(B\ u=
John Innes Centre

University of East Anglia

The control of starch degradation in
Arabidopsis thaliandeaves at night

Doreen Feike

A thesis submitted to the University of East Anglia for the degree
of Doctor of Philosophy

John Innes €éntre
Norwich
September 2013

© This copy of the thesis has been supplied on condition that anyone who consults it is
understood to recognise that its copyright rests with the author and that no quotation
from the thesis, nor any information derived there from, may be published witieout
authoroés prior written consent.



Abstract

The aim of this work was to understand hAvabidopsisthaliana plants control starch
degradation at nightStarch is the major energy reserveArabidopsis It is broken

down at night to maintain growth @metabolism of the plant, when photosynthesis is
not possible. The rate of starch degradation follows a linear pattern and is matched to
the length of the night period such that almdbtstarch is exhausted by dawfihe
mechanismsndthe proteingnvolvedin controlling starch degradatioatesare lagely

unknown.

With my work | wanted to identify components involved in the control of starch
degradation ratedJsing a forward genetic screen, | discovered several mutants with
new starch degradation pieypes One of then was affected in the circadian clock
component EARLY FLOWERING 3 (ELF3)t degraded its starch slower than wild
type plantsand in a nodinear way Two mutants degraded their stasthamuchfaster
ratethan wildtype plantsandexhaisted theireservesdefore dawnOneof themlacks

a novel proteinwhich was named EXCESS STARCH TURNOVER 1 (EST)is
protein is required for normal starch degradation rates, but its function is still unknown
The second mutars affected inBETAAMYLASE 1 (BAM1) and produces aberrant
BAM1 protein containing a serine to asparagine amino acid substitntpmsition 132
Fasterstarch degradation ratesthis mutantdepend orthe presence oénotherprotein

of the pathway, LIKE SEX FOUR {LSF1) The data indicatethat modulation of
BAM1 activity canstrongly affect the rates of starch degradation, although starch is
degraded normally in absence of BAMid.a second approach, | analysed which known
components of the starch degradation pathway aressage for the adjustment of
starch degradation rates. | found tHRRHOSPHOGLUCAN WATER DIKINASE
(PWD) andBAM3 might play a role in adisting starch degradation rates in response to

anunexpectedlyarly night.

In summary, in this thesis$ introduce a neel protein necessary for normal starch
degradation ratesn Arabidopsis leaves and provide insights into proteins and

mechanisms which might control starch degradation rates in response to an early night.
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1 Introduction

11 Aim

This thesis considers the control of starch degradation in leaves of the model plant

Arabidopsis thaliana

Transitory sarch is the major energy reserveArabidopsis During the day, about half

of the photassimilate is converted to starch, which is broken down at night to provide
carbon for growth and metabolism in the dark. Stamtumulates at a nekmear rate
Degradation also follows a linear patterntisat almost alktarchis exhausted by dawn.

This pattern is robust to fluctuatis in light environmental conditionsindicating
complex mechanisms of regulatioRroductivity and normal growth oArabidopsis
plantsarelargely dependent on normal starch metabali$his is demonstrated by the
phenoype of mutants affected in eithatarch synthesis or degradation, as these mutants
show reduced growth rates and dispdgynptoms of carbon starvatioalthough many
enzymes of the starch synthesis and degradation pathway have been identified, little is
known about the regulation of starametabolism in response to changes in
environmental conditions. Recently, research in this field was advanced by the
discovery of a link between the circadian clock and the adjustment of starch degradation
rates.

With my work, | want to explore which proteins are involved in the control of starch
degradation rates irabidopsideaves. The main focus of my work is the identification

of new genes involved in the regulation of starch degradation rates. However, | will also
investigate which known enzymes of the starch degradation pathwagrgeesof the
mechanism that adjusts starch degradation rates in response to an unexpected shortening

of the light period.

In this chapter, | will summarize the current knowledge uabtransitory starch
metabolism inArabidopsisand focus orthe enzymatic pathway of starch degradation. |
will describe the flexibility of the adjustment of starch degradation rates in response to
altered day lengths and explain the involvement of theadian clock in this
mechanism. Finally, | will summarise our current knowledge about regulation of the

enzymes in the pathway.
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1.2  Structure, composition and appearance of starch granules

Starch is a glucose polymer produced by plantirins insolubé granules irplastids

of photosyntheti and norphotosynthetic cells.

Starch is made up by two glucose polymers, amylose and amylopectin. The amylose
molecule is mainly linear and composed of long chairls b#-linked glucose residues
(500-10,000 glucose residues). Amylopectin consists of many sbdré-linked-
glucose chains (6 to >100 gl-L6bondseBuléans i d u
et al., 1998) Arabidopsisleaf starch containalmost exclgively amylopectinwhich

makes up about 95% of the starch grarfdkeman et al., 2002).

Amylopedin is responsible for the seroiystalline structure of the starch granule
(Figure 1.1, ae). Branch points in amylopectin are distributed at regular iatsrv
thereforelinear glucan chains cluster along the axis of the molefarming a tree like
structure Adjacent chains within these clusters form double helicesptek together

in organised arrays, making ugrystalline lamellae in the granule matriXhese
alternate with amorphous lamellae which contain the branch points of the amylopectin
molecule.Crystalline and amorphous layers alternate with a periodicity of about 9 nm.
The next level of organisation of the starch granule occurs in the formowfrgrings,

which are 128400 nm wide. Each growth ring is made up by stacks of crystalline and
amorphous layers associated with the 9 nm periodicity (Buléon et al., 1998). The
material between the growth rings is of amorphous structure. Amylose isdoket@®be
embedded within the amorphous layers of the granule (Zeeman et al., 2010).
Visualisation of growth rings is possible by scanning electron microscopy after
mechanical damage and subsequent partial digestion with-atpylase. The enzyme
preferentally digests amorphous regions (Pilling and Smith, 2003).

Chloroplasts in maturArabidopsideaves contain on average five to six starch granules
(CrumptonTaylor et al., 2012). These are flat and discoid, abe2tuin in diameter

and about 0-8.5 um thck (Figure 1.1, £g). Growth rings were not observed in
fractured wildtype granules but were seen in granules of a starch degradation mutant.
The mutant lacks the protein STARCH EXCESS FOUR (SEX 4) and accumulates
excess amounts of starch, due to retawdeof starch breakdown (Niittyla et al., 2006).

Granules of the mutant are thicker and more spherical than those dypelglants.
2
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The observed growth rings had a periodicity of abow0032um, thus were similar in
size to wildtype starch granuldZeeman et al., 2002).

Figure 1.1: Structural organisation and appearance ofstarch granules. From

Zeeman et al(2004a). (a) -1l4- a n d1,6Uinked glucosylesidues of an amylopectin
chain. (b) Schematic representation cfisters of amylopectin chainé) Drawing of
double helixes formed by amylop@t chains (d) Representation of serorystalline
and amorphous layers alternating with 9 nm periodi¢gy Growth rings of thestarch
granule. {) Transmission electron microgphof an Arabidopsismesophylichloroplast
at the end of the light period showintaich granules ($)bar 2um (g) Scanning
electron micrograpbf starch granules isolated from witgoe Arabidopsisplants at the

erd of a 12 hour light periodyar 2 pm(Zeeman et al., 2002).

1.3 The importance of transitory starch

I n starch research, fAstorage starcho is

is producedin amyloplasts of heterotrophic storagegans as roots, stems, tubers or

3
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seeds. Theret is stored for longterm and remobilised later in development to support
phases of rgrowth or germination after periods of dormancy (Smith, 20L@&nsitory

starch is formed in chloroplasts of photosynthetically active tissue e.g. in leaves. It is
built up during the day and broken down at night to provide carbon for plant growth and
metabolism in the darlMost of the starch iArabidopsisis produced in photosynthetic

leaf tissue and is turned over in a diurnal manner to provide carbon during fie nig
However, small amounts of starch are also produced in heterotrophic tissue of the plant,
e.g. in root caps, or seeds (Tsai et al.,, 2009; Andriotis et al., 2010). It is not clear if
starch metabolism in ngohotosynthetic tissue differs from that in pb&ynthetic leaf
tissue. However, it was shown that pathways of starch metabolism in seeds are similar
to those in leaves (Andriotis et al., 2010). Andriotis et al (2010) showed that several
mutants lacking enzymes of the leaf starch degradation pathwgireed abnormally

high amounts of starch in mature seeds. Thus, starch degradation in developing seeds

involves enzymes necessary for normal starch degradation in leaves.

In Arabidopsis starch has been identified as a major integrator in the regutdtmant

growth to cope with changes in carbon availability (Sulpice et al., 2009). The
importance of transitory starch is reflected in the phenotype of mutants that cannot
synthesise or degrade starch. These mutants grow poorly unless subjected tousntinu
light or long days (Caspar et al., 1985; Yu et al., 2001; Gibon et al., 2004). Growth rates
drop abruptly in wildtype plants if the night is extended beyond normal dawn so that
leaf starch is exhaustedgzdanbakhsket al., 2011). Reduction of growthtes in starch
metabolism mutants and wilgipe plants in the extended night is accompanied by rapid
and massive changes in gene expression and metabolism which are indicative of carbon
starvation (Gibon et al., 2004; Smith and Stitt, 2007; Usadel &20fl8). Thus, supply

of sugars from starch is essential for normal growtArabidopsisplants at night.

In the following sections, | will describe the pathways of transitory starch synthesis and

degradation irArabidopsis

1.4 Synthesisf transitory starch

The enzymatic pathway of starch synthesis was reviewetéman et al. (2010) and is

only briefly described here.
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Transitory starch inArabidopsisis made in chloroplastg-igure 1.2). The Calvin

Benson cycle intermediate fructe8ghosphate (FEPis converted into glucosg
phosphate (G6P), by the enzyme phosphoglucose isomerase (PGI). G6P is used as a
substrate of phosphoglucomutase (PGM) and converted to gliqusesphate (G1P).
ADP-glucose pyrophosphorylase (AGPase) produces-g§lDBose (ADK5) from G1P

and ATP. ADPG is the substrate for starch synthases (SS). Based on homology studies,
five classes of starch synthases are distinguished. The enzyme dramade starch
synthase (GBSS) is involved in amylose synthesis and soluble starch egn{6&

SSIV) synthesise amylopectin. SSIV is required for granule formation during leaf
expansion. Mutants lacking the protein have reduced numbers of starch granules with
altered morphology (Roldan et al., 2007; Crumpiaylor et al., 2013). SS3SIII

d ongate the gl -,4 tinkages. Stareh hranmchingi eazymbs (SBE)

i nt r od ub6ebrarichpeints bf the amylopectin molecule. Krabidopis three
isoforms of SBE are known, only two of them (BE2 and BE3) are required for synthesis

of normalstarch (Dumez et al., 2006)

Two debranching enzymes (DBE) , -l1,&limked¢ h ar
branch points of the amylopectin molecule, are important to obtain thecegstalline
structure of the granule. Loss of either isoamylase 1 (ISAd$aamylase 2 (ISA2)

results in the accumulation of watssluble phytoglycogen instead of starch granules in
most parts of the plant (Zeeman et al., 9Belatte et al., 2005). Phytoglycogen
which accumulates in the leavesisdl, isa2orisalisa2mut ant s con-L,&i ns 1
branch points than wilthpe amylopectin. It was proposed that isoamylase activity
accelerates crystallisation of starch by removing misplaced branch points from nascent
amylopectin. Presence of misplaced branches could delatalisgtion and allow
interference of starch metabolising enzymes such as-adpltabeteamylases during

starch biosynthesis. This would generate short glucan chains that prevent crystallisation
(Streb et al., 2008).
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Sucrose
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CYTOSOL

CHLOROPLAST

PGI PGM AGPase
F6P <= G6P < G1P < ADPG
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SBE

Starch ISA1
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Co,

Figure 1.2: The pathway of starch synthesis iPArabidopsischloroplasts. Carbon is
assimilated via the Calvin cycle and partitioned for sucrose and starch biosynthesis.
Triose phosphate (TP) intermediates are exported from the chloroplast via a triose
phosphate transportéfPT) for sucrose synthesis in the cytosol. Fructbpbosphate

(F6P) is retained in the chloroplast and used as a precursor for starch biosynthesis. G6P:
glucose6-phosphate, G1P: glucedephosphate, ADPG: AD®Blucose, PGI: phospho
glucose isomerase, @M: phosphoglucomutase, AGPase: ADRBcose
pyrophosphorylase, SS: starch synthase, SBE: starch branching enzyme, ISA:

isoamylase.
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1.5Degradation of transitory starch in Arabidopsisleaves

Degradation of transitory starch in leaves is primattilg result of hydrolysis of the
constituent glucans to maltose and glucose, which are exported from the chloroplast and
metabolised in the cytosol. Reversible phosphorylation of glucans at the surface of the
starch granule serves to solubilize the grasuldace to allow access for hydrolases to

the glucan chains (Zeeman et al., 20 re 1.3).

The enzymes that are involved in the pathwdystarch degradatiowere identified
using forward and reverse genetic approaches.-abisction mutants thalack
enzymes involved in starch degradation accumulate amounts of #tatchre much
greater than in wildype plants This phenotyp is called the starebxcess gex

phenotype and is caused by retardation of starch breakdown.

Starch degradation iArabidopsisleaves is not a linear pathway. It can rather be seen as
a network of reactions. Some of the enzymes involved in starch degradation have
redundant functions and the role of some proteins necessary for normal starch

degradation is still not und&ood.

1.5.1Reversible phosphorylation of the starch granule

Glucanwater dikinase (GWD) is responsible for the initial phosphorylation of
amylopectin on the starch granule and is considered to be the first enzyme of the
pathway. Loss o6WD function results ina severeexphenotypgYu et al., 2001) and

gwd mutants (also calledexl mutants) contain about 400 times more starch than
wild-type at the end of the night (Niittyla et al., 2006; Kétting et al., 2005). GWD

t r ans f e@hmhosphate lygreup bf ATP to a small proportion of glucosyl residues on
the granule surface. A second kinase named phosphoglucan water dikinase (PWD) is
responsible for further phosphorylation of the starch grafiieting et al., 2005)The
enzyme adds phosphate to the C3 position of glucose molecules only after pre
phosphorylation on C6 by GW[Baunsgaard et al., 2005; Koétting et al., 2005; Hejazi

et al., 2009). Therefore, starch@fd mutants is phosphate free, wherpasl starch is
phosplorylated only at the C6 position (Ritte et al., 2006). Loss of PWD also results in
a sexphenotype, which is less pronounced than thajved plants(Baunsgaard et al.,
2005; Kaotting € al., 2005; Hejazi et al., 20D9At the end of the day, about 1 in @0

7
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glycosyl residues on the starch granule is phosphorylated and the ratie uf C8
bound phosphate in wHtype starch is about 1:5 (Yu et al., 2001; Ritte et al., 2006;
Haebel et al., 2008; Santelia et al., 2011).

Starch phosphorylation isa prereqisite for degradation. It was proposed that
phosphorylation disrupts the highly ordered structure of amylopectin, thereby
facilitating the access for starch hydrolysing enzymes to their subghditer et al.,
2007; Hejazi et al., 2008). Using nucleargnatic resonance (NMR) spectroscopy and
simulations of molecular dynamics, it was shown that phosphorylation, especially at
C3residues, destabilises the regular helix structure of amylopectin resulting in a
growing amorphous phase (Hansen et al., 2008nmiw and Engelsen, 2010). Also,
starch degradation was shown to be accelerated by simultaneous phosphoirylation
vitro (Edner et al., 2007).

Removalof the phosphate grougs as importantfor normal starch degradaticss
phosphorylation because betamylases attacking the granule cannot degrade past a
phosphate group (Takeda and Hizukuri, 1981; Fulton et al., 2008). Dephosphorylation
of starch is catalysed by two enzymes, SEX4 and LIKE SEX FOUR 2 (LIF2)
phosphoglucan phosphatase SEX4 is capdtdeghosphorylating the starch granule at
either the C6 or C3 position The sex4mutant has a starch excess awtumulate
phosphorylated intermediates of starch breakd@Wiittyla et al., 2006; Kétting et al.,
2009; Hejazi et al., 2010). LSF2 dephosptates glucose residues exclusively at the
C3 position. Thdsf2 mutant has no starch excess phenotype and does not accumulate
phospheoligosaccharides, but has elevated levels of C3 phosphate séi#dsf2
double mutant has a severe starch excess, whidtigher than that ofex4single

mutants (Santelia et al., 2011).

Another putative chloroplastic phogthase called LIKE SEX FOUR 1 (LSFivas

found to be required for starch degradatias thelsfl mutant has aex phenotype
(ComparotMoss et al., 200). LSF1 is closely related in sequence and structure to
SEX4 The protein is located at the surface of starch granules and LSF1 contains a
putative dual specificity phosphatase domain (DSP), which is similar to the DSP of

SEX4. HoweverLSF1does not catlyse the same reaction as SEX4, bec&i$estarch
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contains wildtype levels of C3 and C6 phosphate. Therefore, LSF1 might have a
regulatory role in the pathway.

1.5.2 Hydrolysis of the granule

Starch granules dArabidopsisare mainly degraded by anotic attack (Smith, 2012).

In Arabidopsisl e av e s, no e sasiganes (AMYs) im siarck defradationU
could be demonstrateds mutants lacking the chloroplastic isoform AMY3 display
normal starch metabolism (Yu et al., 2005). This is a mdijéerence between starch
degradation irArabidopsisleaves and e.gereal endospernwhere starch degradation

i s predomi nan t-dmylolysishHoweveetsetelist eviderice thEAMY3

plays a role n leaf starch degradation in the absence ofiteenzymes of the starch
degradation pathway. AMY3 might be responsible for liberation of soluble, branched
glucans in the absence of the DBEs isoamylase 3 (ISA3) and limit dextrinase (LDA)
(Delatte et al., 2006). This in consistence witkhe finding hat loss of AMY3 in the
isa3lda background further slows down starch degradation of the double mutant (Streb
et al.,, 2012) The starch excess of treex4mutant is also increased in absence of
AMY3, showing that AMY3 contributes to starch breakdown in dbsence of SEX4
(Kotting et al., 2009).

Hydr ol ysi €, 4lmked dlucan ehms is pimarily catalysed by besanylases
(BAMs). They liberate maltose from the nroeducing end of glucans by exo
amylolysis. TheArabidopsis genome contains nine leamylase genesBAMI-9)
(Fulton et al., 2008)Only four of these isoforms (BAM414) were shown to be located
inside the chloroplasfLao et al., 1999; Sparla et al., 2006; Fulton et al., 2008)
Mutationsin eitherBAM3 or BAM4 result in thesexphenoty@. The bam2mutant has

no phenotype in any genetic background tested (Fulton et al., 2088).0f BAM1
does not affect starch degradation ratag increases theexphenotype of thdébam3
mutant (Fulton et al., 2008). This indicates that BAM1 is onlgartant for transitory
starch degradation in the absence of BAM3 and that BAM3 plays the major role in
degrading the granul®AM4 lacks key catalytic residues present in other BAMs, and
lacks beteamylaseactivity in vitro. Loss of BAM4results in a stalcexcess andatk of

BAM4 in the bam3or bamlbam3mutant background increases the starch excess of
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both mutants. These experiments indi@ategulatoryor structurakole of BAM4 in the

pathway of starch degradation (Fulton et al., 2008)

BAMs are not apab |l e o f-1,6dinked agludose @t the branch points of the
amylopectin molecule. Branch points are hydrolyse®B¥s, releasing lineaglucans

which are further processed bgtaamylasesArabidopsiscontainsfour proteins with
debranching aatity: ISAL, ISA2, ISA3 and limit dextrinase (LDA, also known as
pullulanase). LDA and ISA3vere shown to be involved in leaf starch degradation
(Delatte et al., 2006; Wattebled et al., 2008; Streb et al., 2008; Streb et al., 2012), while
ISA1 and ISA2 hava role in starch synthesis as explained above (Delatte et al., 2005;
Wattebled et al., 2005 he isa3 mutant has aexphenotype (Wattlebled et al., 2005;
Delatte et al., 2006). Thea mutant degrades starch normally, but LDA contributes to
starch degmation in absence of ISA3. ThukSA3 appears to be the maj@BE
involved in starch degradation at nighithe surface of starch of thea3 mutant is
enriched in short chains (Delatte et al., 2006). This indicates that the main role of ISA3
is to cleave pha1,6 linked glucose at the base of chains degraded byabetkases.

The action of betamylase will finally result in the accumulation of maltose amdor
amounts ofmaltotriose. The latter is too short to serve as a mtbsfor further
processig by Dbetaamylases. Therefore, maltotriose is metabolised by a
glucanotransferase called disproportionating enzyme 1 (DREitghley et al., 2001)

Loss of DPE1 results in retardation of starch breakdown and the accumulation of
maltrotriose. DPE1 catalgs the conversion of two mattiose units to glucose and
maltopentaose. The latter is then again used as a substrate for BAMs, while glucose is
exported from the chloroplast via the plastidic glucose translocator (pGIcT) (Cho et al.,
2011).

The importage of starch phosphorylation for betmylase activity was demonstraied

vitro. Edner et al. (2007) showed that bataylolytic attack on starch is stimulated by
addition of GWD and ATP. However, incorporation of phosphates by GWD was also
stimulated byBAM3 activity, indicating positive feedback mechanisms between beta
amylolysis and starch phosphorylation. Bataylases cannot degrade past a phosphate
group (Takeda and Hizuri, 1981). In the absence of SEX4, the phosphorylated granule
is mainly attackedby ISA3 and AMY3 (Koting et al., 2009).

10
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Linear oligosaccharides which are liberated from the granule can also be a substrate for
Uglucan phosphorylasg°HS1). The enzyme release$R5from the noweducing end

of glucan chains of at least five residuel®wever, he significance of phosphorolytic
starch breakdowifor transitory starch degradation is not clesince mutants lackn

the enzyme show normal starch metabolifimvas suggested that the enzyme supplies
substrates for the plastidial oxidativeerppose phosphate pathway during stress

response§Zeeman et al., 2004b

1.5.3 Further metabolism of maltose and glucose in the cytosol

The major products of starch degradation are maltose and glucose. These are exported
from the plastid by the maltoseahsporteMALTOSE EXCESS 1NMEX1) andpGIcT,
respectively(Niittyla et al., 2004; Cho et al., 201The mex1mutant grows slower than
wild-type plants and has reduced chlorophyll contents. It has greatly elevated maltose
levels and aexphenotype due toetardation of starch breakdown (Niittyla et al., 2004).
The pglct mutant grows normally and shows similar rates of starch turnover te wild
type. However, lack of pGIcT in thmexlbackground results in more severe growth
retardation than observed imex1 single mutants. Rates of starch synthesis and
degradation in theglct mexldouble mutant were much lower than in wild type and in
both parents (Cho et al., 2011). The strong phenotype oimiel single mutant
demonstrates that maltose is the main prodficstarch degradation exported at night
(Niittyla et al., 2004).

In the cytosol, maltose and glucose are converted to hexose phosphatearehisad

for sucrose synthesis. Maltose metabolism in the cytosol is not fully understood.

