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Abstract

Carotenoid Cleavage Dioxygenases (CCDs) are an enzyme family that cleaves specific
double bonds in carotenoids. MicroR156 in Arabidopsis regulates a network of genes by
repressing 10 SPL genes, among which, SPL15 was found to regulate shoot branching and
carotenoid accumulation. The expression of CCD1, CCD4, CCD7, CCD8, NCED2, NCED3,
NCED5, NCED6, NCED9 and SPL15 was evaluated in siliques at 10 days post anthesis and
in 10-day-old roots in Arabidopsis wild type, sk156 (miR156 overexpression mutant), RS105
(miR156 overexpression line), spl15 (SPL15 knockout mutant) and two 35S:SPL15 lines.
Results showed that most of CCD/NCED, genes were affected both in the roots and siliques
by function of miR156. In addition transcript levels of four CCD/NCED genes were up
regulated in 35S:SPL15 lines. To test binding of SPL15 to affected CCD/NCED genes,
35S:SPL15-GFP transgenic lines were generated and three independent lines were subjected
to ChIP-gPCR. The results revealed strong and selective occupancy of SPL15 on the
promoter regions of candidate CCD/NCED genes. In addition, sk156 and RS105 had larger
size of elaioplasts and plastoglobules compared to wild type. My results indicate that
miR156/SPL15 control carotenoid accumulation by regulating expression of CCD/NCED

genes and by increasing the cell’s capacity to store carotenoids.
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1. INTRODUCTION AND BACKGROUND

Carotenoids are abundant isoprenoid pigments with more than 700 members (Britton et al.,
2004). Isoprenoids are precursors to a range of secondary metabolites, such as abscisic acid
(ABA), gibberellin, chlorophyll and carotenoids (Cazzonelli, 2011). Carotenoids are
synthesized in all photosynthetic organisms such as plants and algae (Wurtzel et al., 2012) as
well as some non-photosynthetic organisms such as fungi, bacteria and aphids (Iniesta et al.,
2008; Li et al., 2008; Moran and Jarvik, 2010). They contribute to the different colors of
fruits and flowers, and are essential for attracting pollinators such as birds and insects, to
flowers (Howitt and Pogson, 2006). Carotenoids play critical roles in the physiological
functions of photosynthetic organisms, including photosystem assembly, increased light
harvesting, protection from photo-oxidative damage and free radical detoxification
(Sandmann et al., 2006; Havaux et al., 2007; Li et al., 2008). Carotenoids can absorb a
broader range of light than chlorophyll and transfer energy to it (Polivka and Frank, 2010),
and thus carotenoids are essential for light harvesting; as up to 50 carotenoids can capture
solar energy (Polivka and Frank, 2010). One of the most important functions of carotenoids
is to strike a balance between light harvesting for photosynthetic processes while preventing
photo oxidative damage caused by high levels of light (Cazzonelli, 2011). Some carotenoids,
including beta-carotene, alpha carotene, gamma carotene and beta-cryptoxanthin are an
important source of retinoid and vitamin A. These and other carotenoids, such as lycopene,
can also act as antioxidants, which are essential for human diet and health (Fraser et al.,
2007). In addition, carotenoids are economically important due to their use as colorants in the
cosmetics and food industries, and as supplements in livestock and fish feed formulations

(Umeno et al., 2005).



1.1 Carotenoid Biosynthesis Pathway

A simplified carotenoid biosynthesis pathway showing the main carotenoids that accumulate
in Arabidopsis is presented in Figure 1. Carotenoid biosynthesis originates in the plastidal 2-
C-methyl-D- erythriotal 4-phosphate (MEP) pathway. The condensation of glyceraldehyde-
3-phosphate and pyruvate generate 1-deoxy-D-xylulose-5-phosphate (DXP), a reaction
catalyzed by 1-deoxy-D-xylulose-5-phosphate synthase (DXS), leads to dimethylallyl
diphosphates (DMAPP) and isopentenyl diphosphate (IPP). Geranylgeranyl diphosphate
(GGPP) is synthesized from the addition of IPP to DMAPP, GGPP is a precursor of several
plastidial isoprenoids, including carotenoids (Bouvier et al., 2005). The condensation of two
molecules of GGPP, which is catalyzed by phytoene synthase (PSY), is the first committed
step in carotenoid biosynthesis, and gives rise to phytoene; a colorless carotenoid. There are
four enzymes that are required for converting phytoene to lycopene (red carotenoid) in
plants. These are phytoene desaturase (PDS), (-carotene desaturase (ZDS), carotenoid
isomerase (CRTISO) and 15-cis-¢-carotene isomerase (Z-1SO). Lycopene is found in many
plant organs, such as tomato and watermelon fruits. Lycopene undergoes either o, P
cyclizations to form «o-carotene or 8, B cyclizations to form p-carotene (Cazzonelli and
Pogson, 2010). The hydroxylation of a-carotene and [B-carotene produces xanthophylls,
which include zeaxanthin, neoxanthin, violaxanthin and lutein. Conversion of violaxanthin to
neoxanthin is the last step of the carotenoid biosynthesis pathway. Two apocarotenoid
hormones, ABA and strigolactones are synthesized through the carotenoid pathway. ABA is
synthesized through the cleavage of violaxanthin and neoxanthin to form xanthoxin (Frey et
al., 2012), which is then converted to ABA (Ruiz-Sola and Rodriguez-Concepcion, 2012).
Strigolactones are shoot branching inhibitors, and are synthesized from [3-carotene through

the action of carotenoid cleavage dioxygenases 7 and 8 (CCD7 and CCDS8).
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1.2 Regulation of Carotenoid Biosynthesis
1.2.1 Developmental and environmental regulation

Carotenoids accumulate in most plant tissues, including green and non-green ones.
Carotenoid levels in green tissue are relatively conserved in many plant species, however, the
content of carotenoids in non-green tissues such as seeds, fruits and flowers are dependent on
various factors, such as types of plastids in different tissues and the physiological age of the
plant (Howitt and Pogson, 2006). Carotenoid production can be regulated by both
environmental and developmental factors (Cazzonelli and Pogson, 2010). For instance,
carotenoid biosynthesis in tomato is regulated by a developmental signal, temperature and
light stress (Ruiz-Sola and Rodriguez-Concepcion, 2012). During tomato fruit ripening, an
increase in the production of DXS and PSY enzymes leads to the accumulation of
carotenoids, especially lycopene (Giovannoni, 2001). In addition, during this stage
chlorophylls are degraded and high amounts of carotenoids can be stored instead, causing the

green color to change to red.

Carotenoid production is also highly associated with light to protect the photosynthetic
apparatus from photo oxidative damage. In Arabidopsis most of the carotenoid biosynthesis
enzymes such as DXS and PSY are up-regulated during light condition (Meier et al., 2011).
In the dark when photosynthesis is not saturated, zeaxanthin is converted to violaxanthin by
zeaxanthin epoxidase. However, in strong light when photosynthesis is saturated,
violaxanthin is converted to zeaxanthin by the function of violaxanthin de-epoxidase enzyme.
The inter conversion of these two carotenoids is the key step in plant adaptation to different

light conditions.



1.2.2 Transcriptional and epigenetic regulation

Transcription factors (TFs) are sequence-specific DNA binding proteins that regulate and
control transcription. A number of studies have shown the role of transcription factors in the
regulation of carotenoid biosynthesis. For example, phytohormone-interaction factor (PIFs)
are members of the helix-loop-helix transcription factor family, which can repress carotenoid
regulation by binding to the promoter of PSY in the dark; however, by exposure of seedling
to the light the PIFs are degraded, and thus, allow PSY to be expressed, and consequently
enhance carotenoid biosynthesis (Toledo-Ortiz et al., 2010). The AtRAP2.2 transcription
factor in Arabidopsis binds to the ATCTA motif in the promoter regions of PSY and PDS
genes and enhances the transcript levels of both genes (Welsch et al., 2007). Also the rap2.2
mutant line showed a decrease in transcript levels of both PSY and PDS which were
accompanied by reduced levels of carotenoids (Welsch et al., 2007). In Arabidopsis, the
transcript levels of some genes are related to carotenoid biosynthesis (Winter et al., 2007).
For example, the balance between expression of PSY and LCYB genes is correlated to the

amount of B-carotene in various plastids (Ruiz-Sola and Rodriguez-Concepcion, 2012).

Epigenetic mechanisms were also recently shown to play a role in regulating the carotenoid
biosynthesis by affecting expression of carotenoid isomerase (CRTISO), which catalyzes a
branch point in the carotenoid biosynthesis pathway (Cazzonelli et al., 2009). The CCR1
gene encodes SET DOMAIN GROUP 8 (SDGB8), which is required for expression of
CRTISO genes. In ccrl mutants the level of CRTISO transcript is decreased due to reduced

level of histone3 lysine4 tri-methylation (Cazzonelli et al., 2009).



1.3 Carotenoid Catabolism
131 Carotenoid cleavage dioxygenases

In photosynthetic tissues, the ratio between chlorophyll and carotenoid is an essential factor.
In addition to the storage capacity of plastids, the level of carotenoids is dependent on the
balance between catabolism and biosynthesis of carotenoids (Beisel et al., 2010; Ruiz-Sola
and Rodriguez-Concepcion, 2012). Carotenoid catabolism is due mainly to enzymatic
oxidation (Ruiz-Sola and Rodriguez-Concepcion, 2012). There are two types of enzymes that
are involved in enzymatic oxidation of carotenoids; enzymes non-specific to carotenoids,
such as peroxidases, and carotenoid-specific enzymes, such as carotenoid cleavage
dioxygenases (CCD). These are a gene family that have been identified in many plant
species, including avocado (Chernys and Zeevaart, 2000), petunia (Simkin et al., 2004),
tomato (Burbidge et al., 1999), and Arabidopsis (Tan et al., 2003). In addition to plants, CCD
genes have been found in bacteria, mouse, drosophila and humans (Redmond et al., 2001;
Lindqvist and Andersson, 2002). In plants, CCD enzymes cleave specific double bonds in
carotenoid molecules. Viviparousl4 was the first protein identified in Maize (Zea mays),

which showed cleavage of 11, 12 double bonds to produce xanthoxin.

The Arabidopsis genome encodes nine members of CCD genes, which are divided into two
sub-groups (Tan et al., 2003). Four of these, the carotenoid cleavage dioxygenases (CCD1,
CCD4, CCD7 and CCD8) are closely related to each other. The remaining five, 9-sis
epoxycarotenoid dioxygenase (NCED2, NCED3, NCED5, NCED6 and NCED?9) are closely
related to each other but not to CCD genes (Ohmiya, 2009). Different types of CCD genes
are distinguished by their specific cleavage site and/or carotenoid substrate (Cardon et al.,
1997). One or more CCD/NCED could cleave carotenoids to produce apocarotenoids with

various structures and functions (Walter et al., 2010). Apocarotenoids are important not only



for their vital physiological functions, but also for their role as precursors of hormones, and

aroma, or as insect attraction compounds (Bouvier et al., 2005; Walter et al., 2010).

