendix 1.

Bacterial cultures were grown in lysogeny broth (LB) using LB Broth (Miller) (Sigma L3522) and on LB Lennox
agar plates (Sigma L2897). E. coli strains were grown overnight at 37°C. Agrobacterium liquid cultures were
grown overnight and plates for three days at 28°C. Upon selections, LB broth and agar were supplemented
with appropriate antibiotic combinations at following working concentrations: ampicillin 100 µg/ml and 150
µg/ml, spectinomycin 100 µg/ml, chloramphenicol 25 µg/ml, carbenicillin 100 µg/ml, kanamycin 50 µg/ml (E.
coli) or 100 µg/ml (Agrobacterium), and rifampicin 100 µg/ml.

Y1HGold liquid cultures were grown overnight in YPAD medium (1% Yeast extract (Hispanlab H1702), 2%
Bacto peptone (Oxoid L37), 0.01% Adenine (Calbiochem 1152), 2% Glucose) and for two or three nights on
YPAD agar plates. Transformed yeast were grown in synthetic defined (SD) minimal media (6.7 g/l Yeast
nitrogen base w/o amino acids (Difco 291920), 2% Glucose, amino acid drop-out mix  -urasil (-Ura) or -leucin
(-Leu): 20 mg/l L-adenine hemisulfat (Sigma A-9126), 20 mg/l L-arginine HCl (Aldrich A9,260-0), 20 mg/l L-
histidine HCl (BDH 37118/Merck 4350), 30 mg/l L-isoleucin (ICN 194689), 100 mg/l L-leucin (Merck 5360), 30
mg/l L-lysine HCl (Fluka 62930/Merck 5700), 20 mg/l L-methionine (ICN 194707), 50 mg/l L-phenylalanine
(Fluka 78020/Sigma P-5482), 200 mg/l L-threonine (ICN 103053), 20 mg/l L-tryptophane (Merck 8374), 30
mg/l L-tyrosine (ICN 103183), 20 mg/l L-urasil (Merck 8460), 150 mg/l L-valine (ICN 194769)). The bait strains
were selected with SD-Ura and, after prey transformations, with SD-Leu and SD-Leu supplemented with
aureobasidin A (AbA). AbA working concentration varied between 50-200 ng/ml, depending on the bait
strain. The bait strains were grown for three nights on plates and overnight in liquid cultures. After prey
transformations, growing time varied from three to six days on plate and from one to two nights in liquid
culture depending on the growth rate of a strain. All yeast cultures were grown at 30°C.

3.3 Nicotiana benthamiana
For luciferase (LUC) reporter assay utilizing agroinfiltration, Nicotiana benthamiana plants were grown in 1:1
mixture of peat and vermiculite under 16:8 h light – dark cycle at 24°C. The plants were watered with
commercial fertiliser (Substral) twice a week. The plants were six weeks old upon infiltration.
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3.4 Plasmid backbones
A Gateway donor vector pDONR221 (Invitrogen) was obtained from the laboratory plasmid collection. A
donor vector pGEMteasyP2r-P3 (Promega) and a destination vector pBm43GW (Karimi et al. 2005) were
kindly provided by Ari-Pekka Mähönen, University of Helsinki. For the Y1H prey vectors, a destination vector
pGADT7-GW (Clontech; Lu et al. 2010) was acquired from Addgene (plasmid #61702), depositing laboratory
Yuhai Cui, Agriculture and Agri-Food Canada. The Y1H bait vector pAbAi (Clontech) was obtained from the
laboratory plasmid collection. The plasmids constructed in this study are presented in appendix 1 and the
vector maps are given in appendix 2.

3.5 Routine laboratory methods
Polymerase chain reactions
Polymerase chain reactions (PCR) for cloning were run with Phusion High-Fidelity DNA Polymerase (Thermo
Scientific F-530XL) or Phusion High-Fidelity II Hot Start DNA Polymerase (Thermo Scientific F537S). All other
PCRs were run with DreamTaq DNA Polymerase (Thermo Scientific EP0711). Primer and nucleotide
concentrations were 0.5 µM and 0.2 mM, respectively, unless stated otherwise in the detailed descriptions
of individual methods. Reaction volumes were 25 µl or 50 µl for cloning and 20 µl for colony-PCRs. Bacterial
cells for colony-PCR were picked directly into reaction mix and lysed with pre-denaturation prolonged to 5
min. Yeast cells for colony-PCRs were heat-popped (5 min, 99°C) in 50 µl of milli-Q water and 1 µl of cell lysate
was taken as template. For PCR verifications of yeast liquid cultures, the cells were harvested from 1000 µl,
heat-popped in 50 µl of milli-Q water and 1 µl of cell lysate was taken as template in 20 µl reaction.
Agrobacterium PCR verification was done with 1 µl of liquid culture as template in 20 µl reaction with 5 min
pre-denaturation. Primer annealing temperatures were calculated using Thermo Tm Calculator
(www.thermofisher.com/tmcalculator). The primer sequences are given in appendix 3 and the PCR programs
in appendix 4. All PCR products were analysed in agarose gel electrophoresis.

DNA extractions
Linear DNA was purified using Roche High Pure PCR Product Purification Kit (11732676001) or Fermentas
GeneJET PCR Purification Kit (K0702) according to manufacturers’ protocols, except elution in Tris-EDTA (TE)
buffer pH 8.0 or milli-Q water. Plasmid DNA extractions from DH5  and DB3.1 were done using Sigma
GenElute Plasmid Miniprep Kit (PLN350-1KT) or Thermo Scientific GeneJET Plasmid Miniprep Kit (K0503)
according to manufacturers’ protocols, except elution in TE buffer pH 8.0. Plasmid rescue from
Agrobacterium was done with Sigma GenElute Plasmid Miniprep Kit using cell lysis time prolonged to 10 min.
Plasmid rescue from yeast was done according to a protocol by Ville Paavilainen, kindly provided by group
Saarikangas, University of Helsinki, described in detail in 3.8. DNA concentration and purity of preparations
were measured with NanoDrop Lite and NanoDrop 2000 spectrophotometers (Thermo Scientific). All linear
DNA preparations were analysed in agarose gel electrophoresis.

Plasmid amplification in E.coli
The plasmid constructs generated in this study were amplified in DH5 . The donor and destination vectors
were amplified in DB3.1. Chemically competent cells were transformed via heat shock of 42°C 1 min 30 sec.
Electrocompetent cells were treated with BioRad GenePulser Xcell 2500 V, 25 µF, 200 , in 2 mm cuvette.

Restriction enzyme digestions
Restriction enzyme digestions were done using following Thermo Scientific FastDigest enzymes: BamHI
(FD0054), Bsp119I (FD0124), Bsp1407I (FD0933), EcoRI (FD0274), EcoRV (FD0303), HindIII (FD0505), NotI
(FD0593), PvuI (FD0624), PvuII (FD0634), SalI (FD0644). 1 µl of enzyme was used per 1 µg of DNA. Reaction
volume was 20 µl for routine plasmid verifications and 50 µl for bait vector linearizations. All digestions were
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designed with ApE A plasmid Editor v.2.0.59 (M. Wayne Davis, The Jorgensen Laboratory, University of Utah,
2018, https://jorgensen.biology.utah.edu/wayned/ape/) and analysed in agarose gel electrophoresis.

Agarose gel electrophoresis
Tris-Borate-EDTA (TBE) buffer pH 8.3 was used in all agarose gel electrophoresis with working solutions of
0.5x (44.5 mM Tris, 44.5 mM boric acid, 1 mM EDTA) and 1x (89 mM Tris, 89 mM boric acid, 2 mM EDTA).
DNA and RNA samples were dyed with ethidium bromide (EtBr) by running samples in pre-stained gel (EtBr
0.2 µg/ml) and visualised under UV-light. Gels were run with constant voltages of 5-7V/cm depending on gel
and fragment size. Following DNA standards were used: -DNA/PstI (non-commercial), Thermo Scientific
GeneRuler 1 kb DNA ladder (SM0311), Thermo Scientific GeneRuler 100 bp DNA ladder (SM0241), and
Thermo Scientific GeneRuler 50 bp DNA ladder (SM0373).

3.6 Construction of the MYB TF vectors by Gateway recombination cloning

3.6.1 Generation of the entry clones
Invitrogen Gateway recombination cloning technology is based on the site-specific integration of phage
into E. coli genome in the phage lysogenic cycle (Landy 1989; Hartley et al. 2000). Upon integration, phage
integrase and bacterial integration host factor catalyse recombination between phage and bacterial
attachment (att) sites attP and attB, respectively, resulting in attL and attR sites flanking the insertion. The
reaction is conservative and reversible with phage  excisionase (Landy 1989). In vitro, Gateway
recombination involves attachment site sequence modifications to make it directional and specific. In BP
reaction, an attB1 – attB2 flanked insert is integrated into donor vector at attP1 and attP2 sites resulting in
an entry clone containing attL1 and attL2 sites (Hartley et al. 2000). The reaction is catalysed by BP Clonase
enzyme mix containing integrase and integrase host factor (Landy 1989). In a successful reaction, ccdB gene,
that encodes a toxic protein (Bernard & Couturier 1992), is excised out from the vector. The reaction mixes
are transformed into ccdB sensitive E. coli cells, such as DH5 , whereas the backbones are amplified in ccdB
resistant strain DB3.1 (Bernard & Couturier 1992; Bernard et al. 1993; Miki et al. 1992).

MYB coding sequence (CDS) specific primers were designed based on TC sequences in PGI9 and on paired-
end reads of RNA-Seq libraries produced in the laboratory from mature wood transition zone (Lim et al.
2016), wounding experiment (Lim et al. 2021) and UV-C and cycloheximide treatments (Paasela et al. 2017b).
Integrity of the TC sequences were verified on nucleotide and amino acid sequences using basic local
alignment search tools (BLAST) (Altschul et al. 1990) of National Center for Biotechnology Information (NCBI)
(https://blast.ncbi.nlm.nih.gov/Blast.cgi#), Congenie (https://congenie.org/blast) and Softberry
(http://www.softberry.com/berry.phtml?topic=blastall&group=programs&subgroup=scanh). Translations
were done with The European Bioinformatics Institute (EMBL-EBI) EMBOSS Transeq tool (Madeira et al. 2019)
(https://www.ebi.ac.uk/Tools/st/emboss_transeq/). All softwares were used with default parameters. More
extensively studied conifers, loblolly pine (Pinus taeda), white spruce (Picea glauca) and Norway spruce
(Picea abies) gene models were considered as closest putative homologs. Gene length was evaluated based
on Arabidopsis information. The RNA-Seq reads were aligned to TC sequences using an in-house local BLAST
software. Upon conflict in the alignment, emphasis was given to the most common allele in the reads. 17-21
nt MYB CDS forward primers were designed to start from the translation start codon and 21-26 nt reverse
primers from the stop codon. Partial attB1 and attB2 sites were introduced to the 5’ ends of the forward and
reverse primers, respectively. Since TC154966 had low coverage of reads around the likely start and stop
codon positions, it was sequenced with up- and downstream binding primers before designing primers for
cloning the CDS.
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TC160194, TC159803, TC154966, TC182150, TC159619, TC182032 were amplified by PCR from cDNA of UV-
C induced needles obtained from Tanja Paasela. TC188897 originated from cDNA of cycloheximide treated
needles and it was amplified from a plasmid template obtained from Soile Jokipii-Lukkari. Each MYB CDS was
amplified with a forward primer combined with two reverse primers, one including and another excluding
the stop codon to study both native TFs and C-terminal fusion proteins. The primer concentration was 0.4
µM. One fifth of the first PCR was taken as template into the attB1 and attB2 adapter PCR where the primer
concentration was elevated to 1 µM. The purified inserts were integrated into pDONR221 in parallel BP
reactions using 150 ng of both vector and insert with BP Clonase II enzyme mix (Invitrogen 11789100) in TE
buffer pH 8.0. BP reactions were ended with Proteinase K (Invitrogen 11789100) treatment prior to
transformation into DH5  via heat shock. The toxic ccdB was negative and kanamycin resistance positive
selection marker. The clones were screened with colony-PCR using MYB CDS specific primers. The purified
plasmids were analysed by restriction enzyme digestion with Bsp1407I before sequencing. The generation of
the MYB TF entry clones is summarized below (Fig. 4).

Figure 4. Workflow for generation of the MYB TF entry clones. The CDSs of MYB TFs were cloned form Scots pine cDNA
as attB1 – attB2 fragments that were integrated into pDONR221 in Gateway BP reactions. The recombination events
between attachment sites are indicated with crosses. The entry clones were amplified in DH5 . The positive clones were
screened using colony-PCR. Plasmid extraction was followed by restriction analysis to select clones for sequencing. Both
nucleotide and translated amino acid sequence were compared to the TC sequences and to putative homologs to select
one clone per each MYB TF for the study. See text for details.

Four entry clones for each MYB TF were verified by sequencing with M13 primers at Macrogen EZ-Seq service.
Both nucleotide and translated amino acid sequences were analysed to select one clone per each MYB TF for
the study. The open reading frame matching best to the TC sequence and to the RNA-Seq reads was selected
and analysed with the above mentioned NCBI, Congenie and Softberry tools to verify that the open reading
frame is producing a realistic protein and to identify putative homologs. If there was variation in clones
including and excluding stop codon, the selected native clone was used as a template in a new insert PCR to
exclude stop codon. The multiple sequence alignments were done with EMBL-EBI Clustal Omega 1.2.4
(Madeira et al. 2019) (https://www.ebi.ac.uk/Tools/msa/clustalo/) with default parameters and visualised
with Jalview 2.11.1.4 (Waterhouse et al. 2009) (http://www.jalview.org/). The selected MYB TF entry clones
(pHEV4-19) are represented with the individual cloning strategies in appendix 1.
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VP16 activation domain and SRDX repression domain were fused to the MYB TFs to overcome the possible
requirement of MBW complex or other cofactors in MYB TF mediated regulation. VP16 activation domain
was cloned from pDEST35SVP16HSP (Oshima et al. 2013). SRDX domain, a powerful repressive EAR motif
(Hiratsu et al. 2003), was cloned from pR4pGWB4_SRDX_HSP, a gift from Nobutaka Mitsuda to the laboratory
plasmid collection. For the C-terminal fusions, VP16 and SRDX were cloned to multisite Gateway compatible
donor vector pGEMteasyP2r-P3 together with nopaline synthase terminator (nosT). Since there was not a
common template available for the regulatory domains and nosT, I developed a protocol to fuse them in
sequential PCRs (Fig. 5). First, a partial attB2r site was introduced to the 5’ of VP16 and SRDX with the forward
primers and a short overlap to nosT was introduced to the 3’ of VP16 and SRDX with the reverse primers.
Accordingly, partial attB3 site was introduced to the 3’ of nosT with the reverse primer and a short overlap
to the VP16 and SRDX 3’ sequences to the 5’ of nosT with forward primers. In the first PCRs, the primers were
imbalanced to incorporate all primers containing overlapping sequences. The overlapping primer
concentration was 0.05 µM, i.e. one tenth of the att site containing primer concentration 0.5 µM. Thus,
product purification between PCR steps was avoided. In the following extension-only two-step PCR, the
overlapping area served as primers and fused the VP16 / SRDX domains to nosT generating fusion inserts
with partial att sites at both ends. The att sites were completed in the adapter PCR.

Figure 5. Workflow for generation of the entry clones for C-terminal domain fusions. VP16 and SRDX are fused to nosT
in a series of PCRs resulting in attB2r – attB3 flanked inserts that are integrated into pGEMteasyP2r-P3 in Gateway BP
reaction. The recombination events between attachment sites are indicated with crosses. See text for details.

The final PCR products were extracted from agarose gel. The BP reactions and transformations were carried
out as for the MYB entry clones, except donor vector being pGEMteasyP2r-P3 and thus antibiotic selection
being ampicillin. The verification protocol of 3’ entry clones was similar to the one of the MYB TF entry clones.
The colony-PCRs were run with SRDX / VP16 specific forward primer (GER1448 / GER1450) paired to nosT
specific reverse primer (GER1455) and restriction enzyme digestions were performed as two separate
reactions, one with PvuI and another with EcoRV – PvuII double-digestion. Two entry clones of each construct
were verified by sequencing with purpose-designed primer pair GER1495 – GER1496 at Macrogen EZ-Seq
service. The attR2 – attL3 flanked VP16-nosT and SRDX-nosT entry clones used in this study were named
pHEV1 and pHEV3, respectively.
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3.6.2 Generation of the expression clones
In Gateway cloning, the attL sites carrying entry clones are taken into LR reaction with a destination vector
containing appropriate attR sites to construct the expression vector. LR Clonase enzyme mix is composed of
integrase, integration host factor and excisionase (Landy 1989; Hartley et al. 2000). The Gateway technology
enables simultaneous cloning of several inserts into multiple vectors in parallel and the multisite LR reaction
significantly speeds up cloning of multicomponent expression vectors as several DNA fragments can be joined
to each other and to the backbone in a single reaction (Sasaki et al. 2004).

Single-site Gateway LR reactions between the entry clones containing native MYB CDSs (pHEV4, 6, 8, 10, 12,
14, 16, 18) and a destination vector pGADT7-GW were performed to generate the yeast expression vectors,
i.e. prey vectors in Y1H assay (Fig. 6). 5’ elements were provided in the pGADT7-GW backbone. The MYB TFs
were fused to GAL4 activation domain at N-terminus and expressed under Alcohol dehydrogenase 1 (ADH1)
promoter. 3’ element, ADH1 terminator (ADH1T), was provided in the backbone, as well. LR reactions were
performed using LR Clonase II (Invitrogen 11791100) according to manufacturer’s protocol with 150 ng of
destination vector and 50-150 ng of each entry clone. The generated MYB TF yeast expression clones
(pHEV44-51) and the entry clones used in each LR reaction are defined in appendix 1.

Figure 6. Generation of the MYB TF expression vectors via single- and multisite Gateway LR reactions. The recombination
events between attachment sites are indicated with crosses. In the yeast expression vectors, the MYB TFs were
incorporated in pADH1-GAL4 MYB CDS-ADH1T constructs. For the plant expression vectors, three different 3’ elements
provided in separate entry clones were used for each MYB TF in three-fragment multisite LR reactions for p35S-MYB
CDS-nosT, p35S-MYB CDS VP16-nosT and p35S-MYB CDS SRDX-nosT constructs. See text for details.