The first enzymethat acts on maltose is tlogtosolic glucanotransfereadePE2 The
dpe2mutant has elevated maltose leyelsstarch excess phenotype and is retarded in
growth (Chia et § 2004; Lu and Sharkey, 2004l)his phenotype resembles that of the
mex1lmutant anddemonstrates the importancetbe DPE2mediated glucosyl transfer
reactionfor cytosolic maltosemetabolism DPE2 hydrolyses the alptig4 linkage of
maltose, thereby releasing one glucose molecule and transferring the second glucose
molecule to an acceptdt was shownn vitro that DPE2 usessoluble polysaccharide

e.g. glycogen as glucosyl acceptor molecules (Chia et al., 2004; Lu and Sharkey, 2004;

Lu et al., 2006). However, glycogen has not been identified as constituent of plant cells.
11
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The in vivo substrate of DPE2 might ba soluble heterogban (SHG) a complex
arabinogalactatike polysaccharide which was purified from plants including
Arabidopsis(Fettke et al., 2004; Fettke et al., 200BRE2 useglantderived SHGas
acceptor moleculi vitro (Fettke et al., 2006;u et al., 2006Fettke et al., 2009)

The glucose residues which were added to SHG are possibly removed by theccytosol
alphaglucan phosphorylase PHS2 whicbnvers them toG1P (Lu et al., 2006; Fettke

et al., 2009)PHS2 was stwn to use plant derived SHG as a substratatro (Fettke

et al., 2004; Fettke et al., 2005). The phenotype opti®mutant is less severe than
that of thedpe2 mutant. The mutant has no growth retardation and normal rates of
starch turnover. Maltoskevels are elevated only at night and to a much lesser extent
than indpe2 This suggests that an alternative pathway to remove glucose residues from
SHG exists (Lu et al., 2006}t has not yet been discovered if the above described
pathway involving DPE2, PHS2 and SHGoperatesin vivo. The structure and

biosynthesis pathways of SHG also remain to be discovered.

12
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Figure 1.3: The pathway of starch degradation in Arabidopsis chloroplasts.
Reversible starch phosphorylation is catalysed ghycan water dikinasd GWD),
phosphoglucan water dikinase (PWD), STARCH EXCESS 4 (SEXd) LIKE SEX

FOUR 2 (LSF2pullows hydrolytic degradation of the granule by bataylases (BAMS)

and the debranching enzyme isoamylase 3 (ISA3). Maltose, and to a det=atr
maltotriose, are the main products of BAM and ISA3 activity. Maltotriose can be
metabolised by dispoportionating enzyme 1 (DPE1), releasing glucose. LSF1 and
BAM4 are required for normal starch degradation, but their functions have not been
establshed yet. It was suggested that they have a regulatory role in the pathway.
Enzymes shown in brackets (alphimylase 3 (AMY3), limidextrinase (LDA), beta
amylase 1 (BAM1) and LSF2) contribute to starch degradation in certain mutant
backgrounds, but lacéf each of these enzymes alone does not result in retardation of
starch breakdown. The main products of starch degradation are maltose and glucose
which are released from the chloroplast via the transporter MALTOSE EXCESS 1
(MEX1) and plastidic glucose tmalocator (pGIcT), respectively. In the cytosol, maltose

is further metabolised by the glucanotransferase DPE2 and reactions that putatively
involve a soluble heteroglycan (SHG) as glucosyl acceptor and glucan phosphorylase 2
(PHS2). Hexose phosphates prodd from maltose and glucose are further used for

sucrose synthesis.

13
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1.6  The regulation of starch turnover in response to changes in day length

In Arabidopsis rates of starch synthesis and degradation arelinear, when plants are

grown under contited conditions. This pattern is retained across a wide range of
different day lengths. This meaAsabidopsisplants show a remarkable flexibility in
adjusting the rates of synthesis and degradation to maintain a balance between carbon
assimilation, storge and growth (Smith and Stitt, 2007). The underlying regulatory
mechanisms are complex and vital for plant growth and productivity.

The main product of photosynthesis is sucrose, which is used for immediate growth
during the day, but irabidopisabout30-50% of thephotoassimilate is converted to
starch The proportion of fixed carbon that is partitioned into starch was found to be
dependent on the length of the day. If plantsgroevn in short dayshey partitiona

higher proportion otheir photoasenilate into starch compared to growth in long days

In other words, the rate of starch biosynthesis increases the shorter the day and the
longer the nigh{Gibon et al., 2004Gibon et al, 2009; Lu and Sharkey, 2Dd5 plants

are grown in 4 hour light 20 hour dark cycles, the rate of starch synthesis is about two
times faster compared to growth in 12 hour light2 hour dark cycles (Gibon et al.,
2009).

The rate of starch degradation is similarly adjusted to the length of the night. Starch
degradatia follows a linear pattern, such that about 95% is used up by dawn (Graf et
al., 2010). This pattern is retained in photoperiofddifferent lengths by an adjustment

of the starch degradation rate. Plants grown in short days degrade starch more slowly
than plants grown in long days (Gibon et al., 2009). Even more remarkhblyate of
starch degradation can immediately adjust to an unexpshteteningor extensiorof

the light period(Lu et al., 208; Graf et al., 2010; Scialdone et al., 2013anBswere

grown for three weeks in 12 hour lightl2 hour dark cycles and then transferred to
darknessafter only eight hours of light.t&ch degradatiom these plants was still
linear, but slowed down, such that reserves lasted for the whole 16 hou(Grighet

al., 2010) Figure 1.4). Conversely, plants that were grown in 12 hour ligh2 hour

dark cycles for three weeks and then subjected to a late night after 16 hours of light,
increased their starch degradation rates in the subsequent (shotér)Saigldone et

al., 2013).

14
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The observations described above show that starch degradation ratesbithopsis

adjust to differences in starch contents and time remaining until dawn. Plants that
experienced a shortening or extension of the light pereoge Idifferent amounts of

starch at the beginning of the night. Also, the length of the night varies if the length of
the light period is shortened or extended. This implies the existence of mechanisms that
integrate information about starch content andetiramaining until dawn to set the
appropriate starch degradation rate. These mechanisms would ensure a constant supply
of sugars from starch during the whole night. Our knowledge about these mechanisms is

discussed in the followin¢Chapter 1.9).

——— NORMAL NIGHT
""" EARLY NIGHT

I ~~~‘~~

O N‘s~

2

= ~~‘~~

()] ~§s~~

0 4 8 12 16 20 24

Time after dawn [h]

Figure 1.4: Starch degradation ratesn Arabidopsisadjust to an unexpectedly early

night. Arabidopsisplants grown in 12 hour light 12 hour dark cycles, accumulate and
degrade starch in a linear way (solid line) so that reserves are almost precisely used up
by dawn. If the darkness is imposed several hours earlier than normal (light grey bar),
starch degradation rates remain linear, but slow down so that enough carbon is available
for the whole night (dashed line). Based on Graf et al. (2010).

1.7 Circadian clock regulation of starch degradation

Adjustment ofthe appropriate starch degradation rateording to the length of the
night requiresa mechanism that measutée time remaining until dawrRecently,it
wasdemonstrated that the circadian clockhs timer that underlies starch degradation
in ArabidopsideavedGraf et al., 2010)
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1.7.1 TheArabidopsiscircadian clock

Circadian clocks are endogenoustur times that are presenh mosteukaryotes and
photosynthetic bacteridhey allow the afticipation and synchronisation of biological
processes witlight environmental oscillations. The circadian clock is a-se#taining
mechanism which can buffer changes in environmental conditions and persist in the

absence of environmental cues (Bedcersen et al., 2005).

The clock is composed of a small transcriptional network that contains multiple
interconnected feedback lood3ata frommutant studies anchathematical modelling
were combined to establish a model of the circadian clochrabidopss. However,

this model is undergoingonstant revision. A recent, simplified model of the circadian

clock transcriptional network is presented-igure 1.5

In the original model, the core of the oscillator was formed by transcriptional regulatory
feedtack loops between the two MYB domain containing transcription factors
CIRCADIAN CLOCK ASSOCIATED 1 (CCAl) and LATE ELONGATED
HYPOCOTYL (LHY) and a protein of the PSEUDO RESPONSE REGULATOR
(PRR) family, called TIMING OF CAB EXPRESSION 1 (TOC1) (Alabadi &t a
2001). Since then, many components have been added to the oscillator and the plant
circadian clock model has developed into a complex network of interconnected

transcriptional feedback loops (Pruesfélaz and Kay, 2010).

Mutants lacking components difie oscillator have circadian clock periods different
from 24 hours or are arrhythmic. To assay the-fteming period of the circadian clock

in plants, seedlings are usually entrained in a 12 houriligt& hour dark cycles and
then put into constantght. The freerunning period is estimated by measuring various
circadian clock outputsSgection 2.1%. In mutants lacking the components EARLY
FLOWERING 3 (ELF3), EARLY FLOWERING 4 (ELF4) and LUX ARRHYTHMO
(LUX), circadian rhythms are abolished (arrhythjriit constant light. Mutants lacking
PRR7 and PRR9 have long period phenotypes and mutants affected in CCA1, LHY,
PRR5, GIGANTEA (GI), TOC1, JUMONJI DOMAINCONTAINING 5 (IMJD5,
LIGHT-REGULATED WD 1 (LWD1) and NOX (l atin
period phenotype (Nagel and Kay, 2013).
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Figure 1.5: A model of the circadian clock inArabidopsisplants. The core oscillator

of the circadian clock is formed by the Myb transcription factors LATE ELONGATED
HYPOCOTYL (LHY) and CIRCADIAN CLOCK ASSOCIATED1 (CCAl) and a
protein called TIMING OF CAB EXPRESSION 1 (TOC1). Other components are
expressed throughout the day and night cycle and interconnect with the core oscillator
to form multiple feedback loops. CCA1 and LHY repress the expression of TOC1,
LUX, GIGANTEA (GIl), EARLY FLOWERING 3 (ELF3), ELF4, CCA1, HIKING
EXPEDITION (CHE), NOX and JUMONJI DOMAINCONTAINING 5 (JMJD5) (blue
boxes) by binding to their promoters. TOC1 inhibits expressicd@Al, LHY, PRR9
PRR7 PRR5(orange boxes) but alddJX, ELF4 and GI. LUX, GI, NOX and ELF3
positively regulateCCAlandLHY. CHE and JMJD5 repres3CAL1 PRR9, PRR7 and
PRR5 inhibit the expression d@CAl and LHY. PRR9 and PRR7 are positively
regulated by CCA1 and LHYPRROis positively regulated by LIGHT REGULATED
WD 1 (LWD1) andLWD1is activated by PRR9. ELF3, ELF4 and LUX were shown to
form a protein complex (evening complex) that repres¥@R9 activation. Adapted

from Nagel and Kay et al. (2013)
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Key processes that are influenced by the circadian clock idhe regulation of
photosynthesis, hormone levels, nutrient uptakransition to flowering,defense
response and growth (Bd¥edersen et al., 2005; Nozue et al., 2007; Mizuno et al.,
2008; Wang et al., 2011).

One example of a direct mechanistic linkvibeen the circadian clock oscillator and one

of these downstream pathways is the regulation of hypocotyl growth. The evening
expressed cloclproteinsELF3 and ELF4 form a complex with the DNA binding
protein LUX. This complex, called the evening complegulates hypocotyl growth by
repressing the expression of two transcription factdPdHYTOCHROME
INTERACTING FACTOR 4 (PIF4pndPIF5that activate hypocotyl growth (Nusinow

et al.,, 2011). In consequence, hypocotyl growth is inhibited in the early eveming a

repression is relieved later at night so that hypocotyl elongation can occur.

1.7.2 Evidence for the regulation of starch degradation by the circadian clock

The evidence for an involvement of the circadian clock in starch degradation comes
from Graf ¢ al. (2010).

Therein it was shown that plants grown from germinatiowliurnal cycles different

from 24 hourscannot adapt their starch degradation rates to the length of the night
Plants grown in 28 hour cycles (14 hour light4 hour dark degradedmost of their

starch at a nedmear rate during the first ten hours of the night, reaching a low level
four hours before dawn. Starvation symptoms were detectable ten hours into the night,
which is about 24 hours after the previous dawn. Plants grov imour cycles (8.5

hours lighti 8.5 hours dark) degraded starch too slowly for the length of the night and
still retained 40% of the enaf-day starch at the end of the dark period. When the night
was extended, these plants exhausted their reserveissabbours later, thus, about 23
hours after the previous dawn. The experiments showed that starch degradation rates are
set such that starch runs out about 24 hours after the previous dawn even if plants have
been grown in photoperiods different from Bdurs. The maintenance of a 24 hour

rhythm is a strong indication for a circadian clock controlled mechanism.

Further evidence supporting a role for the circadian clock came from the analysis of

starch degradation rates in circadian clock mutartie. dolle mutantccal lhy lacks
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core components of theircadian clock.Therefore, it has a circadian clock period
different from wildtype. Its free running period iseveralhours shortethan that of
wild-type plants. When grown in 24 h cycles (12 hour ligh® hour dark), expression

of clock and clockegulated genes showed a phase advance of four hoursauthet
degraded its starch too quickly in comparison to syjoe plans when grown 4

hour cycles. g&rch reserves were exhausteree to fouhous earlier than in wiletype
simultaneously with the dawn anticipated by the mutditis shows that starch
degradation rates are set such that starch runs out at the time at which plants anticipate

dawn according to their endogenous clock.

It was shownthat growth and survival ofArabidopsisplants are compromised if the
period of the endogenous circadian clock does not match the length of the external light
dark cycle in which the plant is grown (Dodd et al., 2005). The reason for this is very
likely to be an inappropriate rate of starch degradation at night-tyfik plants grown

in 28 hour cycles showed reduced growth in comparison to plants grown in 24 hour
cycles. Wherccal lhy plants were grown in normal 24 hour cycles they grew slower
than in 20hour cycles (10 hour light 10 hour dark). Thus, plants grew better if the
point at which starch reserves were depleted closely matched the actual length of the
night (Graf et al., 2010).

Taken together, the presented data established that starch tegradaontrolled by

the circadian clock. However, the signalling pathway that links outputs from the

circadian clock to the control of starch degradation rates have not been identified yet.
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Figure 1.6: Depletion of starch matches the time of dawn anticipated by the
circadian clock. The graphs illustrate daily turnover of leaf starch during growth in
light (white background) and dark (grey background) periodsliféérent length in
wild-type plants (WT) and in the circadian clock mutecdllhy. Graphs are based on
data in Graf et al. (2010).
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1.8 Measurement of the starch content

To allow starb to last precisely until dawn requires not only a mechanism tsurea

the length of the night, but also a mechanism to measure the starch content.

Starch degradation rates are adjusted according to the amount of starch available at the
end of the day. This was demonstrated by Scialdone et al. (2013). They showed that
reduction of the starch content by growing plants in lower light intensities for one day,
results in a decrease of the starch degradatiorfFapere 1.7) Thus, starch is degraded

faster if more starch is available at the end of the day.

--- Low light level
— High light level

STARCH

0 12 24
Time after dawn [h]

Figure 1.7: Starch degradation rates in Arabidopsisadjust to variations in starch
content. Plants which were grown in 12 hour lighii2 hour dark cycles at 90 pmol“m

s and then exposed to different day time light levels for one day (high light level: 90
umol mi? s low light level: 50pmol m? s*) accumulated different amounts of starch.

In both conditions, starch degradation rates were adjusted in a way that regemwes
almost precisely used up by dawn. Thus, the starchadation rate was lower éss

stach was available. Based on Scialdone et al. (2013).

It is still unknown how plants could measure the amount of starch. In theory, starch
contents could be indirectly measured by varying the concentration of a soluble
signalling molecule in proportion tohe amount of starch. This molecule could
allosterically regulate enzymes of the starch degradation pathway. Such a molecule
could be sequestered by the growing starch granule, so that its concentration would be
inversely related to the amount of starcltefatively, the molecule could be produced

by an enzyme of the starch synthesis pathway and its concentration would be
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proportional to the flux through the pathway. A direct way of measuring the starch
content could involve proteins that measure theature of the granule as it grows, or
by mechanosensitive ion channels that sense membrane distortion caused by starch

accumulation.

Alternatively, eversible phosphorylation of the starch granule is a potential point at
which information about starch cemis could be stored. The amount of graiibdand
C6-phosphate shows large inases and decreases over the-uigit cycle. Phosphate
levels per unit mass of starch increase during the light period and decrease during the
night. The amount of phosphateogps could therefore encode information about the
starch content. If that was the case, flux through the pathway would be regulated
according to the amount of starch by modulating the accessibility for enzymes that

hydrolyse the granule (Scialdone et 2013).

1.9 Arithmetic division for the adjustment of starch degradation rates

Scialdone et al. (2013) suggested that an arithmetic division computation between
starch content and expected time to dawn is required for the adjustment of the
appr@riate stach degradation rateThey suggest a chemical kinetics model that
explains how plants could implement arithmetic division by using analog post

translational chemical kinetics (Scialdone et al., 2013).

I n this model, t wo hy p oenbtodettheanéotmationoaboritc u | e
starch content and time, respectively. Both molecules were suggested to be soluble and
present in the chloroplast stroma. The concentration of the S molecule was proposed to
be in proportion to the amount of starch at all tiesng the day while the T molecule

has a daily pattern of change and fres:
concentrations must be arithmetically divided to set the appropriate starch degradation

rate.

Two possible mechanisms were suggested thdd @mhieve this divisionHigure 1.8).

In the first mechanism, the amount of T is proportional to the time remaining until
dawn. The S molecule associates with the starch granule to allow starch degradation.
This is possibly mediated by interaction of Shvenzymes of the starch degradation

pathway. The T molecule inhibits starch degradation by binding the S molecule and
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thus removing it from the granule. In this way the division is implemented. In the
second mechanism, the T molecule concentratsoappioximately proportional to
1/(expected time until dawn). In this case the correct rate is set by multiplying S and T
concentrations. This could be achieved if S and T form a complex that degrades the
granule, e.g. by interacting and thus activating enzyofethe starch degradation
pathway. Both models were tested on experimental data and provided equally good fits
for starch degradation rates measured in different conditions, e.g. in response to an early
or late night, or in response to changes in ligheneity. The models also predicted
starch degradation rates observed in the circadian clock nugahthy equally well.
Therefore, itcould not beconcludedwhich of the twomechanisrma is more likely to
happen in the plant.

The described model predictsat starch degradation rates are continuously computed
during the night, rather than being set at the beginning of the night. This prediction was
tested by interrupting the night with a period of light, ending five hours before the
expected time of dawn.tAhe end of this light period, starch contents were comparable

to end of day starch levels. The starch degradation rate in the remaining five hours of
the night was faster compared to the starch degradation rate at the start of the night. This
means thathe starch degradation rate had reset due to a change in starch content and
was not fixed to a rate that was set at the start of the dark period.

The model proposed by Scialdone et al. (2013) opens up questions concerning the
nature of A S 0 es aamddabotit Tamporents ef ahe Istarch degradation
pathway that might be regulated by themClmapter 7, | will describe experiments that

| did to find out which known components of the starch degradation pathway could be

targes of the proposed mechanism.
In the following section, | will summarise information about mechanisms that regulate

components of the starch degradation pathway and could potentially be mechanisms by

which AS0 and ATO mol ecules influence f|I
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Mechanism 1 N Mechanism 2 |
T conc T conc '
. 12 24 12 24
Time after dawn Time after dawn
No degradation No degradation

Degradation

Degradation

Figure 1.8: The chemical kinetic modelthat explains arithmetic division during

starch degradation. Two hypothetical molecules S and T encode information about
starch content and time until dawn. S was suggested to accumulate in proportion to
starch and T encodes thedanhation about the time until dawhwo mechanisms were
suggested by which plants could implemangarithmetic division ofstarch content and

time until dawn to adjust the appropriate starch degradationimaiteese mechanisms S

and T concentrations ng¢o be divided (Mechanism 1), or multiplied (Mechanism 2).

In the first mechanism, the concentration of Tefd is proportional to the time
remaining until dawn. In the second mechanism, the concentration of T is inversely
related to time until dawn. Blo mechanisms require the T molecule concentration to
reset just after dawn (Mechanism 1) or before dawn (Mechanism 2) every day. S, or S
in complex with Trespectively, allonwdegradation of the starch granule, possibly by

interactions with enzymes of tipathway.

1.10Regulation of the starch degradation pathway

It is not cleamwhich enzymes are target of the mechanisms that regulatinflbxgh the
starch dgradation pathway.tlis possible that the activities of several enzymes are

modified to achievan adjustment afhe starch degradation rat#&lthough most of the
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enzymes involved in starch degradation have been identified, information fastut
translationaimodificationsthatregulate their activity is sparse. The discovery of those
mechanisms auld help to answer questions about the control of starch degradation
rates. In the following, | will summarise some of the information about regulatory

mechanisms that have been discovered.

1.10.1Evidence for postranslational control

The link betweerthe circadian clock and the regulation of starch degradation rates does
not appear to be on the transcriptional leveanBcrips of the key enzymes involved in
starch breakdowrshow ceregulated expression which is subject to strong circadian
control (Snith et al., 2004) The transcript levels dBWD, PWD, SEX4 ISA3 AMY3

DPEL, DPE2 PHS1 PHS2peak at duskall throughout the dark period and rigéthin

the light period.This could be interpreted as an increased need for starch degrading
proteins atdusk. However, immunoblots showed thathe observed changes in
transcripts do not result in protdevelschanging in the same wayhis was shown for
DPE2, AMY3 and GWD (Smith et al., 2004; Yu et al., 2005; Yu et al., 2081fact,

levels oftheseproteins appear not to change over the-dagt cycle. This suggests that
starch degradation is mainly regulatedhat posttranscriptional level.

1.10.2Reversible glucan phosphorylation could control flux through the pathway

It seems that the sernrystdline structure of the granule is important for the control of
flux through the pathway. Tight packingf amylopectin chainsdecreases the
accessibility ofsubstrates fohydrolysing enzymes and prevents unregulated starch
breakdown.Arabidopsisplants la&ing eitherISA1 or ISA2 are unable to build up
normal starch granules. The mutants accumutagénly phytoglycogen rather than
starch Gection 1.4. Interestingly, degradation of phytoglycogen nst adjusted
according to the length of the night and doesfollow a linear patterrPhytoglycogen

is degradedaster than starch and runs out after only eight hours of the nightisdnen
mutants are grown in 12 hour lightL2 hour dark cycles (Zeeman, et al., 1893elatte

et al., 2005).

These results suppt the hypothesis that opening up the crystalline structure of the

granule by reversible glucan phosphorylation is a meansoaotrolling starch
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breakdown The initial step of the pathwayd thus all subsequent steps caultheory
be controlled primaly through the regulation of GWD, PWDSF2 andSEX4.Further
evidence for the importance of starch phosphorylation in the regulation of starch
degradation rates was given in Scialdone et al. (2013) and is descriGbdpter 7.
However, t is not clear how the activitiesof GWD, PWD, SEX4 and LSF2 are
controlled to adjust starch degradation rafdsere are indications th&WD could be
regulated on theosttranslational leveby phosphorylation (Haezlewood et al., 2008),
redoxregulation (Mikkelsen etla 2005) and feedback inhibition (Hejazi et al., 2009)
It was suggested that SEX4 is redegulated Sokolov et al., 2006}jut also controlled
by feedback inhibition (Hejazi et al., 2010 However, none of these proposed
regulatory mechanisms has besgmown to be of importance vivo, or rigorously
establishedh vitro.

1.103 Redoxregulation of enzymes of the pathway

Redox regulation is potentially an important means of control of enzymes invialved
starch metabolismGWD (from potato) SEX4 andBAM1 were shown to be activated
under reducing conditiona vitro (Mikkelsen et al., 2005; Sokolov et al., 2006; Sparla
et al., 2006; Valerio et al., 2011). Also, it was also shown that AMY3 and LDA activity
in crude plant extracts is redox sensitive whealysed in gel based assays (Glaring et
al., 2012). The same study showed that ISA3 activityAiabidopsisextracts was
slightly decreasedby treatment with oxidant. Also, a redernstive betamylase
activity that was attributed to BAM3 was identifiafter assaying betamylase activity

in plant extracts odbaml bam3andbamlbam3mutants (Glaring et al., 2012).

That so many enzymesf the pathway appear to be redox sensitive seems ceunter
intuitive, becausehe chloroplast stroma is a more reducemyironment when plants
photosynthesise. This implies that enzymes of the starch degradation pathway are more
active during the day than at night. Therefore, it was suggested thataetilation of

these enzymes is of relevance in starch degradati@sponse to abiotic or biotic stress

or in heterotrophic tissues (Glaring et al., 2012).

The only enzyme shown to be involved in starch degradation during the day is BAM1

(Sparla et al., 2006). It was shown that wiyge plants express the enzyme in guar
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cells where it degrades starch during the day. BAM1 was also shown to play a role in

starch degradation in response to osmotic stress (Sparla et al.Chaper 6).