Among CCD enzymes, CCD1 is unique in its subcellular localization and activity (Ohmiya,
2009; Walter et al., 2010). Unlike other CCD and NCED enzymes, which reside in the
plastid, CCD1 localizes in the cytoplasm (Strack et al, 2010). The Arabidopsis CCD1
(AtCCD1) symmetrically cleaves sites at 9, 10 (97, 10") in carotenoid backbones to produce
various derivatives (Schmidt et al., 2006; Garcia-Limones et al., 2008). In addition, AtCCD1
can cleave 5, 6 (5',6") and 7, 8 (7', 8") double bonds (Huang et al., 2009; llg et al., 2009).
Volatile compounds, such as B-ionone and B-cyclocitral, are derived from carotenoids by the
action of CCDL1 in flowers and fruits (Ohmiya, 2009). CCD1 loss of function led to reduced
levels of B-ionone in petunia (Ohmiya, 2009), and its overexpression resulted in enhanced B-

ionone emissions and improved insect resistance in Arabidopsis (Wei et al., 2011)

The function of CCD4 is related to color, aroma and flavor of fruits and flowers in some
plant species (Ohmiya, 2009). CCD4 is involved in the biosynthesis of some apocarotenoids
such as corcin and safranal, which are commercially valuable (Bouvier et al., 2005). Bixin,
which is widely used in the food and cosmetics industries, is synthesized by the cleavage of
double bonds of lycopene by the action of CCD4 and its loss of function resulted in yellow
petals in Chrysanthemum morifolium (Ohmiya et al., 2006). Some studies have shown that
CCD4 cleaves at 9, 10 (9, 10") double bonds (Huang et al, 2009b; Rubio et al., 2008),
However 7, 8 (7', 8") and 5, 6 (57, 6") cleavage activities of CCD4 have also been reported.
CCD7 and CCD8 are mainly expressed in roots and are involved in f-carotene catabolism
(Booker et al., 2004; Auldridge et al., 2006). One of the products generated by the actions of

CCD7 and CCD8 is strigolactones (Gomez-Roldan et al., 2008) (Fig 1). The apocarotenoids



nature of strigolactones was confirmed by several experiments on carotenoid pathways in
tomato, maize and sorghum (Matusova et al., 2005; Lopez-Raez et al., 2008). More recently,
strigolactones were found in plant root exudates as a seed germination stimulant for root
parasitic weeds (Xie et al., 2008; Xie and Yoneyama, 2010) and as a specific signal for
producing fungi branching hyphal (Akiyama et al., 2005). In addition, strigolactones are
shoot branching inhibitory phytohormones (Booker et al, 2004; Schwartz et al, 2004;
Auldridge et al, 2006). Some genes, such as more axillary growth (MAX) 3 in Arabidopsis
and ramosus (RMS) 5 in pea are orthologous to CCD7 and MAX4 in Arabidopsis and RMS1
in pea are orthologous to CCD8. (Sorefan et al., 2003; Booker et al., 2004; Snowden et al.,
2005; Avrite et al., 2007). The mutants of these genes, max3, max4, rms, showed enhanced
shoot branching (Turnbull et al, 2002; Johnson et al, 2006; Arite et al, 2007; Simons et al,

2007).

1.3.2 9-cis epoxycarotenoid dioxygenase (NCED)

All five members of NCED proteins are involved in ABA biosynthesis, and are all located to
plastids (Tan et al., 2003). ABA has various functions in seed dormancy, root growth,
response to water deficiency and stomatal aperture (Nambara and Marion-Poll, 2005). ABA
is synthesized in high amounts in vegetative tissues and then transported to seeds (Kanno et
al., 2010). ABA accumulates at high levels during the maturation stage in developing seeds
(Frey et al., 2004). Among NCED proteins, NCED5 is mostly bound to the thylakoid
membrane, whereas NCED9 is found in the stroma. Other NCEDs (2, 3 and 6) are active in
both the thylakoid and stroma (Tan et al., 2003). NCED6 and NCED?9 expression is necessary

for ABA biosynthesis in the endosperm and embryo, which further regulates seed dormancy



(Lefebvre et al., 2006). Expression of NCED9 in embryo inhibits cell elongation through the
production of ABA (Frey et al., 2012). The role of NCED3 is related to response to water
stress, whereas the rest of the NCED genes showed minor effects on water deficiency (Tan et
al., 2003; Frey et al., 2012). A role for NCEDS5 in seed dormancy was deduced from its
increased expression at the maturation stage (Lefebvre et al., 2006). ABA derived from the
activities of NCED2 and NCED3 was found to have little effect on seed dormancy (Kanno et

al., 2010).

1.4 Carotenoid Sequestration and Storage

Although the rate of carotenoid biosynthesis is a critical factor in determining its steady-state
level, the size and capacity of plastids to store carotenoids has a direct bearing on its
accumulation (Cazzonelli and Pogson, 2010). Although all carotenoid biosynthesis genes are
encoded by the nuclear genome, nearly all of carotenoid pigments and their enzymes are
located in the plastid (Cazzonelli et al., 2009). Plastids are compartments within every plant
cell except pollen (Neuhaus and Emes, 2000), in which carotenoids are sequestered and
stored. The high pigment (hp)-2 tomato mutant showed high level of fruit pigmentation and
larger plastids (Kolotilin et al., 2007). Similarly, the hp-3 mutant of tomato which has a
lesion in zeaxanthin epoxidase and deficiency in ABA, has a larger plastid compartment and
30% more storage capacity compared to wild type (Galpaz et al., 2008). Carotenoids are
stored in the plastoglobules and sequestered as a chlorophyll-carotenoid-protein complex in
the thylakoid membranes of plastids (Austin et al., 2006). The plastoglobules are droplets of
lipid or lipoprotein particles located in the plastid (Lichtenthaler and Peveling, 1966;

Brehelin and Kessler, 2008). Some studies have shown plastoglobules form as blebs in the
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stroma specifically on the thylakoid membrane or in the inner parts of the plastid envelop
membrane (Ghosh et al., 1994; Kessler et al., 1999). There is a correlation between the
number of plastoglobules and physiological and environmental events in plants (Austin et al.,
2006). For instance, the etioplasts have more plastoglobules while they do not have fully
developed thylakoids; however during plastid development or thylakoid biogenesis the
number of plastoglobules is reduced (Lichtenthaler and Peveling, 1966). Plastoglobules
contain various lipidic compounds such as free fatty acids, triacylglycerols, chlorophyll and

carotenoids (Lichtenthaler and Peveling, 1966; Kaup et al., 2002).

Different types of plastids exist in plant cells, including chloroplasts (green plastid),
leucoplasts (non-pigmented plastids), amyloplasts (starch-storing plastids), elaioplasts (lipid-
storing plastids), chromoplasts (pigmented plastids), and etioplasts (dark-grown precursors of
the chloroplast), The proplastid is the progenitor of all plastids and exists in embryogenic and
meristematic cells (Hashimoto and Possingham, 1989). Plastids can be differentiated into
specialized types to carry out specific functions depending on the tissue and organ types.
Carotenoids are accumulated in almost all types of plastids, and are therefore found in
abundance or at trace levels in most plant organs and tissues. Chromoplasts are present in
flower tissues and fruits, and are responsible for storing large amounts of carotenoids (Kohler
and Hanson, 2000). Chromoplasts of different plants may store different carotenoids. For
instance, lycopene accumulates prominently in tomato fruit, whereas lutein in marigold
flowers (Ben-Amotz and Fishler, 1998; Moehs et al., 2001). Carotenoids can also be stored in
elaioplasts in oilseeds. Carotenoid production and storage in the seed is important for seed
dormancy, ABA production and antioxidant systems (Tan et al., 2003; Calucci et al., 2004;

Frey et al., 2012).
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In some oilseed species such as Arabidopsis and canola (Brasssica napus), elaioplasts are
specialized to store lipids at high levels even to a higher range than amyloplasts (Shewmaker
et al., 1999). In many species, such as Arabidopsis, pumpkin, sunflower and canola, lutein is
the major carotenoid (Matus et al., 1993; Shewmaker et al., 1999; McGraw et al., 2001;
Lindgren et al., 2003). During seed development, carotenoids can be stored as specialized

lipoprotein-sequestering structures in elaioplasts (Vishnevetsky et al., 1999).

15 Small RNA and miRNA

Small RNAs (sRNA) are a class of RNA, 18-24 nucleotides long, that are not translated to
protein but are major gene expression regulators at the post-transcriptional level (Bologna et
al, 2012). Plant sRNA are classified into various groups, such as small interfering RNA
(sSiRNA), microRNA (miRNA), natural antisense siRNA and trans-acting sSiRNA (Chapman
et al., 2007; Wei et al., 2012). MiRNAs function by cleaving target mMRNA (Llave et al.,
2002), transcriptional inhibition (Khraiwesh et al., 2010) or translational repression
(Brodersen et al., 2008). MiRNA biogenesis starts with the transcription by RNA polymerase
Il in the nucleus. In plants, mature miRNA formation is a multi-step process (Bartel, 2004).
First, pri-miRNA is cleaved to miRNA precursor with a characteristic hairpin structure.
Then, pre-miRNA is further cleaved to a miRNA duplex (miRNA:miRNA), a short double-
stranded RNA (dsRNA) and a mature miRNA (Bartel, 2004). Finally, mature miRNAs are
predominantly incorporated into the RNA-induced silencing complex (RISC) in which they
negatively regulate gene expression by inhibiting translation or degrading coding mRNAs by
perfect or near-perfect complementation to target mRNAs (Rhoades et al., 2002). In plants

MIRNAs target mostly transcription factors (Mitsuda and Ohme, 2009), hormone receptors
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(Navarro et al., 2006) and enzymes (Fujii et al., 2005). In Arabidopsis, approximately 300
miRNAs (http://microrna.sanger.ac.uk) have been identified and grouped into families

containing members whose sequences differ by only a few nucleotides.

1.6 Role of microRNA156 in Carotenoid Regulation

The microRNA156 (miR156) family in Arabidopsis has eight members (a-g) which regulate
a network of genes by repressing 10 SQUAMOSA PROMOTER BINDING PROTEIN LIKE
(SPL) genes, which encode plant-specific transcription factors (Wei et al., 2010). SPLs play
important roles in several physiological processes, such as fruit development, flowering time,
vegetative to reproductive phase transition (Arazi et al., 2005; Kropat et al., 2005) and
secondary metabolism (Wei et al.,, 2010; Gou et al.,, 2011; Wei et al., 2012). SPL
transcription factors have been identified in various plant species, including maize and
Arabidopsis (Lannenpaa et al., 2004; Guo et al., 2008; Wang and Burge, 2008). SPL proteins
contain a conserved DNA binding motif through which they bind to the specific sequence in
the promoters of target genes and regulate their expression. Based on studies in Arabidopsis
(Cardon et al., 1999; Liang et al., 2008), Antirrhinum majus (Klein et al., 1996) and
Chlamydomonas reinhardtii (Kropat et al., 2005), the consensus SPL binding sequence was
determined to be T(N)CGTACAA with the core sequence being GTAC (Wei et al., 2012).
The Arabidopsis 16 SPL proteins have a conserved DNA binding domain (Cardon et al.,
1997; Lannenpaa et al., 2004; Birkenbihl et al., 2005), but only 10 of them were determined
to be regulated by miR156 (Rhoades et al., 2002; Schwab et al., 2005). Based on in silico
analyses, SPL binding elements with a GTAC element invariant core were present in the

promoter regions CCD and NCED genes. Interestingly, the promoter of miR156b also
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contains SPL binding elements and is regulated by SPL15 in a feedback regulatory loop

system (Wei et al., 2012).