For the LUC reporter assay, each MYB TF was cloned into three expression vectors: one for native MYB CDS,
one for C-terminal VP16 fusion and one for C-terminal SRDX fusion. The expression vectors were constructed
in parallel via multisite three-fragment LR reactions (Fig. 6). The 5’ element was the cauliflower mosaic virus
35S promoter (p35S) cloned in pMZR04, an attL4 – attR1 entry clone constructed by Zubair Rafique and
obtained from the laboratory collection. The same entry clones containing native MYB CDSs were used for
plant expression vectors as for yeast expression vectors. The MYB TF entry clones excluding stop codon
(pHEV5, 7, 9, 11, 13, 15, 17, 19) were used for the C-terminal domain fusions. For the native MYB TFs, the 3’
element was nosT cloned in the entry clone pEnNosT2-R2L3 constructed by Ari-Pekka Mähönen and obtained
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from the laboratory collection. For the domain fusions, the 3’ elements were VP16 and SRDX accompanied
by nosT (pHEV1 and pHEV3, respectively). Binary vector pBm43GW was used as destination vector to
facilitate possible future studies in Arabidopsis. The multisite LR reactions were performed using LR Clonase
II Plus (Invitrogen 12538200) according to manufacturer’s protocol with 20 fmol of destination vector and 10
fmol of each entry clone. The plant expression clones (pHEV20-37) and the entry clones used in each multisite
LR reaction are defined in appendix 1.

The LR reaction mixes were transformed into DH5  and selected negatively with ccdB and positively with
ampicillin and spectinomycin resistance for yeast and plant expression vectors, respectively. The positive
yeast expression clones were identified with MYB CDS specific colony-PCRs whereas the positive plant
expression clones were identified with p35S – nosT specific colony-PCRs with GER993 and GER1455 primers.
The purified yeast expression vectors were verified by two separate restriction enzyme digestions: a double-
digestion with HindIII –  Bsp119I, and another with Bsp1407I. The purified plant expression vectors were
verified by three separate restriction enzyme digestions: PvuI to check the left border, NotI to check the right
border and MYB CDS, and HindIII – Bsp1407I double-digestion to check MYB CDS and 3’ elements.

3.7 Luciferase reporter assay by agroinfiltration
Promoter activation studies are routinely done with firefly (Photinus pyralis) luciferase (LUC) reporter assay
where LUC is expressed under the promoter of interest upon binding of a regulatory protein. PST-1 promoter
activation by MYB TFs was studied in LUC reporter assay in transiently transformed N. benthamiana leaves
utilizing agroinfiltration. The generous parenchymal airspace facilitates transformation of a substantial
fraction of mesophyll cells in N. benthamiana leaves (Joensuu et al. 2010; Hwang et al. 2017) making them a
convenient agroinfiltration system. Promega Luciferase Assay System (E1500) was utilised in the experiment.

Agrobacterium mediated gene transfer is widely utilised both in stable transformations and in transient
expression studies (e.g. Hwang et al. 2017). Agrobacterium transferred DNA (T-DNA) integrates into plant
chromosome but the genes in T-DNA are expressed prior to that making transient assays independent of the
integration event (Kapila et al. 1997; Tzfira et al. 2003). Reduced variation in transient expression is an
advantage over stable transformations where random positioning of T-DNA in chromosomes and epigenetic
effects play major roles (Kapila et al. 1997; Bashandy et al. 2015). Transient expression peaks two days after
infiltration (Voinnet et al. 2003) but, subsequently, it is actively silenced in plant cells (Voinnet et al. 2003;
Cazzonelli & Velten 2006). Silencing can be tackled by co-infiltration of a viral silencing suppressor, such as
tomato bushy stunt virus protein p19 (Voinnet et al. 2003). In agroinfiltrated N. benthamiana leaves the
largest source of variation originates from separate sampling spots within a leaf, overcoming variation from
different leaves in a plant (Bashandy et al. 2015). Thus, infiltration and sampling strategy maximising the
sample size per leaf and the number of biological replicates could reduce variation in a quantitative assay
(Bashandy et al. 2015) which was taken as a guideline in this experiment.

Agroinfiltration of MYB TFs in N. benthamiana
The co-infiltration mixes were composed 1:1:1 of three Agrobacterium strains: a strain harbouring a MYB TF
expression vector (EVA20-34; see appendix 1), C58C1(pGV2260, pBin61-p19) for silencing suppressor p19,
and pPST-1 LUC reporter strain C58C1(pGV2260, pTHP53). All three expression vectors of a MYB TF, native,
VP16 and SRDX fusions, were infiltrated in parallel. Control co-infiltration mix contained untransformed
C58C1(pGV2260) instead of a MYB TF carrying strain. According to previous observations in the laboratory,
agroinfiltration per se induces pPST-1 LUC reporter background expression indicating that an unknown
Agrobacterium induced N. benthamiana TF binds to pPST-1. Thus, the LUC assay of control plants marks the
base level for Agrobacterium induced pPST-1 activation to which the MYB TF effects are compared to. Upon
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binding to the pPST-1, native MYB TF either activates or represses LUC transcription depending on its function
as activator or repressor, respectively (Fig. 7A). The regulatory domain fusions are hypothesized to overcome
the potential need for cofactors (Fig. 7B, C). If a MYB TF does not bind to the promoter, the light signal in LUC
assay keeps at the control level. A technical negative control was composed of C58C1(pGV2260, pBin61-p19)
and untransformed C58C1(pGV2260) in 1:2.

Figure 7. PST-1 promoter activation by MYB TFs was studied in luciferase (LUC) reporter assay in transiently transformed
Nicotiana benthamiana leaves utilizing agroinfiltration. The sampling was done in two parallel 20 mg batches per
infiltrated leaf. An Agrobacterium induced N. benthamiana TF causes reporter background expression. The MYB TF
effects are compared to this control level. A) p35S-MYB CDS-nosT enhances or reduces the light signal compared to the
control level, depending on MYB TFs natural function as activator or repressor, respectively. B) p35S-MYB CDS VP16-
nosT enhances and C) p35S-MYB CDS SRDX-nosT represses the light signal independently of MYB TF natural function
and of cofactors. If a MYB TF does not bind to the pPST-1, the light signal keeps at the control level. LUC, luciferase; LB,
left border; RB, right border; Sp, spectinomycin; Ba, basta; nosT, nopaline synthase terminator.

The MYB TF plant expression vectors (pHEV20-37) were transformed into C58C1(pGV2260) by
electroporation, program as for E. coli cells, described in 3.5, or by liquid nitrogen cold shock followed by
37°C 10 min heat shock. Transformants were selected on LB agar plates supplemented with rifampicin,
carbenicillin and spectinomycin. The silencing suppressor C58C1(pGV2260, pBin61-p19) and the reporter
C58C1(pGV2260, pTHP53) were grown on LB agar supplemented with rifampicin, carbenicillin and
kanamycin. C58C1(pGV2260) was grown on LB agar supplemented with rifampicin and carbenicillin.

Agrobacterium colonies were inoculated in 5ml or 10 ml LB broth without antibiotics and grown overnight at
28°C. Agrobacterium liquid cultures were verified by PCR with MYB CDS specific forward primer paired to
nosT specific reverse primer GER1455 and plasmid rescue. The rescued plasmids were analysed with the
same restriction enzyme digestions as initially during cloning of the MYB TF plant expression vectors. For
infiltration, the cells were harvested by centrifugation at 3220xg for 10 min at room temperature and
resuspended in Mg-MES buffer (200 µM acetosyringone, 10 mM MgCl2, 10 mM 2-(N-morpholino)
ethanesulfonic acid (MES)  pH 6.0). The cell suspensions were diluted to OD600=0.49-0.51 and incubated
three hours at room temperature before infiltration. The Agrobacterium strains were mixed 1:1:1 for co-
infiltration. Each Agrobacterium co-infiltration mix was used on four plants. Two youngest fully expanded
leaves of each plant were infiltrated with 1 ml syringe, without a needle, through 1-3 small incisions in lower
epidermis (Fig. 7). If a leaf could not be fully infiltrated, the border of the infiltrated area was marked with a
pen. The plants were kept in the growth chamber two days before sampling.
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Sampling
Sampling was done in two technical replicates of 20 mg each by punching leaf discs within infiltrated area of
lower leaf. The samples were immediately frozen in liquid nitrogen. Grinding was done with Retsch Mixer
Mill MM400 (28 1/s, 45 sec) and powdered samples were stored at -80°C. Quantitative LUC assay was done
using 400 µl Modified Lux Buffer (50 mM NaPO4 pH 7.0, 4% soluble polyvinylpyrrolidone (PVP) MW 360,000,
2 mM EDTA, 20 mM DL-Dithiothreitol) per sample. The samples were homogenised by vortexing and soluble
proteins collected by centrifugation 17000xg for 10 min at 4°C. 5 µl of plant extract was mixed with 50 µl of
room temperature substrate, Luciferase Assay Reagent (Promega Luciferase Assay System E1500), and the
light intensity was measured immediately for 1 sec with luminometer (Thermo Labsystems Luminoskan TL
Plus, generation II). Additionally, plant extract was used to determine total protein concentration by Bradford
assay using commercial reagent (Bio-Rad Protein Assay Dye Reagent Concentrate 5000006) according to
manufacturer’s protocol. The upper infiltrated leaf of each plant was reserved for phenotypic observation.

Data analysis
LUC assay data was normalized to total protein concentration by Bradford assay. The normalized parallel
samples from a leaf were treated as technical replicates and their mean represented each plant, being a
biological replicate. A sample was discarded if any step of sampling, LUC assay or Bradford assay was
unsuccessful. In case of discarding a sample, the biological replicate was represented by the remaining
parallel sample. If both technical replicates of a plant were discarded, the biological replicate was treated as
a missing value in the statistical analysis. The effect of each Agrobacterium co-infiltration mix on the LUC
reporter expression was calculated as the mean of biological replicates. Standard deviation and standard
error of the mean were calculated. To illustrate the effects of the MYB TF constructs, the normalized mean
light intensities were transformed to normalized relative changes by dividing each light intensity by the mean
of control light intensity of the respective assay set. Student’s t-test (2-sided, assuming unequal variances)
was used to evaluate the statistical significance of the effects of the MYB TF constructs as compared to the
control, Agrobacterium induced background. For statistical significance, the critical level p=0.05 was applied.
The infiltrations were performed twice and kept separate in statistical analysis to verify consistency of the
MYB TF effects.

3.8 Small-scale yeast one-hybrid screen
Yeast one-hybrid (Y1H) assay (Wilson et al. 1991; Li & Herskowitz 1993; Wang & Reed 1993; Inouye et al.
1994; Dowell et al. 1994) is an established method to identify proteins that interact with a DNA sequence of
interest. The method is based on the observation of GAL4 activation domain being separable from its natural
DNA binding domain and capable of converting other TFs to activators in yeast (Brent & Ptashne 1985; Ma &
Ptashne 1988). Y1H assay is composed of a bait construct, that contains the DNA sequence of interest, most
commonly a gene regulatory element, cloned upstream of a reporter gene, and a prey construct that
expresses the putative DNA binding protein of interest, fused to a yeast activation domain. Both bait and
prey are introduced into S. cerevisiae and if the TF binds to the target DNA, the yeast cell expresses the
reporter, commonly an auxotrophic or antibiotic marker (e.g. Reece-Hoyes & Walhout 2012).

Components and protocols of Matchmaker Gold Yeast One-Hybrid Library Screening System, an Y1H kit
developed by Clontech, currently owned by Takara Bio, were employed where applicable. S. cerevisiae
Y1HGold and the bait vector backbone pAbAi originate from Clontech. The prey vector backbone pGADT7-
GW has been modified to Gateway compatible (Lu et al. 2010) retaining main features by Clontech.
Aureobasidin A (AbA) resistance in pAbAi, was the reporter provided by AUR1-C encoding a mutant inositol
phosphorylceramide synthase. In pAbAi, URA3 and, in pGADT7-GW, LEU2 were the auxotrophic markers.
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Generation of the bait strains
The baits were designed to cover the majority of natural MYB TF target consensus sequences in pPST-1
(GenBank: Y17594.1) as represented by Ma & Constabel (2019) and Kelemen et al. (2015). MYB target
sequence search was done using ApE v.2.0.59. Since there is no information of the MYB target sequence
conservation in Scots pine, mismatches to consensus sequences were allowed. MYB core type I was searched
for as CNGTTN and MYB core type II as TNGTTN. Also, GTT elements were located in the promoter. AC
elements were searched for as ACC[A/T]ANN and ACC[A/T]NN. TF binding sites (TFBS) in pPST-1 were
predicted with Norway spruce data on PlantRegMap (Jin et al. 2015; Jin et al. 2017; Tian et al. 2020) TFBS
tool (http://plantregmap.gao-lab.org/binding_site_prediction.php). Target sequences of MYB-related TFs in
rice (TATCCA) (Lu et al. 2002), potato (GGATA) (Baranowskij et al. 1994), and Arabidopsis (AAAATATCT)
(Alabadí et al. 2001) were included in the search. A deletion series of pPST-1 (Tanja Paasela, unpublished
data) was used as a guideline to locate the most promising regulatory areas.

Seven natural fragments of pPST-1, named baits 1-7, were cloned as HindIII – SalI fragments into pAbAi. Due
to lack of Scots pine MYB target sequence information, no mutant baits or tandem repeats of individual
motifs could be constructed. Baits 1-5 are short, 47-74 bp, according to instructions in Takara Bio’s manual,
while bait 6 and 7 are 238 bp and 539 bp, respectively, to maximise the binding probability of the MYB TFs.
Baits 1-5 were cloned from synthetic oligonucleotides (appendix 3). Equimolar amounts of forward and
reverse oligonucleotides were annealed according to a protocol by Sigma Aldrich (2021) in annealing buffer
(10 mM Tris-HCl pH 8.0, 50 mM NaCl, 1 mM EDTA) using thermal cycler. The initial denaturation was 95°C 2
min followed by linear temperature decrease from 94°C to 25°C in steps of 1°C / 38 sec and cooling to 4°C.
Baits 6 and 7 were amplified from pPST-1 LUC reporter (pTHP53 with bait 2 forward and bait 4 reverse
oligonucleotides, and with bait 1 forward and bait 5 reverse oligonucleotides, respectively. Phusion HF II HS
3’ – 5’ exonuclease activity enabled utilizing the oligonucleotides in the two-step insert PCRs.

All baits were phosphorylated with T4 polynucleotide kinase (New England Biolabs M0201S). pAbAi was
linearized by HindIII – SalI double-digestion, dephosphorylated with alkaline phosphatase Fast AP (Thermo
Scientific EF0651) and purified. Baits 1-5 were sticky-end-ligated to linearized pAbAi. Baits 6 and 7 were blunt-
ligated to pAbAi for which it was blunted by synthesis with Phusion HF II HS. All ligations were performed
with vector:insert molar ratio of 1:5 with T4 DNA ligase (Thermo Scientific EL0012). The ligation reaction
mixes were transformed into DH5  and positive clones were screened with colony-PCRs using forward
oligonucleotides paired with an AUR1-C binding reverse primer GER604. The purified bait vectors were
analysed with restriction enzyme digestions: baits 1-5 with double-digestions of HindIII – EcoRI and of SalI –
PvuII, and baits 6 and 7 with a double-digestion of EcoRI – Bsp119I and a triple-digestion of BamHI – Bsp119I
– PvuII. The clones having correct restriction patterns were verified by sequencing with URA3 binding forward
primer GER433 at DNA sequencing service of Institute of Biotechnology, University of Helsinki.

The verified bait plasmids (pHEV52-56, 58, 60) were linearized with Bsp119I at URA3 and purified prior to
integration into the Y1HGold at ura3-52  locus generating bait strains 1-7 (EVY52-56, 58, 60). Competent
Y1HGold cells were prepared and transformed with minor modifications to protocol by Gietz & Schiestl
(2007). Overnight liquid culture volume was downscaled to 10 ml and expansion culture volume to 100 ml.
Expansion culture was started with OD600=0.1 and ended with OD600=0.55-0.65. YPAD medium was used
instead of 2x YPAD. Baits 2-5 were transformed in fresh and baits 1, 6 and 7 in frozen competent Y1HGold
cells. Milli-Q water was used instead of DNA for negative controls. Transformants were selected on SD-Ura
plates and competent cell viability was checked by plating a dilution series of negative control cells on YPAD
in addition to SD-Ura. The positive bait transformants were identified by colony-PCRs with URA3 binding
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forward primer (GER433) paired to the bait-specific reverse oligonucleotides. Due to bait 1 oligonucleotide
inability to bind to its target on yeast genomic template, the bait strains 1 and 7 were screened with nested
colony-PCRs using URA3 – AUR1C binding primers (GER433 and GER604) in the first PCRs to serve as template
for bait-specific PCRs. Also, bait strain 6 was screened with nested colony-PCR to clarify interpretation
complicated by a secondary product. Leu- Ura+ phenotype was confirmed by streak-test including LB plate to
verify that no bacterial contamination had taken place during preparation of competent cells.

AbA sensitivity tests were performed on the bait strains to titrate strain specific working concentrations from
100 ng/ml upwards, as indicated in Takara Bio’s manual. Bait strains 6 and 7 were additionally tested from
25 ng/ml upwards. The same clone of each bait strain was used both in AbA sensitivity test and in making of
competent cells. Competent cells of the bait strains were prepared as Y1HGold competent cells described
above, except the overnight cultures were grown in SD-Ura medium to maintain selection while the
expansion cultures were grown in YPAD to maximize competence. At the end of the expansion cultures, the
bait strains were verified by two separate PCRs with URA3 – bait and bait – AUR1-C specific primer pairs.
Baits 1, 6 and 7 were verified with nested PCRs, as in the initial bait transformant screening.

Transformation of the prey vectors into the bait strains
All prey vectors, the MYB TF yeast expression vectors, were transformed in one bait strain at a time. The MYB
TFs were screened twice in bait strains 1, 3 and 5, once in bait strains 2 and 4, and twice with different AbA
concentrations in bait strains 6 and 7. 105 ng of each MYB TF expression vector was transformed into frozen
competent cells according to Gietz & Schiestl (2007) protocol. Milli-Q water instead of a MYB TF prey vector
preparation was the negative control for transformation. Auxotrophic marker LEU2 in prey vectors served as
positive control for transformation. The recovery time was 3h in YPAD medium at 30°C followed by cell
harvesting by centrifugation and resuspension in 1 ml of 0.9% NaCl. 100 µl of each cell suspension was plated
on SD-Leu and SD-Leu AbA plates. The viability of the competent cells was confirmed by plating 10-4 dilution
of negative control cell suspension on SD-Ura. If a MYB TF binds to a bait, it will activate transcription of
AUR1-C providing AbA resistance while negative interaction keeps the strain AbA sensitive (Fig. 8). After the
transformation of the prey vectors, the transformants were grown for 3-6 days at 30°C. The well-growing
plates were transferred to 4°C after three days, whereas the slowly growing and negative plates were kept
up to six days at 30°C. The Y1H assay data was recorded as growth or no growth on AbA selection plate. When
at least 50 colonies were growing on a plate, it was recorded as reliable growth.