1.104 Protein complex formation between enzymes of the pathway

A further possibiliy for posttranslational control of the pathway cdube protein
complex formation. Direct evidence for physical interactions between enzymes of the
pathway has so far only been found for LSF1 and BAM1 (Martin Umhang et al.,
personal communication, ETH H#¢h; Chapter 6). It was proposed that LSF1
facilitates starch degradation by BAM1, by directing it to the starch granule surface.

Thus, LSF1 might have a regulatory role in starch degradation.

The same could be true fB/AM4, as the proteirseems to hav no catalytic activity,
despite beingequiredfor starch degradation (Fulton et al., 20@AM4 was found to
bind to starch granules, thus, it might interact with enzymes that degrade btarch,

interaction partners have not yet been identified (lal.e2009).

Coiled-coil domains which are known to be involved in profeiotein interactions
were predicted in GWD and AMY38LohmeierVogel et al., 2008), but interaction

partners of these enzymes have not been identified yet.

1.10.5Feedback inhibitian

Arabidopsis plants lacking DPE1, DPE2 or MEX1 have lower rates of starch
degradationthan wildtype Interestingly, none of these enzymes is involved in the
direct hydrolysis of starch. Instead, they play a role in maltose metabolism and mutants
lacking either of the enzymes accumulate abnormally high levels of maltose or
maltotriose (Critchley et al., 2001; Chia et al., 2004; Niittyla et al., 200Mus,
accumulation of intermediates of starch breakdown could feed back on enzymes that
directly attack lhe granule. Betamylases could be a target for this feedbagulation.

It was shown that bet@amylase from pea is inhibited by high levels of maltose (Lizotte

et al., 1990). Feedback inhibition was also demonstrateitio for GWD (from potato)

and SEK4 (Mikkelsen et al., 2005; Hejazi et al., 2009; Hejazi et al., 2010). Both were
inhibited by soluble, linear maltodextrins. Thus, accumulation of products of starch

degradation could inhibit the pathway if the demand for carbon is decreased.
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1.10.6Protein phosphorylation of enzymes of the pathway

It has not yet been shown whether protein phosphorylation contributes to the control of
starch breakdown. However, phosphorylation of 12 enzymes involved in starch
metabolism was detected in a systems biologyr@gch (Haezlewood et al., 2008;
Kotting et al., 2012). Amongst them were GWAMY3, BAM1, BAM3, LDA, DPEZ2,

MEX1 and the glucose transporter. The effect of phosphorylation on these proteins has
not been shown yet, but it could modulate their activity, @onétion, localisation or
stability. Chloroplastic protein kinases and phosphatases that are responsible for the
reversible phosphorylation of these enzymes are not known yet. Attempts were made to
find them using a bioinformatics approa@ased on predimns of chloroplast transit
peptides, 45 protein kinases and 21 protein phosphatases were found that could be
located in the chloroplast (Schliebner et al., 2008). Mutant studies could help to identify
the role of protein phosphorylation and dephosphtioriain the regulation of starch

metabolism.
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1.11 Experimental approach

The components which measure starch contents and link information about starch
contents and time until dawn to adjust the appropriate starch degradation rstiéé are
unknown. The aim of my wonwasto identify some of these componentsapplied two
different approaches:

Firstly, | used a forward genetic screen to identifytamts which are unable to adjust

their starch degradation rataccording to the lengtbf the night Such mutantsvould

be expected to have mutations in genes that encode proteins which are necessary for
normal rates of starch degradation. Thpseteinscould be new components of the

pathway as well as known proteins involved in starchatagron.

Secondly, | analysed how starch degradation rates in krmmowtantsof the starch
degradation pathway respond to an unexpected shortening of thepargid | took
this approach to find out which known components of the starch degradatiorapathw

are targets of the mechanism that controls starch degradation rates.

In the following results chaptef&Chapter 3-6), | will describe the outcomes of the
forward genetic screen and focus on the characterisation of two mutants with faster
starch degraden. | will describe their phenotypes and the identification of the
underlying mutations and hypothesise which functitesaffectedoroteins could have

in determining starch degradation rates. In the last results ci{@tapter 7), | will
presentthe results of the analysis of starch degradation rates in knstarch

degradatiormutants.
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2 Material and Methods
2.1 Plant material

The Pllowing mutants of the starch degradation and synthesis pathway were originally
obtained fromThe Nottindham Arabidopsis Stock Centr&lASC) and are available

from the seed archive kept as resource in the research group of Prof. Alison Smith:
amy32 (SAIL_613 D12); bamt1l (SALK_039895); bam31 (CS9246); bam4l
(SALK_037355); estt2 (Gabi_031C11); estt3 (SALK 040206); estt4
(SALK_070292); gbss2 (GABI _914G01) gwd3 (SALK_110814); isal
(SALK_042704); isa32 (Gabi_280@0); Isfl-1 (SALK100036); sext3 (Yu et al.,

2001); sex43 (SALK_102567)

Seeds of the mutantamy32, andisa3-2 were obtained from the labooay of Prof.
Samuel Zeeman (ETH Zirich, Switzerland).

2.2  Plant growth conditions
2.2.1 Growth on plates

Dry seeds were surfacgterilised overnight in a vacuum desiccator using chlorine gas
which was generated by addition of 8 ml conc. HCI (12 MR® ml thick bleach
(Parazone, Jeyes). Then seeds were left in a laminar flow hood for 30 min. Dsy seed
were sown on ¥2 MS agar plategaled with microporus taadstored at 4°C for two
days Thenthey weregrown in 16 hour lighi 8 hour dark condibns, at 20°C and a
light intensity of 200 pmol photons frs™. To select transformedrabididopsisplants

(2.9.3, seedlings were grown on agar plates containing the appropriate antibiotics.

2.2.2 Growth on soil

Seeds wer e sown o nlLewngtonl Horficltere, iipswich, aJK)6rs F 2
single pots (9 cm diameter) and stored in the dark at 4°C for two days to break seed
dormancy. Then either transferred to growth cabinets (SANYO, Watford, UK) or a
controlled environment room (CER) at 20°C and 7%ative humidity with 12 hour
night7 12 hour dark cycles. The light intensity was about 160 pmesnn growth
cabinets and about 180 pmol’st in the CER. Plants were transferred individually to a
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40- or 60cell tray (21x35 cm) after ten days andually grown for another 11 days
before harvest. Plants for seed production were grown in CERSs. Inflorescences were
bagged as the siliques ripened, then plants were left to dry completely for about two

weeks before seeds were collected.

2.3  Homogenisationof plant material

After harvesting, tissue samples were usually immediately frozen in liquid nitrogen and
stored at80°C. Frozen material was ground into a fine powder in 2 ml microcentrifuge
tubes containing a 4 mm diameter stainless steel ball (Be@uppglies) using a mixer

mill (Retsch) by shaking for 1 min at 22 strokes Samples were kept frozen by

cooling the rack in dry ice.

2.4 Bacterial strains

Generally,E.colist rains DH5U and TOP10 were useo
construction. Rismids for sitelirected mutagenesis were propagated in high
transformation efficiency X410 Gold cells (Stratagene, Agilent Technologies). For the
maintenance of GATEWAY vectorg. coli DB3.1 was used, as it contains a gyrase
mutation (gyrA462) that coefs resistance to the lethal effect of CcdB (Bernard et al.,
1994) Agrobacterium tumefacienstrain GV3101 was used for transformation of
Arabidopsisplants by floral dipping4.9.3.
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Strain

Antibiotic

resistance

Genotype/Properties

Source/Rderence

E. coli

DH5 U

Fd8l&cZz eeM1 5
(lacZYA-argF)U169
recAl endAl hsaR17(rk
, mK") phoA supg=44
thi-1 gyrA96 relAl

oo

Hanahan, 1983

DB3.1

Streptomycin

F- gyrA462 endAl
D(srlrecA) mcrB
mrrhsdS2(qrB", mB)
SUpE44 aral4d galk2
lacY 1proA2 rpsL20 xyl5
_leu mtl

Hanahan, 198

TOP10

Streptomycin

F mcrA(mrrhsdRMS
mcrBQ 80lacZM15
lacX74 recAl aral39
(araleu)7697galU galK
rpsL (Str) endAl nupG

Invitrogen,

http://www.invitrogen.com

XL-10 Gold

Tetracyclin

gmcrA)183gimcrCB
hsdSMRnrr)173 endAl
SUpE44 thil recAl
gyrA96 réAl lacHt e
proAB laclg4gM15
Tn10Amy]

Agilent Technologies,

http://www.home.agilent.con

Agrobacterium tumefaciens

GV3101

Rifampicin
and

Gentamycin

pMP9O0 (pTiC
DNA), genes for
nopaline biosynthesis

Van Larebeke et al., 1973

Table 2.1:Bacterialstrains
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In Table 2.2the composition of media for plant and bacterial graattescribed.

Medium

Composition

Bacterial growth media

Luria-Bertani Broth (LB)

10 g I tryptone, 5 gt yeast extract, 10 g
I NaCl, pH 7.0, agar was added for soli
medium (final concentration 1.5% (w/v)

Super Optimal broth with Catabolite
repression (SOC)

20 g I'tryptone, 5 gt yeast extract, 0.5 ¢
I"*NaCl, 0.186 g'tKCI, pH 7.0. The
medium was autoclaved before addition
glucose at a final concentration of 20 mN
and MgC} at a final concentration of 2
mM

Plant growth medium

Murashige and Skoog (MS)

Y MS plant salt mixture (Duchefa
Biochemie Ipswich, UK), 50mg " myo
inositol, 0.5 mg T thiamine, 0.25 mg
pyroxidine,0.25 mg T nicotinic acid, 0.25
g I'* 2-[N-morpholino}ethanesulphonic
acid (MES), 0.8% (w/vagar, pH 5.7 (with
1 M KOH)

Table 2.2 Mediaused for growth of plants and bacteria

Antibiotic Final Solvent Targets
concentration

Ampicillin 100 pg mt* dH.0 Gramnegative
bacteria

Gentamycin 50 pug mi* dH,0 Gramnegative
bacteria

Kanamycin 50 pg mi* dH,O Bacteria, fungi,
plants

Rifampicin 10 pg mi* methanol Bacteria

Spectinomycin 100 pg mt* dH,O Bacteria

Hygromycin 50 pug mi* dH,O Bacteria, fungi
plants

Basta (Glufosinate)| 100 pg mi* dH,0 Plants

Table 2.3 Antibiotic concentrations and usage.
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2.6 Plasmids

Vector Resistance Description Source

pCR8/GW/TOPO | Spectinomycin Vector for cloning | Invitrogen
of DNA fragments

TA with ter-n
overhangs
pGWB2 Kanamycin, GATEWAY Binary | Research Institute
Hygromycin vector fqr the of Molgcular .
expression of Genetics, Shimane

proteins in plants | University, Japan
driven by the 35S

promoter
Table 2.4 Cloning vectors
2.7  Oligonucleotides
Oligonuckotides were from Sigmaldrich Ltd (Haverhill, UK,

http://www.sigmaaldrich.com/unitekingdom.htm) and resuspended in gBl to obtain
a 100 puM stock solution. All oligonucleotides used for genotyping, cloning, sequencing

and mapbased cloning are listed the following tables.

Oligonucleotide Purpose Sequence 53'
SDM GAAGAAAGGCGATGAAAGCGA
BAM1 SDM _Asn_1 | BAM1 (S132N) ATTTGCAAGCGTTGAAGAGTGC
SDM GCACTCTTCAACGCTTGCAAATT
BAM1 SDM Asn 2 | BAM1 (S132N) CGCTTTCATCGCCTTTCTTC
At1g42430 R8 Cloning cDNA EST1| TCATTGTGGTTGGTCAGGGG
At1g42430 F8 Cloning cNDA EST1| ATGAGCGAAATGGCGGCTAGC
Cloning cDNA
BAM_ cloningF BAM1 ATGGCGCTTAATTTATCGCAT
Cloning cDNA
BAM_ cloningR BAM1 CTAGTGAGTGAGAGCCACTGC

Table 2.5:List of primers used for cloning and sii@ected mutagenesiSDM)
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Oligonucleotide Mutant Sequence 53'
amy32 F amy32 TAACGTCACCCGGTAAATCG
amy32 R amy32 ATGAGACCTCCTGGCTCAAT

At1g42430 F6

SALK_040206
SALK_070292

TCTCGTCCGTATTTGTTTTGC

At1g42430 F7

esti2

AATGTGAATGAAGCTGGCACT

SALK_040206

Atlg42430_R6 SALK_070292 GGCACTGCAGAGGAAGAAGT
Atlg42430_R7 estl2 TTGCTTGCTTTTGTGCACTC
At1g42470_F2 estll TCCAAGGTATGCTAATGGTTCA
Atlg42470_R2 estll ACCCCTGAAAGGTGACACAA
BAM1_F5 bam*landbamt2 | ACAAGGCTCACGGAACAGAT
BAM1_R5 bamtlandbamt2 | AGACTCTCACGCAACAAAGAAA
BAM3_Tilling bam31 TGAGAGTCTCCTCCCATGAC
BAM3_Tilling banB-1 GAACAAGTGGACCTCATGATG
bam4-1_FW bam41 TGGACTACCACCGGTAAAGC
bam41l_ RV bam41 GGCTGCCTTTGCAAGAATAG
GBSS_GABI_F gbss2 ACCAGGGAAGATTTGCCTTT
GBSS_GABI_R gbss2 TCCAGTCCCCTGTGAAAAAC
LSF1_F Isf1 AGTAAGAGGAGCTCGCCGAC
LSF1_R Isf1 TTCGAGAGCTCCTAAACCGG
R1-23-F sex13 AGCAAAAAAGATCACTGGGCTCTGTATG
R1-7-R sex13 CACAACAATGACATATCCGAC
sex43_FlL sex43 AAGGAAATCCCCAAACATCC
sex43_R1 sex43 TGTTCGTCCACCTTTGTCTG
Gabi_LB Gabi lines CCCATTTGGACGTGATGTAGACAC
SALK_LB1 SALK lines GCGTGGACCGCTTGCTGCAACT
SAIL_LB SAIL lines TAGCATCTGAATTTCATAACCAATCT

CGATACAC

Table 2.6 List of primers used for genotyping. The table lists gene specific primers

used to amplify the wildype sequence of genes affectedl-DNA insertion mutants.

One of the primers of each pair (highlighted in bold) was used in combination with one

of the three left border primers (LB) to amplifyDNA inserts in GabKat, SALK or

SAIL lines, respectively. Mutants containing point muas were identified by

amplification of the sequence flanking the mutation and subsequent restriction digest

(Section 2.8.%.
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Oligonucleotide Purpose Sequence 53'
Seq. PCR8
M13 F plasmid CGACGTTGTAAAACGACGGCCAGT
Seqg. PCR8

M13 R plasmid CACACAGGAAACAGCTATGACCATG
ISA2_F1 SequencingSA2 | ATGGCGGTGATGATGCTTAT

ISA2_R1 SequencingSA2 | ACCACGTTCGTTGAGCTTCT

ISA2_F2 SequencingSA2 | GTAGAGATCCGGACGGTCAA
ISA2_R2 SequencingSA2 | ACGCCTCTTCCCCTTAAAAA

ISA2_F3 SequencingSA2 | TCTGGAGCTCTTCGTGGAAT

ISA2_R3 SeqiencinglSA2 | CTGCAACGGTTCTTCTGCTA

ISA1 F1 SequencingSA1 | CCAGTTTCCTCCATCACACC

ISA1 R1 SequencingSA1 | TACGCCATACCACAATGGAA

ISA1 F2 SequencingSA1 | CACATACCAGGGTGTTGCAG

ISA1 R2 SequencingSA1 | GGACCGACCAACTACCAGAA

ISA1 F3 SequencingSA1 | GCTTGCTCCAAAGGTAATGC

ISA1_R3 SequencingSA1 | GGAAAACCGACGCTATCTGA

ISA1 F4 SequencingSAl | TGCTTGTTTGGTCCATGTGT

ISA1 R4 SequencingSA1 | GGTACAGATTTGGGCTTCCA

ISA1_F5 SequencingSAl | TGTGTGCACTGTGCTGGATA

ISA1_R5 SequencingSA1 | CCTGGAAGCAAAGCATAAGG

ISA1 F6 Sequening ISA1 | ATTGTGATGCTCCGGTTTTC

ISA1 R6 SequencingSA1 | TATCTGAAGCCGACCAAAGG

ELF3 F1 SequencingLF3 | ATCTTTTTGGGCTCCACTTTTC
ELF3 R1 SequencingLF3 | GATTTCAAGGCTTTAAGACAAATTAAC
ELF3 R2 SequencingLF3 | CTTTATCTGCATCATTCACATGAAG
ELF3 F2 SequencingLF3 | AGATATTGGAACCTATGTTTCCTCG
ELF3 R2 SequencingLF3 | TTGAAGAGGGTAAAAAAGGATTATTTC
ELF3 F3 SequencingLF3 | ATTCAGACTATTGCAAGGACATGA
ELF3 R3 SequencingLF3 | ATTTCTAGACTCTTGTCTCAAGGAAGC
ELF3 H SequencingLF3 | AGCATCAAGTCATGATAGAGTAAATGA
ELF3 R4 SequencingLF3 | TTGGTGATAGTGAAATATGCCCT
ELF3 F5 SequencingLF3 | TTTTGCTATTTTCATTGAGGACTG
ELF3 R5 SequencingLF3 | ATGGTTAACTAAAATTTAGATCCTGGG
ELF3 F6 SequencingLF3 | GTAGGGAAATGTTTTTCCGAGG
ELF3 R6 SequencingLF3 | GCAAATACTCTTTGTTGACTGTAATGA
ELF3 F7 SequencingLF3 | ATCTTCTTAATGTGACTCTGTTTCTCA
ELF3 R7 SequencingLF3 | GTCCTTCCGAGGGAGACATT

ELF3 F8 SequencingLF3 | CAGGAAATCATCAGCAATGGT
ELF3 R8 SequencingLF3 | AACAGTTGTTCTTGTCGTCGTT

Table 2.7:List of primers used for sequencing
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Oligonucleotide Purpose Sequencé'-3'
BAM1 F1 Sequencin®AM1 | GTCTTGGGGATTCATTTTGG
BAM1 R1 Sequencin®BAM1 | TTCATGAAAGATCAATGATTCG
BAM1 F2 Sequencin®BAM1 | TGGATTGCAACAACTCTTTCAT
BAM1 R2 Sequencin®BAM1 | CGAAATCAAATCAATTTAATAACTCA
BAM1 F3 Sequencin®BAM1 | TCGAAAACTACTTGTATTCATCAGAA
BAM1 R3 Sequencin®AM1 | TTTTCTTACAAGCAAACGGTGA
BAM1 F4 Sequencin®AM1 | GAACACTATCACCGTTTGCTTG
BAM1 R4 Sequencin®BAM1 | TTCTTCAATGGTCCCGATTC
BAM1 F6 Sequencin®BAM1 | ACGTGTACGGGAATTGATGA
BAM1 R6 Sequencin®AM1 | ATAGCACTGGAAGGCTCCAA
BAM1 F7 Sequencin®AM1 | ATTGGAGCCTTCCAGTGCTA
BAM1 R7 Sequencin®BAM1 | TCTCTCGAGGTTCTCCCTCA
BAM1 F8 Sequencin®AM1 | GCACTTTGTGCACCAGAGAA
BAM1 R8 Sequencin®AM1 | GAAATGCTATTTATTTTGGCTTCA
At1g42430 F1 Sequencin@gEST1 | AACCATGAATTGCGCCTAAC
At1g42430 R1 SequencingST1 | CACTTTTCTCCCACCACGTT
At1g42430 F2 SequencingEST1 | CTCCGACGAGAAGATTCACC
At1g42430 R2 Sequencin@gEST1 | TTGCTTGCTTTTGTGCACTC
At1g42430 F3 SequencingEST1 | ACCAAATGGGGAGACAAGTG
At1g42430 R3 Sequencin@gEST1 | TCGAGGTTTGGGTAGACACC
At1g42430 F4 SequencingST1 | TTTCGCACAATTCGAAAACA
At1g42430 R4 SequencingST1 | CTCCCACCACTGTCAAGGAT
At1g42430 R5.1 Sequencin@gEST1 | CCTGGGGTGATACTTCATGG

Table 2.7:List of primers used for sequencing
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Oligonucleotide

Purpose

Sequence 53'

Chrl_F_At1g30930

Rough mapping

TCAATGGGATCGAAACTGGT

Chrl_R_At1g30930

Rough mapping

ACTGAAAAGCGAGCCAAAAG

Chrl F_At1g07810

Rough mapping

GTTCACGGACAAAGAGCCTGAAAT

Chrl_R_At1g07810

Rough mapping

AAGCAGTCAATATTGCAGGAAGGG

Chrl_F_At1g49610

Rough mapping

ACATTTTCTCAATCCTTACTC

Chrl_R_At1g49610

Roughmapping

GAGAGCTTCTTTATTTGTGAT

Chrl F_Atlg72650

Rough mapping

TGTTTTTTAGGACAAATGGCG

Chrl_R_At1g72650

Rough mapping

CTCCAGTTGGAAGCTAAAGGG

Chrl_F_At1g09940

Rough mapping

TCATGACGTGAAGAAGAAGAAAA

Chrl R At1g09940

Rough mapping

CATATCGCTGCTACTAATTTTAAACAA

Chr2_F_At2g04066

Rough mapping

GGGATAATGGATAGGACTCACG

Chr2_R_At2g04066

Rough mapping

GCTGAGAAGGCAAGGAAGAG

Chr2_ R At2g14890

Rough mapping

GAAACTCAATGAAATCCACTT

Chr2_R_At2g14890

Rough mapping

TGAACTTGTTGTGAGCTTTGA

Chr2_F_At2g39010

Rough mapping

TCGTCTACTGCACTGCCG

Chr2_R_At2g39010

Rough mapping

GAGGACATGTATAGGAGCCTCG

Chr3_F_At3g11220

Rough mapping

GGATTAGATGGGGATTTCTGG

Chr3_R_At3g11220

Rough mapping

TTGCTCGTATCAACACACAGG

Chr3_F_At3g26605

Rough mapping

CCCCGAGTTGAGGTATT

Chr3_R_At3g26605

Rough mapping

GAAGAAATTCCTAAAGCATTC

Chr3_F_At3g50820

Rough mapping

GTTCATTAAACTTGCGTGTGT

Chr3_R_At3g50820

Rough mapping

TACGGTCAGATTGAGTGATTC

Chr4_F_At4g01710

Rough mapping

GGTTAAAAATTAGGGTTACGA

Chr4_R_At4g01710

Rough mapping

AGATTTACGTGGAAGCAAT

Chr4_F_At4g10360

Roucdh mapping

GCCCAGAGGAAGAAGAGCAAACTAGC

Chr4_R_At4g10360

Rough mapping

TGGGAATTCATGAGAGAATATGTGGGAC

Chr4 F At4g29860

Rough mapping

GCCAAACCCAAAATTGTAAAAC

Chr4_R_At4g29860

Rough mapping

TAGAGGGAACAATCGGATGC

Chr5_F_At5g22545

Rough mapping

TAGTGAAACCTTTCTCAGAT

Chr5_R_At5g22545

Rough mapping

TTATGTTTTCTTCAATCAGTT

Chr5_F At5g42600

Rough mapping

CAGACGTATCAAATGACAAATG

Chr5_R_At5g42600

Rough mapping

GACTACTGCTCAAACTATTCGG

Chr5_F_At5g63640

Rough mapping

GAGCATTTCACAGAGACG

Chr5_R At5g63640

Rough mapping

ATCACTGTTGTTTACCATTA

Table 28 List of primersused for rough mapping. Primer names indicate the marker

position in thegenome ¢hromosoma&umberand locus of the closest ggne
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Oligonucleotide Purpose Sequence 53'
1-AC0064235434F Finemapping 436L | TGCGGGAGTGTGATAGAATA
1-AC0064235434R Finemapping 436l | TCCTCGAAAGATTCATTGAT
1-AC0003757539F Finemapping 436l | GAATTCTGTAACATCCCATTTCC
1-AC0003757539R Finemapping 436L | GGTCTAATTGCCGTTGTTGC
1-AC0106758645F Finemapping 4361 | GGACCGACGGTTACGAGAGT
1-AC0106758645R Finemapping 4361 | TAACGGGCCGTTGCAAGA
1-AC0041468255F Finemapping 436l | CAATGAATTGCAAAAGATGT
1-AC0041468255R Finemapping 436l | TTTTCTGCGTAGAAAAAAAC
1-AC0061937914 Finemapping 436l | CTTTCCACGGAGATTGACC
1-AC006193791R Finemappingd361 | TTCTGCAAACTAACCCACT
1-AC004393831F Finemapping 436L | CTACTGATATCGCTGATAAG
1-AC004393831R Finemapping 4361 | ATCGTGGTGCGCCATCAA
1-AC0666897854 Finemapping 436l | GTTTGTTTTCCTTGTCTATC
1-AC066689785R Finemapping 436l | TGTTTTTGAAAGAAAAGTAG
1-AC0108527797F Finemapping 436l | TAGAAGGGGCACATATTAAG
1-AC010852779R Finemapping 436l | TTTGTTAATGTGCGTGTAAG
1-AC006193792R Finemapping 436l | AGTGATTGGATGGTCGGTATG
1-AC006193792R Finemapping 436l | TGGTTTTGGTGAGTTCTGCT
1-AC007230795%F Finemapping 436l | GACAATAGATGGGTCAGACA
1-AC007230795R Finemapping 436l | CCAATAACCTGGACAACAAA
1-AC00804#7725F Finemapping 436l | TATAACCAGTTTTCAAATCAAC
1-AC0080477725R Finemapping 436l | GCTTCTTGTGGTCGTTTT
1-AC0045127983F Finemapping 436l | AACCGAACGAAATGAATAG
1-AC004512798R Finemapping 436l | TCAGTTGAAACCGAGATTG
1-AC0012297994 Finemapping 436l | GCCTGCTTTTGTTTCTTTT
1-AC001229799R Finemapping 436l | TCTCCCTCCCTTTTCTTGC
3-AB022217240F Finemapping 408 | ACCTGTTCAGTCTATGTTAC
3-AB022217242R Finemapping 4088 | GGGAATTATTAACATTATCA
3-AP0007313394~ Finemapping 4088 | GGTAAGCTTCAGGTCGTGCT
3-AP000731339R Finemapping 4068 | GTCAACACTTTGACCCGACA
3-AP002461539%F Finemapping 4088 | GAAGCGGTGTGGCTTGAAC
3-AP002461539R Finemapping 408 | GATGAACGCTTCAGGCCTAT
3-AP0004192846 Finemapping 408 | TTTGTTCGAGTTTAATACAT
3-AP000419284R Finemapping 408 | ATGTGTCACTAGTCGTATTC
3-AB0256242876 Finemapping 408 | GCTTCTTCTCGTTGCGATCT
3-AB025624287R Finemapping 4088 | TTCAAATGGTGAAGCAGTAA
3-AP0012973676 Finemapping 40688 | TCAAAAAGCTAAACGATACA
3-AP001297367R Finemapping 408 | GGCGATTATAGAGAAACAGA
3-AB028607399F Finemapping 408 | TTGCGTCTGGCAGATTGTTG