In silico analysis revealed that only SPL genes have the segments complementary to the
mature sequence of miR156 in the Arabidopsis genome (Rhoades et al., 2002). MiR156
overexpression in Arabidopsis is accompanied by faster rosette leaf initiation, enhanced leaf
number and delayed flowering. (Schwab et al., 2005). These characteristics are similar to
max3 and max4, which are defective in CCD7 and CCD8 functions, respectively (Sorefan et
al., 2003; Booker et al., 2004). Since these two mutants showed a decrease in strigolactone
accumulation, this suggests a link between carotenoid metabolism and miR156 expression. In
addition, miR156 overexpression mutant showed an increase in the levels of zeaxanthin, -
carotene, violaxanthin and lutein (Wei et al., 2012), and overexpression of miR156 in
Brassica napus caused enhanced branching and increased accumulation of carotenoids (Wei
et al., 2010). The various functions of SPLs have been reported (Cardon et al., 1997; Schwarz
et al., 2008), and based on their roles, they were grouped into four categories SPL9/SPL15,
SPL6/SPL13, SPL11/SPL10/SPL2 and SPL3/SPL4/SPL5 (Guo et al., 2008). SPL3, SPL4 and
SPL5 are involved on plant juvenile-to-adult transition (Cardon et al., 1997; Wu et al., 2006).
SPL9 and SPL15 are regulated vegetative phase transition and negatively regulate leaf
initiation (Schwarz et al., 2008). SPL11, SPL10, and SPL2 regulate morphological change
and shoot maturation in the reproductive phase (Shikata et al., 2009). To investigate which
SPL genes are the best candidates to regulate carotenoid biosynthesis, mutants of all SPL
genes were studied (Wei et al., 2012). Of all the spl mutants, only spl15 showed increases in
levels of carotenoids, whereas other spl mutants were less affected (Wei et al., 2012). SPL15
is active in the vegetative shoot apex; therefore, spl15 mutant phenotypes were found to

affect vegetative development, including juvenile-to-adult phase transition (Schwarz et al.,
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2008). In addition, SPL15 loss-of-function leads to enhanced branching, altered inflorescence
architecture and shortened plastochron during vegetative growth (Schwarz et al., 2008).
Mutation in the miR156 target site of the SPL15 gene leads to reduced SPL15 transcript
cleavage, and thereby increased accumulation of SPL15 mRNA in the Arabidopsis mutant,
and also promotes juvenile-to-adult phase change (Usami et al., 2009), but the exact

mechanism of this effect is not yet well understood.

1.7 Proposed Research
Enhanced expression of miR156 results in reduced SPL15 expression, increased shoot

branching and enhanced carotenoid content (Wei et al., 2010; Fu et al., 2012; Wei et al.,
2012). An Arabidopsis mutant, sk156, isolated in our laboratory has enhanced miR156
expression, carotenoid accumulation and shoots branching. These phenotypes of sk156 are
consistent with reduced levels of the branching inhibitors, strigolactones. Since strigolactones
are carotenoid degradation products, the increased carotenoid accumulation in this mutant is
likely due to reduced carotenoid degradation rather than increased carotenoid biosynthesis.
This is supported by previous findings that none of the carotenoid biosynthesis genes were
up-regulated in the sk156 mutant, and by in silico analysis, which revealed that none of these
genes had complementary sequences to the mature miR156 sequence (Wei et al., 2012).
Therefore, | hypothesize that the enhanced carotenoid content in sk156 and RS105 (a
transgenic miR156 overexpression line) may be due to reduced carotenoid degradation
resulting in low levels of strigolactones and other carotenoid degradation products
(apocarotenoids), and that SPL15 functions by activating the expression of carotenoid
degradation CCD and NCED genes. This is supported by my in silico analysis that revealed

the existence of between two and eight SBD (SPL Binding Domain) invariant core GTAC
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elements in the promoters of all CCD and NCED genes (except CCD1). Therefore, | set out
to investigate whether expression of CCD and NCED genes is affected by changes in the

expression of miR156 and SPL15.

In addition, reports in the literature have shown cases where enhanced carotenoid
accumulation was accompanied by changes in the anatomical structure of plastids resulting in
enhanced ability to store carotenoids (Paolillo et al., 2004; Kolotilin et al., 2007; Galpaz et
al., 2008; Cazzonelli and Pogson, 2010). Further analysis revealed changes in the thylakoid
membranes of the plastids allowed them to store large quantities of carotenoids (Paolillo et
al., 2004). Therefore, | analyzed the anatomical structure of plastids of seeds of different
Arabidopsis lines by transmission electron microscopy (TEM).
| hypothesize that
- SPL15 activates at least some of the CCD and NCED genes, and that suppression of
SPL15 by miR156 leads to reduced expression of CCD and NCED genes, reduced
carotenoid degradation, and hence enhanced carotenoid accumulation.
- Enhanced seed carotenoid accumulation may be associated with changes in the

anatomical structure of the plastids allowing them to store excess carotenoids.

The objectives of this study are to:

- Determine if any of the CCD and NCED genes are regulated by SPL15 by employing
guantitative real time PCR (qRT-PCR) to test expression of the nine CCD and NCED
genes in the siliques and roots of WT (Wild Type), sk156 (miR156 overexpression
mutant), RS105 (transgenic miR156 overexpression line), spl15 (SPL15 knockout
mutant) as well as in 35S:SPL15 (SPL15 overexpression line).

- Confirm whether SPL15 binds to any of the GTAC elements in the nine CCD/NCED

genes using ChIP-gPCR.
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- Analyze plastids of WT, sk156, RS105 by transmission electron microscopy to

determine the impact of miR156 overexpression on anatomical structure.



17

2 MATERIAL AND METHODS
2.1 Plant Materials and Growth Conditions

All the A. thaliana lines used in this work were in the Columbia background. Seeds of sk156
(miR156 overexpression mutant), RSI05 (transgenic miRI56 overexpression line),
35S:SPL15 (SPL15 overexpression lines), sp/15 (SPL15 knock out mutant) and WT (wild
type) were sown in soil in plastic pots and left in a 4°C cold room for two days before
transfer to growth chambers. The miR156 over expression mutant (sk156) was selected from
an Arabidopsis activation-tagged population that was developed using a T-DNA construct
containing four repeats of the enhancer element of the cauliflower mosaic virus (CaMV)
(Wei et al., 2012). The SPL15 knock out mutant, SALK 138712, was used as a spl15. The
RS105 was kindly provided by Dr. Gang Wu (Wu et al., 2009). The 35S:SPL15 lines were
generated in our lab. The seeds were germinated and seedlings grown under 16 hours of light
and 8 hours of dark conditions in soil. Siliques were used at 10 DPA (days post anthesis) for
expression analysis, because this is the stage at which miR156 is expressed at its highest

level.

For seedlings grown on agar plates, seeds were surface-sterilized and sown on top of solid
MS medium in petri dishes. After stratification for at least two days at 4°C in the dark, plates
were placed under continuous fluorescent white light (photon fluence rate of 80 pmol m™
sec™) at 22°C to induce germination. Roots were used for RNA extraction 10 days after seed

germination.
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2.2 RNA Extraction from Arabidopsis Tissue

Total RNA was extracted according to a modified MasterPure™ Plant RNA Purification Kit
(IMumnia, Madison, USA). For this purpose, 15-20 siliques (25-50 mg) were ground to a fine
powder using liquid nitrogen with a pre-chilled mortar and pestle. The extraction buffer (600
pl of lysis solution, 6 pl of 100 Mm DDT and 1 pul of proteinase k) was immediately added to
each sample in a 1.5 ml tube and tissue was mixed for 1 min. The mixture was placed at 56°
C for 15 min, and then centrifuged at 16000 g for 10 min at room temperature, and the
supernatant was transferred to a new tube. In the second step, 250 ul of protein precipitation
reagent was added to pellet and the mixture was centrifuged at 16000 g for 10 min at 4° C.
The supernatant was transferred to a new tube and 750 pl of isopropanol was added to each
tube and tubes were inverted 40-50 times then placed at -20° C for 10 min. Solutions were
centrifuged at 15000 g for 10 min to pellet RNA. In the third step, 200 ul of DNase solution
(173 pl RNase-free water, 20 ul 10X DNase buffer, RNase-free DNase and 2 pl RiboGuard
RNase Inhibitor) was added to each tube and incubated at 37°C for 25 minutes to remove
DNA contaminants. Afterwards, 200 ul of lysis solution and 200 ul of protein precipitant
reagents were added to each sample and solutions were centrifuged at 13000 g for 10 min at
4° C. The Supernatant was transferred to a new tube and 750 pl of isopropanol was added to
each tube and the mixture was centrifuged as in the previous step. The RNA pellet was

washed twice with 70% ethanol, and then the RNA was dissolved in 40 pl of sterile ddH,O.

2.3 DNA Extraction from Arabidopsis Tissues

Leaf tissue (200 mg) was ground with a plastic rod inside of a 1.5 ml tube, and 500 pl of

extraction buffer (2% CTAB, 1.4 M NaCl, 20 mM EDTA and 100 mM Tris) was then added
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to the ground sample. The mixture was mixed for 15 seconds by vortexing and then 500 pl of
chloroform was added to the tube and mixed. The mixture was centrifuged at 1000 g for 5
minutes, and the supernatant was transferred to a new tube. Afterwards, 750 pl of
isopropanol was added to the supernatant and centrifuged at 18000 g for 15 minutes. The
supernatant was then discarded, and the pellet was washed with 70 % ethanol and allowed to

dry. The dry pellet was dissolved in 30 pl of sterile ddH,O.

2.4 Preparation of Chemically Competent E. coli Cells

A colony from a freshly streaked E. coli (TOPO 10) was used to inoculate 5 ml of Luria Broth
(LB), and incubated overnight with shaking at 37°C. Two mL of this starter culture was then
used to inoculate 1 L of LB medium in a flask and allowed to grow at 37°C with shaking.
ODgoo Was measured on an hourly basis until it reached 0.35-0.4, and then the culture flask
was placed on ice for 15 minutes. The culture was then transferred into the centrifuge bottles
and centrifuged at 2700 g at 4°C for 10 min. The pellet was re-suspended in 20 ml of cold 0.1
M CaCl, and inoculated on ice for 30 min, and then centrifuged at 1700 g for 10 min at 4°C.
The supernatant was discarded and cells were re-suspended in 1 ml of 0.1 M CaCl,. The
suspended cells were then transferred into a 50 ml tube and kept on ice for 3 h. To each 50
ml tube, 400 pl of sterile 15% glycerol was added. The cells were divided into 40-50 pl

aliquots in sterile eppendorf tubes, flash frozen, and stored at -80°C until use.

2.5 Preparation of Electro-Competent Agrobacterium tumefaciens Cells

A single colony of A. tumefaciens (GV3101) was used to inoculate 5 ml of LB medium in a

culture tube. The cultures were grown at 28°C with shaking overnight. A 3 ml aliquot of the
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of starter culture was then used to inoculate 1 L of LB medium, which was allowed to grow
at 28°C on a shaker until ODgy reached 0.5-0.7. The culture was then transferred into
centrifuge bottles and centrifuged at 1700 g at 4°C. The supernatant was discarded and the
pellet re-suspended in 50 ml of sterile cold ddH,0O and centrifuged at 1700 g at 4°C for 10
min. The supernatant was again discarded and the pellet re-suspended in 15% glycerol. Cells
were then harvested by centrifuging at 1700 g for 10 minutes at 4°C. Glycerol was decanted
and an equal volume of ice-cold 15% glycerol was added. Cells were divided into 40-50 pl

aliquots in eppendorf tubes, flash frozen, and stored at -80°C until use.

2.6 Plasmid Extraction

Bacterial colony containing pPENTER-SPL15 was inoculated in 3 ml of LB broth (containing
the appropriate antibiotic) in a culture tube. For kanamycin-resistant clones, kanamycin was
added to LB media to a final concentration of 50 pug/ml. The tubes were put on a shaker at 40
g for 14-16 h at 37°C. The bacterial culture was then transferred to a 1.5 ml micro centrifuge
tube, and then the bacterial cells were collected by centrifugation at 19300 g for one min. The
supernatant phase was removed and the bacterial pellet was suspended in 200 pl of solution I
(50 mM glucose, 25 mM Tris-HCI and 10 mM EDTA) and mixed well, then 200 pl of
solution 11 [0.2 N NaOH and 1% (w/v) SDS to final volume of 10 ml] was added and tubes
were inverted 8-10 times gently. Finally, 200 ul of solution Il (5 mM CH3COOK and 115
ml of Glacial acetic acid to a final volume of 100 ml) was added and tubes were inverted 8-
10 times gently. Tubes were placed on ice for 5 minutes. Bacteria and protein debris were
removed by centrifugation at 19300 g for 5 minutes, and the supernatant was transferred to a

new tube. Subsequently, 1 ml of 100% ethanol was added to each tube and placed at -20°C
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for 10 min. DNA was collected by centrifugation at 18000 g for 10 minutes. Ethanol was
discarded and the pellet was washed with 70% ethanol. The pellet was then dissolved in 40

pl of sterile ddH-O.