Figure 8. PST-1 promoter – MYB TF yeast one-hybrid assay. Baits 1-7 were integrated into S. cerevisiae Y1HGold at ura3-
52 locus. The MYB TFs were cloned into pGADT7-GW and fused to GAL4 activation domain. The prey vectors were
transformed into the bait strains. A) Upon binding to the bait, a MYB TF activates transcription of AUR1-C encoding
mIPCS which provides AbA resistance. Upon positive MYB TF – bait interaction, yeast cells are viable on AbA selection.
B) If a MYB TF does not bind to the bait, there is no growth under AbA selection. Amp, ampicillin; ADH1, Alcohol
dehydrogenase 1; mIPCS, mutant inositol phosphorylceramide synthase; AbA, aureobasidin A.
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Verification of the Y1H assay results
The Y1H assay results were documented by photography and verified with following methods:

1. confirmation of phenotype by re-streaking randomly picked transformants on selection plates
2. colony-PCRs with MYB CDS specific primers
3. confirmation of MYB TF expression by reverse transcription PCR (RT-PCR)
4. plasmid rescue and restriction analysis of the rescued plasmids

The entire verification procedure was applied on one randomly picked bait strain transformed with all prey
vectors and on the positive MYB TF hits. Additionally, as a rapid confirmation of prey transformation success,
MYB CDS specific colony-PCR was applied on randomly picked transformants representing all MYB TFs in
three bait strains.

Total RNA extraction was done from 1 OD600 unit of yeast cells according to protocol by Shedlovskiy et al.
(2017), followed by phenol/chloroform extraction and isopropanol precipitation. All glassware and chemicals
were diethyl pyrocarbonate (DEPC) treated unless guaranteed RNase free by manufacturer. The integrity of
total RNA was checked in agarose gel electrophoresis. DNA was removed with DNase I (Thermo Scientific
EN0521) treatment and mRNA reverse transcription was performed with RevertAid RT (Thermo Scientific
EP0441) and primed with oligo-d(T20) according to manufacturer’s protocol. The RNA was protected with an
RNase inhibitor RiboLock (Thermo Scientific EO0381). One tenth of the RT reaction volume, 2 µl, was used as
cDNA template for MYB CDS specific primers in PCR.

Plasmid rescue from yeast was done according to a protocol by Ville Paavilainen, kindly provided by group
Saarikangas, University of Helsinki, utilizing glass-bead grinding in 1:1 extraction buffer (2% Triton X-100, 1%
SDS, 100 mM NaCl, 10 mM Tris-HCl pH 8.0, 1 mM EDTA) and phenol/chloroform/isoamylalcohol followed by
isopropanol precipitation prior to plasmid re-amplification in DH5 . The rescued plasmids purified from
DH5  were analysed with the same restriction enzyme digestions as in cloning of the MYB TF yeast expression
vectors (see 3.6.2).

4 Results
4.1 Cloning and characterization of the MYB TFs
The MYB CDS entry clones
As described in 1.4.4, seven MYB TFs were selected for the promoter interaction studies to analyse whether
any of them are direct regulators of PST-1. The corresponding cDNAs of the MYB TFs were cloned utilizing
Gateway recombination technology into expression vectors to study their effects on PST-1 promoter activity
with LUC assay in transiently transformed N. benthamiana plants and with Y1H assay.

The cDNAs of the MYB CDSs were cloned into pDONR221, as described in 3.6.1, generating entry clones
(pHEV4-19; see appendix 2 for vector maps) suitable for LR reaction to generate expression clones. Four
parallel entry clones per each MYB TF were sequenced to verify integrity and MYB character of the CDSs, as
well as to study possible variation, which was not revealed in short read RNA-Seq libraries. The clones were
screened with colony-PCR (Fig. 9A) and the plasmids were purified from selected positive clones and analysed
with restriction enzyme digestion (Fig. 9B, C) before sequencing.
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Figure 9. A) Transformants were screened with MYB CDS specific colony-PCRs to select positive clones for plasmid
extractions. Top row seventh clone from left was negative for TC182150 while others were positive. B) MYB CDS entry
clones were analysed with attachment site specific Bsp1407I digestion prior to sequencing. Expected restriction pattern
was visualised with ApE v.2.0.59. C) Four entry clones of pHEV12 / TC182150 (in colony-PCR, clones 1-3, 6), pHEV10 /
TC154966 (1-4), pHEV11 / TC159619 (1-4) and pHEV6 / TC159803 (1-4) are shown in the agarose gel image. Note that
TC159619 CDS contains internal restriction site in addition to ones in attachment sites. St: -DNA/PstI 308 ng.

The sequencing results of TC182032 revealed that it might have two variants. Since the RNA-Seq reads
aligned to the TC sequence in PGI9 supported the observation, both putative variants, hereafter
TC182032var1 and TC182032var2 were taken into analysis. Translated amino acid sequence of TC182032var1
has a small block of seven residues that is common to grapevine (VvMYB14), white spruce (PgMYB12) and
Norway spruce (MA10430220g0010) whereas it is absent from TC182032var2. Additionally, the putative
variants differ from each other by 16 single amino acid replacements and by a change of two adjacent amino
acids. Other MYB TFs exhibit smaller variation within their sequenced clones and, thus, TC160194, TC159803,
TC188897, TC154966, TC182150 and TC159619 were represented by single variant each in the PST-1
promoter interaction studies. The MYB CDSs are given in appendix 5.

Detected motifs in the MYB TFs
As introduced in 1.4.2, the MYB TFs are classified into subfamilies according to the number of MYB domain
repeats and their similarity to the prototypic vertebrate c-Myb repeats R1, R2 and R3. TC159803, TC188897,
TC154966, TC159619, TC182032var1 and TC182032var2, were identified as R2R3-MYB TFs. TC182150
appeared to be a single-repeat MYB-related TF containing a partial MYB repeat. The DNA binding MYB-like
domain of TC182150 contains a SHAQKYF motif in its C-terminal part. TC160194 lacks the MYB domains but
it has BLAST hits to C-terminal sequences of MYB-related TFs in other species. The multiple sequence
alignment of translated amino acid sequences (Fig. 10) reveals the high conservation of R2R3-MYB domains
between the subfamily members, including VvMYB14, a direct regulator of V. vinifera STS (Höll et al. 2013;
Fang et al. 2014; Vannozzi et al. 2018) and a homolog to TC182032 (Tanja Paasela, unpublished data). As the
alignment demonstrates, TC182150 exhibits a dissimilar MYB domain and TC160194 stands out as an outlier.
All MYB TFs are highly variable at C-terminal regions.
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Figure 10. Multiple sequence alignment of the translated amino acid sequences of the studied Scots pine MYB TFs with
VvMYB14 as reference. R2 and R3 MYB repeats are marked above the alignment with black bars. Other motifs are
indicated with black rectangles and identifiers below the alignment. R, repeat; bHLH, basic-helix-loop-helix; EAR,
ethylene-responsive element binding factor-associated amphiphilic repression motif; AD, activation domain. Alignment:
Clustal O 1.2.4. Visualisation: Jalview 2.11.1.4.

The MYB TFs were studied to identify and locate possible bHLH interaction domains (Fig. 10). Two of the
R2R3-MYB TFs, TC159803 and TC159619, contain bHLH interaction domain [D/E]Lx2[R/K]x3Lx6Lx3R (Chen et
al. 2019) in their R3. The motif in TC159803 is identical to the consensus sequence whereas the last leucine
of TC159619 bHLH interaction domain has changed into isoleucine. The other R2R3-MYB TFs, TC188897,
TC154966, TC182032var1 and TC182032var2, do not contain a bHLH interaction domain. The region of bHLH
interaction domain is clearly identifiable in both variants of TC182032 but four out of six conserved amino
acids have changed, including all three leucines. MYB-related TF TC182150 lacks the bHLH interaction domain
and TC160194 lacks the entire region of MYB domains.
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Several transcriptional regulatory domains presented in 1.4.2 were identified in the MYB TFs (Fig. 10).
Repressive EAR motif was present in TC160194, TC188897, TC154966 and TC182150. TC188897 has an EAR
motif LILEL located in the R3 and TC154966 has a C-terminal EAR motif LSLSL. Repressive KLFGV motif was
found at N-terminus of TC182150, while EAR motif LSLKL is located at the C-terminus. In addition to, and
contradictory to C-terminal EAR motif LSLSL, TC160194 contains a glutamine-rich and acidic area, which could
indicate an activation domain. However, due to possible partiality of TC160194 CDS, the reading frame is
questionable, and the domains remain speculative. GIDP motif, interpreted both as activating (Matsui et al.
2008; Ma & Constabel 2019) and repressive (Chen et al. 2019), was identified in TC159619 as
AVRGIDPKTHKKI, closely downstream of R3 MYB repeat. No TLLLFR, nor SID motifs were identified in any of
the MYB TFs. TC159803 has no distinct transcriptional regulatory domains. In neither of TC182032 variants
clear consensus regulatory motifs were detected.

4.2 Luciferase reporter assay confronted trouble in N. benthamiana
MYB TF plant expression vectors and Agrobacterium strains
The promoter interaction study of pPST-1 and the MYB TFs was performed with LUC reporter assay in
transiently transformed N. benthamiana leaves utilizing agroinfiltration. As described in 3.7, the MYB TFs
were studied both native and fused to transcriptional regulatory domains, repressive SRDX and activating
VP16. Upon a native MYB TF binding to the promoter, the direction of change in the background LUC reporter
expression level was hypothesized to characterize the natural regulatory function of the MYB TF whereas 3’
domain fusions were utilized to overcome the possible requirement for cofactors.

SRDX and VP16 were fused to nosT in sequential PCRs and cloned into pGEMteasy-P2rP3 generating multisite
Gateway LR reaction compatible entry clones, as described in 3.6.1. The entry clones were amplified in DH5
and positive clones were identified with colony-PCR. The purified plasmids were analysed with restriction
enzyme digestions (Fig. 11) before verification by sequencing. The verified entry clones (pHEV1 and 3; see
appendix 2 for vector maps) were utilised to provide 3’ elements in the MYB TF expression vectors.

Figure 11. The entry clones for 3’ elements in the plant expression vectors were analysed with restriction enzyme
digestions. A)  Expected restriction patterns were visualised with ApE v.2.0.59. B) Two clones of pHEV1 and a clone of
pHEV3 and pEnNosT2-R2L3 each were analysed with PvuI and EcoRV – PvuII digestions and run in agarose gel. All
analysed entry clones gave correct restriction patterns. St: -DNA/PstI 411 ng.

The MYB TF plant expression vectors were generated via multisite Gateway LR reactions as described in 3.6.2.
5’ element, p35S, was provided in pMZR04. The entry clones for MYB TFs (pHEV4-16) contained either native
CDSs or excluded stop codon. 3’ elements, nosT, VP16-nosT and SRDX-nosT, were provided in pEnNosT2-
R2L3, pHEV1, and pHEV3, respectively. The LR reactions into pBm43GW resulted in expression constructs of
p35S-MYB CDS-nosT, p35S-MYB CDS VP16-nosT, and p35S-MYB CDS SRDX-nosT. Positive clones were
identified with p35S – nosT specific colony-PCR and the purified plasmids were analysed with three restriction
enzyme digestions to verify left border, right border, MYB CDS and 3’ elements (Fig. 12).
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Figure 12. A) Expected restriction patterns of the expression vectors visualised with ApE v.2.0.59. B) Two clones of each
construct were analysed and run next to each other in agarose gel. PvuI digestion verifies the left border, NotI the right
border and MYB CDS, and HindIII – Bsp1407I double-digestion the MYB CDSs and 3’ elements. Native, SRDX and VP16
fusions of expression vectors of TC182150 and TC154966 (pHEV29-34) are shown in the image. All clones gave correct
restriction patterns. PvuI and NotI digestions St: -DNA/PstI 308 ng. HindIII – Bsp1407I digestion St: -DNA/PstI 616 ng.

The plant expression vectors were generated for TC160194 (pHEV20-22), TC159803 (pHEV23-25), TC188897
(pHEV26-28), TC182150 (pHEV29-31), TC154966 (pHEV32-34), and TC19619 (pHEV35-37). The vector maps
for the verified plasmids are given in appendix 2. Due to change in the experimental strategy (see below) and
to scheduling reasons, neither of TC182032 variants were cloned into plant expression vectors. The verified
plant expression vectors pHEV20-34 were transformed into Agrobacterium, as described in 3.7, generating
strains EVA20-34, respectively. Agrobacterium liquid cultures used in the co-infiltrations were verified by PCR
and by plasmid rescue. The rescued plasmids were analysed with restriction enzyme digestions and
compared to the original preparations (Fig. 13).

Figure 13. Agrobacterium strains carrying MYB TF expression vectors (EVA20-34) were verified by restriction analysis of
the rescued plasmids. The digested rescued plasmids were run in agarose gel next to the control digestions of the
original expression vector preparations. HindIII – Bsp1407I double-digestion of the expression vectors of TC182150 and
TC154966 (pHEV29-34) rescued from EVA29-34 are shown in the image. All rescued plasmids gave correct restriction
patterns. St: -DNA/PstI 616 ng.
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Agroinfiltration and sampling of N. benthamiana
Five MYB TFs, TC160194, TC159803, TC188897, TC182150, and TC154966, were studied in LUC reporter assay
with the full sets of three expression vectors (native, fusions to SRDX and to VP16). The infiltration mixes
were composed 1:1:1 of three Agrobacterium strains: one harbouring a MYB TF expression vector (EVA20-
34), one carrying the silencing suppressor p19 (C58C1(pGV2260, pBin61-p19)), and one containing the pPST-
1 LUC reporter C58C1(pGV2260, pTHP53). The agroinfiltrations were performed twice, each time on four
plants. The samples of fourth plants of TC182150 SRDX (EVA30), native TC154966 (EVA32), and
TC154966 VP16 (EVA34) in the second infiltration were discarded due to unreliable Bradford assay caused
by error in the microplate reader and their LUC assays were exceptionally done with three plants. The relative
change in light intensity in the MYB TF transformed plants was compared to the background expression level
induced by the control infiltration mix of C58C1(pGV2260), C58C1(pGV2260, pBin61-p19), and
C58C1(pGV2260, pTHP53), as described in 3.7. A technical negative control infiltration mix of
C58C1(pGV2260) and C58C1(pGV2260, pBin61-p19) was included.

The results of quantitative LUC reporter assay
In the first infiltration of TC160194, none of the MYB TF constructs had statistically significant effect on pPST-
1 LUC reporter (Fig. 13A). Inconsistently, in the second infiltration (Fig. 13B), native TC160194 induced
higher reporter expression the effect being statistically significant (p=0.041). In both infiltrations, the SRDX
and VP16 fusion constructs seemed to induce and repress the reporter expression, respectively. However,
these effects were statistically insignificant.

Figure 13. Effects of TC160194 constructs on pPST-1 LUC reporter expression demonstrated as relative changes in the
light intensity compared to the control, Agrobacterium induced background expression. NC: negative technical control.
Error bars illustrate the standard error of the mean. p-values: Student t-test of the MYB TF constructs against the control.
A) In the first infiltration, TC160194 had no statistically significant effects. B) In the second infiltration, native TC160194
increased the reporter expression and the effect was statistically significant.

Native TC159803 repressed the reporter expression in the first infiltration (Fig. 14A) and the effect was
statistically significant (p=0.031) but inconsistent in the second infiltration (Fig. 14B). The fusion constructs
did not produce statistically significant effects.
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Figure 14. Effects of TC159803 constructs on pPST-1 LUC reporter expression demonstrated as relative changes in the
light intensity compared to the control, Agrobacterium induced background expression. NC: negative technical control.
Error bars illustrate the standard error of the mean. p-values: Student t-test of the MYB TF constructs against the control.
A) In the first infiltration, native TC159803 had a statistically significant repressive effect on LUC reporter whereas the
effects of SRDX and VP16 fusions were statistically insignificant. B) In the second infiltration, the TC159803 constructs
had no effect on reporter expression.

Both native and SRDX fusion of TC188897 had conflicting, although statistically insignificant effects, in the
two infiltrations, reducing reporter expression in one and increasing it in the other (Fig. 15). VP16 fusion had
statistically significant reducing effect (p=0.037) in the first infiltration but, in the second infiltration, it was
insignificant.

Figure 15. Effects of TC188897 constructs on pPST-1 LUC reporter expression demonstrated as relative changes in the
light intensity compared to the control, Agrobacterium induced background expression. NC: negative technical control.
Error bars illustrate the standard error of the mean. p-values: Student t-test of the MYB TF constructs against the control.
A) In the first infiltration, all three constructs of TC188897 were reducing the reporter expression, VP16 fusion having
the only statistically significant effect. B) The effect of VP16 fusion was inconsistent in the second infiltration where no
effect was detected with any of the constructs.

Native TC182150 induced statistically significant sixfold (p=0.008) and nearly twofold (p=0.041) increases in
LUC expression (Fig. 16). In the first infiltration, the effect of the SRDX fusion construct was statistically
significant compared to the control (p=0.014) but insignificant in the second infiltration. In both infiltrations,
the VP16 fusion construct increased LUC expression compared to the control and the effect was statistically
significant (p=0.029 and p=0.010). Compared to the native effect, the SRDX fusion seemed to induce lower
increase in LUC expression. When the SRDX fusion construct was tested against the native TC182150,
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differences were statistically insignificant (p=0.053 and p=0.131) in both infiltrations, although the effect was
close to the critical significance level of p=0.05 in the first infiltration. The effect of the VP16 fusion construct
did not differ from the effect of native TC182150 (p=0.471 and p=0.943).

Figure 16. Effects of TC182150 constructs on pPST-1 LUC reporter expression demonstrated as relative changes in the
light intensity compared to the control, Agrobacterium induced background expression. NC: negative technical control.
p-values: Student t-test of the MYB TF constructs against the control. A) In the first infiltration, all three constructs of
TC182150 induced statistically significant increase in the LUC reporter expression. B) The effects were consistent in the
second infiltration, although the effect of the SRDX fusion construct was statistically insignificant.