39
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Oligonucleaide Purpose Sequence 53'
3-AB0286073997R Finemapping 408 | GGCCATATTTTGCTATGTTT
3-AP001304312F Finemapping 40688 | CCAAGGGAATCCAATGAAGC
3-AP001304312R Finemapping 408 | CAATTCTGTATTATCGATGATGTG
3-AB023045317F Finemapping 408 | GTAGCCCAAAGCCGTACAG
3-AB023045317R Finemapping 4088 | GAGATGCGTTTCACCTACAA
3-AB02664 703900 Finemapping 4088 | ATGGTAAGCCAAAAGTCATC
3-AB026647#0390R Finemapping 4088 | GTAATTCCAGACCTTGTAGA
3-AB0266553510F Finemapping 408 | CAATTCGATCGTCATTACAG
3-AB026655351(R Finemapping 408 | ATGTATCTCTTGGCTAAGTT
3-AP002048378%F Finemapping 4088 | AGAGCTGGAGTCAAGTATC
3-AP002048378R Finemapping 4068 | CATCCAACTCATGACAAG

Table 29: List of oligonucleotides used for firmapping. Primenames contain the
nane of the marker which was identified using tAeabidopsismapping platform

(http://amp.genomics.org.gn/

2.8  Molecular Methods
2.8.1 Nuclei extraction fromArabidopsis leaves

All steps were performedn ice with precooled buffers and equipmeruffers used

in this protocol were: nuclei isolation buffer (NIB: &M MES, pH 5.3, 0.2 M sucrose,
0.01% (v/v) Triton X100 and 1 mM fresh DTT), lysis buffer (10% (v/v) Tritor1R0

in NIB buffer) and NIBA (1:10 (v/v) protease inhibitor cocktail (Compl¥teRoche) in

NIB). Frozen leaf tissue wagound with liquid nitrogemsing a precooled mortar and
peste. After a fine powder was obtained, the tissue was transferred to a new (room
temperature) mortar and the pavdvas resuspended in NIB (7.5 it tisswe). The
homogenate was centrifuged for 6 min at 380 g at 4°C to sediment large cellular debris.
The supernatant wailtered through a filter mesinto a precooled 500 ml conical
flask. Lysis bufferwas added tehe filtrate(0.25ml mi™ of NIB). The mixwas left on

ice for 10min and swirled every gin. The lysate was then centrifuged at 100 g for 5
min to precipitate large particles. The resulting supernatant was carefully transferred
into a new 50 ml falcon tube, whickias spun down in a tabtep cenrifuge with a
swinging bucket rotor &,600g for 15 min at #C. The supernatant was removed and
the pdlet resuspended in NIBA (0.1ng” tissue). The minimal volume of NIBA used

was always0.5 ml. A 1.7 M sucrose solution was aliquoted into 1.5 ml suf@8
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ml/tube) and 0.6 ml of the lysate were applied to the top of the sucrose cushions through
the side of the tube. To collect nuclei, samples were spun at 12,000 g for 10 min. The
upper phase and the sucrose cushion were removed and the pellet wéshed 1ml

NIBA and spun for 5 min at 12,000 g. The pellet was finally resuspended inl 10 p
water as TritorX in NIBA inhibits RNase activityThe nuclei pellet was then used for
DNA extraction. DNA pellets were resuspended in about 7 pl of waterpanted.
RNase treatment was carried out in a final voume of 50 pl for three hours at 37°C and

DNA quality assessed using agarose gel electropho28i§)(

2.8.2 DNA isolationfrom plants

DNA for genotyping and sequencing was isolated using Edwardisr g@00 mM Tris

HCI, pH 7.5, 250 mM NaCl, 25 mM ethylenediaminetetraacetic acid EDTA, 0.5%
(w/w) SDS). For large numbers of extractions, DNA isolation was carried outweB6

racks containing strips of-&ell collection tubes (Qiagen, http://www.qgiageom/).

The tissue (about 50 mg) was harvested into the tubes which contained a 4 mm diameter
stainless steel ball (Bearing Suiggl, www.bearingsupplies.co.uk The racks were
frozen at -80°C. The tissue was then homogenised by shaking the iacks
Gerogrinder (SPEX Sample Prep, Metuchen, USA200 strokes per minute for 30 s.
Homogenised tissuwas resuspendedh 300 pl of Edwards buffer. Cell debris was
pelleted by centrifugation at 5810 g for 10 min at room temperature. The supernatant
(250 ul) wastransferred into new tubes containing 250 pl isopropanol. The tubes were
inverted several times, incubated at room temperature for 2 min, then centrifuged at
5810 g for 10 min at room temperature. The DNA pellet was washed in 300 pl 70%
(v/v) ethanol ande-pelleted using the same centrifugation conditions. The pellet was
dried for 20 min and resuspended in 100 ul,@H For smaller numbers of extractions

on a smaller scale, DNA was prepared in 1.5 ml microcentrifuge tubes. The same
volume of Edwards buffewvas used, but centrifugation was carried out at 20,000 g in a
microcentrifuge. DNA forArabidopsisre-sequencing4.8.19 and long term storage

was isolated using the Qiagen Puregene® &it cor di ng t o t he
instructions.Cells were lysed with an anionic detergent in the presence of a DNA
stabilizer. RNAwas removed by treatment with an Rldfe and ther contaminants

wereremoved by alt precipitation. In the last step, genomic DNA wasovered by
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precipitation with alohol and dissolved in hydtion solution (1 mM EDTA, 10 mM
Tris HCI, pH 7.5).

2.8.3 DNA extraction from bacteria

To isolate plasmid DNA fronk. coli, bacterial cultures were grown in LB medium
containing the appropriate antibiotics for-18 hours at 37°C in a shaking incubator
and DNA isolated using the QlAprep Spin Minipre Kit (Qiagen) according to the

manufacturerds instructions.

2.8.4 Polymerase chain reaction (PCR)

For mapbased cloning(2.8.5, sequencing A.8.19, colony PCR and genotyping
(2.8.9, the GoTaq Flexi Kit (P o me g a) was wused for PCR.
High-Fidelity DNA polymerase (Invitrogen) was used. PCR reactions containr80®0

ng of gDNA or 1 pg 50 ng plasmid DNA as template, 1x polymerase reaction buffer,
0.1 U of GoTaq polymerase (or 0.05 URf at i n u +RillelitydDNé polymerase),

0.4 uM of each primer and 500 uM dNTPs. PCR amplifications were carried out in a
DYAD Thermal Cycler (Biorad). The standard PCR amplification protocol for GoTaq
started with an initial denaturation step of 95°CXanin, followed by 2835 cycles of:

94°C for 30 s, 5@0°C (Primer T-3°C) for 30 s, 72°C for 1 min kbof target DNA
product and a final el ongation step- at
Fidelity DNA polymerase, the initial denaturatioregtwas carried out for 1 min at
94°C, followed by 285 cycles of 94°C for 30 s, 80°C (Primer };-3°C) for 20 s,
68°C for 20s ki of target DNA product and 68°C for 2 min. For colony PCR, GoTaq
polymerase was used and instead of DNA template, partsbattarial colony were
added with a pipette tip to the PCR mix. An additional 10 min lysis and denaturation
step at 95°C was added at the beginning of the PCR amplification protocol.

2.8.5 Map-based cloning

EMS mutants (CeD background) were owros®d to the Arabidopsis ecotype
Landsbergerecta(Ler). About 20 k plants were allowed to sepiollinate and set seed.
F, plants were grown for 10 days in 12h ligt##h dark cyclesand phenotyped to

identify plants homozygous for the gene of interestedfi, the mutation causing the
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phenotype was recessive. Therefore, plants in tlveeFe selected if they had the early
starvation phenotype. This means, individual plants were kept if they showed detectable
luciferaseinduced bioluminescendeom the pAtlgl®70:LUC reporterat the end of

the normal night. Mutantbam2 had a dominant mutation, therefore plants
homozygous wiletype for the gene of interest were selected. This was done by chosing
F, plants which did not show a bioluminescence signal at the®ad early night. The
starvation reportepAtlgl0070:LUCis dominant, but segregates in the rkapping
population, because it is absent in ther Iparent. Luciferase expression in plants
without bioluminescence expression was therefore assayed agaifivaftbours into

the extended night to confirm that the selected plants contained the reporter.
Phenotyping of selected plants was repeated after seven days and in loasetdf

leaves of individual plants were harvested for an iodine stain, two hdre Itee end

of the night. This was done to confirm that selected plants had no starch degradation

phenotype, thus were wiliype for the mutation of interest.

DNA was extracted from individual homozygous plants. Genetic linkage of the
mutant locus tochromosomalArabidopsisregions was determined by using RCR
markers that are polymorphic betweesr and Col0 accessions. To obtain a rough map
position for the mutation of interest, each plant was genotyped using 16 genetic markers
that were evenly distbuted over the five chromosomeEaple 2.§. A recombination
frequencywas calculated for each marker by calculating the percentage &f Gal
bam12) or Ler (for esttl) polymorphisms detected at that locus. Markers closely
linked to the gene of intest are located in a region with low recombination frequency.
The position of three markers which indicated the lowest recombin&eguency
narrows down the position of the gene of interest to an interval on one of the
chromosomes. To obtain a smalleterval, new polymorphic markers upstream and
downstream of the marker indicating the lowest recombination frequency in that
interval were analysed. New markers were obtained usinghtakidopsismapping
platform (Hou et al., 201http://amp.genomics.orgn/). The procedure was repeated
and additional Fplants were phenotyped and genotyped to sufficiently narrow down
the interval containing the mutation. Candidate genes in the interval were then
sequenced?(8.149 to look for EMSinduced point mutations.
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2.8.6 Genotyping of mutants

Genotyping of Eplants to select homozygous double mutants from the cross of two
mutants was carried out on gDNA by P@Riplification using the primers listed in
Table 2.6 Genotyping of TDNA insertion mutants was carriedit in two steps. In the

first reaction, gene specific primers listed in the table were used to amplify gDNA of the
wild-type sequence. This PCR gave a product in heterozygous mutants -typsild
plants, but not in homozygous mutants. In the second@tepgene specific primer was
used in combination with either the GABI_LB1, SALK _LB1 or SAIL_LB1 primer
respectively. Which gene specific primer was used for the amplification in combination
with the T-DNA specific primer was decided considering the origotaof the FTDNA

insert in the gene and is indicated in the table. For mutants containing point mutations,
gene specific primers were used to amplify the sequence flanking the mutation and a
subsequent restriction digest revealed presence or absence mfinh mutation after
analysis by agarose gel electrophoresis. The mutati@stikl deleted armAcd (New
England Biolabshttp://www.neb.uk.conm/restriction site, which is present in the wild
type sequence. Therefore, only the PCR product of-typé plants or heterozygous
mutants was cut by the enzyme. The point mutatidoamt2, created af\pd (New
England Biolabs) restriction site. The point mutatiorbam31 deleted aBsrn (New
England Biolabs) restriction site, therefore only the sequenceifemdph wild-type

was cut by the enzyme. Mutaséxt3 contains a 33 bp deletion (induced byra§
irradiation) and could therefore be identified by PCR amplification of the flanking
sequence and analysis of the product size by agarose gel electrophoresis

2.8.7 Restriction digestion

Restriction enzymes for mutant genotyping and for confirmation of successful cloning
were usually obtained from New England Biolabs (NEB) or Invitrogen and reactions
carried out accordi ng t Qsudlyhreactiors werecarged ur e
out in a final volumeof 20 ul using 500 ng of DNA, 1 U of enzymihe appopriate

restriction buffer angbovine serum albumin) BSA as required.
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2.8.8 Agarose gel electrophoresis

DNA fragments were mixed with 5 x loaj dye (50% (v/v) glycerol, 0.05% (w/v)
Orange G) and separated on 1% (w/v) agarose gels, prepared using TAE buffer (40 mM
Tris-HCI, 20 mM acetic acid, 1 mM EDTA, pH 8.0) containing 0.01% (v/v) ethidium
bromide. Gels containing 2% agarose were routinsgduto separate P@Roducts
during mapbased cloning, to allow visualisation of small size differences caused by
deletions. The DNA separated on the gel was visualised through fluorescence of the
ethidium bromideDNA complex when exposed to ultraviolet (Y light from a
transilluminator and photographed using a Gel Doc 1000 systerR@ip

2.8.9 RNA extraction

About 50 mg (equivalent to-2 mature leaves) of homogenised frozen leaf tissue were
used for RNA extraction, using the RNeasy Plant Mini Kiia@gn) following the
manufacturero6s instructions. RNA was el u
of RNasefree dHO and its quality assessed by measurements of absorbance at 260 nm
and 280 nm wusing the NanoDrop MNDOO spectrophotometer (NanoDrop

Technologieshttp://www.nanodrop.cony

2.8.10 DNase treatment and cDNA synthesis

RNAse samples were treated with RQMNase (Promegattp://www.promega.co.uk/

using 1ug of RNA, 1x RQ1 DNase buffer, 1 U RQ1 DNase, 0.5 pl of RNAsin Plus
RNase inhibitoPromega) and DEPC treated water in a final volume of 10 ul. The mix
was incubated at 37°C for 15 min. Samples were cooled on ice and 1 ul of 25 mM
EDTA was added to stop the reaction. To inactivate DNase, samples were incubated at
65°C for 10 min and subguently placed on ice. DNfkee RNA samples were used for
cDNA synthesis. For the reaction, 2 pl of oligo(dT)-1% primer (50 ng ) were

added and the samples incubated at 70°C for 15 min, then cooled on ice. For reverse
transcription, the SuperScriit Reverse Transcriptase (RTase) kit (Invitrogen) was
used. To each sample, 4 pl of First Strand Buffer, 1 pl of NTP mix (10 mM each), 1 pl
DTT (100 mM) and 1 pl SuperScript lll RTase were added. The samples were gently
mixed by inversion and incubatet4¥°C for 1 h. RTase was inactivated by incubation

of the mix at 75°C for 10 min.
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2.8.11 Cloning of PCR fragments into pCR8/GW/TOPO TA

PCR amplification of c DNA wa sFideleytDNA ed o
pol ymerase (1 nvi t-Aaoverleangs onthesy RGRpiodudtse @oniegsof 3 6
the PCR fragments was performed using a reaction mix containin@. 9 PCR

product, 1 pl salt solution, 0.5 ul vector (pCR8/GW/TOPO TA) andQlkh a final

volume of 5 pl. Samples were incubated 10 rirl h at room temperature and
transformed into chemically competelt coli TOP10 cells. Successful cloning was

confirmed by colomPCR.

2.8.12 LR reaction

The clone in the pCR8 entry plasmid is flanked by attL sites, and the GATEWAY
cassette in the destinatigplasmid is flanked by attR sites. Recombination between
sequences within attL and attR sites was catalysed by LR clonase enyzme (Invitrogen).
For the reaction, 5050 ng of the pCR8 plasmid containing the fragment of interest
were mixed with the same amn@t of destination vector and TE buffer (10 mM Tris

HCI, 0.1 mM EDTA, pH 8.0) was added to a final volume of 4.5 pl. LR clonase (0.5 pl)
was added and the sample mixed by pipetting. Samples were incubated at room
temperature for-46 h. The reaction wasrtainated by addition of 0.5 pl proteinase K
solution and incubation at 37°C for 10 mig.coi TOP10 o DH5U <ce
transformed(2.9.1 with 2.5 pl of the reaction mix and successful recombination was

confirmed by colony PCR.

2.8.13 Site-directed mutagenesis

Site-directed mutagenesis of BAM1 was performed using thesible site kit
(Sramgene, Agilent Technol ogies) according
method, primers Table 25) binding to the target sequence contain the mutated
sequence and were designed to amplify the target sequence as well as the entry clone.
Thus, a mitagenized and nemethylated, single stranded copy of the plasmid was
generated. The old strand, consisting of methylated DNA, was digestedysing he
mutagenized plasmid was transformed iiocoli for amplification of the plasmid

(2.9.1). The sucess of the mutagenesis was confirmed by sequencing of DNA extracted

from bacterial cultures2(8.3.
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2.8.14 DNA sequencing

PCRproducts for sequencing were purified using the QIAquick®pORfication kit
(Qiagen) or exised from agarose gels and extragsiny the Qiagen QIAquick®Gel
Extraction kit ( Qi agen) according t o t
sequenced by cycle sequencing using the chain termination method in which
dideoxynucleotide triphosphates (ddNTPs) serve as DNA chain termin&torge et

al., 1977). Reactions were carried out in a final volume of 10 ul containing about 100 ng
of template DNA, 1 ul of 2 uM sequencing primer, 2 ul Big Dye sequencing buffer, and
2 pl BigDye version 3.1 sequencing mix (Applied Biosystems). The samysee run

in the DYAD Thermal Cycler (Biorad) using following conditions: 25 x (96°C for 10s,
55°C for 5 s, 60°C for 4 min), 10°C for 10 min. Automated sequencing was performed
by the Sequencing service at Genome Enterprise Ltd. (Norwich Resarch Park) on
AbiPrism 3730XL and 3730 capillary sequencers (Applied Biosystems). The data were
analysed using ContigExpress (Vector NTI Advance Suite 11, Invitrogen).

2.8.15 Arabidopsisre-sequencing and data analysis

Resequencing of EMS mutant 436 (mutant A) was performed to identify the
underlying point mutation. The mutant was-ocubssed to a wikdype Landsbergrecta

(Ler) plant and th@henotypeof F, plants was analysed to select about 500 homozygous
mutant plants. One leaf of eaghant was collected anddNA prepared 2.8.29 after

nuclei extraction4.8.1). For resequencing, a sample of 5 ug of RNike gDNA was
required. Library construction, cluster generation and sequencing of the sample on one
lane of the lllumina GAlIx with 8®p paired end reads waarried out as a service by
Genome Enterprise Ltd. (Norwich Research Park, UK). The rawgatanalysed by
Martin Trick (Computational and Systems Biology, JIC, URjiefly, Maq v0.71 i et

al., 2008) was used to align the reads against the TAIR® @aflerence sequence and

to generate a list of raw SNPs. The companion Mag.pl Perl script was then employed to
filter these SNPs on quality criteria and the survivors used as input to-prposssing

script which further filtered using a depth threshofds, which eliminated SNPs that
corresponded to known GOfLer polymorphisms littp://signal.salk.edu/atg1001/dgta/

and which retained only EMS candidates. The output of this script was a GFF2 file that
was then loaded into a local instance of the GBewgenome browser
(http://gmod.org/wiki/GBrowse#Downloals  together with the TAIRS
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pseudochromosome sequences and the TAIR8 gene model annotations, allowing visual
inspection through a web browser. By programmatically interrogating the GBrowse
MySQL datalase with a Perl script usingio::DB::GFF  methods, a genomaide

set of EMS candidates (G/# C/T in annotated coding sequence and inferred to induce
either norsynonymous codon or donor/acceptor splice site mutations) could then be

further refined basedn chromosomal location.

2.9 Transformation of organisms
2.9.1 Transformation of Escherichia coli

E. coli cells were transformed using heat shock. Competent cells (30 pl, stored at
80°C) were thawed on ice and 2 pl of the LR reaction 12i8.0L29 or 05 pl of plasmid

DNA (2.8.3 were added and cells incubated on ice for 30 min. For the heat shock, the
cells were heated to 42°C for 30 s and immediately transferred to ice. After 2 min, 1 ml
of SOC medium was added and bacteria grown for one hour at 3itRCgentle
shaking. The bacteria were plated on LB agar containing the appropriate antibiotics.
Plates were incubated upside down at 37°C overnight. Colony P8H) (was used to

screen bacterial colonies containing the correct plasmid.

2.9.2 Transformaion of Agrobacterium

Freeze/thaw competeAt tumefaciensells (strain GV3101) were prepared by growth
of bacteria in 60 ml LB (plus appropriate antibiotics) at 28°C to ar& @ 0.8,
collection of cells by centrifugation (4,500 g, 5 min, 4°), twskag steps in 1 ml iee

cold 20 mM Cadl preparation of 50 pl aliquots and freezing of cells in liquid nitrogen.
Cells were stored aB0°C and were thawed on ice. Five pl of plasmid DNA isolated
from E. coli (2.8.3 were added and mixed with the cells ipetting. The cells were
incubated on ice for 5 min, then in liquid nitrogen for 5 min then thawed at room
temperature. One ml of LB medium was added, followed by incubation at 28°C with
shaking for 2 h. Cells were pelleted by centrifugation at 5,5@0 § min, resuspended

in 100 ul of LB medium and plated on LB agar containing the appropriate antibiotics.
Plates were incubated upside down at 28°C for 48 h and success of the transformation

assessed by colofBCR.
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2.9.3 Stable transformatiorof Arabidopsis

Plants were grown in the CER until flowering and production of secondary
inflorescencesA. tumefaciensells transformed with the desired plasn2d9(2 were

grown at 28°C in 200 ml LB medium containing the appropriate antibiotics until an
ODsgoo Of 1 was reached. Cells were pelleted by centrifugation at room temperature at
2,500 g for 15 min and then-seispended in 200 ml infiltration medium (5% (w/v)
sucrose, 0.05% Silwet®-L7 (GE siliconeshttp://www.siliconeforbuilding.con)/ 0.1

mM acetosymgone, 3 mM MES, pH 5.5). Plant inflorescences were dipped into an
Agrobacteriumsuspension in a beaker for two min, then placed into clear plastic bags
and shaded for 24 hours, then grown in the glasshouse under ambient light conditions
with supplemental lightening as required to obtain a 16 hour photoperiod.
Transformants were selected by growing seeds on plates containing the appropriate
antibiotic .2.1).