2.7 DNA Sequencing

DNA of constructs and PCR products was analyzed by sequencing at the DNA sequencing
facilities at Robarts Research Institute (Western University) and the Southern Crop

Protection and Food Research Center, Agriculture and Agri-Food Canada, London, Ontario.

2.8 Primer Design

For testing the transcript level of CCD/NCED genes, the coding regions of genes were
selected for designing the primers. These primers were used for subsequent cloning,
sequencing and gqPCR analysis. For the ChIP-qPCR, the promoter regions of CCD/NCED
genes were used for designing the primers. All of the primers were designed using primer
select Lasergene 10 software with the following parameters for those primers that were used
for gPCR: product size ranged from 80-200 bp, primer length ranged from 20-25 bp and
melting temperature between 58-65°C. The primers were aligned with Primer-Blast software

(http://www.ncbi.nlm.nih.gov/tools/primer-blast/) (Table 3). All PCR amplification products

were sequenced to ensure product identity.


http://www.ncbi.nlm.nih.gov/tools/primer-blast/
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2.9 Generating SPL15-GFP Fusion Constructs

To make the 35S:SPL15-GFP construct, the full CDS of SPL15 (accession # AT3G57920)
from leaf cDNA was amplified by PCR using SPL15-R1 and SPL15-F primers (Table 3) and
High Fidelity DNA polymerase. For the SPL15 C-Terminal fusion, four bases CACC were
added to the forward primer and the stop codon was removed from the reverse primer
(SPL15-R1 and SPL15-F; Table 3). Purified PCR products were sub-cloned into the
PENTR/D-TOPO® vector. TOPO reaction was performed by adding 4 ul of PCR product, 1
pl of salt solution and 1 pl of vector, mixed and left in RT for 10 min then transferred to
TOPO 10 chemically competent cells. After growth on an LB medium plate, which contained
kanamycin, colonies were selected and cultured in an LB broth, and then the plasmid was
extracted. Samples were confirmed by PCR and sequencing. Then the entry clones
(PENTER/D-SPL15) were linearized by Hpa | and Pvul restriction enzymes, which each of
them had one cutting site within the pENTER/D backbone but not within the SPL15 cloned
fragment. LR recombination was performed with Gateway compatible destination vector
pMDCB85 for SPL15 C-terminal fusion. LR recombination was performed between an attL
site flanking the insert in the entry clone and an aatR site on the destination vector to
generate an expression clone (Invitrogen). LR recombination was performed with 3 pl of
entry clone containing150 ng of DNA, 1ul destination vector (100 ng DNA) and 1 pl of 5X
LR Clonase Reaction Buffer. The reaction mixture was mixed by tapping and incubated at
25°C for 5 h. The reaction was terminated by adding 1 pl of proteinase K at and incubation at
37°C for 10 min. 2 pl of each LR reaction were transferred to TOPO 10 chemically
competent cells then cultured on an LB plate containing kanamaycin (50 pg/ml). Plasmids
were extracted and confirmed by sequencing, Ncol enzyme digestion and PCR. The Ncol had

one recognition site within pMDCB85 vector and one recognition site within SPL15 fragment.
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The resulting expression vectors were introduced into A. tumefaciens GV3101 electro
competent cells, which were then used to transform wild type Arabidopsis plants by the floral

dip method (Zhang et al, 2006).

2.10 Arabidopsis Transformation

A. tumefaciens GV3101, harboring 35S::SPL15-GFP vectors was grown in LB broth
supplemented with Rifampicin (25 pg/ml) and Kanamaycin (50 pg/ml) at 28°C overnight.
One ml of this feeder culture was used to inoculate 500 ml of LB broth containing
Rifampicin (25 pg/ml) and Kanamaycin (50 pg/ml). The culture was grown until the
stationary phase (OD 1.4-1.8). A. tumefaciens cells were centrifuged at 1700 g for 10 min,
and the pellet was suspended in 500 ml of 5% (w/v) sucrose solution, followed by the
addition of 0.02% (v/v) Silwet L-77. Four-week old Arabidopsis plants were inverted and
their aerial parts (inflorescences and axillary inflorescences) were dipped in the A.
tumefaciens cell suspension for 10 sec. Dipped plants were then laid down and covered with
a plastic cover for 16-20 h in dark conditions. Then the plastic cover was removed and the
plants were transferred to a growth chamber, and they were allowed to grow to maturity. The

seeds were then harvested and screened for transformants.

211 Screening for Arabidopsis Transformants

Seeds were surface sterilized using 250 ml of 70% ethanol containing 25 pl of triton X-100,
for 10 min. The solution was then discarded and the seeds were washed with 95% ethanol for
20 sec. The seeds were sown on MS medium plate containing Hygromycin (25 pg/ml). After

stratification for at least two days at 4°C in the dark, plates were placed under continuous
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fluorescent white light (photon fluence rate of 80 pmol m? sec) at 22°C to induce
germination. Transformants with true leaves and developed roots were transferred to soil in
plastic pots, and the pots were covered with plastic and moved to the growth chamber under
continuous fluorescent white light (photon fluence rate of 80 umol m™ sec™) at 22°C. After 2
weeks, DNA was extracted from positive transformants, and then PCR was done with gene-
specific primers to check the presence of the transgene. Expression of the transgene was

evaluated by gRT-PCR.

212 Chromatin Immuno-Precipitation (ChlP)-gPCR

The ChIP assay was used to evaluate the interaction between SPL15 transcription factor on
genomic DNA. The ChIP assay was performed according to the previously described
protocol (Kwon et al, 2005; Gendrel et al, 2005), with some modifications. Three-week-old
transgenic seedlings (400 mg) expressing SPL15-GFP was cross-linked with 1%
formaldehyde solution under a vacuum (Scienceware®, Cat. # 420220000) for 15 min.
Tissues were incubated with 0.125 M glycine under a vacuum for 5 min, then rinsed twice
with 1X PBS and prepared for chromatin extraction. By using liquid nitrogen, tissues were
ground to a fine powder and 10 ml of extraction buffer 1 (Table 2) was added to a 15 ml
falcon tube and gently mixed. The solution was filtered via two layers of Miracloth into a 15
ml pre-chilled falcon tube. The solution was centrifuged at 5000 g at 4°C for 15 min
(Eppendorf, Centrifuge 5810R). The supernatant was discarded and the pellet was re-
suspended in 300 ul of extraction buffer 2 (Table 2). After centrifugation at 13,000 g for 10
min, the pellet was re-suspended in 100 ul of extraction buffer 3, layered on 400 ul of

extraction buffer 3 (Table 2) and centrifuged at 16,000g for 1 h at 4°C. The pellet was re-
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suspended in 100 pl of nuclei lysis buffer (Table 2) by gentle pipetting and vortexing. The re-
suspended chromatin solution was sonicated (Fisher Scientific, Sonic Dismembbrator, model
100) four times for 15 s each at 10% power and between each sonication treatments, the
sample was placed on ice for one min. The sonicated chromatin solution was centrifuged at
13,000 g for 5 min and the supernatant was transferred to a new tubes. The sheared
chromatin solution was diluted to 1 ml in Dilution Buffer (Table 2). The chromatin solution
was divided equally to three micro-centrifuge tubes and 40 pl of Protein an agarose beads
(Salmon Sperm DNA, Millipore, Cat # 16-157) was added to each tube and incubated for 1-2
h at 4°C. The beads were collected by centrifuge at 13,000 g for 30 s and 1000 pl of pre-
cleared chromatin solutions of each sample was subjected to five pl of the anti-GFP antibody
and incubated overnight at 4°C. The following day, 50 pl of protein A- agarose beads were
added to each tube and incubated at 4°C for 1h. The beads were recovered by centrifuge at
3800g at 4°C for 30 s. The immuno complexes were then washed with a low-Salt, high salt,
LiCl Wash Buffer (Millipore, Cat # 20-156), and Tris-EDTA (TE) Buffer (Table 2) at 4°C for
5 min. After each step, the beads were collected by centrifuge at 3800g at 4°C for 30 s. After
the last wash, the beads solutions were eluted in 200 pl of fresh Elution Buffer. Cross-linking
of the immuno complexes was reversed by incubation at 65°C overnight with 200 mM NacCl.
On the third day, 2 ul of proteinase K (40 ng), 20 pl of 40 mM Tris-HCI (pH 6.5) and 10 pl
of 100 mM EDTA were added to each sample and incubated at 45°C for 1 h. The DNA was
purified with phenol/chloroform (1:1; vol/vol) and precipitated with anhydrous ethanol, 0.3
M sodium acetate (NaOAc, PH 5.2) and 15 pg of glycogen carrier. The DNA pellet was
washed with 70% ethanol and re-suspended in 16 pl of ddH,O. Then the DNA was used to
quantify specific regions of the promoter that may have SPL binding sequences using g°PCR

with promoter-specific primers (Table 2). For qPCR, 2 pl of DNA, 1mM of each forward and
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reverse primer, 5 pl of PerfeCta® SYBR® Green FastMix® (Quanta Biosciences, cat#
95072-012) and 1 pl of water were mixed and centrifuged briefly. The program suggested by
the kit was used; i.e. 95°C for 35s (one cycle), then 94°C for 5s and 58°C for 30s (45 cycles)
for quantitative amplification (Bio-Rad, CFX96™). Melt-curve analysis for each primer was
performed according to the following steps (65-95°C for 5 s, with a 0.5°C increment). The
relative amount of each region in the ChIP-DNA samples was normalized against % input
DNA using the 20***Y method (Bio-Rad, CFX96™). The relative amounts for each GTAC
element in the prompter regions of candidate CCD/NCED genes in three different biological
replicates were compared between each independent replicate and wild type plant as a

control.



Table 1: The Buffers used in the ChIP assay

Buffers

Reagents amounts

Extraction Buffer 1

Extraction Buffer 2

Extraction Buffer 3

Nuclei Lysis Buffer

ChIP Dilution Buffer

Low-Salt Immune
Complex Wash Buffer

High-Salt Immune
Complex Wash Buffer

TE Buffer

Elution Buffer

20 ml of 2M sucrose, 1 ml of 1M Tris-HCI (PH 8), 1 ml of 1 M
Magnesium Chloride (MgCl,), 35uL OF 14.3 M B-mercaptoethanol (B-
ME), 50 pL OF 0.2 M phenylmethylsulfony! fluoride (PMSF), and two
tablets of Protease inhibitor (PI) (Roche, Cat. # 04693132001) were
added to the final volume of 100 ml Milli-Q water

1.25 ml of 2 M sucrose, 100 uL OF 1 M Tris-HCI (pH 8), 100 pL of 1M
MgCl,, 0.5 ml of 20% Triton, 3.5 pl of 14.3 M B- mercaptoethanol, 5 pl
of 0.2 M PMSF, and 1/5 of a complete tablet of Pl were added to the
final volume of 10 ml of Milli-Q water.

8.5 ml of 2M sucrose, 100 pl of 1M Tris-HCI (pH 8), 75 pL of 20%
Triton, 20 pl of 1 M MgClI,, 3.5 pl of 14.3 M B-ME, 5 pyL of 0.2 M
PMSF, and 1/5 Complete tablet of Pl were added to final volume of 10
ml Milli-Q water

0.5 ml of 1M Tris-HCI (pH 8), 200 pl of 0.5 M EDTA, 0.5 ml of 20%
SDS and 1/5 of a complete tablet of Pl were added to the final volume
of 10 ml Milli-Q water.

1.1 ml of 20 Triton, 48 pl of 0.5 M EDTA, 334 pl of 1 M Tris-HCI (pH
8), 668 ul of 5 M NaCL were added to the final volume of 20 ml Milli-
Q water.