Native TC154966 had no statistically significant effect on reporter expression in either of the infiltrations (Fig.
17). The SRDX fusion construct induced a 16-fold and a threefold increase in LUC expression and the effects
were statistically significant in both infiltrations (p=0.008 and p=0.005). VP16 fusion had no statistically
significant effect and the reporter expression remained at the control level.

Figure 17. Effects of TC154966 constructs on pPST-1 LUC reporter expression demonstrated as relative changes in the
light intensity compared to the control, Agrobacterium induced background expression. NC: negative technical control.
Error bars illustrate the standard error of the mean. p-values: Student t-test of the MYB TF constructs against the control.
A) In the first infiltration, the SRDX fusion of TC154966 increased LUC reporter expression and the effect was statistically
significant. Native TC154966 and the VP16 fusion had statistically insignificant effects. B) SRDX fusion induced increase
in the reporter expression was repeated in the second infiltration.

The MYB TFs had unexpected phenotypic effects on N. benthamiana
The upper infiltrated leaves reserved for phenotypic follow-up revealed that the MYB TFs had phenotypic
effects on N. benthamiana (Fig. 18). Depending on the MYB TF, the effects varied from necrosis to chlorosis
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and up to no visible difference compared to the control plants infiltrated with C58C1(pGV2260) instead of a
MYB TF carrying strain (Table 1). Native TC160194, native TC188897 and TC188897 VP16 were lethal causing
necrosis throughout the infiltrated leaf area in all infiltrated plants. TC160194 SRDX, TC160194 VP16,
TC188897 SRDX, native TC159803, TC159803 SRDX, TC159803 VP16, TC182150 SRDX, and
TC182150 VP16 were causing chlorosis and necrotic lesions of varying patch extent and severity in replicate
plants. Native TC182150 and all three constructs of TC154966 had no phenotypic effects on N. benthamiana.

Figure 18. The phenotypic effects of native TC160194, TC159803 and TC188897 on N. benthamiana are demonstrated
in the image. The necrosis by TC160194 and by TC188897 emerged consistently in every infiltrated plant whereas the
effects of TC159803 varied from plant to plant, from mild chlorosis (A) resembling almost normal ageing (control) to
necrosis (B). Note the sharp border between infiltrated and uninfiltrated leaf area in the partially infiltrated leaf of
TC188897. Control: 1:1:1: mix of C58C1(pGV2260) instead of a MYB TF strain, C58C1(pGV2260, pBin61-p19), and
C58C1(pGV2260, pTHP53).

Table 1. The MYB TF phenotypic effects on N. benthamiana leaves
MYB TF Native SRDX VP16
TC160194 extensive necrosis necrotic lesions necrotic lesions or chlorosis
TC159803 necrotic lesions or chlorosis necrotic lesions necrotic lesions or chlorosis
TC188897 extensive necrosis necrosis or necrotic lesions extensive necrosis
TC182150 no effect no effect or necrotic lesions no effect or necrotic lesions
TC154966 no effect no effect no effect

The phenotypic effects started to emerge from four to seven days after infiltration while sampling for LUC
assay was done second day on normal looking leaves. However, the stress responses might have started at
cellular level already on time of sampling causing anomalies in the assay results. The experiment was aborted
after five MYB TFs and the promoter interaction study was taken into a more heterologous system to avoid
uncertainties in interpretation caused by phenotypic effects and possible indirect effects of the MYB TFs
mediated through N. benthamiana TFs.
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4.3 Yeast one-hybrid assay indicated a putative regulator of pinosylvin synthase
The baits covered majority of the MYB target motifs in pPST-1
Due to unexpected phenotypic effects of the MYB TFs on N. benthamiana, the promoter interaction study
was taken into Y1H assay which, yeast being more heterologous system, could alleviate both problems of
phenotypic side-effects and of background reporter expression. The promoter analysis revealed several MYB
target sequences in pPST-1, including MYB core type I and II and AC elements. Majority of the MYB target
sequences cluster around two regions: one at -811– -474 nt and another at -321– -198 nt upstream of PST-1
translation start site. Within these clusters, TFBS prediction gave five hits for the Norway spruce homolog of
TC182032. Two partly overlapping target sequence elements of MYB-related TFs were found in the pPST-1,
a OsMYBS1-3 target being in the reverse strand and a MYBSt1 target being in the forward strand. Seven
natural fragments of pPST-1, baits 1-7, were designed to cover these clusters (Fig. 19).

Figure 19. The promoter of PST-1 contains several MYB target sequences that cluster loosely around two regions where
also the predicted TF binding sites (TFBS) of TC182032 Norway spruce homolog MA10430220g0010 are located. Baits
1-7 cover majority of the MYB target sequences. Arrowheads indicate the orientation of each element.

Baits 1-7 were cloned into pAbAi as described in 3.8. Positive DH5  clones were identified by colony-PCR and
the purified bait vectors were analysed with restriction enzyme digestions (Fig. 20) prior to sequencing. The
bait 1 sequence was found to mutate easily in DH5  and therefore a clone excluding 32 nt of bait 1 sequence
was selected as bait 7 to avoid the challenges in the amplification of the bait vector. The bait sequences are
given in appendix 5.
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Figure 20. A) Expected restriction pattern of the bait vectors visualised with ApE v.2.0.59. HindIII and SalI restriction
sites were reconstructed in oligonucleotide cloning whereas blunt ligation of baits 6-7 removed them. B) Two clones of
each bait vector were analysed with restriction enzyme digestions prior to verification by sequencing. The clones were
run next to each other in the agarose gel in order indicated on left. Both clones of pHEV54 and one clone of pHEV58
had incorrect patterns. More clones were screened for pHEV54 until correct pattern was achieved. The second clone
was selected for pHEV58. Others were correct. St: GeneRuler 1 kb DNA ladder 750 ng.

The bait strains
The verified bait vectors (pHEV52-56, 58, 60; see appendix 2 for vector maps) were integrated into Y1HGold
at ura2-52 locus generating bait strains 1-7 (EVY52-56, 58, 60). The average transformation efficiency for the
bait integrations were 1.7 x 103 cfu/µg DNA and 1.2 x 102 cfu/µg DNA using fresh and frozen competent cells,
respectively. The viability of the competent cells varied in average from 1.3 x 107 cfu/ml for fresh cells to 3.2
x 106 cfu/ml for frozen cells. The positive transformants were identified by colony-PCRs, as described in 3.8.

AbA sensitivity of each bait strain was tested in a titration series starting from 100 ng/ml upwards, as
specified in the Takara Bio manual. The sensitivity test results are presented in Table 2. Since Takara Bio
recommends elevation of the minimum inhibitory AbA concentration by 50-100 ng/ml for the Y1H assay, bait
strains 1, 2, 3, 5 and 7 were screened with 150 ng/ml and baits 4 and 6 with 200 ng/ml for the MYB TF
interactions. After determining the AbA working concentration for each bait strain, the competent cells were
prepared, and the expansion cultures were verified by PCRs as described in 3.8.

Table 2. Aureobasidin A (AbA) sensitivity tests of bait strains 1-7, starting from 100 ng/ml.
Strain SD-Ura AbA 0 SD-Ura AbA 100 SD-Ura AbA 200 SD-Ura AbA 250
EVY52 / Bait 1 +++ - - -
EVY53 / Bait 2 +++ - - -
EVY54 / Bait 3 +++ - - -
EVY55 / Bait 4 +++ + - -
EVY56 / Bait 5 +++ - - -
EVY58 / Bait 6 +++ +/- - -
EVY60 / Bait 7 +++ - - -

+++ normal growth; ++ reduced growth; + minimal growth; +/- terminating minimal growth; - no growth
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Figure 21. The bait strains (EVY52-56, 58, 60) were verified by two separate PCRs at the end of the competent cell
expansion cultures. Reaction A: the forward primer GER433 and a bait-specific reverse oligonucleotide. Reaction B: a
bait-specific forward oligonucleotide and the reverse primer GER604. Baits 1, 6 and 7 were screened with nested PCRs
of which the first reaction (0) was done with GER433 and GER604 primer pair. Verifications of the bait strains 1-5 St:
GeneRuler 50 bp DNA ladder 500 ng. Verifications of the bait strains 6-7 St: GeneRuler 1 kb DNA ladder 500 ng.

The MYB TF prey vectors
The prey vectors (pHEV44-51; see appendix 2 for vector maps) were generated via Gateway LR reactions of
the native MYB CDS entry clones (pHEV4, 6, 8, 10, 12, 14, 16, 18) and the destination vector pGADT7-GW,
resulting in pADH1-GAL4 MYB CDS-ADH1T expression constructs, as described in 3.6. Positive clones were
identified by MYB CDS specific colony-PCRs and the purified plasmids were verified by restriction enzyme
digestions (Fig. 22).

Figure 22. The prey vectors (pHEV44-51) were verified by restriction enzyme digestions. A) Expected restriction pattern
of the prey vectors visualised with ApE v.2.0.59. B) For the first analysed clones, six out of eight prey vectors were
correct. pHEV49 and pHEV50, for TC159619 and TC182032var1, respectively, gave incorrect digestion patterns. More
clones were analysed for these until the correct pattern was achieved. St: GeneRuler 1 kb DNA ladder 750 ng.

The MYB TF – pPST-1 interaction screens were negative with ordinary aureobasidin A concentrations
The prey vectors of all eight MYB TFs and a negative control were transformed into a bait strain in parallel
using frozen competent cells according to Gietz & Schiestl (2007) protocol. The average transformation
efficiency was 1.7 x 104 cfu/µg DNA and the average viable count for competent cells of the bait strains was
6.7 x 106 cfu/ml. The transformations were performed twice on bait strains 1, 3 and 5, and once on bait
strains 2, 4, 6 and 7. All bait – MYB TF combinations were negative, i.e. no growth (0 colonies) was observed
under AbA selection. Leu+ phenotypes confirmed the success of the prey vector transformations into the bait
strains. The transformations were yielding 100-300 colonies on SD-Leu plates. Surprisingly, TC188897,
TC159619, TC182032var1 and TC182032var2 caused phenotypic effects on yeast (Fig. 23). TC188897 was
lethal to all bait strains; only single colonies were sporadically surviving. TC159619 and both variants of
TC182032 caused reduced growth, TC182032var2 being the most harmful regardless of the bait strain. The
growth rate of TC182032var2 transformants lagged several days behind the other MYB TF transformants but
the number of colonies did not differ from the others.
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Figure 23. All bait – MYB TF combinations were negative. Bait strain 4 MYB TF transformants, SD-Leu and SD-Leu AbA
plates photographed 3rd and 6th day, respectively, are shown in the figure. Four MYB TFs had phenotypic effects on
yeast. TC188897 was found lethal to yeast with single surviving colony on SD-Leu. TC159619, TC182032var1 and
TC182032var2 caused reduced growth. Negative control, milli-Q water instead of plasmid DNA in the transformation,
confirms Leu- Ura+ phenotype of the bait strain.

The phenotypes were confirmed by re-streaking randomly picked transformants representing each MYB TF.
For rapid control of transformation success, the MYB CDS specific colony-PCRs were run on randomly picked
transformants from bait strains 1, 2 and 4 so that all prey vectors were represented. All other colony-PCRs
were positive, except the ones of TC188897 (Fig. 24).

Figure 24. Randomly picked prey vector transformants were tested with MYB CDS specific colony-PCRs. All other colony-
PCRs were positive, except both transformants of TC188897. Negative control was run with TC182150 specific primers
on a colony of empty bait strain 1 mixed with pGADT7-GW resulting in unspecific amplification absent in other samples.
The amount of each product reflects the size of the colony. St: GeneRuler 1 kb DNA ladder 500 ng.

The entire verification procedure was applied on bait strain 4. One transformant per each MYB TF and a
colony of negative control were examined. Re-streaking transformants on SD-Leu and on SD-Leu AbA 200
ng/ml, confirmed the phenotypes. The MYB CDS specific colony-PCRs were positive for seven out of eight
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prey vector transformants, the single colony of TC188897 being negative. RT-PCRs confirmed that the MYB
TFs were expressed from the prey vectors in yeast, except TC188897 which was negative (Fig. 25). There was
no amplification from the negative control, plain bait strain 4 cDNA, with any of the primer pairs.

Figure 25. A) Total RNA preparations of bait strain 4 (EVY55) and of bait strain 4 prey vector transformants, EVY55
(pHEV44-51). B) The MYB TF specific RT-PCRs verified that the MYB TFs are expressed in the yeast, except TC188897.
Differences in the RT-PCR product yields reflect the total RNA amount used in each reaction, from 340 ng for EVY55
(pHEV51) to 640 ng for EVY (pHEV45). The results demonstrate sensitivity and reliability of the method even with low
amount of total RNA. Positive controls: purified prey vectors as templates, diluted 1:5 for the gel. Negative controls:
EVY55 cDNA as templates, loaded undiluted in gel. St: GeneRuler 1 kb DNA ladder 500 ng.

Restriction analysis of the rescued prey vectors revealed that TC188897 had mutated in the single surviving
colony while other prey vectors were unmutated (Fig. 26). The plasmid rescue of the prey vector of TC159619
(pHEV49) was not successful despite several attempts. The quality of all plasmid preparations were in line
but transformation of the rescued pHEV49 into DH5  gave no colonies which may indicate mutation in the
bacterial selection marker or in the replication origin. Since TC159619 was positive in the MYB CDS specific
RT-PCR, the possible mutation does not affect the interpretation of the results. The verification procedure
confirmed that the prey vector transformations into the bait strains were successful, the auxotrophic markers
were reliable, the MYB CDSs do not mutate in yeast unless lethal, and the MYB TFs were expressed from the
prey vectors in the bait strains.

Figure 26. The restriction analysis of the prey vectors rescued from bait strain 4 revealed that TC188897 had mutated.
Other rescued prey vectors had unmutated digestion pattern. The controls were done with the original preparations
(pHEV44-51) and loaded in gel next to the corresponding rescued prey vector. St: GeneRuler 1 kb DNA ladder 750 ng.

Re-titration of aureobasidin A working concentrations
Since the verification procedure confirmed the technical success of the Y1H assays, the AbA working
concentrations were questioned. Bait 4 displays background expression in yeast, i.e. endogenous yeast
activators bind to bait 4 (Table 2). The background reporter expression is attenuated in longer baits 6 and 7
containing the bait 4 sequence, bait strain 7 being the most AbA sensitive. This suggests that pPST-1
surrounding bait 4 attracts yeast repressors sensitizing the bait strains to AbA which could result in masking
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of a possible MYB TF effect. Presumably, use of natural promoter fragments instead of tandem repeats of
target elements limits the number of TFs binding to a bait making activation weaker and predisposed to
suppression by yeast repressors. AbA working concentrations were re-titrated to the lowest possible for bait
strains 6 and 7 which were preferred over the short baits to maximise the binding probability of the MYB TFs.
The new sensitivity tests comprised of AbA 25, 50 and 75 ng/ml (Table 3). The MYB TF screens were repeated
in bait strains 6 and 7 using AbA working concentrations of 100 ng/ml and 50 ng/ml, respectively.

Table 3. Aureobasidin A (AbA) sensitivity tests of bait strains 6-7, starting from 25 ng/ml.
Strain SD-Ura AbA 0 SD-Ura AbA 25 SD-Ura AbA 50 SD-Ura AbA 75
EVY58 / Bait 6 +++ +++ ++ +
EVY60 / Bait 7 +++ +++ - -

+++ normal growth; ++ reduced growth; + minimal growth; +/- terminating minimal growth; - no growth

Lowering aureobasidin A concentration revealed a positive MYB TF – pPST-1 interaction
All MYB TFs were negative in re-screening of bait strain 6 but bait strain 7 revealed a positive MYB TF hit with
lowered AbA concentration. Bait strain 7 transformed with the prey vector of TC182032var2 (pHEV51) was
growing both on SD-Leu and on SD-Leu AbA 50 ng/ml indicating that TC182032var2 binds to pPST-1 at -777 -
-248 nt. Other MYB TFs, including TC182032var1, were negative (Fig. 27). The phenotypic effects of the MYB
TFs on yeast were consistent with the previous observations. TC188897 was lethal to yeast and TC159619,
TC182032var1 and TC182032var2 were harmful causing reduced growth. The slowest growth rate was due
to TC182932var2 followed by TC182032var1 and TC159619, respectively.

Figure 27. The prey vectors of the MYB TFs were transformed into bait strain 7 and selected on aureobasidin A (AbA)
concentration lowered to 50 ng/ml. TC182032var2 demonstrated positive interaction with pPST-1 while other MYB TFs
remained negative in the screen. The phenotypic effects of the MYB TFs were consistent with the previous observations,
TC188897 being lethal and TC159619, TC182032var1 and TC182032var2 being harmful to yeast.
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Variants of TC182032 differed from each other not only by AbA resistance but also by their phenotypic effects
on bait strain 7. Five days after the transformation, the colonies transformed with TC182032var2 remained
even smaller than transformants of TC182032var1 on third day. Curiously, under AbA selection, the growth
rate of the colonies carrying TC182032var2 surpassed their counterparts on SD-Leu (Fig. 28).

Figure 28. The slowest growth rate was due to TC182032var2. TC182032var2 carrying colonies were growing better
under aureobasidin A (AbA) selection than on plain SD-Leu but still lagging behind TC182032var1 growth rate.

The phenotype of EVY60 (pHEV51), bait strain 7 transformed with the prey vector of TC182032var2, was
verified by randomly picking nine transformants and re-streaking them on SD-Ura, SD-Leu, SD-Leu AbA 50
ng/ml, and SD-Leu AbA 150 ng/ml accompanied by a colony of empty bait strain 7 (EVY60) as Leu- control and
a randomly picked transformant of EVY60 (pHEV47) as Leu+ AbAS control (Fig. 29A). The result was detected
to be dependent on the AbA concentration. Five transformants of TC182032var1 were picked to streak-test
to confirm the difference in phenotypes between the two variants (Fig. 29B).