2.10 Crosspollination of Arabidopsisplants

Flowers of the female parent were used for engsbefore the anthers began to shed
pollen onto the stigma. Therefore flowers were chosen in which the tips of the petals
were just visible. From the male parent, flowers were chosen that were open and were
visibly shedding pollen. Using scissors and épg flowers just above and below the
selected female flower and all siliques on the stem were removed. From the female
flower all sepals, petals and anther were removed, the carpel was left intact. This was
done wusing a magni f y iErpgsedcarpels were I€ftjovenmnght e r 6
and on the next day, an open flower of the male parent was squeezed near the base with
the forceps and then the surface of the anthers was brushed against the stigmatic surface
of the exposed carpels of the female par€or this step, a dissecting microscope was
used. Successfully pollinated siligues were left to mature and harvested when they
turned yellow. Siliques were dried at room temperature for two weeks before planting to

increase germination rates.
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2.11 lodine stain of leaf starch

Whole rosettes or individual leaves were headte®0% (v/v) ethanolat 80°C until
decolourisedthen washed with water.rAl, and Kl solution(Lugol solution, Sigma
Aldrich) was added for 5 min.elaves were washed with waterreamove excess stain
and photographed.

2.12 Measurement ofluciferase (LUC) activity

Theluciferase(LUC) protein of firefly Photinus pyrali$ generates light with a spectral
maximum of 560 nm by catalysing the oxidative decarboxylation of the sub&kat
luciferin in the presence of ATP,,@nd Md". Total light emission of the sample is
proportional to the luciferase activity in the sample. The shortlifeldf LUC protein
allows analysis of temporal patterns of reporter gene expression in plats éial.,
1992).

Arabidopsisseedlings were grown on soil and first assayed after 10 days of growth in
12 hour light- 12 hour dark cycles. Plants were sprayed with luciferin solutiom{®8
luciferin (Biosyth, http://www.biosynth.com)/ 0.01% (v/v)Triton-X-100) 24 hours and
additionally one hour before the bioluminescence image was taken. AbatdiGhe
luciferin solution were sprayed on each tray (21x 35 cm). The plants were imaged
using the NightOwl (LB 983) CCD camera system (Berthold hhetogies
https://www.berthold.con). Imaging and data analysis were performed using either the
Indigo software Berthold Technologiesjmaging settings: Inin exposure time, X2
binning or the WinLight Software Rerthold Technologies;maging settingsl min
exposure time, medium resolution, pixel binning 4x4, single frame accumulation)

according to the manufacturero6s instruct.

2.13 Determination of starch and phytoglycogen contents
2.13.1 Starch extraction fromArabidopsisleaves

The starch caent in Arabidopsisleaves was determinealsing the perchloric acid

(HCIO4) method. One ml of iceold 0.7 M perchloric acid was added to frozen and
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homogenised leaf tissu@.8) (501 150 mg) and the sample-sespended by vigorous
vortexing. Two aliquot®f 400 ul were transferred to separate 96 well plates on ice (1.2
ml storage plate, Thermo Scientifioitp://www.thermoscientific.com) using cut tips.

Then 300 ul of 100% ethanol were added to each sample and the plates sealed with a lid
(sealing matsThermo Scientific). Plates were inverted and centrifuged at 3,000 g for 10
min to pellet the starch. The supernatant was discarded and the pellet washed in 600 pl
of 80 % ethanol, and centrifuged as before. The starch pellet was taken up in 150 pl of
waterand the plates sealed with a thermo stable lid (Thermo Scientific), incubated at
90°C for 15 min and then allowed to cool on ice. Then 600 pl of 100% ethanol were
added to each sample and plates were sealed, inverted and centrifuged as before. The
superngant was discarded and samples for 30 min. Pellets wenespeended in 250 pl

of dH,O and stored aR0°C until used for enzymatic starch digestiarig.3.

2.13.2 Phytoglycogen extraction frorArabidopsisleaves

For phytoglycogen extraction, frozen darhomogenised leaf tissue€.§) was re
suspended in 1750 ul of 0.7 M perchloric acid. Tubes were mixed by vortexing and
1500 pl of the sample were transferred into a new 2 ml microcentrifuge tube. The
samples were centrifuged to separate starch from gopihytoglycogen (10 min, 4°C,
3,000g9). A 600 pl aliguot of the supernatant was transferred into a new microcentrifuge
tube and the pH adjusted to 5 using-¢odd 2 M KOH, 0.4 M MES, 0.4 M KCI.
Precipitated potassium perchlorate was removed by centitagé,000 g, 10 min,
4°C). Phytoglycogen was precipitated overnight at 4°C by addition of 600 pl of 75%
methanol (plus 1% KCI) to 200 pl of the sample. Then tubes were centrifuged at 3,000
g for 10 min at 4°C. The pellet was air dried and subsequenrslysgended in 500 pl of
dH,O. Samples were heated for 20 min inaev bath at 95°C and thetored at20°C

until used for phytoglycogen assay. An aliquot of 250 pl was used for enzymatic
digestion 2.13.3.

2.13.3 Enzymatic digestion oftarch and phytaglycogendigestion

For measurement of the starch and phytoglycogen content, samples were enzymatically
digested to glucose and the amount of glucose released was quantified. To each of the
starch samples of one replicate pl&€el8.]), 250 ul of a mix 0240 ul of NaOAc (0.2

M, pH 4.8), 9 pl of of amyloglucosidase (10 pg'pRoche, http://www.roche.co.uk )

51



Chapter 2 Material and Methods

and 1 pl of alphamylase (1 U i, Megazyme, http://www.megazyme.com) were
added. To the samples of the second replicate plate, a mix was addedntiasgned

water instead of the enzymes. This plate served as control. The plates were mixed and
incubated over night at 37°C. Phytoglycogen samples were digested in the same way as

starch samples.

2.13.4 Glucose assay

Prior to the assay, samples werixed and spun down at 3,000 g for 10 min. Then 20
pl (or 20 pl of samples diluted in 0.2 M NaOAc, pH 4.8) were transferred in triplicates
into 96:well microtitre plates. Then, 198 pl of an assay mix (25 mM Hepes (pH 7.9), 1
mM MgCl,, 1 mM ATP (Roche), 1 mMNAD (Roche) and 0.003 U jilHexokinase
(Roche)) was added to each well. In the assay, glucose is converted into -Glucose
phosphate by the action of hexokinase. Glugdplosphate is then further oxidised by
glucose6-phosphate dehydrogenase with reduciof NAD to NADH. NADH release

is therefore proportional to the amount of glucose in the sample. To assay NADH
concentration, the absorbance at 340 nm was determined using a plate reader
(SPECTRAmMax 340PC, Molecular Devices, moleculardeviced.com) bafokd0 min

after addition of 2 ul (1 U) glucos@phosphate dehydrogenase (Roche).

2.14 Analysis of starch structure and composition
2.14.1 Purification of starch granules fromArabidopsis

Leaf tissue (5 g) of 3@ay old rosettes was harvested at the ef the day and
immediately frozen in liquid nitrogen and stored-89°C. Leaves were ground using
mortar and pestle in four volumes of isolation buffer (100 r8{N-morpholino}
propansulphonic acidMOPS), pH 7.2, 5 mM EDTA, 2.63 mM Naetabisulphide,
0.05% (v/v) Triton X100 and 5 mM DTT). The homogenate was filtered using two
layers of Miracloth and the liquid phase centrifuged at 20,000 g for 10 min at 4°C. The
pellet was taken up in 5 ml of isolation buffer and applied on top of 20 ml Percoll
soluion (90% Percoll, 10% isolation buffer) in a 30 ml Corex tube. The sample was
centrifuged at 5,000 g for 10 min at 4°C to pellet starch. The pellet vaspended in

2 ml isolation buffer and applied to 10 ml of Percoll solution (90% Percoll, 10%

isolation buffer) in a 15 ml Corex tube and the centrifugation step repeated as before.
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The starch pellet was washed three times with 5 ml of water (centrifugation steps as
before), then rsuspended in 1.5 ml 100% acetone and centrifuged at 20,000 g for 5
min at4°C. Finally, the starch pellet was-gined and stored aR0°C.

2.14.2 Measurement of the amylose to amylopectin ratio

The amylose content of starch preparations was estimated based on the different
absorption spectra of amylose and amylopectirompdex with iodine. Starch was-re
suspended in water to a final concentration of 5 mg ffihe samples were gelatinised

in a water bath at 95°C for 15 min. Gelatinised starebQ(pll) was added to one of two

1 ml quartz cuvettes, and an equal amount atewto the second cuvette as a reference
sample. A 10% (v/v); and Kl solution(Lugol solution, Sigm&ldrich) was added to

give a final volume of 1 ml. The cuvettes were mixed by inversion and the absorbance
measured at 525 nm and 700 nm in a spelcttometer against the reference cuvette.
The AydAsys ratio (R) was determined and the amylose content was calculated

according to the following formula (Zeeman et al., 2002):

WwxXpuvt Y
Y p@dwg

v . 4., 0810
Dwawaslc%”

2.14.3 Determination of starch chain length profile

The analysis of chain length profiles was perfedmas described by Streb et (@008)
and is briefly described here. Starch samglE30 pg) prepared by perchloric acid
extraction(Section 2.13.1 weredebranched witlPseudomonasp.isoamylase (Signa
Aldrich) and Klebsiella planticollapullulanase (Megazymeh 5 mM sodium acetate
and then passed through sequential Dow8xand Dowexl (SigmaAldrich) mini-
columns to removethe enzymend charged compoundghe glucan chains werduted
with water, lyophilisedand reflissolvel in 120e L o f Hwlaperdormance anion
exchangechromatography coupled with pulsed amperometiection(HPAECAAD)
analysis was performed on a Dionex 630 system (Dionex,
http://www.dionex.co with a CarboPad?A-200 column (Thermo Scientific)using
the following solutionseluent A, 100 mM NaOH; elutent B, 150 mM NaOH and 500

mM sodium acetate. Glucans weseparated at a flow rate of 0.5 mL Aiwith the

53



Chapter 2 Material and Methods

following gradient programe 0 ZL3 min, a linear gradient from 9% A and 5% B to

60 % A and 40% B; 13 to 50 min, a linear gradient to ¥ A and 85% B; 50 to 70

min, step to 9% A and 5% B (for column re-equilibration). @zlution of known
concentrations ofjlucose andmaltabligosaccheade standards in the range DEZ/ 1
allowed peak identificatiarPeak areas were determined using the Chromeleon software
(Dionex).

Betalimit glucans were prepared by incubation of the starch samples argylbeta
amylase (Megazyme) for 2 h at 37°C in 16 mM MES (pH 5.0) and 0.8 mM DTT. The
resulting glucans were precipitated with three volumes of methanol and collected by
centrifugation. The pellet was dissolved in water and prepared and subjected to
HPAEC-PAD analysis as described for starch samples above.

2.14.4 Transmission electron microscopy (TEM)

Plants were grown for 23 days in 12 hour light2 hour dark cycles and samples
harvested six hours into the light period. The middle part of one Igaftiftg the main

vein) was cut into small pieces of about 2 frusing a razor blade and immediately
fixed in 2.5 % (v/v) glutaraldehyde, 0.05 M Na cacodylate, pH 7.3. The samples were
vacuum infiltrated and incubated in fresh fixing solution overnighty thashed in 0.05

M Na cacodylate for one hour at 4°C, dehydrated in an ethanol series and infiltrated
with LR White resin by successive changes of resin/ethanol mixes over three days at
room temperature. The last infiltration was carried out overnigh0@¥dlin LR White

resin. The resin was then polymerised at 60°C for 16h. Ultrathin sections of about 60
nm were prepared using a diamond knife (Leica KMR2, Lettp://www.leica
microsystems.cojnon a Leica UC6 ultramicrotome, collected in Formeaated PO

pm mesh nickel grids and examined under 200 kV using a FEI Tecnai G2 20 Twin
transmission electron microscope (Philips, Eindhoven, The Netherlands). All
embedding and ultrathin sectioning was performed by Sue Bunnewell (John Innes
Centre). Samples wergiewed by TEM with the help of Sue Bunnewell and Kim

Findlay (John Innes Centre).

2.14.5 Scanning electron microscopy (SEM)

Purified starch granules2.(14.), were brushed onto the surface of dotgitked,
carbonated sticky stills (Letabs, Agar Scidific Ltd., UK) which were attached to
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SEM stubs (Agar Scientific Ltd., UK). The samples were sputter coated with gold for
75 s at 10 mA in an argon atmosphere using a high resolution sputter coater (Agar
Scientific Ltd., UK). The stubs were then imagea&ifEI XL30 FEG SEM (Philips) at

3kV.

2.15 Native PAGE and SDS PAGE for mutant characterisation
2.15.1 Gels and running conditions

The separating gel used for native PAGE contained 375 mvHRIpH 8.8 and 7.5%

(w/v) acrylamide. If required, 0.1% (W amylopectin were added to the separating gel

to assay the activity of enzymes that act on amylopectin. Gel polymerisation was started
by addition of 0.05% (w/v) ammonium persulfate (AMPS, Sighidrich) and 0.05%

(v/v) tetramethylethylenediamind EMED, Biorad). The stacking gel contained 3.75%
(w/v) acrylamide, 62.5 mM TrisiCl, pH 6.8; 0.05 % (v/v) of AMPS and 0.05 % (v/v)

of TEMED. Electrophoresis of native gels was carried in native running buffer (25mM
Tris and 192 mM glycine) at 4°C and 100 V fob Biours.

Gels used for SDPAGE were precast NUPAGE® 4 12 % BisTris gels (Invitrogen).

SDS gels were run at 100 V for 30 min and then at 200 V until the required separation
was achieved. For protein size estimation, prestained protein markeESqKDa,

New England Biolabs) were used.

2.15.2 Preparation of extracts

Proteins for native and SDIFAGE were extracted from frozen homogenised leaf tissue
(Section2.3). The samples were weighed anestspended in extraction medium (100
mM MOPS pH 7.2, InM ethylenediaminetetraacetic acid (EDTA), 2 mM DTT, 10 %
ethanediol) at a tissue:medium ratio of 1:6 (w/v). Samples were centrifuged for 10 min
at 20,000 g at 4°C. For native PAGE, sample buffer (60 % glycerol, 0.125 %
bromophenol blue) was added to tlpernatant at a ratio of 1:5 and 15 pl were loaded
on the gel. For SD®AGE, the supernatant was diluted 1:1 (v/v) in 2x SDS&E
sample buffer (120 mM Tris HCI pH 6.8, 3.4% SDS (w/v), 12% glycerol (v/v), 200 mM
DTT, 0.04% (w/v) brorophenol blue), the sartgs heated at 80°C for 10 min and 18 pl

loaded on the SDS gel. If the crude extract was used instead of the supernatant, samples
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re-suspended in extraction buffer were not spun down, but directly diluted 1:1 (v/v) in 2
x SDSPAGE sample buffer, heated &°& for 10 min and then loaded on the gel.

2.15.3 Assayactivity of starch metabolising enzymester native PAGE

After separation of the samples, amylopectin containing gels were washed twice at 4°C
for 15 min in incubation buffer (100 mM Tris, 1 mM MBC1 mM CaC}, 1 mM DTT)

and incubated in the same buffer for two hours at 37°C. After the incubation, gels were
stained withl, and Kl solution(Lugol solution, Sigm&Aldrich) to visualise the activity

of amylopectin modifying enzymes.

2.15.4 MDH activity assay after native PAGE

Malatedehydrogenase (MDH) activity in soluble protein extracts from rosette leaves
was assayed on native geB.1B1 and 2.152). After protein separation, gels were
incubated in a buffer containing 100 mM FHEI, pH 8, 133 mM MgCh, 0.008 mg

ml™ phenazine methosulfate (PMS, Sigdrich), 0.33 mg mil nitroblue tetrazolium
chloride (NBT, SigmaAldrich), 0.17 mg mil' L-malic acid (SigmaAldrich) and 0.33

mg mI* NAD (Roche). Incubation was carried out for ten minute®air temperature

and the reaction protected from light. In the assay, MDH activity in the gel converts the
substrate kmalate to oxaloacetate resulting in the production of NADH from NAD.
NADH production in the gel is visualised by coupling it to the redaucdf NBT. PMS

is used as an intermediate electron carrier. It is oxidised by NADH and reduces NBT to

an insoluble blugurple formazarfFigure 2.1).

malate NADH formazan

XX
7\

oxaloacetate NAD * NBT

Figure 2.1 Principle of colorimetric assay for MDH activity. (after Mayer and
Arnold, 2003
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2.15.5 Immunoblotting

The transfer of proteins to PVDF membrane (Thermo Scientific) was carried out using
the TransBlot SD transfer apparatus (B®a d) according to th
instructions. Blotting was performed for one hour at 100 V at 4°C. Thenldhevas
washed in TBST (100 mM Tris, pH 7.5, 150 mM NaCl, 0.1 % (v/v) Tween 20) and
incubated for one hour at 4°C in blocking solution (TBST containing 3% (w/v) dried
milk powder). Blots were incubated over night at 4°C with primary antibody at a 1:1000
(v/v) dilution in blocking solution. Then the blot was washed six times for five min in
TBST. The secondary antibody (ardibbit, conjugated to alkaline phosphatase) was
used in a 1:10,000 dilution in blocking solution and the blot incubated with it for one
hour at room temperature. The membrane was washed in TBST as before. To visualise
alkaline phosphatase activity, BCIP®/NBT reagent (Sigkithich) was used.

For immunoblotting of native gelgels were incubatevice for five minin warm (75
°C) nativerunning buffer 25mM Tris and 192 mM glycinegontainingl% (w/v) SDS

rinsed in running buffeand then immunoblotted as described for SDS gels.

Antiserum specific for BAM1 protein was generated after immunisation of rabbits with
the recombinant proteinlt was obtained from Jychian Chen (Academia Sinica,
TapeiTaiwan). Antibodiesspecific for EST1 were obtained from David Seung (ETH,
Zurich). Briefly, rabbits were immunised witpurified recombinantAtEST1 protein
expressed irkE .coli. The protein laked the first 95 amino acids Antibodies against
EST1 were purified from serum obtained from terminal bleeds using affinity
chromatography against NH®tivated sepharose (GE Healthcare), coupled to the
recombinant protein used for immunisation. Boundbanties were eluted by an acidic
pH shift (pH 2.3) followed by immediate neutralisation (pH 7). The eluted antibodies
were then desalted into PBS using NBRcolumns (GE Healthcare) and used for

immunoblotting at the specified concentrations.

2.16 Analysisof the circadian clock period

There are several ways to assay the circadian clock period in plants. Coupling of
luciferase to clocicontrolled promoters (Millar et al., 1995) is a weditablished high

throughput method to assay clock function, but nexguplants to be transformed with

57



Chapter 2 Material and Methods

the promoter:LUGconstruct. Alternative ways to measure the expression of -clock
controlled genes is to assay physiological clogkputs such as hypocotyl elongation
(DowsonDay and Millar, 1999), elongation of the infleeence stem (Agosti et al.,
1997), rhythmic changes in leaf position (Engelmann et al., 1992) or stomatal opening
(Somers et al., 1998), because they all display circadian rhythms. However, these
methods do not allow higthroughput measurements and regentneasurement of
delayed fluorescence was described as a newthrglighput assay for circadian clock
function (Gould et al., 2009).

2.16.1 Delayed fluorescence measurements

Delayed fluorescence (DF) is luminescence that is produced from photogynthet
organisms, shortly after illumination (Strehler and Arnold, 1951). It occurs due to
charge recombination in photosystem Il leading to excitation of P680 and the
subsequent emission of a photon (Rutherford et al., 1984). The amount of DF oscillates
with an approximately 24hour period. DF measurements were carried out as described
in Gould et al. (2009). Arabidopsis seedlings were grown in groups-20 1% 96well
multiwell plates filled with MS medium containing 3% sucrose. Plants were entrained
to 12hour lighti 12 hour dark cycles for nine days at 22°C. To measure DF rhythms in
constant light, seedlings were transferred to the imaging system on the dawn of day ten
and exposed to constant fefiie light (35 pl nf sect) for four days at 22°C. Delayed
fluorescence images were collected every hour, by switching off the lights and
collection of photons for one minute. DF was measured using an AR®A 1024

16-bit low light charged coupled device (CCD) camera cooleeB&C (Hamamatsu
Photonics; http:/www.hamamatsu.com Image acquisition was automated and
controlled by the WASABI imaging software (Hamamatsu Photonics;
http://www.hamamatsu.cogn DF in each picture was quantified using the software
Metamorph (Molecular Devices LtDhttp://www.moleculardevices.com). BRASS
software fttp://www.amillar.org was used to carry out fast Fourier transformed- non
linear least squares (FANLLS) analysis (Plautz et al., 1997) on each DF time course
series to generate period estimates and relative amplitude(BA&). The RAE is
obtained by dividing the value of the amplitude error estimate by the value of the most
probable amplitude estimated. RAE can range from zero (no error) to one (error equals

amplitude value).
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2.16.2 Leaf movement measurements

Young leaes and cotyledons @&frabidiopsisseedlings show a physiological change in
position during the diurnal cycle. This circadian rhythm persists in constant light and
can therefore be used to estimate the-fueming period of the circadian clock in
seedling. Leaf movement analysis was carried out as described in Edwards and Millar
(2007). Single seeds were grown on MS agar containing 3% sucrose and entrained to 12
hour lighti 12 hour dark cycles at 22°C for 11 days. Then plants were transferred to
constantwhite light in a growth chamber for another seven days at 22°C. A photograph
of each plant was taken every 20 min using an automated CCD camera system (Ultrak,
Carrollton, TX) and the position of the leaves analysed using the Metamorph software
(MolecularDevices LtD;http://www.moleculardevices.com). The position was plotted
against time and a rhythm was revealed. An estimate of the circadian clock period was
calculated on basis of the oscillation of the leaf using the software system BRASS
(http://www.amillar.org) which carried out fagtourier transforrmonlinear least
squares (FFNLLS) analysis of the period, phase, and amplitude of the circadian
rhythm and the RAE.

2.17 Statistical analysis of significance

The software package GenStat (10 thiedjtVSN international) was used for statistical
anal ysis. The unpai-tsahd Analyis o danmgnde éANGUAN d e n
were used to calculate the significance of differences between data sets. Statistically

significant differences were inditl by a pvalue of 0.05 or less.
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3 The Mutant Screen: Mutants with an early starvation phenotype
3.1 Introduction

Starch degradation iArabidopsideaves is tightly controlled to avoid nigtitne carbon
starvation (Graf et al., 2010). The rate of degradation is nearly linear and set in a way
that reserves last almost precisely until dawn under a wide range of day and night
lengths (Gibon et al., 2009; Graf et al., 2010; Smith and Stitt, 2007). To cothpute
appropriate starch degradation rate, it is necessary to integrate information about starch
content and the time remaining until dawn (Scialdone et al., 2013}hapter 1 |
described how Alexander Graf established that the timing mechanism undstbyicly
degradation is the circadian clock (Graf et al., 2010). However, it is not known how
plants sense the starch content. Also, the pathway that links outputs from the circadian
clock and information about starch contents to set an appropriate stgradaten rate

remains to be discovered.