150 mM NacCl, 0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM
Tris-HCI (pH 8)

500 mM NaCl,0.1%SDS,1% Triton X-100, 2 mM EDTA, 20 mM Tris-
HCI (pH 8)

10 mM Tris-HCI (pH 8), 1 mM EDTA 1 M Tris-HCI (pH 6.5)

1 ml of 20% SDS, and 0.168 g of NaHCO; were added to the final
volume of 20 ml Milli-Q water.
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2.13 Transmission Electron Microscopy

Arabidopsis seeds were dichotomized with a sharp razor and fixed in 2.5% glutaraldehyde
and 1.6% paraformaldehyde in a sodium phosphate buffer pH 7.4 overnight, and then washed
in Milli-Q water for 2-3 h. Seeds were post-fixed in 2% osmium tetroxide (OsO4) for 2 h in
the dark under the hood, then washed four times with Milli-Q water. Seeds were dehydrated
in a graded acetone series, 20%, 50%, 70%, 90%, 95% and 100% followed by one exchange
for 15-20 min for 20% until 95% and three exchanges for 100%. Pure plastic was prepared
and seeds were infiltrated with it. To prepare pure plastic, 3.5 ml of Araldite, 4.5 ml of Epon
812, 18 ml of DDSA and 0.67 ml of 4-DM-30 were added together and mixed with a plastic
rod. Seeds were immersed in 1:2 and 2:1 pure plastic: acetone and rotated gently on a
mechanical wheel for 20 and 6 h respectively. Seeds were then immersed in pure plastic in
flatbed embedding molds and polymerized at 65°C for 2 days. Specimens embedded in pure
plastic were cut into 60 nm sections using an Ultracut E microtome equipped with a diamond
knife (Diatome, Switzerland). Sections were transferred to copper grids (Cu-G400; EMS).
Specimens were stained with 2% Uranyl acetate for 15 min and washed gently with Milli-Q
water, then put on Reynold's lead citrate solution followed by a solid granule of NaOH for 1
min (Bozzola and Russell, 1992). Specimens were washed and air-dried, then observed with
a Philips CM-10 transmission electron microscope operating at 60 kV. The Image J software
was used to measure the size of the elaioplasts in the transmission electron micrographs
according to the manufacturer’s protocols (http://rsbweb.nih.gov/ij/). For each electron
micrograph, the scale in Image J software was set based on the original scale which was
provided with TEM, and then the area measurement was used to assess the elaioplasts sizes

in sk156, RS105 and wild type.
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2.14 Agarose Gel Electrophoresis

DNA and RNA fragments were separated in 1% agarose gel (W/V) prepared in a 0.5X TBE
(Tris/Borate/EDTA) buffer. Gel Red (1.5 pg/mL) was added to the agarose gel before
solidification. DNA and RNA samples were loaded with 1X loading dye and gel were run at

90 V.

2.15 Real Time-gPCR Analysis

Reverse transcription PCR was performed with 4 pl of 5X qScript cDNA SuperMix (Quanta
Biosciences, US) with 900 ng of the RNA sample in a total volume of 20 pl. PCR was
carried out according to company instructions (25° C for 5 min, 42° C for 30 min, and 85° C
for 5 min). Samples were diluted four times by adding sterile ddH,O. For qPCR, 2 pl of
cDNA, 1mM of each forward and reverse primer, 5 pl of PerfeCta® SYBR® Green
FastMix® (Quanta Biosciences, cat# 95072-012) and 1 pl of water were mixed and
centrifuged briefly. The program suggested by the kit was used; i.e. 95°C for 35s (one cycle),
then 94°C for 5s and 60°C for 35s (45 cycles) for quantitative amplification (Bio-Rad,

CFX96™),

A number of reference genes, PP2A3, ACTIN2, UBQ5, and UBQ10, were assessed to select
the best one for normalizing the gRT-PCR data. Since UBQ10 gene showed the best target
stability (M) value (M <0.5) among the miR156 overexpression line and mutant, spl15,
35S:SPL15 lines and WT, it was chosen as a reference gene. The T-test was used to compare
the relative transcript levels of each gene in each biological replicate among miR156

overexpression line and mutant, spl15, 35S:SPL15 lines and WT.



Table 2: List of primer sequences that were used in this study
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Name Primer sequence Product Size (bp) | Application
CCD1-Fq TGTTCCGCGTGAGACAGCAG 131 gRT-PCR for CCD1
CCD1-Rq CCACCACTGCCACCGGTTC

CCD4-Fq AAGATCTCCGGTGTGGTGAAGC 133 gRT-PCR for CCD4
CCD4-Rq CCGGATTACCAGGATCCCTAGC

CCD7-Fq CTAAACCGTGGCGACGACAA 130 gRT-PCR for CCD7
CCD7-Rq CCGGAAAATCTGACGGCTTG

CCD8-Fq CGTTTATGCATGCGGTGCTC 135 gRT-PCR for CCD8
CCD8-Rq GGTCGAGGCACGAAGAATGG

NCED2-Fq CCAACAGCTGGGCACCATTTAT 133 qRT-PCR for NCED2
NCED2-Rq GTCGACCCAATCGTTTTTCCTG

NCED3-Fq ATCTTCCGGTGGTCGGAAAACT 132 gRT-PC for NCED3
NCED3-Rq ATTTGACGGCGTGAACCATACC

NCED5-Fq TGTTCACGACGAGGAGAGTTGG 134 qRT-PCR for NCED5
NCED5-Rq TATCCGCCGAATTCACGAAAGT

NCEDS6-Fq GAGCTGGGATCGGTCTAGTGGA 131 qRT-PCR for NCED6
NCED6-Rq TTGACCGTCGATCTTCACTTGG

NCED9-Fq GGAAAACGCCATGATCTCACA 61 qRT-PCR for NCED9
NCED9-Rq AGGATCCGCCGTTTTAGGAT

SPL15-Fq GGAAATCTGCTGGCTCCGAGA 150 qRT-PCR forSPL15
SPL15-Rq CAGCCACCGCCCATTTCAAC

SPL15-F CACCATGGAGTTGTTAATGTGTTCG 1066 Cloning of SPL15
SPL15-R1 AAGAGACCAATTGAAATGTTGAGGAG

SPL15-F CACCATGGAGTTGTTAATGTGTTCG 1069 Cloning of SPL15
spl15-R2 TCAAAGAGACCAATTGAAATGTTGAG

GFP-F CAGTGGAGAGGGTGAAGGTG 515 Sequencing

GFP-R GGTAATGGTTGTCTGGTAAAAGG

SPL15-R GAGCCGTTGTGGGTTGTGGTTTTCT Sequencing
SPL15-F GGCACCACAATGGGTGGATTTGAG Sequencing

35S:F3 CAATCCCACTATCCTTCGCAAGACCC Sequencing
Pro-CCDA4-F1 GCCGATTCGATCATGGTTTA 134 ChIP-gPCR
pro-CCD4-R1 CGATCGGGGCTTACTTTTTC

Pro-CCDA4-F2 GCATGCATAACCCCAAAGAGTG 124 ChIP-gPCR
Pro-CCD4-R2 | TCATGGATGGTTCAGAGTTCAAAG

Pro-CCD4-F3 CAGACCAAGATTCCCATTTCAC 101 ChIP-gPCR
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Pro-CCD4-R3 TGTACGGGGCATTCTAGCTACT

Pro-CCD8- F1 AAGGCCATGTACTCAAACCAAT 179 ChIP-gPCR
Pro-CCD8- R1 CCAAGGTATTTTCATGATTGTTCA

Pro-CCD8-F2 GAACAATCATGAAAATACCTTGGA 122 ChIP-gPCR
Pro-CCD8-R2 AAGTACGCATATCCTTGCAAAA

Pro-CCD8-F3 TGCAAGGATATGCGTACTTGATAA 174 ChIP-gPCR
Pro-CCD8-R3 TCATCGTCCATTTAGAAAACTCAA

Pro-CCD8-F4 CTCTCGCCCAAAAACGAACG 157 ChIP-gPCR
Pro-CCD8-R4 TGAAAATGGCCAAAGCGTCG

Pro-CCD8-F5 ACGCGTTGACAAAACAGAAA 151 ChIP-gPCR
Pro-CCD8-R5 CGTTCGCTTAAATTGGTGGT

Pro-NCEDS5-F1 | CTTTCGAGCTTCATATCAAAACTT 83 ChIP-gPCR
Pro-NCEDS5-R1 | AAGAACAGTTTACACGCATGTACTTA

Pro-NCED5-F2 | ATTTGCAGCTTACCGATTGAA 155 ChIP-gPCR
Pro-NCEDS5S-R2 | ACCAGGACCAGGTCTGTTTTT

Pro-NCED6-F1 | AATTGATTAGTAACTTTTGGGGACT 91 ChIP-gPCR
Pro-NCED6-R1 | AAAATTCATGCGGTGTGTGA

Pro-NCED6-F2 | TTCACCAACGGTTACACAACTC 166 ChIP-gPCR
Pro-NCED6-R2 | CAAAGTAATGGAAGAACGATAATCTG

Pro-NCED6-F3 | ACATGTGTACACGGGCAAAA 80 ChIP-gPCR

Pro-NCED6-R3

ACAAAGTAATGGAAGAACGATAATCTG
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3 RESULTS
3.1  Assessing the Specificity of DNA Fragments Amplified by PCR

The transcript levels of CCD1, CCD4, CCD7, CCD8, NCED2, NCED3, NCED5, NCEDS,
and NCED9 genes were quantified using gqRT-PCR. To confirm the specificity of the
primers, the PCR products generated using each pair of primers were sequenced, and the
sequences were subjected to a blast search at “blast.ncbi.nim.nih.gov/” to determine the
specificity of the PCR products. The results of the blast search revealed that the sequence of

each fragment was 100% identical to its predicted original sequence (Appendix 1).

3.2 Analysis of CCD/NCED Expression in miR156 Overexpression Plants
3.2.1 Effect of miR156 on CCD/NCED transcript levels in roots

To assess the expression levels of CCD and NCED genes when miR156 was overexpressed,
gRT-PCR was performed using primers designed to amplify genes that were known to be
involved in carotenoid catabolism: CCD1, CCD4, CCD7, CCD8, NCED2, NCED3, NCEDS5,
NCEDG6, and NCED9 (Fig 2). My hypothesis is that increasing the level of miR156
expression will suppress expression of SPL15 resulting in a lower level of CCD/NCED
expression. The roots from 10 day-old seedlings were used to evaluate the expression of four
CCD and five NCED genes. In experiments using three biological and two technical
replicates for each plant line, the expression levels of CCD4, CCD7 and CCD8, NCED2,
NCED6 and NCED9 were found to be significantly lower in sk156 and RS105 than in wild
type. The transcript level of NCED3 was significantly lower in sk156, but was not affected in
RS105. Expression of both CCD1 and NCED5 was unaffected in both sk156 and RS105

relative to wild type (Fig 2).
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3.2.2 Effect of miR156 on CCD/NCED transcript levels in siliques

The transcript levels of CCD1, CCD4, CCD7, CCD8, NCED2, NCED3, NCED5, NCED6
and NCED9 were also evaluated in siliques at 10 DPA (day post anthesis) in wild type, sk156
and RS105 (Fig 3). This experiment was conducted using three biological replicates and two
technical replicates for each plant line. The transcript levels of CCD7, NCED2, NCED3,
NCED5 and NCED9 were significantly lower compared to wild type. In contrast to the roots,
NCED?5 was affected in both RS105 and sk156. The transcript levels of CCD1, CCD4, CCD8
and NCED®6 were not significantly affected in both RS105 and sk156, and also the transcript

levels of CCD1 and NCEDG6 were slightly higher in RS105 and sk156 compared to wild type

(Fig 3).