Figure 29. A) A streak-test of nine EVY60 (pHEV51) transformants confirmed the positive, aureobasidin A (AbA) resistant
phenotype indicating interaction between bait 7 and TC182032var2. The streak-test demonstrates the importance of
lowering the AbA concentration; a single clone was able to produce sporadic colonies on AbA 150 ng/ml whereas all
were able to grow on AbA 50 ng/ml. B) Five re-streaked transformants of EVY60 (pHEV50) confirmed the different
phenotypes of TC182032var1 and TC182032var2, being AbA sensitive and AbA resistant, respectively.
EVY60: Leu- control; EVY60(pHEV47) Leu+ AbAS control

Transformants of EVY60 (pHEV51) were screened in TC182032 specific colony-PCR. Nine transformants were
picked from SD-Leu AbA 50 ng/ml plate and eight transformants from SD-Leu plate. A colony of empty bait
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strain 7, the negative control in the prey vector transformation, was included from SD-Ura plate. The PCR
products were compared to the positive control which was run with the prey vector of TC182032var2
(pHEV51) as template. All transformants were positive in the colony-PCR yielding products of correct size.
The negative control confirms that there is no amplification from the bait strain 7 genome (Fig. 30).

Figure 30. TC182032 specific colony-PCRs of EVY60 (pHEV51) transformants were positive regardless of selection.
Transformant colonies 1-9 and 10-17 were picked from SD-Leu AbA 50 ng/ml and SD-Leu plates, respectively. PCR
product (1167 bp) yields reflect colony size. Positive control was run with pHEV51 as template and diluted 1:10 for the
gel. No amplification happened from negative control, empty bait strain 7. St: GeneRuler 1 kb DNA ladder 500 ng.

The expression of TC182032var2 in EVY60 (pHEV51) transformants was verified with RT-PCR and compared
to the expression in the negative control, empty bait strain 7. Total RNA integrity was verified in agarose gel
electrophoresis (Fig. 31A) before DNase I treatment and first strand cDNA synthesis with oligo-dT(20). 410 ng
of total RNA was used in the RT reactions for the negative control and for seven transformants while total
RNA preparations of two transformants had lower concentrations resulting in 377 ng and 264 ng in RT
reactions. All transformants were positive in the TC182032 specific RT-PCR and the product sizes correspond
to the positive control run with the original prey vector pHEV51 as template. There was no amplification from
the negative control (Fig. 31B).

Figure 31. A) Total RNA preparations of negative control, EVY60, and nine TC182032var2 transformants of bait strain 7,
EVY60 (pHEV51), were of good quality based on evaluation in agarose gel electrophoresis. St: GeneRuler 1 kb DNA ladder
500 ng. B) TC182032 specific RT-PCRs confirmed that TC182032var2 was expressed in EVY60 (pHEV51) transformants
yielding 1167 bp products corresponding to one amplified from the prey vector pHEV51 (positive control). No
amplification results from plain bait strain 7 cDNA (negative control). St: GeneRuler 1 kb DNA ladder 750 ng.

The prey vectors were rescued from four EVY60 (pHEV51) transformants and analysed with restriction
enzyme digestions. Among the first analysed clones, three out of four rescued prey vectors exhibited the
correct digestion patterns, but one rescued plasmid was mutated (Fig. 32A). Two other clones of the mutated
rescued prey vector gave the correct pattern (Fig. 32B) indicating that the mutation had most likely happened
during amplification of the rescued prey vector in DH5 , having no relevance in Y1H assay. The verification
procedure successfully validates the genuine positive interaction of TC182032var2 and bait 7.
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Figure 32. A) Restriction analysis of the rescued prey vectors from four EVY60 (pHEV51) transformants accompanied by
control digestions of the original pHEV51 at right in all digestions (in gel, marked C). Second rescued vector from left
presented a mutated pattern in both digestions. B) Two more clones of the mutated rescued prey vector were analysed,
and they presented correct restriction patterns. St: GeneRuler 1 kb DNA ladder 750 ng.

5 Discussion
In Scots pine, decay resistance of timber is defined by heartwood extractives of which the concentration of
the pine-specific stilbene pinosylvin has the highest heritability making it a potential target for quality trait
breeding. Within Scots pine pinosylvin synthase gene family, PST-1 is suggested to act both in stress
responses and in developmental pinosylvin accumulation at the transition zone between sapwood and
heartwood of a mature tree. Identification of PST-1 regulators could reveal valuable markers for early
genomic selection in accelerated quality trait breeding programs. In this study, I examined MYB TFs that the
previous transcriptomic studies had identified to co-regulate with stilbene pathway transcripts under
pinosylvin production inducing conditions or that were found promising based on their homologs in
grapevine and Norway spruce. I aimed to clone the MYB CDSs and confirm the integrity and MYB character
of the proteins they encode, and to verify whether one or several of the MYB TFs are direct regulators of PST-
1. I also aimed to characterize the regulatory functions of the MYB TFs as activators or repressors.

The MYB CDSs were successfully cloned from induced Scots pine cDNA and sequenced. The sequence analysis
verified the integrity of the CDSs, although one of them might not be full-length. The encoded proteins were
classified in the MYB subfamilies and the possible transcriptional regulatory motifs were identified in the
amino acid sequences. The effects of the MYB TFs on PST-1 promoter were studied in LUC reporter assay in
transiently transformed N. benthamiana and by using Y1H assay. Due to the unexpected effects of the MYB
TFs on N. benthamiana and to the reporter background expression, the results of the LUC assay are merely
indicative. Thus, the characterization of activating or repressive functions of the MYB TFs could not be based
on the experimental evidence of the effects of the native MYB TFs in LUC assay. Instead, the sequence
analysis had to be adopted as the main tool in the characterization. The identified regulatory motifs do not
necessarily fully reflect the functional situation in Scots pine and the characterizations should be considered
tentative. Y1H assay results were utilized to detect direct regulators of PST-1.

As represented in 4.1, six of the encoded proteins were identified as R2R3-MYB TFs and one, TC182150, as a
MYB-related TF with a single MYB repeat, whereas one, TC160194, remained questionable in its MYB
character due to the lack of MYB domains. TC160194 had BLAST hits to C-terminal parts of MYB TFs in other
species, which could imply that the CDS was cloned partially from cDNA. Its toxicity to N. benthamiana infers
that the cloned CDS of TC160194 is functional. Due to the potential partiality of the CDS, TC160194 should
be re-cloned from cDNA with an upstream binding forward primer to clarify the reading frame before any
further interpretations.
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Identification of a direct regulator of PST-1
TC182032, a R2R3-MYB homolog of VvMYB14, the direct regulator of STS in grapevine, was discovered to
have two variants that differ slightly within their R2 repeats and more extensively at their C-termini. Y1H
assay identified TC182032var2 as a direct regulator of Scots pine pPST-1. The prey vector pHEV51 containing
GAL4 TC182032var2 generates permanent AbA resistant phenotype in bait strain 7 which indicates binding
of TC182032var2 to pPST-1 between -777 nt and -248 nt. The verification procedure of colony-PCR, restriction
analysis of rescued prey vectors, and TC182032 specific RT-PCR confirmed that the transformation was
successful, the prey vector pHEV51 had remained unmutated and TC182032var2 was expressed in bait strain
7. The successful use of bait strain 7 in this study demonstrates that several hundred base pair long, natural
Scots pine promoter fragments are applicable in Y1H assay. Lowering the AbA working concentration to an
exceptional level was crucial for detection of the positive MYB TF interaction. Based on this observation, the
potentially repressor-regulated promoters should be meticulously tested for AbA sensitivity.

Interestingly, TC182032var1 was negative in the Y1H assay. Only two amino acids in R2 separate the DNA
binding MYB domains of the variants from each other. The residues are T18 and H32 in variant 2 and A18 and
Q32 in variant 1. In VvMYB14, the corresponding residues are T18 and Y32 (Fig. 10). The precise differences
would allow functional studies of the variants utilizing site directed mutagenesis.

Y1H assay utilizing bait 7, the longest pPST-1 fragment covering the majority of the MYB target sequence
elements, and the lowered AbA concentration indicated that the remaining seven MYB TFs are not binding
to pPST-1 between -777 nt and -248 nt and, thus, they are not likely direct regulators of PST-1. A tempting
explanation for TC182032var1 being negative in the Y1H assay despite its high similarity to the positive
TC182032var2 is an alternative target promoter in the PST gene family. As reviewed in 1.3, Preisig-Müller et
al. (1999) identified a gene family of five Scots pine pinosylvin synthases that had highly similar CDSs but
differed by their promoters, which indicates differences in their regulators. Also, the other MYB TFs that were
negative in the Y1H assay could target other promoters of the PST gene family. With the prey vectors
generated in this study, it would be straight-forward to examine the potential MYB TF – pPST2-5 interactions
with the remaining four promoters in new Y1H assays.

Before any further studies, the prey vector screens with low AbA concentration in bait strain 7 should be
repeated. Unfortunately, the project timeline did not enable repeating the Y1H assay nor re-titration of the
AbA concentration for bait strains 1-5. Since the lowered AbA concentration was crucial for detection of
TC182032var2 – pPST-1 interaction, the negative results achieved with higher AbA concentrations do not
necessarily reflect actual binding of the MYB TFs. Additionally, lowering the AbA concentration for the Y1H
assays utilizing the short baits 1-5 could define the TC182032var2 target region in the promoter. Next, the
binding of TC182032var2 to pPST-1 should be examined in a separate experiment, such as electrophoretic
mobility shift assay (EMSA) (Garner & Revzin 1986) or chromatin immunoprecipitation (ChIP) (Solomon et al.
1988) that are frequently utilized in Y1H assay validations (e.g. Taylor-Teeples et al. 2015; Xing et al. 2019;
Yeh et al. 2019; Zhang et al. 2021).

In addition to small differences in their R2, TC182032var1 and 2 exhibit dissimilarities in their C-terminal
sequences, suggesting that they may differ functionally. The differences are highlighted not only in their
sequences, but also in their phenotypic effects on yeast. Both variants were clearly harmful to yeast causing
reduced growth, regardless of the bait strain, but the growth rate of transformants carrying TC182032var2
was highly reduced even as compared to TC182032var1 transformants. However, no distinct regulatory
motifs could be identified in either of variants, which may imply that they require an interacting TF partner.
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MYB TFs may have indirect effects on pinosylvin biosynthesis and on heartwood formation
R2R3-MYB TFs TC188897 and TC154966, and MYB-related TF TC182150 have repressive motifs while they do
not contain bHLH interaction domain, which suggest that, in vivo, they could act as repressors independently
of MBW complex. Based on the LUC assay, TC182150 could be interpreted as a direct activator of PST-1.
Native TC182150 induced a statistically significant increase in the reporter expression and the effect was
consistent in both infiltration events. Consequently, TC182150 SRDX appeared to induce a lower and
TC182150 VP16 a higher increase in the reporter expression than the native MYB TF, although the
differences to the native effect were not statistically significant. However, TC182150 was negative in Y1H
assay and the sequence analysis identifies TC182150 as putative repressor.

The composition of N-terminal KLFGV motif accompanied by C-terminal EAR motif in a single-repeat MYB-
related TF containing SHAQKYF motif associates TC182150 with AtMYBD. In Arabidopsis, AtMYBD is a
repressor that positively regulates anthocyanin biosynthesis (Nguyen et al. 2015; Nguyen & Lee 2016) by
repressing AtMYBL2 that encodes a negative regulator of anthocyanin biosynthesis (Nguyen et al. 2015). In
soybean (Glysine max), GmMYB176, another single-repeat MYB-related TF containing SHAQKYF motif, N-
terminal MLFGV motif, and C-terminal EAR motif, has been demonstrated to regulate chalcone synthase
CHS8 (Yi et al. 2010). It was recently (Vadivel et al. 2021) uncovered that GmMYB176 requires a basic-region
leucine zipper (bZIP) cofactor to activate isoflavonoid biosynthesis. Also, in barley (Hordeum vulgare), there
is evidence of a transcriptional complex involving a MYB-related TF of SHAQKYF subgroup and a bZIP cofactor
participating in developmental processes (Rubio-Somoza et al. 2006).

The LUC assay result of a repressor having an activating effect is reasonable if a bZIP cofactor provides
activating function in the complex or if TC182150 is acting in the regulation of pinosylvin biosynthesis as
AtMYBD is acting on anthocyanin biosynthesis in Arabidopsis. Consequently, TC182150 could be
hypothesized to repress a N. benthamiana repressor binding to the pPST-1 leading to increase in the reporter
expression. The LUC assay results of the SRDX and VP16 fusion constructs were not in line with this putative
interpretation but they occasionally caused severe phenotypic effects on N. benthamiana undermining the
reliability of their results. The negative result in Y1H assay supports the interpretation of TC182150 not
binding directly to pPST-1. Taken together the evidence from other species, it seems plausible that TC182150
could function indirectly in the regulation of pinosylvin pathway or of neighbouring sub-branches of the
phenylpropanoid pathway. Two adjacent serines, located 13 residues downstream of the SHAQKYF motif,
are potential phosphorylation targets and well-conserved within the MYB-SHAQKYF subgroup (Yi et al. 2010).
In TC182150 they are S157 and S158. The serines and nearby unconserved amino acid residues in close
vicinity of the SHAQKYF motif are suggested to be important in DNA target sequence recognition (Rose et al.
1999; Lu et al. 2002; Yi et al. 2010), which could be utilized in predicting the target motifs and, further on, in
identification of the direct targets of TC182150. To verify if TC182150 has an indirect effect on the regulation
of PST-1, it would be most fertile to perform the study in Scots pine where the potential natural bZIP cofactors
would be available. The experimental setup could be somatic embryonic tissue cultures that have been
applied also on conifer gene regulation studies (e.g. Alvarez et al. 2018; Pascual et al. 2018; Sena et al. 2019).

In the LUC assay, TC188897 VP16 had a repressive effect on pPST-1 in one infiltration but the effect was
inconsistent in the second infiltration. All three constructs of TC188897 had severe phenotypic effects on N.
benthamiana causing necrosis, which makes LUC assay results doubtful. In Y1H assay, TC188897 was lethal
to yeast regardless of the bait strain. The lethality of TC188897 over the kingdom border is an intriguing
observation deserving a short discussion. A tempting explanation for the lethality is that TC188897 could act
as a repressor of genes required in the cell maintenance. Thus, it could regulate PCD, which is an essential
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step in the heartwood formation. If TC188897 was a repressor of cell maintenance, activation domain fusion
should neutralize its effect. TC188897 VP16 caused as severe hypersensitive response as the native MYB TF,
and GAL4 TC188897 was lethal to yeast. Additionally, TC188897 transcripts accumulate early in the annual
heartwood formation cycle correlating with the expression patterns of the stilbene biosynthesis pathway
transcripts whereas transcripts that mark PCD in the heartwood formation peak later in the annual cycle (Lim
et al. 2016). Thus, necrosis caused by TC188897 is likely to be disconnected from PCD and its interpretation
would require further studies. Removing the EAR motif could demonstrate the effect of the putative
repressor character on the toxicity.

TC154966, another R2R3-MYB TF lacking bHLH interaction motif but containing consensus EAR motif, did not
cause phenotypic effects in N. benthamiana nor in yeast, which suggests that such overexpressed putative
repressors are not toxic per se. TC154966 SRDX induced a statistically significant increase in LUC reporter
expression in both infiltrations although SRDX, a powerful repressor domain composed of two partially
overlapping EAR motifs, should repress the reporter if the MYB TF binds to the promoter. The effect in LUC
assay suggests that TC154966 could bind to N. benthamiana endogenous promoters altering the N.
benthamiana TF pool that, in turn, induces increase in the reporter expression. The interpretation of
TC154966 having an indirect effect on the pPST-1 LUC reporter is supported by the negative result in Y1H
assay which indicates that TC154966 is not binding to pPST-1.

Two of the MYB TFs potentially function in MBW complex
Two of the R2R3-MYB TFs, TC159803 and TC159619, have a putative bHLH interaction domain, indicating
that they could take part in a MBW complex. As introduced in 1.4.3, the regulatory specificity in the MBW
complex is due to the MYB member whereas bHLH and WDR members exhibit high redundancy. Thus,
TC159803 is likely to contain undetected regulatory motifs despite no distinct transcriptional regulatory
domains could be identified. In the LUC assay, native TC159803 had a repressive effect in one infiltration, but
the effect was not consistent in the second infiltration. In Y1H assay, TC159803 was negative, which indicates
that it is not binding to pPST-1.

In the bHLH interaction motif of TC159619, the last leucine is changed into isoleucine but, both being
hydrophobic amino acids, the domain is likely to retain functionality. Closely downstream of R3 of TC159619
located GIDP motif has been interpreted both activating (Matsui et al. 2008; Ma & Constabel 2019) and
repressive (Chen et al. 2019) feature. Based on the negative result in Y1H assay, TC159619 is not a direct
regulator of PST-1 yet it might be part of the regulatory landscape surrounding the pinosylvin pathway based
on its Norway spruce homolog clustering with the stilbene pathway (Jokipii-Lukkari et al. 2018).

It is possible that TC159803 and TC159619 could have an impact on gene expression by competing over
cofactors or binding sites with other TFs. As reviewed in 1.4.3, competition over bHLH members between
R2R3-MYB TFs and R3-MYB TFs has been identified as a regulatory mechanism in anthocyanin biosynthesis
(e.g. Zhu et al. 2009; Nemie-Feyissa et al. 2014; Hu et al. 2016; Ma & Constabel 2019). However, the limited
knowledge of MBW complex in conifers complicates identification of the regulatory nuances. Identification
of Arabidopsis homologs in Norway spruce revealed bHLH interactions with WD40 and with R2R3-MYB TFs
regulating flavonoid, neolignan and possibly also stilbene pathway (Nemesio-Gorriz et al. 2017). Utilizing
Norway spruce information could open a possibility to identify the MBW members in Scots pine. The
identification of bHLH and WDR members would enable interaction studies with TC159803 and TC159619 to
confirm if they indeed are members of MBW complex.
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Change in the MYB TF expression strategy could overcome toxicity
Overexpression of the MYB TFs under strong 35S promoter could potentially be an explanation for the
observed toxicity in transiently transformed N. benthamiana. Excessive production of a TF could confound
the active TF pool in a cell, for example, by disturbing the dimerization balance. For TC159803, that contains
a consensus bHLH interaction motif, this might explain the phenotypic effects on N. benthamiana. Expressing
the MYB TFs under a weaker promoter would likely mimic better the physiological expression level and,
consequently, cause less side-effects.