To answer some of these questions, Alexander Graf developed a forward genetic screen
to identify genes that could play a role in controlling starch degradation rates (PhD
thesis Alexander Graf, 2009)Vith this sceen, he expected to identify mutations in
genes that encod®mponents of theircadian clock or clock outputspmponents of

the starch measuring mechanismenzymes of the starch degradation pathway that are

regulated to set the appropriate starch diggran rate

The screen is based on a&rabidopsisfist ar vati on reporter
luciferase (LUC) as a symptom of carbon starvation when starch is exhausted (Graf et
al., 2010). This approach is a novelty because traditionally, iodine sfdieaf gtarch

were used to identify mutants with defects in stametabolism (Caspar et al., 298
Zeeman et al., 1993 Niittyla et al., 2006). To use iodine staining in a mutant screen is
labourintensive and requires more work, time and growth spaae tie LUCbased
system. Also, it is relatively insensitive and not very robust because of naturtd-leaf
leaf variation. The LU&based system is more efficient, because mutants can already be
screened at seedling stage and in aingasive way. Thus, thapproach that Alexander

Graf developed provided us with a tool for hitinoughput screening of mutant

populations.
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In the following sections | will describe how Alexander Graf developedthbidopsis
Astarvation reporter édntniefoy afmaa rhloyw shtea ruvs
will describe the outcomes of the initial screen and the phenotypes of the mutants that

were identified.

3.1.2The Arabidopsisstarvation reporter line

The starvation reporter line used for the screen was establightddxander Graf (Graf
et al., 2010). He stably transformed wilghbe Cot0 plants with a construct that consists
of a fusion of the starvation responsive prom@&tlgl10070and the luciferaseL{JC)
gene pPAtlgl0070:LUQ. The construct was designed by mification of a 1,100bp
long sequence upstream of the start codoAtd§10070 which was cloned into pGW
LUC in frame with the coding sequencelafC.

3.121A St arvationd genes

The promoter oAt1g10070was chosen because it is specifically activatecksponse

to low sugar levels as microarray analyses reve@lsadel et al., 2008)ITwo other

genes that are expressed under similar condition&@g59940and At1g76410 We
refer to trheepm easss efidsou goarr fist ar vat eroforthg enes
onset of starvation (Graf et al., 2010). The transcript levels of these genes increase
under different carbefimiting conditions like low atmospheric GQBlasing et al.,

2005); glucose starvation (Li et al., 2006) and sucrose starvationd@suat., 2007).

They are also upegulated in plants that are subjected to an extended night as a
consequence of depleted starch reserves (Usadel et al., 2008). The starvation reporter
line carrying thepAt1g10070:LUCconstruct therefore expresses LUC whis starch
reserves are exhausted. As a measure of luciferase expression, bioluminescence emitted
from the plants following treatment with luciferin substrate can be visualised or

quantified using a NightOwl camera system.

3.1.2.2Expression oftarvation geneAt1g10070

According to TAIR (Release 10)Atlgl0070encodesa chloroplast branchechain

amino acid aminotransferaséhe protein is involved in amino acid catabolism, which

provides an alternative carbon source in carbon starvation conditioaslelUst al.,
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2008). Basal expression 8t1g10070is low during the day and night cycle (Smith et

al., 2004). Consistent with that, Alexander Graf could show that the starvation reporter
line does not show luciferaseduced bioluminescence in normal daght cycles (Graf

et al., 2010)Atlg10070was found to be about 88 times-tggulated inArabidopsis

plants subjected to an extended night for six hours (Thimm et al., 2004). Consistent with
that, luciferasenduced bioluminescence of the starvation regorine strongly
increases in an extended night. Photon counts were still low after about two hours after
the subjective dawn, but increased rapidly after that (Graf, 2009). Starch reserves in
Arabidopsisare almost precisely used up by dawn. This indikdhat the laghase
between starch exhaustion and the onset of lucifenglseed bioluminescence as

starvation symptom is about two hours.

3.1.2.3 EMSnutagenesis

To introduce mutations into the DNA of the reporter ling,s€eds were treated with

ethyl methanesulfonate (EMS) and the Mpopulation was obtained after growing those
plants for seed. Mplants were grown on soil and after 10 days, 7,500 seedlings where
transferred to 1,500 pots, each of which contained five seedlings. Seeds of these five
plants were pooled giving 1,500 pools of 8&ed. These seeds were used for the screen.
Plants of the starvation reporter line that were not treated with EMS were used as
controls (Graf, 2009).

3.1.3 Rationale and set up of the screen

Wild-type plants ca adjust their starch degradation rate to unexpected changes in the
length of the light period. If the night starts up to four hours earlier than normal
(referred to as -tge plaite slowldgwn their gtarchoadggradation | d
rate so that resves last until dawn. The reduction of the starch degradation rate
compensates for the longer duration of theyearght as well as for lower starch

contents at the beginning of the garight (Chapter 1).

The screening protocol that Alexander Graf eleped aimed at the identification of
mutants that are not able to adjust their starch degradation rates according to the length

of the night, despite being able to synthesise and degrade starch.
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The rationale behind the screen was the following: If gamius not able to slow down

its starch degradation rate in response te@anty night, it will degrade its starch with

the same speed as in the normal night. Therefore, it will exhaust its reserves before the
end of theearly night. Exhaustion of stardn the mutant will trigger expression of the
starvation reporter and bioluminescence will be detectable earlier than wiypéld

pl ant s. Thus, the candidates arising fr

starvationo mutants.

The screen was selp as follows: M plants of the mutagenized reporter line were
grown for ten days in 12 hour light 12 hour dark cycles. Luciferaseduced
bioluminescence was assayed at three time points (TP)) @t the end of the normal
night, (TP2) after 12 hoursfoan early night andT{P3) after 18 hours of the early night
(Figure 3.1). To impose an early night, lights weseitched off after only eight hours
of light. Therefore, lhe subsequent nigktas four hours longefd 6 hourslong in tota).

For measurementfdioluminescence at TR3e night was extendado hoursbeyond
dawn.

Wild-type plants should not show luciferasduced bioluminescence at any of the
three time points, because they adjust their starch degradation rates according to the
length of thenight. Mutants with the desired phenotype should express luciferag3 at

(or TP2 and TPBbut not atTP1 Suchmutants degrade starch normally in a normal
night, but cannot adjust their starch degradation rategsponse to the early night
Mutants th& expresed luciferase at all three time points were not considered as good
candidates. The reason for this is that starvation in these plantshaigtdccued due

to an inability to make or degrade starch. These mutants could also be mutated in the

suga-signalling pathway that activates the reporter, resulting in its constant activation.
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Figure 3.1: Identification of early starvation mutants in a forward genetic screen.
Seedlings of the mutagenizédabidopsisstarvation reporter line were grownr ften

days in 12 hour light2 hour dark cycles and LU@duced bioluminescence was
measured using a NightOwl camera system at three time points (TP): (TP1) at the end
of a normal 12 hour night; (TP2) after 12 hours of an early night; (TP3) after 18 hours
of an (extended) early night. Starch turnover during the screen as expectedtypwild

plants is represented schematically.

3.1.4 Results of the initial screen

As part of his PhD project, Alexander Graf initially screened about 150 seedlings of
each of500 M, pools (i.e. one third of the EM@utant populatin) in the described

way. Candidates with an early starvation phenotype were screened again after another
week of growth to confirm the results obtained on seedlings. In &f6l,candidates

had a rproducible early starvation phenotype, and were grown to maturity. When the
plants were four weeks old, one leaf of each plant was harvested at the end of the day
and at the end of the night for iodine stains of leaf starch. This was done to find out if
the mutants were able to make and degrade starch. At the end of the day, 87 candidates
had starch levels similar to wigype, 29 had lower levels than witgpe and three had
drastically reduced levels of starch and one candidate was-&asciThe endfmight

starch content was lower in 37 candidates and higher in eight candidates compared to

wild-type.
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Further interesting mutant phenotypes were observed: late flowering (40 candidates),
early flowering (22 candidates), altered chlorophyll content (&@dicates), long
petioles and narrow leaves (eight candidates), lost apical dominancedfalidates),
sterile flowers (foucandidates).

A subset of M plants had a different starvation phenotype from the other candidates.
These 12 mutants showed sigdevels ofLUC expression at TP1 and TP3, but not at
TP2. This means, the plants displayed starvation symptoms 12 hours into the normal
night, but not after 12 hours of the early night. When iodine stain of leaf starch was
performed at the end of the dayeven of these mutants had a slightly reddish stain and
only one mutant had a normal blue stain. The reddish stain is characteristic for the
isoamylasemutantsisal andisa2 (Chapter 1). ISA1 and ISA2 were suggested to
assemble as heteromultimeric comple form the active enzyme (Delatte et al., 2005).

In absence of one or both proteins, plants mainly accumulate soluble phytoglycogen
instead of starch. This soluble glucan has a reddish colour when stained with iodine
solution (Zeeman et al., 1998; Dédaet al., 2005). In the following | will refer to the 11

candidates whichhad ae-l | ke st ais&lhi ksetda i nmu taasn tfs .

All 132 candidates selected in the screen were allowed to set seed for analysis of the
phenotype of M plants. Only114 M, plans produced sufficient M seed for further

experiments.

3.1.6Aim

In this chapter | describe how | discovered the genes underlying the phenotypes of
several interesting mutants in the screen. At the start of my project | obtayszeis

from 114 linesdentified in the initial screen. | measunedC-induced bioluminescence

to select candidates with a reproducible and strong early starvation phenotype i the M
generation. To confirm that bioluminescence resulting from the expression of the
starvation reprter correlated with a deegulation of starch degradation, | measured
starch contents in candidates with a strong early starvation phenotype. On basis of
starch contents and other phenotypic characteristics, | decided which mutants | would
carry on to mp-based cloning to identify the underlying mutatiome mutant
phenotypes allowed predictions about the affected genes. If that was the case, |

sequenced the candidate genes to look for #iM8ced mutations.
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3.2 Results

3.2.1 Rescreen of M mutantlines

In order to confirm the early starvation phenotype that Alexander Graf reported for M
plants, | repeated the bioluminescence imaging for 103 candidates irs genéfation.

The plants were grown for 10 days in 12 hour lightl2 hour dark cyclesand
bioluminescence was detected using the NightOwl camera at three time points (TP)
(Figure 3.1) To focus on mutants with a strong phenotype, | introduced an additional
screening time point (TP4), at the end of the early night (16 hours of the eartly nigh
This time point lies two hours before TP3. Considering theplmgpe of LUC
expression(3.1.2.2) mutants showing bioluminescence at this time should have

exhausted their starch about two hours before the end of the early night.

All bioluminescence mitures that were taken in this experiment can be found in the
Appendix (Figure Al). The result of the experiment, listing all mutant lines that were
screened, can also be found in the Appendiable Al). For 71 lines, the early
starvation phenotype seem M, plants could not be confirmed in thezeneration.
These lines either expresdedC at all three time points or had no increase of the signal
at TP3. Some of these lines had no uniform signal and only individual plants showed
bioluminescence at theedired time points. All 71 lines were excluded from further

analysis.

The remaining 31 lines had a strong and uniform bioluminescence signal at TP4 or TP3
(or TP2 and TP3) and no or little bioluminescenc&RL They are listed imable 3.1

Ten of thesdines already gave a signalthe end of the early night (TP4). These were
considered as the ones with the strongest phenotype. Unfortunately, there was not much
seed available from line 440 The plants were very small and did not produce anpy M

seedsTherefore, this mutant could not be used in further experiments.

Line 4361 had a slightly different phenotype from the other early starvation mutants.
Bioluminescence was observed at TP1, TP3 and TP4 but not at TP2. This pattern is
similar to that of te is&l i knwtants which will be described in sectiod.2.2
However, mutant 438 hadno reddish enaf-day starch stain3(1.4 and is therefore

not isalni ieo mut ant .
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No. Line TP4 TP3 No. Line TP4 TP3
1 116a Yes 17 3571 Yes Yes
2 22-1 Yes 18 363-2 Yes
3 172-2 Yes 19 385-2 Yes
4 172-3 Yes 20 3931 Yes
5 180-1 Yes 21 395-1 Yes
6 208-1 Yes 22 400-3 Yes Yes
7 252-5 Yes 23 401-8 Yes
8 267-2 Yes Yes 24 401-9 Yes
9 277-1 Yes 25 410-2 Yes Yes
10 296-1 Yes Yes 26 419-2 Yes
11 303-2 Yes 27 4311 Yes Yes
12 303-3 Yes 28 436-1 Yes Yes
13 305-1 Yes 29 459-3 Yes Yes
14 3254 Yes 30 494-3 Yes Yes
15 344-1 Yes Yes 31 495-3 Yes
16 349-2 Yes

Table 3.1Re-screen ofMzmutant lines: List of candidates with an ealy starvation
phenotype.Bioluminescence signals of ten day old seedlings grown in 12 hour light

12 hour dark cycles were analysed at four time points (TP): at (TP1) the end of the
normal 12 hour night, (TP2) after 12 hours of an early night, (TP3) E8téiours of an
(extended) early night and farostmutant lines (TP4) after 16 hours of the early night.
Mutant lines with strong bioluminescence signals at TP3 but not at TP1 time point were
considered as confirmed early starvation mutants (green). fAthese lines which
already showed bioluminescence at TP4 were considered as candidates with a very
strong early starvation phenotype (yellow). One Iline {4B6gave strong
bioluminescence signals at TP1, TP3 and TP4, but not at TP2 (highlighted in orange)
Pictures taken with the NightOwl camera were used for the analysis of the starvation

phenotype. They are shownkigure Al.

3.2.2 Char asdaleirkiesoatmuotna notfs

The affected genes of some of the Mes isolated in the initial screen coulé b
predicted on basis of the mutant phenotype. A subset of 11 mutants isolated in the initial
screen had a distinct starvation pattern but also a distinct colour of ttod-dayl iodine

stain B.1.4. The stain indicated that they were affectedl®Al or ISA2 In the
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following | will describe the phenotype of these lines and present the result of candidate

gene sequencing.

To confirm the phenotype seen in [dlants, | analysed the bioluminescence pattern of

t hsalfi k e 0 imtbetMagenesatiorat three time pointsKigure 3.1). Consistent

with the result on M plants strong bioluminescence signals were detected at the end of
a normal 12 hour night (TP1), and after 18 hours of the early night (TP3), but no or only
weak signals after 12 hours of tlarly night (TP2). The pictures taken with the
Nightowl camera are presented in the Appereigure A2. For all 11 candidates, |
could confirm the starvation pattern that was observed in the initial screen. The lines are
listed inTable 3.2

Mo. Line TP1&TP3
1 119 Yes
2 171-1 Yes
3 317-1 Yes
4 403-3 Yes
5 430-1 Yes
G 450-1 Yes
7 450-5 Yes
8 451-1 Yes
g 488-1 Yes
10 493-1 Yes
11 495-1 Yes

Table 3.2: Bioluminescence expressionf fisal i kmatants. The bioluminescence
pattern of these Mmutant lines was analysed as describedable 3.1 All mutants

had strong bioluminescence signals at TP1 and TP3 but weak or no signal at TP2. The
bioluminescence@ictures from this experiment can be found in the ApperEigufe

A2).

Alexander Graf anaBed an enaf-day starch stain of these 11 mutants in the initial
screen and found that the plants had a reddish end of day starch3stadn This
indicated tlat they lacked one of the isoamylase proteins ISA1 or ISA2. To find out if
iIsoamylase activity is missing in the mutant lines, | analysed soluble protein extracts

from nine lines by native PAGHE(gure 3.2).
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WT  isat 119-1  171-1 403-3 4301

ISA1/ISA2 >

WT  495-1 493-1 488-1 405-5 4501
ISA1/ISA2 >

Figure 3.2: Native activity gel for starch netabolising enzymesfiisal i kmeitants
isolated from the mutant screen.Plants of nine Mlines were grown for 26 days in 12
hour light-12 hour dark cycles and leaves harvested in the middle of the day. Soluble
protein extracts were separated by nati¥éGE on gels containing amylopectin. The
gels were incubated for twoobirs and then stained with iodine solution to reveal
enzyme activities. The position of isoamylase activity (ISA1/ISA2) in the gel is
indicated in the wileype (WT) sample. A mutant ladkg isoamylase ligal) was used

as control.

In this method, the soluble fraction of plant extracts is separated under native conditions
by PAGE. The gels contain amylopectin that serves as substrate for starch metabolising
enzymes in the plant extradio visualise the activities of enzymes that act on starch,
the gel is stained with iodine after an incubation time of two hours. Discoloured areas
reveal the activity of starch metabolising enzymes. Isoamylase activity is visible as a

distinct band on topf the gel. This activity was missing in isoamylasal) mutants.
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The nine mutant lines | analysed also lacked this activity band, indicating mutations in

one of thdSAgenes.

To confirm that these lines have mutation$SAlor ISAZ | sequenced thgenes after

i solation of g DN Asalfirkoenb emugthaantof. tAHd fof
mutations (G/A transitions) in eithé®Alor ISA2 These mutations either introduced
premature stop <codons or Tade 3i2dnThusptme s pl |
phenotype of the mutants was caused by a mutatit®Adfor ISA2

Mo Line Mutated gene Mutation Position gDNA [bp] Effect

1 119 n.d. n.d. n.d. n.d.

21 171-1 ISA1 AG to AA 3122 Splicing failure
3| 403-3 ISAZ2 TGG to TGA 1749 Stop codon
4| 430-1 ISA1 TGG to TGA 72T Stop codon
5 450-1 ISA1 TGG toTGA 478 Stop codon
6| 450-5 ISA1 TGG to TGA 478 Stop codon
7| 488-1 ISA1 AG to AA 416 Splicing failure
8| 493-1 ISAZ2 TGG to TGA 423 Stop codon
9| 495-1 ISA1 TGG toTGA 4494 Stop codon

Table 3.2: EMS-type point mutations found in eight mutants isolated in the screen

The table shows G/A transitions foundi$Alor ISA2genes after sequencing gDNA of
eightoft hsali ked mutants that were isolated
with their position upstream of the ATG start codon inl&1or ISA2gene sequence
respectively. The mutations affected eit

stop codons as indicated.

Isoamylase mutants mainly accumulate soluble phytoglycogen instead of starch (Delatte
et al.,, 2005).To find out why mutants lacking isoamylase displayed starvation
symptoms after 12 hours of the normal, but not after 12 holuthe early night, |
quantified phytoglycogen contents in igal mutant during a normal and an early night
(Figure 3.3.
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Figure 3.3: Phytoglycogen contents insal and wild-type plants (WT) during

normal and early nights. Plants were grown for 28ays in 12 hour light 12 hour

dark cycles and phytoglycogen contents determined for eight hours of the normal night
(open symbols) and 12 hours of the early night (closed symbols). On the right, the
phytoglycogen contds are shown in relation to emd-day phytoglycogen. Data are
means of mesurements on six individual rosettes, error bars are s.e.m, where not visible

they are smaller than the symbol.

As expeted, phytoglycogen contents in witgpe plants were very low throughout the
night in both coditions and did not change significantly. At the end of the 12 hour day,
the mutant had about 1.9 mg gPWf phytoglycogen. Most of it was degraded during
the first eight hours of the normal night. At the beginning of the early night, the mutant
had accumilated less phytoglycogen, because the light period was four hours shorter.
However, phytoglycogen was used up more slowly in the subsequent night. After nine
hours of the early night phytoglycogen contents were slightly higher than after eight
hours of tle normal night. Plotting the relative phytoglycogen contents (in relation to
the end of day value) indicated that the rate at which phytoglycogen was degraded in the
early night was much slower than in the normal night. This adjustment of the
degradationate could explain the starvation phenotype of the mutant. Starch contents

were not measured in this experiment, but should be taken into account as well.
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Therefore, this experiment should be seen as preliminary. Previous research on starch

contents insamutants is discussed $13.1.1

3.2.3 Putative circadian clock mutants

3.2.3.1 Analysis of the circadian clock period in 35&nd 3951

Some of the Mplants from the initial screen showed an early flowering phenotype. For
two of these mutants (38Fand 3951), | could confirm the early starvation phenotype

in the M; generationTable 3.1).

We expected that the screen would identify mutants that are defecthariircadian
clock and thus not able to measure the time until dédvl). The circadan clock
controls photoperiodic flowering time iArabidopsis(SuarezLopez, 200) Several
circadian clock mutants have flowering time phenotypes,e#fg).elf4 or lhy (Zagotta
et al.,, 1996; Schaffner et al., 1998; Doyle et 2002).Therefore we spedated that
some of the early flowering mutants identified in the screen could have defects in the

circadian clock.

To find out if candidates 35Y and 3951 are circadian clock mutants, | analysed the
free-running period of the circadian clock in thes@tcandidates using facilities at the
University of Liverpool in the lab of Anthony Hall. | estimated the circadian clock

period of both mutants by delayed fluorescence analygisie 3.4).

Delayed fluorescence (DF) is weak ligdmhission from photosysm Il that is
detectable shortly after illumination of plants or other photosynthetic organisms
(Strehler and Arnold, 1951; Rutherford et al., 1984). It is detectable within 50 seconds
after illumination, but decays rapidly after 10 seconds. The inteosiight emission
varies in the diurnal cycle and is under circadian conitgt like other circadian clock
outputs, the rhythmicity of DF levels persists in constant light. Therefore, DF
measurement can be used as a tool to estimate the free runnatygiehe circadian
clock (Gould et al., 2009).

73



Chapter3i The mutant scree

" _O 357-1 H Control 7 i O 395-1 Bl Control
0.8 - 0.8
0.6
< <
o 0.4 e @
X o4 ‘ f“
- 0.2
02 -
b 0.0 : |
o 25 35 L = 35
Period estimate [h] Period estimate [h]

Genotype Period [n] RAE
Control 1 235 0.2
Control 2 237 0.2
357-1 26.6 0.5
395-1 223 0.5

Figure 3.4 Clock period estimates of two early starvation mutants as determined

by delayed fluorescencenalysis Twelve groups of seedlings of mutaartd control
plants (starvatio reporter line) were grown on MS media containing 3% sucrose and
entrained to 12 hour light12 hourdark cycles for nine days at 22 Then they were
transferred to constant rédue light (35 umol rif s) to analyse the freminning
period of the circadian cloclictures for analysis of DF were taken each hour fdr, 96

by switching off the lights and analysing the amount of phetaission for one minute

The DF rhythm was estimated from these data using the software BRASS
(http://www.amillar.org. Each data point represents the analysis of a group of seedlings
of about 1520 plants. Period estimatase plotted against the relatiaenplitude error
(RAE). The RAE indicates rhythm robustness which can vary from 0 (a perfect fit to the
cosine wave) to 1 (not statistically significarithe table shows the mean values for all
groups of seedlings of each genotype (n22D The data foreach mutant were

obtained in separate experiments.

For the analysis, the two mutant lines and plants of the starvation reporter line (control)
were grown for nine days in 12 hour lightL2 hour dark cycles and then transferred to
constant light. DF emigsn was quantified for four days from 12 groups of seedlings.
The data was used to determine the period of each DF rhythm for every group of

seedlings and an error (RAE), which indicates the robustness rbifythen.
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Control plants had a period estimateroughly 24 loursin both experiments. The DF
period estimate for mutant 397 was about three hours longer, indicating that this
mutant has a longer circadian clock period. The period estimate fer 885 about one
hour shorter, indicating a slowermming circadian clock in that mutant line. However,
the RAE of the period estimates was higher for both mutants than fotywéd This

means that the DF rhythm in the mutants was not as robust as in the control.

3.2.3.2Sequencing dELF3in 3571

The growth phenotype of mutant 397was very similar to that of the circadian clock
mutantelf3 (Alexander Graf, personal communication). This mutant is characterised by
elongated hypocotyl growth, elongated petioles and early flowering (Zagotta et al.,
1996; Reed et al., 2000; Liu et al., 2001). Since mutant Bhad an altered circadian

clock period, we speculated that it could be affecte&lir3. Therefore, Alexander

Graf sequence&LF3 (At2g25930)in gDNA isolated from 3574 and found a point
mutation inthe coding sequence. The G/A transition was located 3042 bp downstream
of the start codon. The mut at i e4fl inathief e c t ¢
protein sequence. |t was mutated into a

357-1 turned out to & anelf3 mutant.