The transcript levels of six CCD/NCED genes (CCD4, CCD7, CCD8, NCED2, NCED6 and
NCED?9) in the root and five CCD/NCED genes (CCD7, NCED2, NCED3, NCED5 and
NCED?9) in siliques were significantly lower in both sk156 and RS105 in comparison to the
wild type. The sk156 and RSO75 showed significant decreases in the transcript levels of
CCD7, NCED2 and NCEDS9 in both the roots and siliques. My results confirm my hypothesis
that suppression of SPL15 by miR156 leads to a reduction in the expression of some CCD

genes, and thus increased carotenoid accumulation in miR156 overexpression lines.
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Figure 2. Transcript levels of CCD and NCED genes in the roots of 10 day-old seedlings
of WT, sk156 and RS105 Arabidopsis plants.

The normalized relative transcript levels of CCD (carotenoid cleavage dioxygenesase) and NCED (9-
cis epoxycarotenoid dioxygenase) genes obtained by g-RT-PCR, in the sk156 (miR156
overexpression mutant) and RS105 (transgenic miR156 overexpression line) compared to wild type.
Roots were used 10 days after seed germination in MS medium. Data are the mean of six replicates:
three biological replicates each replicated with two technical replicates. Error bars represent the
standard error of three biological replicates. The asterisks represent a significant difference between
the transcript levels in sk156 and RS105 plants relative to wild type using Student’s t-test. * represents
P <0.05; ** P <0.01.
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Figure 3. Transcript levels of CCD and NCED genes in 10 DPA (day post anthesis)
siliques of WT, sk156 and RS105 Arabidopsis plants.

The normalized relative transcript levels of CCD (carotenoid cleavage dioxygenesase) and NCED (9-
cis epoxycarotenoid dioxygenase) genes obtained by -RT-PCR, in the sk156 (miR156
overexpression mutant) and RS105 (transgenic miR156 overexpression line) in comparison to the wild
type (wild type values were set to an arbitrary number of 1). Data are the mean of six replicates: three
biological replicates each replicated with two technical replicates. Error bars represent the standard
error of three biological replicates. The asterisks represent a significant difference between the
transcript levels in sk156 and RS105 plants relative to wild type using Student’s t-test. * represents P
<0.05; ** P <0.01.
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3.3 Analysis of the Effect of SPL15 on the Expression of CCD/NCED Genes

Prior to conducting analysis of CCD/NCED expression, | investigated expression of SPL15
in the sk156, RS105, 35S:SPL15 (SPL15 overexpression line) and spl15 (SPL15 knock out
mutant), by gRT-PCR using SPL15- primers (SPL15 Fq and SPL15 Rq; Table 3). The SPL15
PCR product was sequenced and then the sequence was subjected to a blast search
(blast.ncbi.nlm.nih.gov/). The blast result showed that there was only one match for the
SPL15 PCR product and also it was 100% identical to the original SPL15 sequence
(Appendix 1) demonstrating that the primers were gene-specific. The transcript level of
SPL15 in the 35S:SPL15-2 line in both the roots and siliques was significantly higher in
comparison to wild type (Fig 4). Although both 35S:SPL15 lines showed higher transcript
levels of SPL15 than other lines, the transcript level of SPL15 in 35S:SPL15-2 line was
significantly higher than the 35S:SPL15-5 line in both the roots and siliques. In the roots, the
transcript level of SPL15 in RS105 was significantly lower than wild type and also sk156
showed a lower transcript level for SPL15 than wild type (Fig 4A). In the siliques, the
transcript level of SPL15 in sk156 was significantly lower than in the wild type and RS105
showed a lower transcript level compared to wild type (Fig. 4B). As expected, the transcript
level of SPL15 in spl15 was the lowest in both the roots and siliques and was significantly

lower than in wild type.

331 Effect of SPL15 on transcript levels of CCD/NCED genes in roots and siliques

To assess expression of CCD and NCED genes in 10 day-old roots of 35S:SPL15 lines and
spl15 (SPL15 knockout) mutant, gRT-PCR was performed using primers specific to CCD1,

CCD4, CCD7, CCD8, NCED2, NCED3, NCED5, NCED6, and NCED9 (Table 2; Fig 5).
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This experiment was conducted using three biological and two technical replicates for each
plant line. The transcript levels of all CCD/NCED genes were significantly lower in spl15
compared to wild type. In 35S:SPL15-2, except for NCED3 and NCEDS5, the transcript levels
of other CCD/NCED genes were significantly lower than in wild type, and also NCED3 and
NCEDS5 were unaffected. The transcript levels of CCD8 and NCEDS5 in 35S:SPL15-5 were
significantly higher than in wild type; however, the transcript levels of other CCD/NCED

genes were unaffected (Fig 5).

3.3.2 The effect of SPL15 on expression of CCD/NCED genes in siliques

The transcript levels of CCD1, CCD4, CCD7, CCD8, NCED2, NCED3, NCED5, NCED6
and NCED9 were also evaluated in siliques at 10 DPA in the 35S:SPL15 lines and spl15 (Fig
6). This experiment was conducted using three biological and two technical replicates for
each plant line. Except for CCD1 and NCEDS, the transcript levels of other CCD/NCED
genes were significantly lower in spl15 mutant than in wild type. NCEDG6 transcript was at its
highest level in 35S:SPL15-2, but the transcripts of CCD4, CCD7, CCD8 and NCED2 were
unaffected in the siliques of this line. In addition, the transcript levels of NCED3, NCED5
and NCED9 were significantly lower in 35S:SPL15-2 compared to wild type. In the
35S:SPL15-5 line, the transcript levels of CCD4 and NCEDG6 were significantly higher than
in wild type. The transcript levels of other CCD/NCED genes were either unaffected or lower
than in wild type. Levels of NCEDG6 transcript were higher in both 35S:SPL15-2 and

35S:SPL15-5 compared to wild type.
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3.3.3 The link between number of GTAC element and CCD/NCED transcript levels

In silico analysis showed the existence of GTAC elements in the promoter regions (1550 bp
from first ATG) of all CCD/NCED genes, except for CCD1 (Fig 7). GTAC was identified as
the core sequence in the SPL binding site in promoters of genes regulated by SPL
transcription factors (Wei et al, 2012). The numbers of GTAC elements vary among
CCD/NCED promoters (Fig 7). Based on the effect of SPL15 on transcript levels of
CCD/NCED genes, CCD4, CCD8, NCED5 and NCED6 showed significantly higher
transcript levels in 35S:SPL15 lines compared to wild type. The number of GTAC elements
in the promoter region of CCD4, CCD8, NCED5 and NCEDG are 3, 4, 2 and 3 respectively,
and also the number of GTAC element in the promoter region of CCD7, NCED2, NCED3
and NCED9 are 4, 5, 4 and 8 respectively (Fig 7). Although the number of GTAC element in
CCD7, NCED2, NCED3 and NCED?9 are more than these numbers in CCD4, CCD8, NCED5
and NCEDS, the result showed that only the ones with lower numbers of GTAC elements

were affected by SPL15.
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Figure 4. Transcript levels of SPL15 in roots of 10 day-old seedlings (A) and 10 DPA (day post
anthesis) siliques (B) of WT, sk156 and RS105, spl15 and 35S:SPL15 Arabidopsis plants.

Normalized relative transcript levels of SPL15 obtained by g-RT-PCR in sk156, RS105, spl15 and
35S:SPL15 compared to wild type. Data are the mean of three independent biological replicates and
two technical replicates. Error bars represent the standard error of three biological replicates. The
asterisks represent a significant difference among the transcript levels of sk156 and RS105, spl15 and
35S:SPL15 plants to wild type using Student’s t-test. * P < 0.05; ** represents P < 0.01.
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Figure 5. Transcript levels of CCD and NCED genes in roots of 10 day-old seedlings of
WT, spl15 and 35S:SPL15 Arabidopsis plants.

Normalized relative transcript levels of CCD and NCED genes obtained by g-RT-PCR in spl15 and
two 35S:SPL15 (SPL15 overexpression lines) in comparison to wild type. Roots were used 10 days
after seed germination in MS medium. Data are the mean of six replicates: three biological replicates
each replicated with two technical replicates. Error bars represent the standard error of three
biological replicates. The asterisks represent a significant difference among the transcript levels of
SPL15 in spll15 and two 35S:SPL15 lines plants to wild type using Student’s t-test.* represents P <
0.05; ** P < 0.01.
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Figure 6. Transcript levels of CCD and NCED genes in 10 DPA siliques of WT, spl15
and 35S:SPL15 Arabidopsis plants.

Normalized relative transcript levels of CCD and NCED genes obtained by g-RT-PCR in spl15 and
two 35S:SPL15 compared to wild type. Roots were used 10 days after seed germination in MS
medium. Data are the mean of six replicates: three biological replicates each replicated with two
technical replicates. Error bars represent the standard error of three biological replicates. The asterisks
represent a significant difference among the transcript levels of SPL15 in spl15 and two 35S:SPL15
lines plants to wild type using Student’s t-test. * P < 0.05; ** represents P < 0.01
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Figure 7. Schematic representation of the positions of GTAC elements in the promoter
regions of CCD and NCED genes.

CCD1 is not included due to lack of GTAC elements in its promoter. The genes whose transcripts
were affected by SPL15 are shown in yellow. Small squares represent GTAC elements. Number 1, 2,
3 and 4 represent the positions of GTAC elements in the promoter regions of affected CCD and
NCED genes.



49

3.4 Analysis of SPL15 Binding to Promoters of CCD/NCED Genes

| used ChIP-gPCR assays to test for the binding of SPL15 to putative SPL binding elements
in the promoters of CCD/NCED genes. To that end, the SPL15-GFP construct (Fig 8), driven
by a 35S promoter was introduced into Arabidopsis wild type plants using the floral dip
method. After germination of T1 seeds on Hygromycin selective media, putative positive
plants which showed long roots and true leaves were transferred into soil, and were then
tested for the presence and expression of the transgene by PCR and qRT-PCR, respectively
(Fig 9). Line 2, 3 and 5, which showed the highest transcript levels of SPL15, and wild type
(control) were subjected to ChIP-gPCR assay using antibodies against the GFP protein. The
ability of SPL15 to bind to putative GTAC elements in the promoter regions of candidate
CCD/NCED genes (CCD4, CCD8, NCED5 and NCEDS®; Fig. 7) which had already shown
high transcript levels in the 35S:SPL15 lines relative to wild type) were investigated by
ChIP-gPCR. To test SPL15 occupancy on genomic DNA, specific primers spanning each
potential SPL15 binding element that contains GTAC core sequence (Fig. 7) were designed
and used. The results are presented in Figure 10 and reveal strong occupancy by SPL15 of
the promoter regions of some CCD/NCED genes. Of three binding sites in the promoter
region of CCD4 (Fig. 7), position 2 showed the highest occupancy by SPL15 in all three
independent lines. Of the four putative SPL binding sites in the promoter region of CCDS8,
positions 1, 3 and 4 showed high occupancy by SPL15. Both binding sites in the promoter
region of NCED5 showed occupancy by SPL15. Line 3 showed the highest occupancy by
SPL15 in the first binding site in NCED5 promoter. For NCEDG, all three lines showed
occupancy by SPL15 in the binding sites 1 and 2. My results also revealed that SPL15 did
not bind to positions 1 and 3 in CCD4 promoter, position 2 in CCD8 promoter and position 3

in NCEDG6 promoter (Fig. 10). To test SPL15 selective binding, one pair of primers were
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designed based on GTAC element in the promoter regions of CCD7, which was not affected
by SPL15 in expression analysis (Fig. 5, 6). The result showed lower occupancy of SPL15 on
the GTAC element in CCD7 promoter compared to GTAC elements in the promoter regions

of other affected CCD/NCED genes.