Agroinfiltration without any MYB CDS induced considerable pPST-1 LUC reporter background expression,
indicating that endogenous N. benthamiana TFs are capable of binding to pPST-1. Presumably, stress caused
by agroinfiltration generated alterations in the active N. benthamiana TF pool affecting the reporter
expression. Furthermore, if the overexpressed TF is capable of binding to endogenous targets, the cascade
might lead to unexpected cellular responses that could affect the reporter assay beyond the effect caused
by infection. The contradictory effects of SRDX and VP16 fusions inducing increase and decrease,
respectively, in the LUC reporter expression, potentially reflect the MYB TFs binding to N. benthamiana TF
promoters, as was the probable explanation for the reporter-inducing effect of TC154966 SRDX. As the MYB
TFs are highly conserved in at DNA binding domains, their expression in other plant species involves the risk.

The benefit of taking the promoter interaction study to yeast lays in heterology. The MYB TFs are less likely
to interact with yeast proteins or to bind to yeast promoters, which are evolutionary more distant than other
plants. Additionally, in Y1H experiment, the MYB TFs were expressed under pADH1, a yeast endogenous
promoter of relatively subtle strength (Partow et al. 2010), which also might have contributed to the
observation that neither TC159803 nor TC160914 were toxic to yeast despite phenotypic effects on N.
benthamiana. However, TC188897 was as lethal to yeast as it was to N. benthamiana and neither of the
experiments could verify whether it was binding to pPST-1 or not. To overcome the problems caused by the
toxicity, TC188897 should be studied under an inducible promoter system. The induction of the expression
would enable precisely timed sampling to verify the possible reporter expression before lethal cellular
processes start affecting the assay. For instance, a multisite Gateway compatible estrogen-inducible XVE
system has been established for Arabidopsis (Siligato et al. 2016) and the MYB TF entry clones and the entry
clones for 3’ fusions generated in this study would be ready-to-use in the system.

There would be multiple benefits of taking the MYB TF screen into Arabidopsis also for the MYB TFs that were
not causing severe phenotypic responses in N. benthamiana. Working with stable transgenic Arabidopsis
lines would remove the reporter background expression caused by pathogen stress in transiently
transformed N. benthamiana. It would also eliminate the wounding stress that agroinfiltration causes. Since
pPST-1 is known to be pathogen and wounding inducible (see 1.2 and references therein) minimizing these
stresses could improve the reliability of the promoter interaction study. The position effect caused by random
integration of T-DNA in stable transformants could be controlled by introducing the inducible MYB TF
expression constructs into the reporter line by crossing.

Studies on protein – protein interactions could define targets for quality trait breeding
As represented in 1.4.3, the understanding of the MYB mediated gene regulation is not comprehensive
without knowledge of possible interactions with cofactors and complex formation. The multimer properties
and the epigenetic status of DNA molecule modulate binding of a TF to different target sequence elements
in humans (Jolma et al. 2015; Ibarra et al. 2020). Since many gene regulatory processes are common to all
eukaryotes, identification of a complex could reveal targets that would otherwise be uncovered in Scots pine,
as well. Knowledge of the specific complex members would enable their individual and simultaneous
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overexpression and silencing to study the effects of the complex and its single members on biosynthetic
pathways. Defining the regulatory roles of the complex members could facilitate directing the quality trait
breeding efforts on the most effective targets.

This study identified TC182032var2 as a direct regulator of PST-1. Based on a study of its homolog VvMYB14
interacting with a WRKY TF (Vannozzi et al. 2018) and on the observation of WRKY TFs being the most
prominent differentially expressed TF class in Scots pine under stilbene pathway upregulating condition (Lim
et al. 2021), it seems possible that, in planta, TC182032var2 could interact with a WRKY TF. Yeast two-hybrid
(Y2H) assay (Fields & Song 1989) is a well-established and widely utilized in vivo method to detect protein –
protein interactions. For instance, the first coniferous MBW complex was described using Y2H assay
(Nemesio-Gorriz et al. 2017). In Arabidopsis, a Y1H screening system using a natural promoter and a TF prey
library has been successfully connected to an Y2H assay revealing the TF – TF interactions affecting the
studied promoter (Mitsuda et al. 2010). This approach could be adopted to Scots pine and the MYB TF prey
vectors generated in this study would be directly applicable in Y2H assays facilitating the screening of the
candidate WRKY TF interaction partners for TC182032var2.

6 Conclusions
In this study, I successfully cloned and analysed eight Scots pine MYB TFs identifying six of them in the
subfamily of R2R3-MYB TFs and one of them as a MYB-related TF. The classification of one MYB TF remained
open. I presented tentative characterizations for the MYB TFs based on the sequence analysis. However, no
experimental evidence of the regulatory functions was achieved due to unreliable results of the LUC assays
impeded by unexpected phenotypic effects of the MYB TFs on N. benthamiana. The change in the
experimental strategy lead to successful validations of the MYB TF – pPST-1 interactions in Y1H assay
identifying one MYB TF as a direct regulator of Scots pine pinosylvin synthase PST-1 whereas the other MYB
TFs were detected to not bind the most likely target region of the promoter suggesting that their target genes
are different.

The applied sequencing strategy revealed two variants for TC182032 of which the Y1H assay identified variant
2 as a direct regulator of PST-1. The discovery is highly valuable for the quality trait breeding efforts providing
a potential marker for early selection. According to the hypothesis, a more effective variant of an activator
or a less effective variant of a repressor could promote overproduction of pinosylvin contributing to the
improved decay resistance of the heartwood. The detection of the regulator enables studying its natural
variants and their effects on pinosylvin concentration in a Scots pine population. Additionally, TC182150 was
detected to associate by the motif pattern, by the suggestive result of LUC assay, and by the negative result
in Y1H assay with the known regulators of other branches of phenylpropanoid pathway making it a potential
target for further studies. The identification of conserved motifs in TC182150 could be utilized in the target
prediction.

The newly discovered regulator, TC182032var2, possibly interacts with a WRKY TF based on the homolog
information and the previous observations in the transcriptomic studies. Several other MYB TFs may also
participate in TF complexes which could be definitive for their gene regulatory functions. Studies on the
potential regulatory complexes and identification of the cofactors could be a fertile direction for future
studies on the transcriptional regulation of pinosylvin biosynthesis pathway. The MYB TF prey vectors
generated in this study are applicable in the possible future Y2H experiments to examine the protein –
protein interactions. The MYB TF entry clones and the entry clones of 3’ fusions for plant expression vectors
could be utilized in inducible expression constructs both in new transient expression studies and in
generation of stable transgenic plants facilitating next experiments.
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Appendix 1. Microbial strains and plasmids

Plasmid Description
pDONR221 Gateway attP1 - attP2 donor vector (KanR) backbone (Invitrogen), from the laboratory collection
pGEMteasyP2r-P3 Gateway attP2r - attP3 donor vector (AmpR) backbone (Promega), from Ari-Pekka Mähönen
pBm43GW Gateway attR4 - attR3 destination vector (SpecR, BastaR) backbone (Karimi et al. 2005), from Ari-

Pekka Mähönen
pGADT7-GW Gateway attR1 - attR2 destination vector (AmpR, LEU2) backbone (Clontech, Yuhai Cui), from

Addgene (plasmid #61702)
pAbAi Integrating yeast AUR1-C reporter vector (AmpR, URA3) backbone (Clontech) for DNA bait in

one-hybrid screen, from the laboratory collection
pHEV1 VP16-nosT cloned as attB2r - attB3 fragment in pGEMtP2r-P3 (AmpR) backbone
pHEV3 SRDX-nosT cloned as attB2r - attB3 fragment in pGEMtP2r-P3 (AmpR) backbone
pHEV4 CDS of P. sylvestris TC160194 (Pine gene index 9); cloned from UV-C induced cDNA as attB1 -

attB2 fragment in pDONR221 (KanR) backbone
pHEV5 CDS of P. sylvestris TC160194 (Pine gene index 9) excluding stop codon; cloned from UV-C

induced cDNA as attB1 - attB2 fragment in pDONR221 (KanR) backbone

Microbe Strain Description
E. coli DB3.1 gyrA462 endA1 (sr1-recA) mcrB mrr hsdS20 glnV44 (=supE44)

ara14 galK2 lacY1 proA2 rpsL20 xyl5 leuB6 mtl1
E. coli DH5 fhuA2 lac(del)U169 phoA glnV44 80' lacZ(del)M15 gyrA96

recA1 relA1 endA1 thi-1 hsdR17
A. tumefaciens C58C1(pGV2260) Agrobacterium background: strain containing a non-oncogenic

Ti plasmid from which T-DNA is removed (Deblaere et al. 1985)
A. tumefaciens C58C1(pGV2260, pBin61-p19) Agrobacterium strain expressing silencing suppressor p19
A. tumefaciens C58C1(pGV2260, pTHP53) Agrobacterium strain containing pPST-1 LUC-nosT reporter in

pCAMkan-R4R3; Tanja Paasela, unpublished
A. tumefaciens EVA20 C58C1 (pGV2260, pHEV20)
A. tumefaciens EVA21 C58C1 (pGV2260, pHEV21)
A. tumefaciens EVA22 C58C1 (pGV2260, pHEV22)
A. tumefaciens EVA23 C58C1 (pGV2260, pHEV23)
A. tumefaciens EVA24 C58C1 (pGV2260, pHEV24)
A. tumefaciens EVA25 C58C1 (pGV2260, pHEV25)
A. tumefaciens EVA26 C58C1 (pGV2260, pHEV26)
A. tumefaciens EVA27 C58C1 (pGV2260, pHEV27)
A. tumefaciens EVA28 C58C1 (pGV2260, pHEV28)
A. tumefaciens EVA29 C58C1 (pGV2260, pHEV29)
A. tumefaciens EVA30 C58C1 (pGV2260, pHEV30)
A. tumefaciens EVA31 C58C1 (pGV2260, pHEV31)
A. tumefaciens EVA32 C58C1 (pGV2260, pHEV32)
A. tumefaciens EVA33 C58C1 (pGV2260, pHEV33)
A. tumefaciens EVA34 C58C1 (pGV2260, pHEV34)
S. cerevisiae Y1HGold Yeast background: MAT , ura3-52, his3-200, ade2-101, trp1-

901, leu2-3, 112, gal4 , gal80 , met–, MEL1
S. cerevisiae EVY52 ura3-52::pHEV52 in Y1HGold
S. cerevisiae EVY53 ura3-52::pHEV53 in Y1HGold
S. cerevisiae EVY54 ura3-52::pHEV54 in Y1HGold
S. cerevisiae EVY55 ura3-52::pHEV55 in Y1HGold
S. cerevisiae EVY56 ura3-52::pHEV56 in Y1HGold
S. cerevisiae EVY58 ura3-52::pHEV58 in Y1HGold
S. cerevisiae EVY60 ura3-52::pHEV60 in Y1HGold
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Plasmid Description
pHEV6 CDS of P. sylvestris TC159803 (Pine gene index 9); cloned from UV-C induced cDNA as attB1 -

attB2 fragment in pDONR221 (KanR) backbone
pHEV7 CDS of P. sylvestris TC159803 (Pine gene index 9) excluding stop codon; cloned from UV-C

induced cDNA as attB1 - attB2 fragment in pDONR221 (KanR) backbone
pHEV8 CDS of P. sylvestris TC188897 (Pine gene index 9);  cloned from mature heart wood - sap wood

transition zone cDNA as attB1 - attB2 fragment in pDONR221 (KanR) backbone
pHEV9 CDS of P. sylvestris TC188897 (Pine gene index 9) excluding stop codon;  cloned from mature

heart wood - sap wood transition zone cDNA as attB1 - attB2 fragment in pDONR221 (KanR)
backbone

pHEV10 CDS of P. sylvestris TC154966 (Pine gene index 9); cloned from UV-C induced cDNA as attB1 -
attB2 fragment in pDONR221 (KanR) backbone

pHEV11 CDS of P. sylvestris TC154966 (Pine gene index 9) excluding stop codon; cloned from pHEV10 as
attB1 - attB2 fragment in pDONR221 (KanR) backbone

pHEV12 CDS of P. sylvestris TC182150 (Pine gene index 9); cloned from UV-C induced cDNA as attB1 -
attB2 fragment in pDONR221 (KanR) backbone

pHEV13 CDS of P. sylvestris TC182150 (Pine gene index 9) excluding stop codon; cloned from pHEV12 as
attB1 - attB2 fragment in pDONR221 (KanR) backbone

pHEV14 CDS of P. sylvestris TC159619 (Pine gene index 9); cloned from UV-C induced cDNA as attB1 -
attB2 fragment in pDONR221 (KanR) backbone

pHEV15 CDS of P. sylvestris TC159619 (Pine gene index 9) excluding stop codon; cloned from pHEV14 as
attB1 - attB2 fragment in pDONR221 (KanR) backbone

pHEV16 CDS of P. sylvestris TC182032 (Pine gene index 9); cloned from UV-C induced cDNA as attB1 -
attB2 fragment in pDONR221 (KanR) backbone; variant 1

pHEV17 CDS of P. sylvestris TC182032 (Pine gene index 9) excluding stop codon; cloned from pHEV16 as
attB1 - attB2 fragment in pDONR221 (KanR) backbone; variant 1

pHEV18 CDS of P. sylvestris TC182032 (Pine gene index 9); cloned from plasmid 4.2 which was cloned
from UV-C induced cDNA as attB1 - attB2 fragment in pDONR221 (KanR) backbone; variant 2

pHEV19 CDS of P. sylvestris TC182032 (Pine gene index 9) excluding stop codon; cloned from plasmid 4.2
which was cloned from UV-C induced cDNA as attB1 - attB2 fragment in pDONR221 (KanR)
backbone; variant 2

pHEV20 p35S - TC160194 CDS - nosT in pBm43GW (SpecR, BastaR); constructed via multisite Gateway
reaction of pMZR04, pHEV4, pEnNosT2-R2L3 and pBm43GW

pHEV21 p35S - TC160194 CDS SRDX - nosT in pBm43GW (SpecR, BastaR); constructed via multisite
Gateway reaction of pMZR04, pHEV5, pHEV3 and pBm43GW

pHEV22 p35S - TC160194 CDS VP16 - nosT in pBm43GW (SpecR, BastaR); constructed via multisite
Gateway reaction of pMZR04, pHEV5, pHEV1 and pBm43GW

pHEV23 p35S - TC159803 CDS - nosT in pBm43GW (SpecR, BastaR); constructed via multisite Gateway
reaction of pMZR04, pHEV6, pEnNosT2-R2L3 and pBm43GW

pHEV24 p35S - TC159803 CDS SRDX - nosT in pBm43GW (SpecR, BastaR); constructed via multisite
Gateway reaction of pMZR04, pHEV7, pHEV3 and pBm43GW

pHEV25 p35S - TC159803 CDS VP16 - nosT in pBm43GW (SpecR, BastaR); constructed via multisite
Gateway reaction of pMZR04, pHEV7, pHEV1 and pBm43GW

pHEV26 p35S - TC188897 CDS - nosT in pBm43GW (SpecR, BastaR); constructed via multisite Gateway
reaction of pMZR04, pHEV8, pEnNosT2-R2L3 and pBm43GW

pHEV27 p35S - TC188897 CDS SRDX - nosT in pBm43GW (SpecR, BastaR); constructed via multisite
Gateway reaction of pMZR04, pHEV9, pHEV3 and pBm43GW

pHEV28 p35S - TC188897 CDS VP16 - nosT in pBm43GW (SpecR, BastaR); constructed via multisite
Gateway reaction of pMZR04, pHEV9, pHEV1 and pBm43GW

pHEV29 p35S - TC182150 CDS- nosT in pBm43GW (SpecR, BastaR); constructed via multisite Gateway
reaction of pMZR04, pHEV12, pEnNosT2-R2L3 and pBm43GW

pHEV30 p35S - TC182150 CDS SRDX - nosT in pBm43GW (SpecR, BastaR); constructed via multisite
Gateway reaction of pMZR04, pHEV13, pHEV3 and pBm43GW

pHEV31 p35S - TC182150 CDS VP16 - nosT in pBm43GW (SpecR, BastaR); constructed via multisite
Gateway reaction of pMZR04, pHEV13, pHEV1 and pBm43GW
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Plasmid Description
pHEV32 p35S -TC154966 CDS - nosT in pBm43GW (SpecR, BastaR); constructed via multisite Gateway

reaction of pMZR04, pHEV10, pEnNosT2-R2L3 and pBm43GW
pHEV33 p35S - TC154966 CDS SRDX - nosT in pBm43GW (SpecR, BastaR); constructed via multisite

Gateway reaction of pMZR04, pHEV11, pHEV3 and pBm43GW
pHEV34 p35S - TC154966 CDS VP16 - nosT in pBm43GW (SpecR, BastaR); constructed via multisite

Gateway reaction of pMZR04, pHEV11, pHEV1 and pBm43GW
pHEV35 p35S - TC159619 CDS - nosT in pBm43GW (SpecR, BastaR); constructed via multisite Gateway

reaction of pMZR04, pHEV14, pEnNosT2-R2L3 and pBm43GW
pHEV36 p35S - TC159619 CDS SRDX - nosT in pBm43GW (SpecR, BastaR); constructed via multisite

Gateway reaction of pMZR04, pHEV15, pHEV3 and pBm43GW
pHEV37 p35S - TC159619 CDS VP16 - nosT in pBm43GW (SpecR, BastaR); constructed via multisite

Gateway reaction of pMZR04, pHEV15, pHEV1 and pBm43GW
pHEV44 pADH1 - GAL4 TC160194 CDS - ADH1T in pGADT7-GW (AmpR); contructed via single site

Gateway reaction of pHEV4 and pGADT7-GW
pHEV45 pADH1 - GAL4 TC159803 CDS - ADH1T in pGADT7-GW (AmpR); contructed via single site

Gateway reaction of pHEV6 and pGADT7-GW
pHEV46 pADH1 - GAL4 TC188897 CDS - ADH1T in pGADT7-GW (AmpR); contructed via single site

Gateway reaction of pHEV8 and pGADT7-GW
pHEV47 pADH1 - GAL4 TC154966 CDS - ADH1T in pGADT7-GW (AmpR); contructed via single site

Gateway reaction of pHEV10 and pGADT7-GW
pHEV48 pADH1 - GAL4 TC182150 CDS - ADH1T in pGADT7-GW (AmpR); contructed via single site

Gateway reaction of pHEV12 and pGADT7-GW
pHEV49 pADH1 - GAL4 TC159619 CDS - ADH1T in pGADT7-GW (AmpR); contructed via single site

Gateway reaction of pHEV14 and pGADT7-GW
pHEV50 pADH1 - GAL4 TC182032 CDS - ADH1T in pGADT7-GW (AmpR); contructed via single site

Gateway reaction of pHEV16 and pGADT7-GW
pHEV51 pADH1 - GAL4 TC182032 CDS - ADH1T in pGADT7-GW (AmpR); contructed via single site

Gateway reaction of pHEV18 and pGADT7-GW
pHEV52 Bait fragment 1 of P. sylvestris pPST-1, from -809 to -736, cloned as HindIII - SalI fragment in

pAbAi (AmpR)
pHEV53 Bait fragment 2 of P. sylvestris pPST-1, from -711 to -664, cloned as HindIII - SalI fragment in

pAbAi (AmpR)
pHEV54 Bait fragment 3 of P. sylvestris pPST-1, from -638 to -592, cloned as HindIII - SalI fragment in

pAbAi (AmpR)
pHEV55 Bait fragment 4 of P. sylvestris pPST-1, from -526 to -474, cloned as HindIII - SalI fragment in

pAbAi (AmpR)
pHEV56 Bait fragment 5 of P. sylvestris pPST-1, from -300 to -248, cloned as HindIII - SalI fragment in

pAbAi (AmpR)
pHEV58 Bait fragment 6 of P. sylvestris pPST-1, from -711 to -474, amplified by PCR with bait 2 forward

and bait 4 reverse oligonucleotides and blunt-ligated to HindIII - SalI linearized pAbAi (AmpR),
blunted by synthesis

pHEV60 Bait fragment 7 of P. sylvestris pPST-1, from -777 to -248, amplified by PCR with bait 1 forward
and bait 5 reverse oligonucleotides and blunt-ligated to HindIII - SalI linearized pAbAi (AmpR),
blunted by synthesis
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Appendix 2. Vector maps of plasmids constructed in the study

Features and restriction sites relevant for the study are exclusively indicated in the maps. Cloning strategies
are described in detail in appendix 1, primers are listed in appendix 3, and MYB CDS and bait sequences are
given in appendix 5.