3.2.3.3 Analysis of starch degradation in 3band 3951

Mutant 3571 and 3951 haddefects in the ctadian clockand mutant 354 was shown

to be mutated ifELF3. Both mutants hdhan early starvation phenotypgdutant 3571

had detetable levels oL UC-induced bioluminescence at the end of the early night, but
not at the end of a normal night. Mutant 3D%ad a weaker early starvation phenotype
and showed LU&nduced bioluminescence only after an extension of the early night by
two hours. To find out if the reason for the expression of the LUC reporter is premature
exhaustion of starch at the end of the early night, | measured starch contents of both
mutants in normal and early nigtigure 3.5. Both mutants had end of day starch

levels comparable to control plants (starvation reporter line).

The rate of starch degradation was not linear in mutartl3®ring the first part of
early and normal night, starch degradation followed a pattern similar to that ef wild

type plants. Howewvein both conditions the mutant slowed down its starch degradation
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rate during the last two to four hours of the night. In the last two hours, starch contents
decreased only slightly, especially in the early night. The mutant had about three times
more sarch left than control plants at the end of the normal night. At the end of the

early night, it had about four times more starch than control plants.

The pattern of starch degradation of mutant-39&as nearly identical to wittype in

both conditions.r the last two hours of the early night, starch degradation in the mutant
slowed down slightly. Therefore, it had about twice as much starch then the control left
at the end of the early night.

Thus, the reason for LU€hduced bioluminescence at the eridhe early night in both
mutants was not premature exhaustion of starch reserves. However, an arrest of starch
degradation could be the explanation for expression of the starvation reporter in both

mutants.
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Figure 3.5 Starch degradation in mutant 357-1 and 3951 in normal and early

night. Plants were grown in 12 hour ligiht 12 hour dark cycles for 24 (387 and
control) or 25 days (39% and control). The starch contents were analysed in normal
(left) and early night (right). Datare means of measurements on five individual
rosettes. Error bars are s.e.m., where not visible they are smaller than the symbol.

Control plants are of the starvation reporter line.

3.2.4Analysis of starch degradation iother early starvation mutants

In section3.2.11 described the identification of 31 candidates with a strong or weak
early starvation phenotype. Two of these with early flowering were shown to have
circadian clock defects and one of them was confirmed aslfammutant. Here, |

describefurther analysis of the remaining mutants for which there were no obvious

clues about the nature of the affected gene.

To find out if the early starvation phenotype of the remaining candidates correlated with
an abnormal starch degradation rate, | messthe starch contents of selectegllives
throughout a normal night and the early ni@glhigure 3.6). This was done for eight
lines with strong early starvation phenotype (yellow and orangeabie 3.1 and for
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five lines with the weaker early stanati phenotype (green imable 3.). In the
Appendix Figure A3), the data for five mutants with weak early starvation phenotype
can be found. There were no indications that any of the five mutants with weak early
starvation phenotype were degrading starghicantly faster or slower than witype

plants.

Of the eight mutants with strong early starvation phenotype, the first four line2y(267
344-1; 43%1; 4593) degraded starch atsamilar rate to control plantsThe mutants
slowed down their starctegradation rates in response to the early night and did not
exhaust their starch reserves before dawn. Starch degradation mainly followed a linear
pattern in all four mutants. However, in mutants -26@dnd 4983, a change of the
degradation rate was obsged in the early night. The rate slowed down towards the end

of the night. These differences were subtle and have to be reproduced in further

experiments.

The remaining four lines (296; 4003; 4361; 4943) had starch degradation patterns
clearly different from wildtype. All of them degraded starch faster than the control in
normal night as well as early night. The end of day starch content of lin8 4@3

about 45% higher than in the control. End of day starch levels i¥B48dre slightly
reducedMutant 2961 and 4361 had end of day starch contents similar to the control.
Especially in the normal night, starch degradation rates of all four mutants did not
follow a linear pattern. The mutants had faster starch degradation rates in the beginning
of the night compared to the end of the night. In the normal night, starch was exhausted
prematurely only in mutant 436 and 4943. In the early night, all mutants exhausted
their starch quicker than the control. Mutant 296xhausted its starch about thvaurs

before the end of the early night, mutant -@08bout four hours before end of the early
night, mutant 434 about four to six hours before the end of the early night, mutant
494-3 about six hours before the end of the early night.
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Figure 3.6: Starch contents in normal and early nights determined in mutants with

strong early starvation phenotypes(Continuedon next page)
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Figure 3.6: Starch contents in normal and early nights determined in mutants with

strong early starvation phenotypes. The data were collected in four different
experiments. Plants of the indicated mutants and the starvation reporter line (control)
were grown in 12 hour light 12 hour dark cycles for 228 days and harvested
throughout a normal 12 hour nighef) and 16 bursof an early night (right). Starch
contents were quantified on five individual rosettes per data point and genotype. The
data presented are means xs.e.m. Where not visible, the s.e.m. is smaller than the

symbol.
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Mutant 2961 had the mildedsstarch degradation phenotype. Its starch degradation rate
was slower in the early night compared to the normal night, therefeestill able to
adjust its starch degradation rate to a certain extent if the night starts early. Mutant 494
3 exhausteds starch after 10 hours of the normal as well as thg aaht. Thus, the
mutant didnot adjust its starch degradation rate according to the length of the night. The
mutant with the fastest starch degradati@swnutant 434. The mutant dichot adjust

its starch degradation rate according to the length of the night. Mutasg& d@Dnot
exhaust its starch in the normal night, but after 12 houtlseoéarly night. This mutant

wastherefore not able to adjust its starch degradation rate in respomseddyanight.

The early starvation phenotype of these mutants can be explained by premature
exhaustion of starch and all four mutants are affected in the control of starch

degradatiomatesat night.

3.2.5Characterisation of mutants with faster stardhirnover

To identify the genes underlying the phenotype of the four mutants with faster starch
degradation rates, | characterised them further to get more information about the
affected genes.

One possible explanation for faster starch degradation dmlthat the underlying
mutations affect enzymes that metabolise starch. | analysed the activity of starch
metabolising enzymes by native PAGE analysis as described in se&idimheresult

can be found inFigure 3.7). Very surprisingly, mutant 493 lacked the isoamylase
activity band, indicating that the mutated gene is eitB&l or ISA2 like in mutants
identified in section3.2.2 On the other hand, mutant 436which had a starvation
pattern isal mklear muod ant s, waylase activity. Thd dtherc t e d
two mutants still contained the ISA1/ISA2 activity band. | did not sequencésSte
genes in any of the four mutants, but | assumed that mutarB #94nisa mutant,

therefore | did not characterise it further.
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ColoL 296-1 400-3 436-1 494-3
ISA1/ISA2 D> m !

Figure 3.7: Native activity gel to visualise activities of starch metabolising

enzymes: Mutants with faster starch degradationFor description seEigure 3.2

Another reason for faster starch degradation of the four mutants could be a defect of the
circadian clock $ection 3.). | analysed the circadian clock period at the University of
Liverpool in the lab of Anthony Hall. e clock pend of three mutants with faster
starch degradation (295 4003 and 4361) was determinedly leaf movement analysis

or delayed flueescence analysig§Figure 3.8). Delayed fluorescence analysis was
carried out as described in secti@R2.3.1 Leaf movement analysis was used as
alternative method to determine the clock period of the mutants. The oscillation of the
leaf movement can besed as a marker of the circadian clockAnabidopsis because

leaf position displays a circadian rhyth(Edwards and Millar et al., 2007). These

rhythms persist in wildype Arabidopsisseedlings grown in constant light.

For the analysis, individugllants were grown on MS ptes and entrained to 12 hour
light T 12 hour dark cycles for 11 days. On day 12 they were transferred to constant
light and leaf movementvas recordedautomaticallyfor seven days using CCD
camera. The vertical positions of the mary leaves of each plant weamalysed to
estimatethe period of the rhythm and an RAEhe average period estimate was
calculated for all seedlings. None of the three mutants had a clock period significantly
different from control plants of the starvatioeporter line. It is therefore not likely that

any of the three mutants degraded its starch faster due to a defect of the circadian clock.
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Figure 3.8 Clock period estimates as determined by leaf movement analysis
delayed fluorescence analysisDelayed fluorescence analysis for mutant -80@/as
carried out as described Figure 3.4 For leaf movement analysis of the other two
mutants, about 26 single seeds of eachweee sown on MS agar plates and grown in
12light i 12 hourdark cycles for 11 days. Plants were then transferred to constant light
for seven days. Leaf movemerndkthe seedlingvere recorded every 2@in using a
CCD camera system. The vertical position of the primary leaf was later analysed using
the Metamorph dtware (Molecular Devices LtDhttp://www.moleculardevices.com
and a periodwas calculatecbn basis of the oscillation of the ledach data point
represents thieaf movemenanalysis ofone plant. Period estimatase plotted against

the relative amptude error (RAE).RAE indicates rhythm robustness which can vary
from O (a perfect fit to the cosine wave) to riof( statistically significant). The table

shows the average period estimate for all seedlings of one line.
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3.2.6Summaryand conclusions

| summarised the outcome of the mutant screeRignre 3.9 The bioluminescence
pattern of most of the 114 lines that originated from the initial screen could not be
confirmed in the M generation. tould confirm it for 12 mutanthat were classified as

fisasl i ke O mut ant s, screen. Tthése muiants showad biollvminescence
expression at TP1 and TP3, but not at TP2. | showed that some of these were mutated in
eitherISAlor ISA2

Thirty plants had a reproducible early starvation phenotype inMbegeneration,
meaning that theshowed bioluminescence at either TP4BB, or TP3 and TP4, but

not at TP1. Of these, 21 lines had a weak early starvation phenotype. Analysis of starch
degradation patterns of five of these lines showed that their slegradation rates

were very similar to those of wiltype plants. Ten lines had a strong early starvation
phenotype in the M One of these lines did not produce enough seeds for further
analysis (41€). Starch degradation was clearly abnormal in fouhetenlines (357

1, 2961, 4003, 4943). Mutant 3571 turned over starch slower at the end of the early
night. It turned out to be mutated in thiecadian clock componerELF3. The starch
degradation rate was clearly faster than in control plant®®1240063, 4943 and in

one mut anidal Wk €& ahahfv al).iThese mptants exhausted thdir3 6
starch before the end of the early night, which explains premature expression of the
starvation reporter. Mutant (498) lacked isoamylase actv i t vy , despsat e ha
l i ked starvation patt d3AborlaA2d i s | ikely t

To find out which genes are involved in the control of starch degradation rates, |
decided to identify the underlying EMB8duced mutations in the two muta with the
strongest starch turnover phenotype, in-43d 4063. The two mutants had different
starch degradation patterns. Mutant 43@egraded its starch inappropriately fast in
normal as well as early night. Mutant 48thad an appropriate stardegradation rate

in the normal night, but did not slow down starch degradation in response to the early
night. In the following two chapters | will refer to the two mutants as mutant AI%#36

and mutant B (40Q) respectively.
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!

‘ Identify underlying mutations in 436-1 and 400-3 ‘

Figure 3.9: Summary ofthe results of the forward genetic screen

3.3 Discussion

3.3.1 Aim of the screen and outcomes

The aimof the forward genetic screen was to identify mutants that are not able to adjust
their starch degradation rategcording tothe length of the nightThe screening
protocol was designed to identify mutants that degrade starch normally in a normal
night, but cannot slow down starch degradation if the night comes early. With the
screen we hoped to find circadian clock mutants, mutants that are not abéasure

the amount of starch, mutants affected in enzymes of the starch degradation pathway
and mutants that lack components of the signalling pathway integrating clock outputs
and information about starch contents to the {rastscriptional control ofstarch

degradation.

Several mutants identified in the screen had interesting and new phenotypes, but only
mutant 406883 had exactly the desired phenotype. It had an appropriate starch
degradation rate in the normal night and reserves were not exhaustee tadvn.

However, the starch degradation rate in the early night was too fast and reserves were
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exhausted after 12 hours of the early night. Thus, this mutant could be affected in the

immediate control of starch degradation rates.

It is interesting that found only one mutant with normal starch degradation rates in the
normal nightthat failed to adjust to an early night. There could be a number of
explanations for this. One of them is that several genes could be involved in the
immediate adjustment ofi¢ starch degradation rate. It is possible that a mutation in one

of these genes does not result in a phenotype, because the other genes can complement
its function. Also, the phenotype of such a mutation could be very subtle, but the screen

aimed at thedentification of mutants with a strong phenotype.

| also suggest that the adjustment of the starch degradation rate to an unexpected
shortening of the light period may involve the same genes that control starch
degradation rates in a normal night. Therefdat might not be possible to separate these
two pathways as intended in the screen. That means that a mutation of a gene
controlling starch degradation would result in a phenotype already in the normal night.
Mutants with a bioluminescence signal at émel of the normal ght were excluded in

the screentherefore such a phenotype would not have been picked up with high
probability. The starch degradation phenotype of mutant135#361, 2961 and the
putative isoamylase mutant 434is consistent witrmy hypothesis. These mutants
degraded starch clearly differently from the control in normal night as well as early

night.

Another possibility for the low number of candidates with the desired starch
degradation phenotype is that mutations of genes iedoim the control of starch
degradation might not result in faster, but in slower starch degradation rates. Such
mutants could be picked up by screening for mutants with a late starvation phenotype.
However, it would be hard to distinguish those mutantsnfiknown starclexcess
mutants that have retardations in starch breakd@hayter 1).

3.3.2Why did some mutants not have a reproducible starvation phenotype in the M
generation?

Less than one third of all mutants identified in the initial screen ppldnts had a

reproducible early starvation phenotype in theddneration. One possible explanation

86



Chapter3i The mutant scree

for this could be that more than one EfihBuced mutation caused the starvation
phenotype of M plants. The responsible mutations might have segregatétk iV
generation and therefore, the bioluminescence signal was not homogenous ign the M
generation. This is consistent with the finding that severalliks did not give a
homogenous bioluminescence signal in all plants, although some individual haints

the desired early starvation phenotype. | excluded these lines from further analysis to

select for mutants with a strong early starvation phenotype.

In some M lines, no bioluminescence signal was detected in any of the plants at any of
the three timepoints. The reason for this could be that the mutant phenotype is
conditional and dependent on factors that were not controlled for between experiments.
The phenotype could vary in different growth conditions and could be responsive to
minor changes in diht intensities or watering. In the initial screen, the phenotype of a
single plant was recorded. It is possible that this plant was stressed and that this affected
its phenotype. | also noticed that the bioluminescence phenotype can vary dependent on
theage of the plant.

3.3.3Why didsomemutants with an early starvation phenotype not exhaust their
starch before dawn?

| analysed the starch degradation pattern of six mutants with a weak early starvation
phenotype and of nine mutants with a strong estdyvation phenotype. Only five of
these 15 lines had a starch degradation pattern clearly different frortyp@ldFour of
them exhausted their starch reserves before the end of the early night. The other ten
lines did not exhaust their starch before ¢imel of the early night. Thus, it is not clear
why the starvation reporter was activated at the end of the early night. There could be
different explanations for that. Three of the lines with a strong early starvation
phenotype (262, 4593, 3571) had anon-linear starch degradation rate which slowed
down towards the end of the early night. Perhaps these mutants used up most of their
starch at the beginning of the night. The slow rate of starch degradation at the end of the
night might not have providecheugh sugars to suppress the activation of the reporter.
However, the observed changes of the starch degradation rate of these mutants were
subtle and should be confirmed in further experiments. Mutantl43hd 3441
degraded their starch at a nearly itilgad rate to the control, especially at the end of the
early night. Perhaps the relationship between sugar levels and the activation of the
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starvation reporter is altered in these mutants. The reason for this could be a mutation
that affects the sugasignalling pathway that activates the reporter. The same is true for
the other five mutants with the weak early starvation phenotype that did not show
obvious abnormalities in the starch degradation pattern.

3.3.4Why were so many isautants dentifiedin the screef?

Isoamylase mutants were found with a higbquencyin the mutant screen. Using
native PAGE analysis, | confirmed the absence of isoamylase activity in ten mutants.
These mutants might have been found so often because they had strong and
reprodicible starvation phenotypeAlso, a mutation in one of two genéSAlor ISA2

results in an identical phenotype (Delatte et al., 2005). This increases the likelihood of
finding a mutant deficient ithis isoamylasectivity in the mutant screen. Howeye

isal or isa2 mutants are not so interesting for the questions | am addressing, because
they mainly accumulate soluble phytoglycogen and only minor amounts of starch. Thus,
they do not directly provide information about the genes that control starciddégn

rates. However, the data obtained from the screen open up several questions about the
regulation of phytoglycogen and starch degradatiosathmutants.

3.35Why da&ldi Kied mut ants not display starvatt
the earlynight?

Al l oifal i ke o mut ants showed strong biol un
of the starvation reporter at TP1 (after 12 hours of the normal night), but not at TP2
(after 12 hours of the early night). This indicated that the mutants gast dde
degradation of their carbohydrate reserves to some extent if the night starts early. This

adjustment must be achieved by slowing down phytoglycogen or starch degradation.

Phytoglycogen degradation is not controlled in the same way as starcdategrand

is not adjusted according to the length of the night. Previous work has found that
phytoglycogen is degraded in an exponential way and reserves are exhausted after about
eight hours of a normal 12 hour night (Delatte et al., 2005; Zeeman £9%#). This

is consistent with my data, | also found that phytoglycogesahwas exhausted after

eight hours of the normal nighEigure 3.3. Premature exhaustion of phytoglycogen
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could explain the strongisdle vkeatantsoat thekendo | u m

of the normal night.

To find out if phytoglycogen degradation slows down in the early night, | compared
phytoglycogen contents of theal mutant in normal and early nightSigure 3.3). The

data indicated that phytoglycogen was degdadl®wer in the early night, thus that
phytoglycogen degradation can be controlled to some extent. However, after nine hours
of the early night, there were only about 0.2 mg grRytoglycogen left. This is about

the same amount of starch that a wiifge plant has left at the end of the night. Thus,

the phytoglycogen content would probably be too low to avoid symptoms of carbon
starvation after 12 hours of the early night. Also, the observationighhtmutants

adjust their starch degradation rates i éarly night was only made in one experiment.

It should be confirmed in further experiments to draw final conclusions.

An alternative explanation fogaltkheoameea
after 12 hours of the early night could be slpply of sugars from starch. In addition to
phytoglycogen]SAlandISA2mutants still accumulate some starch. Different amounts
of residual starch imsal andisa2 are reported in the literature, but between 10% and
30% of the wildtype amount of starctvere observed at the end of the day (Delatte et
al., 2005; Zeeman et al., 1998; Wattebled et al., 2008). The data in the literature
indicates that starch degradation ratessall mutants follow a liear pattern and are
adjustedso that starch is exhaustieg dawn (Delatte et al., 2005, Zeeman et al., 2298
Therefore, starch degradation might slow downsadl mutants during the early night
providing enough sugars to avoid starvation symptoms after 12 hours of the early night.
To find out if that is thea&se, starch degradationisdl mutants should be measured in

normal and early nights.
Some information about the control of starch degradation rates in mutants that lack

iIsoamylase activity comes from a mutant isolated in this so4@/3) and will be

discussed in the following section.
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3.3.6ls starch degradation adjusted according to the length of the nightnatants
lacking isoamylase activiy

Data obtained in the screen opened up questions about the adjustment of starch
degradation rates in rtants with lacking isoamylase activity. Mutant 434had a
strong early starvation phenised y ke ot mat ac
becausehe mutant did not exhibit biominescence at the end of a normal 12 hour night
(TP1). However, whendnalysed soluble protein extracts of that mutant on native gels,

I noticed that the | SA1 acisall viktey mandanwa
suggests that mutant 434is mutated inSAlor ISA2 End of day starch contents 4384

were similarto wild-type at the beginning of the normal night and slightly reduced at

the beginning of the early night. Starch degradation was clearly faster atidasmn

the mutant. It exhausted its starch about ten hours after dusk in the normal night as well
as the early night.

The starch data obtained from mutant 894s intriguing, because it contradicts
published data about starch contentsisal or isa2 mutants. As mentioned in the
previous sectionsal or isa2 mutants accumulate at most 30% of the wyide level of
starch (e.g. Delatte et al., 2005). Mutant -®dlearly accumulated far more starch than
isal or isa2 knockout mutants. Also starch degradation in the mutant was not linear
and not adjusted according to the length of the night. In contesstiual starch irsal
mutants was shown to be degraded in a linear way (e.g. Zeeman et &), 09®Bone
very recent study (Pyl et al., 2012) showed that residual starcéainmutants is
degraded too fast. It was shown that the mutant exhagstgaich 10 hours after dusk,
just as mutant 493. My data and the data from Pyl et al. (2012) indicate that
degradation of the remaining starchigal mutants is not adjusted according to the

length of the night. The reasons for the differences betsteeies are not clear.
The data | presented here are preliminary, but they open up many questions about the

rate of starch and phytoglycogen degradatioms&i mutants. | did not follow these
questions further, but they could be potentially interestnduture research.
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3.3.7Circadian clock mutants

With the forward genetic screen described here, | expected to identify circadian clock
components that are involved in the control of starch degradatidrabdopsiseaves.
Two mutants were discoveten the screen that could help us to understand which

clock components are essential for setting starch degradation rates.

3.3.8 The circadian clock period in 35%

One of the early starvation mutants was mutated in the gene encoding the circadian
clock component ELF83.2.3.2.

ELF3 is a plant specific nuclear protein with no known functional domains (Liu et al.,
2001). Together with ELF4 and LUX forms the evening complex (EC) (Nusinow et al.,
2011) Chapter 1). LUX is the DNA binding component of trevening complex and
negatively regulates the expressionRiRR9(Helfer et al., 2011; Chow et al., 2012).
PRR9 is a transcription factor that represses the morning expressed circadian clock
genesLHY and CCA1 (Nakamichi et al., 2010). The EC also negdtiveegulates
hypocotyl growth by direct binding to tHeF4 and PIF5 promoters at dusk (Nusinow

et al., 2001). The expression levels of all three proteins of the EC peak around dusk.
Protein levels fall during the night and reach a minimum around dawnn@Wuet al.,

2011).

The mutant (357) has an early flowering phenotype and a growth phenotype similar to
elf3 mutants. The freeunning period of the circadian clock in mutant 3b%vas
determined to be about three hours longer than intydd plants Eigure 3.4).

The freerunning period that | estimated for mutant 35¥% not entirely consistent with

data in the literature. Mutants affectedsbF3 were shown to be arrhythmic in constant
light, by using clockcontrolled promotet.UC reporter fusiongCovington et al., 2001,
Hicks et al., 1996), by looking at leaf movement (Reed et al., 2000; Hicks et al., 1996),
and by analysis of DF levels (Dixon et al., 2011). However, these studies mentioned
that individual elf3 seedlings still retain rhythmicitypf circadian clock outputs in
constant light. The amount of seedlings retaining rhythmicity varied between different
elf3 alleles. It was shown that 14% elf3-4 mutants (Hicks et al., 1996) and 12% of
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elf3-7 (Reed et al., 2000) mutants show rhythmia@fyclock-outputs in constant light,

when leaf movements were anaylsed. The DF analysis | did was carried out on groups
of seedlings. | speculate that the rhythmicity of the DF levels observed in mutaht 357

is due to the presence of individual plantd #teowed rhythmic DF levels. It could also

be that mutant 351 has a less severe phenotype tharetf®4 or elf3-7 mutants and
therefore retained some rhythmicity of DF in constant light. However, the rhythmicity
of DF in mutant 3571 was not as robuss in wildtype as the RAEs were high, thus the
rhythm was damped.