After finding high and selective binding of SPL15 to the promoter regions of affected
CCD/NCED genes, | compared the consensus sequences in the vicinity of core GTAC
elements from those which showed strong binding and those that showed weak or no binding

to SPL15 by weblogo (http://weblogo.berkeley.edu/logo.cgi) (Fig 11). In the downstream of

GTAC core in the promoter regions of affected GTAC elements between 10-18th position,
the frequency of thymine (T) were dominant; however in the same region for those GTAC
elements which showed weak or no binding, the frequency of adenine (A) were dominant
(Fig 11). Interestingly, the upstream regions of GTAC elements not affected by SPL15, all
the sequences at 10th and 15th positions (indicated by numbers 11 and 6 in figure 11) were A

and T, respectively.


http://weblogo.berkeley.edu/logo.cgi

51

Figure 8. Map of the SPL15-GFP fusion construct.

From right to left: LB, Left border; 35S: Cauliflower mosaic virus 35S promoter; SPL15, the coding
region of SPL15 without the stop codon; GFP, green fluorescent protein; Hyg, Hygromycin resistance

gene; RB, Right border.
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Figure 9. PCR amplification of the SPL15+GFP fragment in different transgenic 35S:SPL15-
GFP Arabidopsis lines (A); RT-qPCR analysis of SPL15 transcript in the same transgenic lines

(B).

PC, Positive Control (pMDC85 which harbors SPL15); L 1-6, Six independent transgenic lines. To
amplify these fragments the SPL15 forward primer and GFP reverse primer were used. B. The
normalized relative transcript level of SPL15 gene region obtained by g-RT-PCR, in six independent
transgenic lines. Data for each line is the mean of three technical replicates. The asterisks represent a
significant difference among the transcript levels of each transgenic line to wild type using Student’s

t-test. * P < 0.05; ** represents P < 0.01.
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Figure 10. gPCR analysis of DNA generated from ChIP analysis of 35S:SPL15-GFP
lines using anti-GFP antibody.

Bar graph shows the SPL15 occupancy on the promoter region of CCD/NCED genes. Data are
normalized using input DNA. Data are the mean of two technical replicates. The numbers after gene

name represent the position of GTAC element in the promoter regions of related genes.
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Figure 11. Consensus sequences in the vicinity of core GTAC elements in CCD/NCED
promoters showing strong binding (A) and weak or no binding (B) to SPL15

The letter G, T, A and C represent guanine, thymine, adenine and cytosine respectively. The

level of conservation is shown by height of the letters.
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3.5 Effect of MiR156 on the Anatomical Structure of Seed Elaioplasts

To determine if miR156 has an effect on the number and anatomical structure of plastids, I
used transmission electron microscopy (TEM) to investigate plastids (elaioplasts) in the
mature seeds of sk156, RS105 and wild type plants. This experiment was carried out to
determine whether the increase in seed carotenoid content of sk156 mutant (Wei et al., 2012)
was due to an increase in the carotenoid storage capacity of the cell as observed in other high
carotenoid plant mutants (Paolillo et al., 2004). Since the seed cortex prevents OsO,
absorption the seeds were dichotomized to allow OsO, absorption for fixation and staining.
Visual observation of electron micrographs of elaioplasts from sk156, RS105 and wild type
revealed that the former two had enlarged elaioplasts compared to wild type (Fig 12). In
plants, plastoglobules are lipoprotein particles present in all types of plastids and
accumulate carotenoids (Deruere et al., 1994). In elaioplasts of both sk156 and RS105 there
was a trend towards larger size plastoglobules compared to wild type (Fig. 12). However,
there was no significant difference between numbers of plastoglobules in elaioplasts of
sk156, RS105 and wild type. Due to the three dimensional structures of plastids in the plant
cell and different cutting orientations of plastids when doing sectioning, comparing the size
of few plastids was not a reliable approach to determine the effect of miR156 on the
anatomical structure of plastids. To account for these variations, the average size of 35
elioplasts from each of sk156, RS105 and wild type seeds were measured by Image j software
(http://rsbweb.nih.gov/ij/). The results showed that the average elaioplasts size in sk156 was
significantly higher than the average of that in wild type. Although the average of elioplast
size in RS105 was more than that in the wild type, the difference was not statistically
significant (Fig 13). Thus, my results showed that the overexpression of miR156, which

affected expression of CCD/NCED genes, further resulted in enlarged elaioplasts and
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Figure 12. Transmission electron micrographs of Arabidopsis seed elaioplasts. sk156:

miR156 overexpression mutant, RS105:miR156 overexpression line. P: plastoglobules, T:

thylakoids. Scale bars: 100 nm. The red line represents the circumference of elaioplasts.
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Figure 13. The averages size of 35 elaioplasts in mature seeds of sk156, RS105 and wild

type.

Error bars represent the standard error in the sizes of 35 elaioplasts. The asterisks represent a
significant difference between the elaioplast size of sk156 and RS105 to wild type using Student’s t-
test. * P < 0.05.
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4 DISCUSSION
4.1 Overview

Despite substantial progress in deciphering the carotenoid biosynthesis pathway (Ruiz-Sola
and Rodriguez-Concepcion, 2012), significant gaps remain in understanding how carotenoid
biosynthesis is regulated by developmental, temporal, spatial and environmental factors.
This study was conducted to elucidate the mechanism by which miR156 regulates carotenoid
accumulation in Arabidopsis, and potentially in other plants. MiR156 family in Arabidopsis
consists of eight members, which regulate a network of genes by repressing 10 SPL genes
that encode plant-specific transcription factors (Rhoades et al., 2002; Gandikota et al., 2007).
In silico analysis revealed that except for SPL genes, no other genes have complementary
sequence to miR156 in Arabidopsis (Rhoades et al., 2002). Among SPL genes which are
targeted by miR156, SPL15 was found to be the likely candidate involved in altered
carotenoid levels in Arabidopsis seeds overexpressing miR156 (Wei et al., 2012). SPL
proteins function by binding to promoters of genes that possess the consensus sequence
T(N)CGTACAA, with GTAC element being the core sequence (Wei et al., 2012). In
Arabidopsis, CCD and NCED enzymes are involved directly in carotenoid catabolism by
oxidative cleavage of carotenoid molecules (Ruiz-Sola and Rodriguez-Concepcion, 2012).
My in silico analysis of promoters of CCD and NCED genes revealed the existence GTAC
elements in eight of the genes; CCD1 being the exception. My hypothesis was that SPL15
activates at least some of the CCD/NCED genes, and that suppression of SPL15 by miR156
leads to reduced CCD expression, reduced carotenoid catabolism, and hence enhanced

carotenoid accumulation.

In this study, the molecular link between miR156, SPL15 and CCD/NCED genes in the roots

and siliques was assessed. In addition, since enhanced carotenoid level was shown in some
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cases to be accompanied by increased plastid size (Paolillo et al., 2004), the effect of mi156
on the anatomical structure and size of plastids in the seeds of miR156 over expression line

(RS105) and sk156 mutant was investigated.

4.2 MiR156 Has a General Suppressive Effect on CCD/NCED Expression in
Roots

Both Arabidopsis sk156 and RS105 plants are characterized by enhanced shoot branching and
increased number of rosette leaves. The same phenotypes were observed in the miR156 over
expression plants of Brassica napus (Wei et al., 2010), switchgrass (Fu et al., 2012) and rice
(Xie et al., 2012), which suggests that miR156 function may be conserved in these species,

and potentially in others as well.

In this study, overexpression of miR156 showed varied effects on the transcript levels of
CCD/NCED genes in siliques and roots. Not only was CCD1 not affected in the siliques in
sk156, its expression was in fact enhanced in RS105 siliques compared to wild type (Fig 3).
The same trend was observed in roots, where CCD1 was unaffected (Fig 2). Among CCD
genes, CCD1 was the only member of this gene family unaffected in both siliques and roots.
The CCDL1 is unique in its subcellular localization and activity (Ohmiya, 2009; Walter et al.,
2010). Unlike other CCD and NCED proteins, which reside in the plastid, CCD1 localizes to
the cytoplasm (Strack et al, 2010). Moreover, unlike other CCD/NCED genes, my in-silico
analysis revealed that the promoter of CCD1 did not have the consensus GTAC element that

is required for SPL binding, suggesting that it might not be regulated by SPL15.

CCD7 and CCD8 are mainly expressed in roots and are involved in the biosynthesis of

strigolactones, which are shoot branching inhibitory phytohormones (Booker et al, 2004;
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Schwartz et al, 2004; Auldridge et al, 2006). Strigolactones are derived directly from
carotenoids through the activities of CCD genes (Malusova et al, 2005). The result in this
study revealed that the transcript levels of the CCD7 and CCD8 in the roots of sk156 and
RS105 were significantly lower in comparison to the wild type. Some orthologous genes,
such as MAX3 in Arabidopsis, RMS5 in pea (Pisum sativum), and high tillering dwarf (HTD)
in rice (Oryza sativa), encode CCD7 (Johnson et al, 2006; Booker et al, 2005; Zou et al,
2006), whereas MAX4 in Arabidopsis, RMS1 in pea, and decreased apical dominance
(DAD1) in Petunia (Petunia hybrid) encode CCD8 (Sorefan et al, 2003; Snowden et al, 2005;
Arite et al, 2007). The mutants of these genes, max3 and max4, rms, htd and dad, showed
enhanced shoot branching (Turnbull et al, 2002; Johnson et al, 2006; Arite et al, 2007;
Simons et al, 2007). Our findings showed that, enhanced miR156 expression in both sk156
and RS105 reduced the expression of both CCD7 and CCDS8 in the root; and this was
accompanied by increased shoot branching and seed carotenoid levels. Despite high seed
carotenoid content of sk156, the carotenoid biosynthesis genes were not up-regulated in this
mutant, and these genes are not expected to be directly regulated by miR156 because they do
not possess miR156-related sequences (Wei et al, 2012). Thus, miR156 may not have an
effect on de novo carotenoid biosynthesis; however, since apocarotenoids, such as
strigolactones, appear to be affected in sk156 and RS105, an effect on carotenoid catabolism,
and consequently CCD and NCED genes, is likely. The sk156 and RS105 plants are
characterized by enhanced shoot branching, which is likely due to the decreased level of the
shoot inhibiting strigolactones. The same trend was observed in root exudates of max3 and
max4, which showed low level of strigolactones in comparison to wild type (Umehara et al,
2008). A reduction in the levels of other carotenoid degradation products; i.e. apocarotenoids

in the roots is also possible. For example, both CCD7 and CCD8 are also involved in B-
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carotene catabolism (Booker et al., 2004; Auldridge et al., 2006), where they cleave the 9, 10
and 13, 14 double bonds of B-carotene to produce 10-B-carotenal and 13-p-carotenone,

respectively (Ohmiya, 2009).