Entry clones for 3’ fusion elements
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Entry clones of MYB TFs
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Plant expression vectors: native MYB TFs
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Plant expression vectors: MYB CDS SRDX
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Plant expression vectors: MYB CDS VP16
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Yeast one-hybrid prey vectors
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Yeast one-hybrid bait vectors
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Appendix 3. PCR primers and other oligonucleotides

Target att / RE site Orientation Sequence 5' - 3' Design No
attB1 adapter attB1 Fwd GGGGACAAGTTTGTACAAAAAAGCAGGCT Invitrogen GER29
attB2 adapter attB2 Rev GGGGACCACTTTGTACAAGAAAGCTGGGT Invitrogen GER30
M13 in pDONR221,
sequencing

Fwd CGACGTTGTAAAACGACGGCCAGT Universal GER33

M13 in pDONR221,
sequencing

Rev TTTCACACAGGAAACAGCTATGAC Universal GER34

URA3 Fwd GTTCCTTATATGTAGCTTTCGACAT Suvi
Broholm

GER433

AUR1-C Rev ATCCAAGGTGCGGGATTAGTA Suvi
Broholm

GER604

p35S Fwd AGAACTCGCCGTGAAGACTG Teemu Teeri GER993
TC188897 CDS attB1 Fwd AAAAAGCAGGCTCTATGACGCAGGCTACT

AGCTACA
Soile Jokipii-
Lukkari

GER1072

TC188897 CDS attB2 Rev AGAAAGCTGGGTTTCATAATTGTGCACTT
GATGGTA

Soile Jokipii-
Lukkari

GER1073

TC188897 CDS attB2 Rev AGAAAGCTGGGTTTAATTGTGCACTTGAT
GGTATAT

Soile Jokipii-
Lukkari

GER1091

TC160194 CDS attB1 Fwd AAAAAGCAGGCTCTATGGGAGGAGAGAA
GCGAAG

Eeva Vakkari GER1413

TC160194 CDS attB2 Rev AGAAAGCTGGGTTTCATACTTTCCTTGGAA
GAGAGG

Eeva Vakkari GER1414

TC160194 CDS attB2 Rev AGAAAGCTGGGTTTACTTTCCTTGGAAGA
GAGGAATCC

Eeva Vakkari GER1415

TC159803 CDS attB1 Fwd AAAAAGCAGGCTCTATGGGTAGATCTTCT
TGC

Eeva Vakkari GER1416

TC159803 CDS attB2 Rev AGAAAGCTGGGTTTCATTTCTCTAAATAAC
CAAATTC

Eeva Vakkari GER1417

TC159803 CDS attB2 Rev AGAAAGCTGGGTTTTTCTCTAAATAACCAA
ATTCATG

Eeva Vakkari GER1418

TC154966 upstream Fwd CACTACACAGCAGGAATAAAACG Eeva Vakkari GER1419
TC154966 downstream Rev CTTGTGTTTTGATCAGACCCTC Eeva Vakkari GER1420
TC154966 CDS attB1 Fwd AAAAAGCAGGCTCTATGGGAGTTCCAAAG

GAC
Eeva Vakkari GER1438

TC154966 CDS attB2 Rev AGAAAGCTGGGTTTTATTTTTTCAGCATTA
AGCCTAC

Eeva Vakkari GER1439

TC154966 CDS attB2 Rev AGAAAGCTGGGTTTTTTTTCAGCATTAAGC
CTAC

Eeva Vakkari GER1440

TC182150 CDS attB1 Fwd AAAAAGCAGGCTCTATGACAAGGAAGTGT
TCGCAC

Eeva Vakkari GER1435

TC182150 CDS attB2 Rev AGAAAGCTGGGTTTCAGACTACACTGATG
ACATTGC

Eeva Vakkari GER1436

TC182150 CDS attB2 Rev AGAAAGCTGGGTTGACTACACTGATGACA
TTGCTGC

Eeva Vakkari GER1437

TC159619 CDS attB1 Fwd AAAAAGCAGGCTCTATGGGTCGTGCTCCA
TG

Eeva Vakkari GER1441

TC159619 CDS attB2 Rev AGAAAGCTGGGTTCTAAAACCAAAAAGAT
GCTTCC

Eeva Vakkari GER1442

TC159619 CDS attB2 Rev AGAAAGCTGGGTTAAACCAAAAAGATGCT
TCCCATG

Eeva Vakkari GER1443

TC182032 CDS attB1 Fwd AAAAAGCAGGCTCTATGGGCCGAGCTCCT
TGC

Eeva Vakkari GER1410

TC182032 CDS attB2 Rev AGAAAGCTGGGTTTCAGCAGTGATGACTA
GAATTAATCG

Eeva Vakkari GER1444
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Target att / RE site Orientation Sequence 5' - 3' Design No
TC182032 CDS attB2 Rev AGAAAGCTGGGTTGCAGTGATGACTAGAA

TTAATCGGAG
Eeva Vakkari GER1445

attB2r adapter attB2r Fwd GGGGACAGCTTTCTTGTACAAAGTGG Eeva Vakkari GER1446
attB3 adapter attB3 Rev GGGGACAACTTTGTATAATAAAGTTG Eeva Vakkari GER1447
SRDX attB2r Fwd CTTGTACAAAGTGGCCCTCGATCTGGATCT

AGAACTCC
Eeva Vakkari GER1448

SRDX - nosT overlap Rev GTTTGAACGATCGCTATTAAGCGAAACCC
AAACGG

Eeva Vakkari GER1449

VP16 attB2r Fwd CTTGTACAAAGTGGCCGGGGCCCCCCCGA
CCGATG

Eeva Vakkari GER1450

VP16 attB2r Fwd CTTGTACAAAGTGGCCGGGGCCCCCCCGA
C

Eeva Vakkari GER1451

VP16 - nosT overlap Rev GAACGATCGCTACTACCCACCGTACTCGTC
AATTCC

Eeva Vakkari GER1452

nosT - SRDX overlap Fwd GTTTGGGTTTCGCTTAATAGCGATCGTTCA
AACATTTGGC

Eeva Vakkari GER1453

nosT - VP16 overlap Fwd GAGTACGGTGGGTAGTAGCGATCGTTCAA
ACATTTGGC

Eeva Vakkari GER1454

nosT - SRDX overlap Fwd GTTTGGGTTTCGCTTAATAGCGATCGTTCA
AACATTTGGC

Eeva Vakkari GER1453

nosT - VP16 overlap Fwd GAGTACGGTGGGTAGTAGCGATCGTTCAA
ACATTTGGC

Eeva Vakkari GER1454

nosT attB3 Rev CTTTGTATAATAAAGTTGGCTGTCGAGGG
GGGATCAATTC

Eeva Vakkari GER1455

pGEMteasyP2RP3,
sequencing

Fwd TCTTAAGCTCGGGCCCTG Eeva Vakkari GER1495

pGEMteasyP2RP3,
sequencing

Rev ACGCCAAGCTATTTAGGTGAC Eeva Vakkari GER1496

pPST1 Bait1 oligo HindIII Fwd AGCTTACCACAGTATGAATAATTTGTGTGA
AAGACTAAGATGGTTTGGGTTGGGAAATA
ATCTGTTTCAAAGACCAAGAG

Eeva Vakkari -

pPST1 Bait1 oligo SalI Rev TCGACTCTTGGTCTTTGAAACAGATTATTT
CCCAACCCAAACCATCTTAGTCTTTCACAC
AAATTATTCATACTGTGGTA

Eeva Vakkari -

pPST1 Bait2 oligo HindIII Fwd AGCTTACCTCGCAGTGCACCAGAAGGGAA
GGTTGGTTGGTGAGGTTAGATTAAG

Eeva Vakkari -

pPST1 Bait2 oligo SalI Rev TCGACTTAATCTAACCTCACCAACCAACCT
TCCCTTCTGGTGCACTGCGAGGTA

Eeva Vakkari -

pPST1 Bait3 oligo HindIII Fwd AGCTTACCTCGCAGTGCACCAGAAGGAAG
GAAGGTTGGTGAGGTTAGATTCAG

Eeva Vakkari -

pPST1 Bait3 oligo SalI Rev TCGACTGAATCTAACCTCACCAACCTTCCT
TCCTTCTGGTGCACTGCGAGGTA

Eeva Vakkari -

pPST1 Bait4 oligo HindIII Fwd AGCTTCAGTTGTGTCACTCAAATACAAATA
CATTGATTGGCGGGCGGCTTCACAGTTGG

Eeva Vakkari -

pPST1 Bait4 oligo SalI Rev TCGACCAACTGTGAAGCCGCCCGCCAATC
AATGTATTTGTATTTGAGTGACACAACTGA

Eeva Vakkari -

pPST1 Bait5 oligo HindIII Fwd AGCTTACCATGACATCGCTGTATGGTTTG
GTTGGTGTTGACTCGAGATATTCAAACAA
G

Eeva Vakkari -

pPST1 Bait5 oligo SalI Rev TCGACTTGTTTGAATATCTCGAGTCAACAC
CAACCAAACCATACAGCGATGTCATGGTA

Eeva Vakkari -
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Appendix 4. PCR programs

Amplification of the MYB CDS from Scots pine cDNA

1st PCR with MYB CDS specific primers
1. 95°C 2 min
2. 94°C 30 sec
3. 55°C 30 sec
4. 72°C 1 min / kb
5. Go to step 2 x 24
6. 72°C 2 min
7. 10°C Hold

2nd PCR with attB1 - attB2 adapters GER29, GER30

1. 95°C 1 min
2. 94°C 30 sec
3. 45°C 30 sec
4. 72°C 1 min / kb
5. Go to step 2 x 4
6. 94°C 30 sec
7. 55°C 30 sec
8. 72°C 1 min / kb
9. Go to step 6 x 9
10. 72°C 2 min
11. 10°C Hold

Sequential PCRs fusing SRDX / VP16 to nosT

1st PCR for SRDX
GER1448, GER1449

1. 98°C 30 sec
2. 98°C 30 sec
3. 55°C 15 sec
4. 72°C 15 sec
5. Go to step 2 x 19
6. 72°C 30 sec
7. 10°C Hold

1st PCR for VP16
GER1450, GER1452

1. 98°C 30 sec
2. 98°C 30 sec
3. 65°C 15 sec
4. 72°C 40 sec
5. Go to step 2 x 29
6. 72°C 1 min 30 sec
7. 10°C Hold

1st PCR for nosT
GER1453 / GER1454, GER1455

1. 98°C 30 sec
2. 98°C 30 sec
3. 65°C 15 sec
4. 72°C 40 sec
5. Go to step 2 x 19
6. 72°C 1 min 30 sec
7. 10°C Hold

2nd PCR: SRDX / VP16 -nosT

1. 98°C 30 sec
2. 98°C 30 sec
3. 70°C 30 sec
4. 72°C 40 sec
5. Go to step 2 x 14
6. 72°C 1 min 30 sec
7. 10°C Hold
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3rd PCR with attB2r - attB3 adapters GER1446, GER1447

1. 95°C 1 min
2. 94°C 30 sec
3. 45°C 30 sec
4. 72°C 45 sec (SRDX nosT) / 72°C    50 sec (VP16 nosT)
5. Go to step 2 x 4
6. 94°C 30 sec
7. 55°C 30 sec
8. 72°C 45 sec (SRDX nosT) / 72°C    50 sec (VP16 nosT)
9. Go to step 6 x 19
10. 10°C Hold

Amplification of baits 6 and 7

1. 98°C 3 min
2. 98°C 10 sec
3. 72°C 40 sec
4. Go to step 2 x 29
5. 72°C 5 min
6. 10°C Hold

Colony-PCRs

E. coli

1. 95°C 5 min
2. 95°C 30 sec
3. 50°C  30 sec

except 60°C    30 sec (bait – GER604)
4. 68°C 1 min / kb
5. Go to step 2 x 25-29
6. 68°C 5 min / 2 min (baits)
7. 10°C Hold

S. cerevisiae

1. 95°C 30 sec
2. 95°C 30 sec
3. 50°C  30 sec
4. 68°C 1 min / kb
5. Go to step 2 x 29-34
6. 68°C 5 min / 68°C    2 min (baits)
7. 10°C Hold

Nested PCR reaction 0, with GER433, GER604
1. 95°C 30 sec
2. 95°C 30 sec
3. 50°C  30
4. 68°C 1 min / kb
5. Go to step 2 x 29
6. 68°C 2 min
7. 10°C Hold



Appendix 4.
3(3)

PCRs of liquid cultures

Verification of A. tumefaciens with MYB CDS specific forward primer and GER1455

1. 95°C 5 min
2. 95°C 30 sec
3. 60°C   30 sec
4. 68°C 1 min / kb
5. Go to step 2 x 24-29
6. 68°C 5 min
7. 10°C Hold

Verification of S. cerevisiae with GER433, GER604, and bait oligonucleotides

1. 95°C 30 sec
2. 95°C 30 sec
3. 50°C  30 sec (GER433 – bait) / 55°C    30 sec (bait – GER604)
4. 68°C 1 min / kb
5. Go to step 2 x 29
6. 68°C 1 min 30 sec (GER433 – bait) / 68°C    2 min (bait – GER604)
7. 10°C Hold

Nested PCR reaction 0, with GER433 and GER604: same as for S. cerevisiae colony-PCR

RT-PCR with MYB CDS specific primers

1. 95°C 2 min
2. 95°C 30 sec
3. 50°C  30 sec

except TC159803, TC154966, TC182032var1 in bait strain 4: 47°C   30 sec
4. 68°C 1 min / kb
5. Go to step 2 x 34
6. 68°C 5 min
7. 10°C Hold
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Appendix 5. Nucleotide sequences

MYB coding sequences utilized in the study

>TC160194_CDS
ATGGGAGGAGAGAAGCGAAGCAGCGCCGATCTACTGTCAAATGATGACGGGGGAAGCGCTCAGGAGGATCAAGATCAAGA
TCAGGATCAGGATCAGGAGGGGAATATGGAAGTGGAATCGCAGAGATTCAAGAGGAGGCTCAACTACAGCCCCGAGTCTC
CAGCTAACTCTCATACCAATACCAACACCACCAACAGTCCCCCAGTTTCCACAGCCCAACAACAAATCCACCGCCCGCTA
CCCCTGCAATCCGCCTTCAAATCTTACAGCAACAATCTGGATCCTCCAACGTTACTATCTCTATCCTTGCCTGGCTCTGG
CATGAAGGAAGAAGATTCCAAAACTGATGACAGAAATCAGAATTCAGCCCCAAAGAAGCAGCTGCAGCAGAATGTTGAGC
TCAATGGATTCGCAGGTACCCAAACCCAGACACAGCAGCTTCAATACACATTCATTCCTCCCTACTTTCAGCAGCCAGTG
ATGACACCTACAAGCACAAATGGCTACTTGAAAACAGATGATGCCATGGTCATGATGTCAGAGGCTGTGAAGATGGCAGT
AGGGCAGGCAGTTTCATTGGTTTTTCAGGCTTCTCAATCTCAATGTGGGAGTTTAGGCGCAGTTGAAAGAAGCGGGTTTA
GTGCTAGCGGAGGACTCCTGGATATCATGAGAGAAATGATTGCCAAGGAGGTTAAGAACTACATGGCGATGTCACAGCCG
AATCAGTGCAATCAGACCGGTGGCCTAAATTACGCAATGGATTCCTCTCTTCCAAGGAAAGTATGA

>TC159803_CDS
ATGGGTAGATCTTCTTGCTATTCAAAACAAGGTCATACCCGTGGGGCTTGGACCCCTATGGAGGATATGATTCTCTCTGA
ATACATTCGAATTCATGGCAGTGATGGATGGAAAAATATCGCTAAACGAGCAGGCCTTAAACGATGTGGAAAGAGTTGCA
GATTACGTTGGTTGAACTACCTTCGCCCCGACATTAAACGTGGTAACATTTCTCCTGACGAGGAGGACCTCATTATTAGG
TTGCATCGCCTTCTTGGCAATCGATGGTCTTTGATAGCAGGACGACTACCGGGTCGAACAGACAACGAAATCAAGAATTA
TTGGCACACTCATATGAGCAAGAAGTTGTGCCTGTCAATGAGCGATTCTCAACCTAAGTCTTCGCAAAAACGCAGAAGGT
GGTCAAAATCTCCTGTTCCTGTCCCAAATCCTGTGTTCAAAGCCACCGCCGTTAGAATAAAAGCAGGCATGAGACTTTCT
GGAATTGTAAGAGAAAATGTCTATAACGATGATGGCTCCAGTAATCTTATATCGGATGAAGCCTTCAGATTATGCAATGT
TAAAGAAACTCGGAAATCTTCATGGCGCCACCTACATGTGAACGATTCAATAGGAGACGAAGAATCCGAGCTTATTGCTT
TGGGATTGGCTGATAATCCCGTCGAAACGTTAGCTACAAATCCTCTCTCTCCTATGTCGAGTTTAGCTGACCAGCAGTCT
CCTCATTACGATCATTTTGGGGAAGATGCAGCTACTTTAGCTGAGAGTTCATTTTATTTGAACGAGAAGTCGTCTCAAGA
CTGTAATCTGCTCCCCTCTCTCTCCGACTGTTCAACAAGTTTTACATCAGAAGAATTATACAGAGAAATCGTAGAACTCT
ACGATAACGCAGAACACGAAGATTGGATTCATGAATTTGGTTATTTAGAGAAATGA

> TC188897_CDS
ATGACGCAGGCTACTAGCTACACAGCAGGTACCATCAGAGACGAACAAGAGGAGCAAAGTGTGAGGAGGGGACCTTGGAC
TGTTGATGAGGACATGAGCCTTATTCGATGCGTAACCACCCGGGGTGAAGGTCGATGGAACACAGTAGCCAAATGTGCAG
GGCTAAAGAGAACAGGGAAGAGCTGCAGATTGAGATGGCTTAATTATCTTCGGCCCGATGTTAAACGTGGAAACATAACG
CCAGAAGAGCAGCTATTAATCCTTGAACTCCACCGTCTCTGGGGTAACAGATGGTCCAAGATTGCACGGCAACTCCCAGG
CAGGACTGACAACGAAATCAAGAACTACTGGAGAACGCGCATTAAAAAACACATTCAGAAAGCTCACTGCGATGCTAACC
CTAGACAGTTAGAAGACTCGTTGCGGTATTCATGGCTGTCAGCACTATTACAGCCGAAAGGTATTGAAAGCAGCAACCAG
TCTGCACAAGCAGCGTCCTCGTCGGAAATAATCCAACCCTCTGAACTTGATTATATGCTCAGCCAATACAAATGGATGAG
TGGCCTGGAAACTGAAATTGCAGGTATTAATGAACCCGGAGATAGCCTGAATCCTGCAAGCTTTCGGACTAGCCAAGGCT
CCATACGCAGTAGAGAATATCTGAATCAAAACAGCAGAGCAACTTTCCAGGATGTCCATGATATGGATCAATCAACATCT
GAAAAACAGAATTGTTACTATCACCAATCTGTATTTGGTTATTCAAATTCTGACTCAGTTCACCATGAGATTTCTCAGGC
TATTTCACCATCAGAGGTGGGAATAGACAAGGACATGGGCACTCCCTGTAATGGGGTGGCTTTAGTGCAACCAATTATGA
TATCTGAATCTGAAGAACTCAAAGACATTCATGAATCAACAGCAGGGTTTGGCATTCAATATGTTAACTCAGAGGCACAG
ACTTCGTCCTGTAACAATCAAATATCTGGAATTGAAATGAACTGGCCACAAGAGTCCAACAACACAATCTTATGGAACAA
TATGGAAGAACTTTGGTATATACCATCAAGTGCACAATTATGA

>TC154966_CDS
ATGGGAGTTCCAAAGGACGAAGCGGCGGTGGCAATGGCGGTGGCGGAGCGGATCAAGGGGCCATGGAGTCCCGAGGAGGA
CGCAGCGCTGCACAAGCTGGTCGAGAAATATGGGCCACGGAACTGGTCTCAGATTAGCAGAGGAATTCCGGGCCGCTCGG
GGAAATCTTGCAGGCTACGGTGGTGCAACCAGCTGAGTCCCCAGGTGGAGCACCGCCCTTTCAGCCCACATGAAGACGCC
ACCATCATACAAGCCCATGCGCGGCATGGCAACAAGTGGGCTACGATTGCGCGCCTCCTCCCCGGGCGCACCGACAACGC
TATCAAGAACCACTGGAACTCGACCCTGCGACGTCGCTATCATGGCGAGAAAGACCAGAGCAACGGGCTAGCTGTGAATT
TGGAGTCGGCAGCTGAGGACAAAGAAACGATGACTCCGATGACACCTGTCACAGCCACGGCAACGGCAACGGCAACGGCA
ATGCCAGTGGCTCTAGTGTTCCCAACGGCTGCAGACAACGTCAGGAAGCGGAGCAACAGTAGCTGCAGTGCTAATGAAAA
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TCCAGGAGATGCCGAGGTCGAATCCTGTAGGCTTAAGAGGCTCAATTTTTCTGAATCCCCATCTAGTTCTGAAAATATTA
ATAATAATAATAATAATGAAGAAACTGTTAGTGGCCATTGCAATTCGGCCGCTGCCCCGGGTTCGAGTACCGGGCAGCAG
CTGCATCGCCCTGTTCCGCGACAATCTGCTTTCAATTCCTATGAAGCTGTGAAAGTGCAGGAGGAAGCGTCTGCCTCTGT
TTCTGCTTCTGGTTCGGCTGGCGCTTTCGATCCTCCAACCTCCTTAAGCCTGTCGCTGCCTGGAAGCGCTTCTTCAAGCG
AGAATAACAGCAGTGGAGAATGCAGCCCCACAGAACAGAGCTCTGAAATGAAATATGCAAAGTTTCAGGCTTATCAACAA
CCGACTGGTTATTCGTTTGCCAATCCGTTTCCTGTTGGTGGCTACATGAAGACGGAGGAGGCCATGGCTATGATGTCGAC
TGCAGTCAAAATTGCAATCGGGCAAGCACTGCCCCTAATTTTCCAGCTGCCTAGCGGTAATTCCCAAGAAGGATGTTCGG
GCGATTCTGCTAATTATGGTGGAAGTTTGCTGTCTATTATGCGGGAGATGATCGCGAAGGAGGTCCAGAATTATACTAAC
GGGTCGCCGTGTTCAAATCAGGGGTCCGGCATGAATTCTGTAGCTCCGGCGTTCAGAGAAGTAGGCTTAATGCTGAAAAA
ATAA

>TC182150_CDS
ATGACAAGGAAGTGTTCGCACTGTGGGCACAATGGCCATAATTCCAGAACATGCCCCAACCGTGGTGTGAAATTGTTTGG
AGTTCGGCTAACTGATGGGCCGATACGCAAGAGTGTGAGTATGGGAAATTTGTTGCATTATTCCAACAACGCCTCTTCCT
CTAATAACAGCCCGGCCTCAGCTTCAGCTATGGAGCCTTGCGAATCAGTTGCTAATGCTGCTGCTTCTGCAGATGGTTAT
GTATCCGATGGCCTCGTTCATAACAATTCTCGAGGAGAGAGGAAGAAAGGGGTTCCATGGACTGAAGAGGAACACCGCAT
GTTTCTTATTGGCCTTCAAAAGCTTGGAAAGGGTGATTGGAGAGGTATATCAAGAAACTTTGTGCCGACAAGAACTCCTA
CTCAGGTTGCTAGTCATGCACAAAAGTATTTTATTAGGCAGAGTAATCTAACCAGAAGGAAACGACGTTCTAGCCTGTTC
GATATCACTGCTGAACCTATCAGTTGTCCATTACCTTCGCCTGCCTTGCCTGTATTGTCATCACAGTCGGCCTCTGATCA
AGAAGAAGCCGAATCAGGTGATAATTCTGCAAATTCTGCAGATGTAGAAACTCTTCTTCCTCAGGTTGATGAAACAGCTT
CTGCTGATATGACAGTGTTCCCAGGTTTTGTTACCCCTTATGTACCATACGGGTTCCCCATATGGCACACTTTTAGACCC
ACAATATCACAAAATTCCAATGTTTATAAGCCAACAGCTGTAATGCCAACTGCTCCAATAAAAATGGACGAATGCACAGG
GTTATCCCAGTTAAGCCTCGGCGGTGTTGCAGCGGCTTCTGCAATGAAACCCTCAGAACTGTCACTCAAATTACATGGAA
GACCCCCCTCTAGACAATCAGCTTTTCAGGCCAAACCATCTCTCAATGAAAGCAGTAGTTTGAGTTCCAGCAGCAATGTC
ATCAGTGTAGTCTGA

>TC159619_CDS
ATGGGTCGTGCTCCATGCTGCACAAAAGTTGGTCTCAACAAGGGAGCATGGTCTGCCGAAGAGGATAGTCTTCTGGGCAA
ATATATTCAAACTCATGGTGAAGGCAATTGGAGGTCTCTGCCCAAGAAAGCAGGGCTGCGAAGATGTGGAAAGAGCTGCA
GACTGCGTTGGCTAAACTATCTTCGGCCATGTATCAAGCGAGGAAATATTACAACAGATGAAGAAGAACTTATTATCAGA
ATGCATGCTCTCTTGGGCAACAGATGGTCGATAATAGCAGGGAGAGTCCCCGGCCGAACAGACAACGAAATAAAGAACTA
CTGGAACACTAACTTGAGCAAGAAACTTGCTGTCAGGGGAATCGATCCCAAGACTCATAAAAAAATCACGATGGACGGCA
CGAACAGTGTCAACAGTGATCGTTTCAACCAGAGGAAAGGTGAGAAAATATATGATTCCCCACAGAGACCTCGACAGCCG
GAAAGAAATGTTGCGAGGGCCGGCCAATCAACAGGGCTCGTGATTCCTAATGTTCACAATCTAAAAGCAGATTTAAAAGC
GCAATATATTGCAAGAATCAGAGAATTTAAAAGCTCTAATACTATCAGCTCCTCTTCTCCAATTAATGTACAGATTGAGC
CAAAGTCCAGAGAGTTAAGTACAGCAGATCCGATATTTCGTTGTAGCTCTGCATCAGAAAAAACCAGAGAAACCACTCAT
CCAGATTTCATGGAGCCCCACCCAGTTGCAAGCTCGGATGCCGGGAAACAAACCGATGATAGTACTGTATATTGCGGCAG
TGATTCAGCTGCCAGCTGTTCCTTGATCGACCACTTCTCCAATGAGGATGATCATCACTACTTGTCTATGGAGGGAAACT
CTAATGAATGTTACAGTCAGACATTGACTGAAGACTATGGATCTCTGAAGCCCAGTACTCCACATGCAGAATCAGAGCCA
ATATGTGATAGCAGAGAACGTGACAATGACAGCCATGTGCAGAAACATGACCAGTTCCCGGAATATGACGTATTCAGTTT
CTTCGACGTTCGCAACGCTGAGAATGAGATTTGTTGCAGCGCTGATCAGTGGGTACATGAGCAAGAAGCAGAATTCATGC
AGCAGAAAGATCAAGAAATGCCTCAACTTGGCAGCTGGGACAAGCAAATTGATGATCAAGAAAAAGAGAATTTTGAATCT
CATGTAAACAATGATGTGACTGCAATGTCATGGGAAGCATCTTTTTGGTTTTAG

>TC182032var1_CDS
ATGGGCCGAGCTCCTTGCTGTGATAAAATGGGAGTAAAGAAAGGCCCCTGGGCTCTAGACGAAGATAAAATACTGGTCGA
TTACATTACCAAACAGGGCCATGGCAACTGGCGTGCACTGCCCAAGCAAGCAGGGCTCCTGCGATGTGGAAAGAGTTGTC
GCCTGCGGTGGACGAACTACCTGAGACCCGACATCAAAAGAGGGAATTTTAGTCCAGAAGAGGAAGATCAAATTATTAAA
TTGCATGAGCGCATAGGGAATAGATGGTCCACTATTGCTTCGTACTTGCCAGGAAGAACCGACAATGAGATCAAGAACGT
GTGGAACACCCATTTAAAGAAACGTCTCGCGCGTATGAAAGCCGAGTCGGTTGCAGTCGACGCACAGCCAACGCCTGCGT
CTTCCCTGGATTCTTCCACTACAGAAATGACGTGCCACGGTTCGAGTCCTGTAAGGTCACAAATACTCTGTAATTCGGTC
CAAAGCGCACCATCAGAATGGCAGATCTGTGATCCGGTTTACGTTTTGCCAGATCTCTCAGAAGACATAACCTCATCTTC
CTACAACATTTGCACTAGTACTATAGATTATCAGAGTACCAGCACTGATTCAACTTTAGATGTGTTTCAGTCTGACAGTA
TTGATTCTTTAGAACCGGAAATTGATCAGAGTCATATATCCATTAATATCCTGGATGATCTTGAATGCCAGCAGCCTTTA
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TCAAAAGATCCCCAAATTTTCATTGGCGATTATCAAAATAATTTCGAAGACTCGGCAGGAGGGTCTGCAATTAGCCATGA
TGATAAAGCAGAAATGGGCTCCAGTTCGTCTAAGGGCATGAGCTCTGATTGCGACGGAGAAATGATAATAAGCGACGAGA
GCTTAAACAGCCCATTGAACCTGCGAGTTGATTCTCCCATGCAGCAATTTTATGGTGCAGAAGTTGATTGGTTTCTTGAC
CAATCTGAAAACATGAGTGCTGCCATGGATTCGAATCATTTACCTACAAATACCAATCAGCTCTGGGGTACTGATCTCCA
GGTTAATGAGGGCATGGATTTCTGGCTAAACATACTAAGACAAGTGGAACCGTTGCCCTTATTCCAGTTTGCTTCACCTG
CTCAGGTTTCATCTCCGATTAATTCTAGTCATCACTGCTGA

>TC182032var2_CDS
ATGGGCCGAGCTCCTTGCTGTGATAAAATGGGAGTAAAGAAAGGCCCCTGGACTCTAGACGAAGATAAAATACTGGTCGA
TTACATTACCAAACATGGCCATGGCAACTGGCGTGCACTGCCCAAGCAAGCAGGGCTCCTGCGATGTGGAAAGAGTTGTC
GCCTGCGGTGGACGAACTACCTGAGACCCGACATCAAAAGAGGGAATTTTAGTCCAGAAGAGGAAGATCAAATTATTAAA
TTGCATGAGCGCATAGGGAATAGATGGTCCACTATTGCTTCGTACTTGCCAGGAAGAACCGACAATGAGATCAAGAACGT
GTGGAACACCCATTTAAAGAAACGTCTCGCGCGTATGAAAGCCGAGTCGGTTGCAGTCGACGCACAGCCAACGCCTGCGT
CTTCCCTGGATTCATCCACTACAGAAATGACGTGTCACGGTTCGAGTCCTGTAAGGTCACAAATACTCTGTAATTCGGTC
CCAAGCGCACCATCAGAATGGCAGATCTGTGATCCGAATTATGTTCTGCCAGACCTCTCAGAAGACATAACCTCATCTTC
CTACAACATTTGCACTAGTACTATAGATTATCAGAGTACCAGCACTGATTCAACTTTAGATGTGTTTCAGTCTGACAGTA
TTGATCAGAGTCATCTATCCATTAATACCCTGGATGAGCTTGAATGCCAGCAGCCTTTATCAAAAGATCCCCAAATTTTC
ATCGGCTATTATCAAAATAATTTCGAAGACTCGGCAGGAGGATCCGCAATTAGCCATGATCATAAAGAAGAAATGGGCTC
CAGTTGGTCTCAGGGCATGAGCTCTGATTGCAACGGAGAAATGATAATAAGCGACGAGAGCTTAAACAACCGATTGAACC
TGCGAGTTGATTCTCCCATGCAGCAATTTTATGGTGCAGAAGTTGATTGGTTTCTTGACCAATCTGAAAACATGAGTGCT
GCCATGGATTCGAATCATTTACCCACAAATACCAATCAGCTCTGTGGTACTGATCTCCAGGTTAATGAGGGCATGGATTT
CTGGCTAAACATACTAAGACAAGTGGAGCCGTTGCCCTTATTCCAGTTTTCTTCACCTGCTCAGGTTTCATCTCCGATTA
ATTCTAGTCATCACTGCTGA

Bait fragments of pPST-1 in yeast one-hybrid assay

>Bait1
ACCACAGTATGAATAATTTGTGTGAAAGACTAAGATGGTTTGGGTTGGGAAATAATCTGTTTCAAAGACCAAGA

>Bait2
ACCTCGCAGTGCACCAGAAGGGAAGGTTGGTTGGTGAGGTTAGATTAA

>Bait3
ACCTCGCAGTGCACCAGAAGGAAGGAAGGTTGGTGAGGTTAGATTCA

>Bait4
CAGTTGTGTCACTCAAATACAAATACATTGATTGGCGGGCGGCTTCACAGTTG

>Bait5
ACCATGACATCGCTGTATGGTTTGGTTGGTGTTGACTCGAGATATTCAAACAA

>Bait6
ACCTCGCAGTGCACCAGAAGGGAAGGTTGGTTGGTGAGGTTAGATTAATGTGATACTGGGTGGATTTGTAATTACCTCGC
AGTGCACCAGAAGGAAGGAAGGTTGGTGAGGTTAGATTCATGTGATATGTCACGTCACTCACTATATTATATTTTCTTCC
TTTTCCTCATTGGCGGGCGGCTTCACAGTTGTGTCACTCAAATACAAATACATTGATTGGCGGGCGGCTTCACAGTTG

>Bait7
AGATGGTTTGGGTTGGGAAATAATCTGTTTCAAAGACCAAGACTAAGACTGGGTGGATTTGTAATTACCTCGCAGTGCAC
CAGAAGGGAAGGTTGGTTGGTGAGGTTAGATTAATGTGATACTGGGTGGATTTGTAATTACCTCGCAGTGCACCAGAAGG
AAGGAAGGTTGGTGAGGTTAGATTCATGTGATATGTCACGTCACTCACTATATTATATTTTCTTCCTTTTCCTCATTGGC
GGGCGGCTTCACAGTTGTGTCACTCAAATACAAATACATTGATTGGCGGGCGGCTTCACAGTTGTGTCACTCATATACAT
TGGCGGCTTCACAGTCGATTTCGACCGAGTTGATGGATAATCTGAATATTCAAAACGTGTACAATCACGTTTCTGATGAT
TTACAGTCTCGTCTCCTCTCCTCTCCTCTCCTGGAGTATGTACGTATGAATATTCAAAACCCATTCATACAGTATTGACC
ATGACATCGCTGTATGGTTTGGTTGGTGTTGACTCGAGATATTCAAACAA