4.3 MiR156 Exhibits Differential Effects on Expression of CCD/NCED Genes

In the siliques, the transcript levels of CCD7, NCED2, NCED3, NCED5 and NCED9 were
significantly lower in sk156 and RS105 compared to the wild type; however, this trend was
different from that in the roots where the transcript levels of CCD4, CCD7, CCD8, NCED2,
NCEDG6 and NCED9 were affected in both sk156 and RS105. All five members of NCED
proteins are involved in ABA synthesis, and they are targeted to plastids (Tan et al., 2003).
My results showed that expression of NCED6 was reduced only in the roots, whereas in the
siliques, it showed a higher transcript level compared to wild type. ABA biosynthesis in
Arabidopsis seeds is mainly regulated by the action of NCED6 and NCED9, and their
transcript levels were higher in comparison to NCED2, NCED3 and NCED?5 (Lefebvre et al.,
2006). In addition, the nced6-nced9 double mutant in Arabidopsis showed reduced ABA
levels and a dormancy period (Lefebvre et al., 2006). Based on my results, there were no
significant changes observed in terms of seed germination and dormancy in sk156 and
RS105. Perhaps a reduction in expression of NCED9 in the siliques of sk156 and RS105 was
not significant enough to cause dormancy as was observed in the nced6-nced9 double
mutant. In contrast to the roots, CCD8 was unaffected in the siliques. Since sk156 showed
increased levels of B-carotene in seeds, probably CCD7 has a stronger effect on B-carotene

accumulation in this organ.
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4.4 The Effect of SPL15 on the Transcript Level of CCD/NCED Genes

As SPL15 is active in the vegetative shoot apex; SPL15 mutant phenotypes were found to
affect vegetative development, including juvenile-to-adult phase transition (Schwarz et al.,
2008). In addition, SPL15 loss-of-function leads to enhanced branching, altered inflorescence
architecture and shortened plastochron during vegetative growth (Schwarz et al., 2008). My
results showed that the transcript levels of CCD4, CCD7, NCED2 and NCEDS9 in the roots,
and NCED3 and NCED?Y, in the siliques were significantly lower in 35S:SPL15 (SPL15
overexpression) lines relative to wild type, but CCD8 and NCED2 were unaffected in siliques
and NCED3 in roots. Therefore, the higher transcript level of SPL15 in 35S:SPL15 lines do
not necessarily lead to higher transcript levels of CCD/NCED genes. Transgenic sk156 plants
overexpressing native SPL15 had a sk156 phenotype, whereas those overexpressing a
mutated (miR156 insensitive) SPL15 (35S:SPL15m) showed a wild type phenotype and
reduced miR156 transcript levels (Wei et al., 2012). This led the authors to suggest and
ultimately proved that SPL15 had a negative regulatory effect on its cognate miR156
regulator (Wei et al., 2012). My results showed that enhanced SPL15 expression had a
negative effect on the expression of some CCD/NCED genes including, CCD7, NCED2, and
NCED9, and also up-regulated CCD8, NCED5 and NCED6 which suggests that SPL15,
perhaps only when overexpressed, can have a silencing effect on at least some CCD/NCED
genes. A negative regulatory effect of miR156 and target genes on downstream genes is
corroborated by earlier findings on the negative regulation of anthocyanin biosynthesis genes
by SPL9 in Arabidopsis (Gou et al., 2011). My results showed that in spl15 the transcript
levels of all CCD/NCED genes in roots were significantly decreased compared to wild type

and also except for CCD1 and NCEDSG, the transcript levels of other CCD/NCED genes in
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siliques were significantly lower in comparison to wild type. These findings confirm my

hypothesis that at least some CCD/NCED genes are positively regulated by SPL15.

The numbers and locations of the of GTAC core element vary among CCD and NCED
promoters (Fig 7). SPL15 exerts different effects on the transcript levels of different CCD
and NCED genes in the roots and siliques. The results in both the roots and siliques revealed
that CCD4, CCD8, NCEDS5 and NCEDG had significantly higher transcript levels compared
to wild type; however, CCD7, NCED2, NCED3 and NCED9 were unaffected. Interestingly,
the number of GTAC elements in the promoter regions of CCD4, CCD8, NCED5 and
NCEDG6 were 3, 4, 2 and 3 respectively, which were less than those in the promoter regions
of CCD7, NCED2, NCED3 and NCED9, which contain 4, 5, 4 and 8 GTAC elements,
respectively. Therefore, the number of GTAC elements in the promoter regions of CCD and
NCED did not correlate with effects on the transcript levels of CCD/NCED genes, as only
those with lower numbers of GTAC elements was affected by SPL15. Among the
CCD/NCED genes affected by SPL15, GTAC elements were present between 500 and 1550
bp upstream of the translation start codon, and thus I conclude that this region, and not the

number of GTAC elements, may be critical for CCD/NCED regulation by SPL15.

4.5 SPL15 Binding to Promoters of CCD/NCED Genes

The binding of SPL proteins to promoters of some genes in the miR156/SPL regulatory
network has been previously demonstrated (Yamaguchi et al., 2009). My ChIP-gPCR
analysis demonstrated that SPL15 can bind to the promoters of CCD4, CCD8, NCED5 and
NCEDG, even though there were variations in the binding capacity in different genes, and

even to different GTAC elements within the same promoter. These results suggest a selective
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binding of SPL15 to regions within the CCD/NCED promoters. In addition, the in silico
analysis showed the importance of sequences immediately up-stream and down-stream of the

GTAC core element for SPL15 binding efficiency.

4.6 Overexpression of miR156 Affects the Anatomical Structure of Plastids in
Seeds

In oilseeds, including Arabidopsis, carotenoids can be stored in seed elaioplasts, where
carotenoid production and storage is important for seed dormancy, ABA production and
antioxidant systems (Calucci et al., 2004; Frey et al., 2012). Although the metabolic
pathways that control carotenoid biosynthesis and catabolism are essentially known, and
together play a significant role in determining the steady-state level of carotenoids, the
capacity and size of plastids to store carotenoids has a direct bearing on carotenoid
accumulation as well (Cazzonelli and Pogson, 2010). Even though all carotenoid
biosynthesis genes are encoded by the nuclear genome, nearly all carotenoid pigments and
their enzymes are located in the plastid (Cazzonelli et al., 2009).

Transmission electron micrographs of elaioplasts from mature sk156, RS105 and wild type
seeds showed plastoglobules as round particles on the thylakoid membranes of plastids (Fig
8), which is consistent with earlier studies (Austin et al., 2006; Brehelin et al., 2007; Nacir
and Brehelin, 2013). The numbers of plastoglobules are dependent on plastid development
and plastoglobules biogenesis (Kroll et al., 2001; Austin et al., 2006; Rudella et al., 2006).
The number of plastoglobules that | detected by analyzing electron micrographs of
elaioplasts of sk156, RS105 and wild type seems to be higher than that found in chloroplasts
by Brehelin and Kessler (2008). The same trend was observed in the etioplast, where the

number of plastoglobules were reported to be more than in chloroplasts (Lichtenthaler and
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Peveling, 1966). In some oilseed species, such as Arabidopsis and Brassica napus,
elaioplasts are specialized to store lipids at high levels even to a higher range than
amyloplasts (Shewmaker et al., 1999). My results showed that there is a link between
enhanced carotenoid accumulation and the size of elaioplasts. Electron micrographs of sk156
showed that the average size of a total of 35 elaioplasts is significantly larger compared to
wild type. RS105 also showed a larger plastid size compared to wild type, but not as large as
that of sk156. This may be due to differences in levels of miR156 expression; with sk156
showing higher expression than RS105. This is also consistent with sk156 mutant having a
higher level of some carotenoids, such as lutein, f-carotene, violaxanthin and zeaxanthin
(Wei et al., 2012). Thus, I conclude that enhanced carotenoid accumulation has a direct effect
on elaioplasts size in Arabidopsis seeds, and that the ability of the cell to store and sequester
carotenoids is a critical determinant of the steady-state level of carotenoids. Similar findings
were reported in other plant species. For example, in Brassica oleracea (cauliflower)
enhanced carotene accumulation in the Or mutant is accompanied by an increase in the size
of chromoplasts (Paolillo et al., 2004). Also the high pigment 2 (hp-2) tomato mutant
showed high levels of lycopene and larger plastids (Kolotilin et al., 2007). Similarly, the high
pigmentation 3 (hp-3) mutant of tomato, which has a lesion in zeaxanthin epoxidase and
deficiency in ABA, has a larger plastid compartment and 30% more storage capacity
compared to wild type (Galpaz et al., 2008). Besides the size of elaioplasts, the
plastoglobules in sk156 and RS105 showed a larger size compared to those in wild type.
Based on my results, | conclude that there is a link between the level of carotenoid

accumulation and the sizes of the elaioplasts and plastoglobules in Arabidopsis seeds.
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4.7 Conclusions and Prospective for Future Research

In my research, the involvement of miR156 and SPL15 in carotenoid accumulation was
assessed. | investigated the effect of miR156 and SPL15 on the transcript levels of
CCD/NCED gene family by qRT-PCR, and determined the ability of SPL15 to bind to the
promoter regions of CCD and NCED genes using ChIP-gPCR. In addition, the effect of
miR156 on the anatomical structure of elaioplasts in the Arabidopsis seeds was investigated
by using transmission electron microscopy. The results revealed that the expression of most
of the CCD/NCED genes was affected by miR156, albeit the effects were different between
siliques and roots. My results also suggest that higher transcript levels of SPL15 do not
necessarily lead activation of all CCD/NCED genes, as some of them were in fact silenced or
not affected at all by SPL15. The ChIP-gPCR confirmed the strong and selective binding of
SPL15 to the promoter regions of CCD/NCED genes. These findings are in agreement with
the hypothesis, that some of the CCD/NCED genes are affected by either miR156 or SPL15,
and further they have a regulatory effect on carotenoid accumulation in Arabidopsis seeds.
The electron micrographs of elaioplasts in Arabidopsis seeds revealed the increased size of
elaioplasts in the seeds of sk156 and RS105 compared to wild type. Moreover, the sizes of
plastoglobules in elaioplasts of sk156 and RS105 were increased in comparison to wild type.
This part of the results was in agreement with previous studies, which showed that increased
levels of carotenoids in cauliflower and tomato was accompanied by enhanced size of
plastids (Paolillo et al., 2004; Kolotilin et al., 2007). In conclusion, my result confirmed that
the negative regulatory effect of miR156 on the expression of some CCD and NCED genes.
Also the strong SPL15 occupancy on promoter regions of some CCD/NCED genes
confirmed the regulatory effect of SPL15 on these genes. Lastly, miR156 caused enhanced

carotenoid accumulation, and this was accompanied by increased sizes of plastids and
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plastoglobules in the seeds. These findings are illustrated in a proposed model for miR156
and SPL15 role in regulating carotenoid accumulation (Fig. 14). SPL15 activates at least
some of the CCD/NCED genes, and that suppression of SPL15 by miR156 leads to reduced
CCDINCED expression, reduced carotenoid catabolism, and hence enhanced carotenoid
accumulation. These effects are also accompanied by an increase in the size of elaioplasts

allowing for greater accumulation of seed carotenoids.

miR156
? silencing
Developmental
effects
SPL15
l deactivation
Elaioplast
size - CCD/NCED

l increase
Carotenoid

Figure 14. A proposed model for the regulatory role of miR156 in carotenoid accumulation

Future studies should include investigation of levels apocarotenoids, including strigolactones,
in the mutants and lines that were used in this study to reveal the link between suppressed
CCD/NCED genes and their specific products in Arabidopsis seeds. This information can be

further used to improve the carotenoid profiles of economically important crops.
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Of all SPLs, SPL9 showed high similarity to SPL15 at both the amino sequence and function,
which was evident from the similar phenotypes of both, spl15 and spl9 knockout mutants
(Schwarz et al., 2008). Both SPL9 and SPL15 also seem to function, at least partly, as
suppressors of their target genes (Gou et al., 2011; our study). Therefore, further experiments
to analyze the regulatory effects of miR156 on other SPL genes, specifically SPL9, would be

needed for a full understanding of the role of these genes in carotenoid catabolism.

The results of this study could have applications in improving the carotenoid profiles of

plants, especially oilseed crops, such as canola, flax and soybean.
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Appendix 1

Appendix 1. The BLAST search results of CCD, NCED and SPL15 PCR products to
determine their specificity
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FELLEEEr el
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Score Expect Identities Gaps Strand
110 bits(59) 3e-24 59/59(100%) 0/59(0%) Plus/Plus
Features:

S-cis-epoxycarctenocid dioxygenase NCEDS

Query 1 ATCEETCTAGTGEACGEGACACGTGECATGEEFOGTAGCTRARACGCOGETGTIGETITICTT 59
TLEEET et e e bbb e b et e el

Sbjct 8762073 ATCGEICTAGTGGACGEGRACACGTGEECATEEFEOGTAGCTAACGCCGETGIGETITICTIT 8762136

Arabidopsis thaliana chromosome 3, complete sequence
Sequence I0: refillC_003074 8] Length: 23459830 Number of Matches: 1

Range 1: 21444630 to 21444711 GenBank Graphics
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