Information about the circadian clock periodedff3 mutants in 12 hour light 12 hour

dark cycles is not available in the literature. It is possible, that the circadian clock is not
arrhythmic in the growth conditions applied in this study. It was showrelfamutants

are still rhythmic in constant darkness (Covington et al., 2001), thus the circadian clock
period might vary in different growth conditions. To find out if the circadiack of

the mutant is rhythmic in growth conditions applied in this study, gene expression of
circadian clock regulated genes could be analysed in the mutant when grown in 12 hour
light i 12 hour dark cycles. Candidate genes include the circadian cloek H& and

the clockcontrolled geneGRANULE BOUND STARCH SYNTHASE(GBS1) as
shown in Graf et al. (2010). In 12 hour ligh12 hour dark cycled,HY andGBS1show

peak expression around dawn (Mizoguchi et al., 2012; Smith et al., 2004).

3.3.9 Starch dgradation in 3571

End of day starch contents in 3hAvere similar to wiletype, but the mutant degraded
its starch in a notinear way and slower than witype towards the end of the night.
Thus, it had a slight starch excess at the end of the migjuré 3.5).

Similar observations were made by Yazdanbakhsh et al (2011). They fouralf3nhat
mutants have higher levels of starch throughout the diurnal cycle, when grown in 12
hour lighti 12 hour dark cycles. The difference in starch contents wasaohutus at

the end of the night, when the mutant had more than twice as much starch-gpevild
plants. They also found that leaf sugar level&li3 were increased at the end of the
night. Further, they investigated root extension growth iretfeamutant and compared

it to wild-type plants. They found that root extension growth shows a characteristic

diurnal pattern and is circadian clock regulated. In wyjoe plants, root extension
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growth peaked about two hours after dawn, gradually decreasetbdot @8 hours
during the day and gradually increased for the rest of the day and during the following
dark period. Inelf3 mutants, the growth pattern showed the opposite trend and root
growth gradually decreased during the night to reach a minimunwat alad a gradual
increase during the day. The authors speculatedBbB8 could have a function to
regulate root growth by decreasing growth in the light and promote it in the dark. This is
consistent withELF3s role in controlling hypocotyl growth as pasf the evening

complex.

The data of Yazdanbakhsh et al. (2011) showed @latmutants have reduced root
growth rates at the end of the night. If starch degradation rates are linked to carbon
utilisation for growth, the reduction of starch degradatates inelf3 towards the end

of the night might be explained by a reduced consumption of carbon from stattd in

If the mutant stops to grow at the end of the night, it will consume fewer sugars. Sugars
might accumulate and this could have a negdeelback effect on starch degradation
rates.

My data indicates that ELF3 is required to obtain normal rates of starch degradation at
night. However, how ELF3 is mechanistically linked to the adjustment of starch
degradation rates needs to be investajatehe future.

3.3.10Clock period and starch degradation in 395

Mutant 3951 showed bioluminescence two hours after the end of an early night
(Figure Al). The mutant is early flowering. The DF rhythm in 3B%vas less robust
than in wildtype and abut one hour advanced, indicating it is a circadian clock mutant.
The starch degradation pattern of the mutant was very similar tetypiéd but starch
degradation seemed to slow down or even aakghe end of the normal night. This
could explain the ibluminescence that was observed at the end of the early night. | did
not investigate which gene is affected in mutantB9because it had only a mild starch
degradation phenotype. Possible candidate genes could be clock gere3dikeGl,

LHY or CCAl because the mutantscl-2 as well asgi-11, lhy-21 and ccal-11 were
shown to have shorter circadian clock periods than -typ@ based on DF
measurements (Gould et al.,, 2009). However, since the RAE of the data was high, it

could also be that the mutargshan arrhythmic circadian clock.
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3.3.11 Conclusion and outlook

The mutant screen allowed new insights into the regulation of phytoglycogen and starch
degradation inisal (isa2 mutants and identified a new role for the circadian clock
componenELF3in the regulation of starch degradation. The data presented here can be
basis of future research. | decided to follow up by characterising mutan&(#@gant

B) and 4361 (mutant A) because the mutations in these lines had the strongest impact
on starchdegradation rates. In the following chapters | will describe how | identified the
underlying mutations in both mutants and characterised the mutant phenotypes in more

detail.
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4 |dentification of causalmutations in mutants A and B

4.1 Introduction

Mutant A and mutant B were identified as early starvation mutants in a forward genetic
screenChapter 3). Measurements of starch contents showed that both mutants degrade
starch faster than wittype. Mutant A exhausted its starch before thearttie normal

as well as the early night. Mutant B did not exhaust its starch before the end of the

normal, but before the end of the early night.

4.1.1 Aim

In this chapter, | describe holwocalisedthe mutations in mutant A and mutant B by
mapbased oning and mappindpy-sequencingAlso, | describéhow | confirmed that
the identified mutations caused the phenotype of the nsutadescribe the effect of the
mutations on the gene products and imssilico analysis to speculate about the link

betweerthe mutations and the mutant phenotypes.

4.1.2 EMS induced point mutations in mutant A and mutant B

The mutants were obtained by chemical mutagenesidralbidopsisseeds of the
starvation reporter line using ethyl methane sulfonateJEMMStreatmentprimarily

results in G/A or C/T transitions in the DNA. These are randomly distributed over the
genome. The mutation frequency is dependent on the EMS dose, but in comparable
studies was reported to be around 1/170 kb or 1/112 kb (Greene et al., 2088rdsh

et al.,, 2011). TheArabidopsisgenome has a size of about 125 Mb (The Arabidopsis
Genome Initiative, 2000), therefore an average mutation frequency of 1/141, would
result in about 900 EM$duced mutations per plamtfter the identification of mutats

in a forward genetic screen, repeated badssing of the mutant to the witgpe line is
advisable to fAclean upod the genetie bac
induced mutations that are unlinked to the phenotype of interest. Eackcrbask
removes half of the unlinked mutations. It is recommended to do five to ten rounds of
backcrossing (Weigel and Glazebrook, 2002). That many {ocaockses would be

expected to remove more than 97% of unrelated mutations.

95



Chapterd i Identification of mutations in mutants A and

4.1.3Characterisation of the mutabn

Segregation analysis is used to determine whether the mutation causing the phenotype is
dominant or recessive. Absence or presence of the mutant phenotype in-thegssiiy

or F plants of the backross indicates how the mutation is inherited (\Wkignd
Glazebrook, 2002). If forward genetic screening leads to the identification of more than
one mutant with the phenotype of interest, crosses can be performed to find out if
mutations are caused by the same gene, i.e. are allelic (Peters et al. AHOISN test
involves crossing two homozygous mutants with the same phenotype to find out if the

mutations can complement each other, i.e. if thel&nt loses the mutant phenotype.

4.1.4ldentification of the mutation by mp-based cloning

The identfication of EMSinduced point mutations is traditionally done by niesed
cloning, also called positional cloning, which allows the mapping of the mutation of
interest to a small region of the genome (Jander et al., 2002; Lukowitz et al., 2000). For
this approach, the mutant plant is aubssed to anotheékrabidopsisecotype(Figure

4.1). For example, if the EMS mutation is in the @obackground, the mutant is
crossed to wildype Landsbergrecta(Ler) plants. Plants in the;Fof that cross are
allowedto selfpollinate. Meiotic recombination events between-Caind Ler genomic

DNA (gDNA) will occur all over the genome. Thus plants have gDNA of mixed
origin, from the Col0 and the kr parent. The Fpopulation of the cross is called
mappingpopuldaion. These plants segregate for the phenotype of interest. Plants
homozygous for the mutation are selected by analysing their phenotype. These plants
are then genotyped individually at known positions in the genome to analyse the
presence of &r and Cot0 polymorphismsSuch polymorphisms are sequences in the
gDNA that vary between Cdl and ler. They can be insertions and deletions (InDels)

or single nucleotide polymorphisms (SNPs) that can be detected bp&ed markers.

The position of the mutation ointerest is then determined by measuring the
recombination frequency between @ohnd ler gDNA at markers all over the genome.
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Col-0 Ler
I v LoV V (I 1| I AV,

I -
F
X — Self-
pollinate
allll a A

Individual homozygous
mutants

Lo LoV v
Fs
Identify area "
without Screen for
recombination U o homozygous
C= 1| tants
events Ma1 alfla mutan

Figure 4.1: Map-based cloning approach: Schematic representation of
recombination events onArabidopsischromosomes in tle outcross of Cot0 to Ler.

Blue bars represent GOl chromosomegl-V), orange bars é&r chromosomes. The
mutation of interest is in the GOl background (aa).dr plants are wiletype for the
mutation (AA), and are used as second parent for therossof the mutant. Fplants

are heterozygous (aA) for the mutation of interest are allowed tpaétiate. During
meiosis, recombination events between-Caind ler chromosomes occur. These result

in mixed areas of &r and Col0 gDNA on all chromosomes ithe k generation. ¥
plants (mappingopulation) are phenotyped to recover individual homozygous mutants
(aa). PCRbased markers (Ma) are then used to analyse the chromosomes of those
plants for areas with enrichment in &@blpolymorphisms until a nerecombinant
region is found that contains only G@lpolymorphisms (between Mal and Ma2). This
region is the target interval which contains the mutation of interest, because the
mutation always resides in the @blbackground. Therefore this is the onlyioggin

the genome that cannot contaierigDNA in homozygous mutants of the earpss.
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The EMSmutation was introduced inthhe Col0 background, thus its position can be
narrowed down by searching for a chromosomal area that contains orllygDMNA in

all F, plants that are homozygous for the mutation. The recombination frequency at a
certain marker position is directly related to the distance between the marker and the
target mutation. The more closely a R@Rrker is physically linked to the mutatio

the more CaD alleles it will detect. The size of the nmrombinant region with only
Col-0 alleles defines the target interval for putative candidate genes. Based on the
annotation of genes in the defined target interval, it might be possible tectpred
candidate genes. These can then bsergienced in the homozygous mutant using
standard Sanger DNA sequencing to look for Etvi® point mutations.

The progress of mapased cloning can be slowed down or hindered if the mutation
maps to a chromosomarea with low recombination frequency, for example in the
centromeric region, where meiotic recombination events are very infrequent (Drouaud
et al., 2006). This makes it difficult to define the gene of interest bylrasgd cloning.

4.1.5ldentification of the mutation by mappingdy-sequencing

Recent advances in sequencing technologies allow the use of an alternative strategy to
mapbased cloning, called mappHhy-sequencing (Schneeberger et. al., 2009). With
this method, identification of the mutati@much faster. The approach is similar to the
mapping approach as it also requires the generation of a mapping population by out
crossing.The difference is, that DNA of ;fplants homozygous for the mutation of
interest is pooled and analysed by wholaaye sequencing. Thus, only a single DNA
sample needs to be sequenced. Again, the ratio 6D Guid ler polymorphism is
defined all over the genome by analysis of the assembled sequence. SNPs that are
polymorphic between Cd) and ler are analysed to disguish between Ced and ler

gDNA. This allows the identification of a chromosomal interval with no recombination.
The sequence in that interval is then compared to th® @ference genome to identify

homozygous EMS8ype point mutations.

4.1.6 Confimation of candidate genes

If a mutation is found in a certain gene, it must be confirmed that it is causing the
phenotype of the mutant. This can be achieved by introducing theypgdcandidate
gene into mutant plants and demonstrating that the mpitemiotype is rescued. In case

98



Chapterd i Identification of mutations in mutants A and

of a dominant mutation it needs to be shown that transformation oftypid plants

with the gene containing the mutation results in a mutant phenotype (Weigel and
Glazebrook, 2002). Another way to confirm that a candidates gencausing the
phenotype is to identify -DNA insertion mutants for the same gene and to show that

they have the same phenotype.

4.2 Results
4.2.1Characterisation of mutations: Segregation analysis

Mutant A and mutant B showed an early starvatiomnphge at the end of the early
night (Chapter 3). To find out if the mutations causing the phenotype are recessive or
dominant, segregation analysis was performed. Thegé&heration of plants was
allowed to seHpollinate and to set seed to analyse segi@yarates in the ¥
generation. Also, both mutants were backssed to the starvation reporter line
(referred to as wildype in the following) to analyse segregation rates jraid b

plants of the cross. After ten days of growth, bioluminescence wasured at the end

of an early night, when both mutants should express luciferase from the starvation
reporter construct. This analysis showed that the phenotype in mutant A is caused by a
recessive mutatio(Figure 4.2). Plants of the Mand M, generatiorshowed a uniform

and strong starvation signal, indicating that all plants were homozygous mutants. The F
from the backcross to the starvation reporter lihad no starvation phenotype. This
strongly indicates the presence of a recessive mutdtiothe F, generation plants
segregated for thstarvationphenotype The observed segregation pattern indicates a

1:3 segregation rate whietould be expected for a recessive mutation.
In mutant B, the early starvation phenotype was caused by a dominanbm{Eagjure

4.3). M3 plants and their selfrogeny segregated for the mutahepotype,indicating
thatsomeof the plants did not have the mutation causing the phenotype.
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WT A AXWT AXWT
(M) (M) (Fy) (F2)

Figure 4.2 Segregation analysis for mutant A Plants of wildtype (WT=starvatin
reporter line), mutant A (A) and the bactosses of mutant A to witype (AXWT)
were analysed for luciferaseduced bioluminescence at the end of the early night after
10 days of growth in 12 hour lighi2 hour dark cycles. Plants of tNg, My, Frarmd R

generation were assayed.

BXWT  BxWT BXWT
(F1) (F2) (F2)

Figure 4.3 Segregation analysis for mutant B Plants of wildtype (WT=starvation
reporter line), mutant B (B), and the bamoss of mutant B to wildype (BXWT) were
grown in 12 hour lightt2 hour dark cycles and luciesseinduced bioluminescence

assayed after ten days at the end of the early night. Plants M, andF, and b

generation were assayed to analyse segregation in thegény.
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About half of the F plants of the backrossto the starvation repomdine had a
detectable bioluminescence signal, indicating segregation of the phenotype in that
generation. Sinceifplants can only contain one copy of the mutant allele, this result
stronglyindicatesthat the mutatiomf interest is dominant. IR; lines of the backcross,
different segregation rates were observeue line segregated for the phenotype
another linehad a bioluminescencggnal comparable to wiltype. The difference of
segregation patterns in different llhes furtherindicatesthe presence of an underlying
dominant mutation. Based on the result of the segregation analysis, different strategies

for mapbased cloning were applied to the two mutants.

4.2.2ldentification of EMS-induced point mutations in mutant A

4.2.2.1Map-based clomg approach

Identification of the causative mutation in mutant A was initially attempted by applying

a conventional mapased cloning approach. Therefore mutant A {Cdblackground)

was outcrossed to a wildype plant of the Landsbemyecta(Ler) ecotye. R plants

were allowed to selpollinate and grown for seed. Plants homozygous for the mutation
were identified in the fpopulation by selecting individuals that displayed the starvation
phenotype at the end of the early night. DNA was extracted #Onindividual
homozygous plants and a rough map position was obtained by testing 16 markers that
were evenly spread over the genome. These-P@Rers amplify positions in the DNA

that are polymorphic between theerLand Col0 ecotype Chapter 2). Since tle
mutation was obtained in the @@lbackground, chromosomal areas rich in-Col
alleles would indicate a close linkage to the mutation. These areas are characterised by a
low recombination frequency. As measure of recombination frequency, the percentage
of Ler alleles was determined at each marker position after genotyping of all 40 plants
(Figure 4.4). For markers unlinked to the mutation, the representatioreélleles is
expected to be roughly 50%. At marker two, three and four, much lower raties wer
found. Thus, the mutation was likely to be located between marker two and four in the
centre of chromosome 1. This interval had a size of about 16.3 Mb. Marker three had
the closest link to the mutation, only 9% of chromosomes showedethgehotype at

that position.

To narrow down the target interval, further markers upstream and downstream of

marker three were analysed and the percentagerélleles calculatedRigure 45).
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The marker with the closest linkage was determined and two new markeradlémk

marker were identified. This procedure was repeated and DNA of 200 homozygous
individual plants genotyped until the target interval was narrowed down to 2.7 Mb. It
still included 463 genes and was located between loci At1g36070 and At1g42970,

spaming the centromere of chromosome 1.

1 2 3 4 5)
M11
) 43%
MA 56%
31% M8
46%
M6 M2
56% 51% M14
654%
M9
M2 56%
18%
M3
M7 41%
59% M15
0,
M3 46%
9% M10
55%
~ M16
41%
M4

29%

Figure 4.4 Summary of rough mapping of mutant A. Linkage analysis was
performed on 40 individual ;iplants of the outross to ler after confirmation of the
early starvation phenotype. Sixteen markers M) which were evenly distributed
over the five Arabidopsis chromosomes were analysed for their linkage to the
underlying mutation in mutant A. Linkage of each marker to the mutation was
determined by calculating the percentage of detectedalleles in all indivdual
homozygous mutants of the §eneration at the marker position. Orange and red boxes

highlight the markers which were closely linked to the target mutation.
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1
Marker (%) Locus
M2 18
MA1 10
MA2 6
MA3 2
| MA4 1 At1g36070
MAS5 0
MAG 0 Interval
463 genes
2.7Mb
MA7 0
| MA8 1 At1g42970
MA9 2
MA10 4
MA11 6
MA12 8
M3 9
MA13
10%
MA14
20%
M4

29%

Figure 45: Map-based cloning result of mutant A.Analysis was performed on 200
individud F, plants of the outross to ler after confirmation of the early starvation
phenotype. 14 additional markers (MMA14) were analysed for their linkage to the
underlying mutation in mutant A. Linkage was determined by calculating the percentage
(%) of detected fer alleles in all i plants homozygous for the mutation. Orange boxes

highlight the markers which frame an area without recombination.
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4.22.2 Mappingby-sequencingpproach

Since magbased cloning is hindered by the low recombination fegy in the
centromeric region, mappidgy-sequencing was chosen as additional approach to
identify the mutation in mutant AThe approach | used was adapted from Scheeberger
et al. (2009)F, plantsof the outcross to ler were analysed for their phetype andone

leaf of each of 50thomozygous mutanplants harvested. Nuclei from pooled leaf
samples were extracted to concentrate the samples for subsequent DNA extraction. A
minimum of 5ug of DNA was needed for sequencing. RNA was removed by RNAse
treatment. Samples were sequencasl a service by TGA®n the lllumina GAIIX
platform withpairedend (PE) reads.

The sequencing data were analysed by Martin Trick (Systems and Computational
biology, John Innes Centre). In totdb,634,367 PE readwere obtained with an
average read depth of 28. Mapping of the PE reads to th® @dkrence genome
(TAIR, release 8) showed that 83.9% of all reads mapped t®),Cab% of them in

pairs. The assembled sequence contained about 280,000 SNPs when compared to the
refeence genome. Most of them (72%) corresponded to known-O/Cet
polymorphisms. These were analysed to calculate the ratio of0 Gol Ler
polymorphisms in intervals of 10kb all over the genome. Since the mutation underlying
the phenotype was in the Godlbackground, chromosome areas with a high number of
Col-0 polymorphisms indicate a close linkage to the mutation of interest. A strong
enrichment of CeD polymorphisms was detected in the centre of chromosome 1. This
indicated the absence okeLgDNA in theregion, and hence that it did not undergo
recombination. The target interval identified by riEgsed cloning was in the centre of

that region, which validated the result obtained by whole genome sequencing.

The remaining SNPs that were not ©dlLer polymorphisms were filtered for EMS
induced point mutations (G/A or C/T transitions) and 9,000 of these could be detected
over the whole genome. All plants were homozygous for 178 of these mutations. Two
of these mutations affected genes in the target intenvathromosomé., which was
determined by mapased cloning. Both were G/A transitions, one located in
At1g42430 and one in At1g42470. The exact position of the mutations is giVaible

4.1 Based on the annotation in TAIRti{://www.arabidopsis.org)At1g42430 encodes

an unknown protein of about 49 kDa. The mutatiisruptsa 36 i ntron spl i
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mutation in Atlg42470 causes an amino acid substitu(E®10K) in a plasma
membrane localised hedgehog protein.

To discover the effect of disruptiofo t he 36 i ntron splice
MRNA, Atg42430 cDNA was amplified from mutant A and wilighe plants using
PCR. The product length was then analysed by agarose gel electrop{fogess 4.6).

This revealed that At1g42430 mRN#&as still pesent in mutant A. However, it was
shorter than in wildype plants. This indicated that disruption of the intron splice site

resulted in production of aberrant and shom&NA.

Mutation 1 Mutation 2
Position in gDNA Chr I: 15,894,697bp Chr I: 15,934,565bp
Affected gene At1g42430 At1g42470
Position in gene +745bp from ATG, intron +5139 bp from ATG, exon
Gene annotation unknown protein hedgehog receptor
Protein location unknown plasma membrane
Effect of mutation disrupted 3'intron splice site aa substitution (E910K)
Referencesequence  TATAATTGTAg/aACACTGGGAT TTTGACTCCGg/aAAC TAAGCTA

Table 4.1: Description of EMS-induced point mutations found in the mappng

interval. Using a combined mabpased cloning and mappiiy-sequencing approach,

two point mutations were identified that could be causative of the phenotype in mutant

A. Both mutations were G/A substitutiong/d), one found in an intron (blue capital

letters, one in an exon (green capital letters) of genes on chromosome 1 (Chr ).
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Figure 46: RT-PCR for mutant A and wild -type. RNA was extracted from mutant A
and wildtype (WT) plants and cDNA synthesised by reverse transcription. The cDNA
wasthen amplified by PCR. Primers were designed to amplify the full coding sequence,

which in wild-type has a size of 1281bp.

4.2.3T-DNA insertion lines of At1g42430 and complementation of mutant A

To find out if the mutation in At1g42430 causes the pingre of mutant A, | analysed
the phenotype of -DNA insertion lines and of mutant A expressing At1g42430 cDNA
from a wild-type plant.

Four T-DNA insertion mutants disrupted in At1g42430 were obtained. Genotyping of
these lines showed thah® of the SALKIlines (SALK _080172)did not contain the -T

DNA insertat theexpected position in the gene, therefore the line was discarded. Two
other lines contained a -DNA insert in the promoter (SALK_ 040206 and
SALK_070292). In one line (GABI_031C11), theDNA inset disrupted the fourth

exon (Figure 4.7). Genotyping of those three lines confirmed the presence of-the T
DNA inserts at the expected positions and homozygous lines could be generated for all

three of them.
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SALK_040206 GABI_031C11
Mutant A
SALK_070292 (G—A)
| 3070bp ,

Figure 4.7 Schematic gene structure of Atg42430 and position oEMS-induced

mutation and T-DNA insertions. Mutant A caries a G/A substitution in thed3plice

site of the second intron. Mant GABI_031C11 has a-DNA insertion in the fourth

exon (+1188 bp from ATG) The two SALK lines contain FDNA inserts inthe
promoter region376 bp and 392 bp upstream of the ATG start codon respectively.
Grey bars represent exons, lightgre bar s t he 506 and 36 UTRs
the exons represents the introns and the trianglgsogigon of tke T-DNA inserts. The
scale bar indicates the | ength of the ge
the 306UTR.

To discover whether the mutant phenotype can be rescued by overexpression of the
protein encoded by At1g4243A mutant A, | transfoned mutant Aplants with the
wild-type cDNA sequence of At1g42430. This was done to find out if the mutant
phenotype can be rescued. The coding sequence of the gene (from start codon to stop
codon) was amplified from cDNA from witype plants after RPCR It was then

cloned into vector pGWB2, to put it under control of the 35S promoter. Plants were
transformed by floral dip and homozygous lines were obtained instgenkeration by
selection of plants resistant to kanamydiesence of the transgenetire plans was
confirmedby PCR amplification othe transgene in the gDNA sequenced the PCR
productto confirm that it is the wildype sequenceJUnfortunately,| found a point
mutation in position 574p upstream of the start codoh is an A/Gtranstion in the

middle of this reference sequenc@AAAa/gGTGGA and causes an amino acid
substitution (G192S) in the proteiBxperiments to transform mutant A with the wild

type sequence are in progress. Results obtained from experiments with the line
preseted here 35S:At1g4243Pshould be seen as preliminary, as the point mutation in
the transgene might affect the function of the protein.
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To analyse the starch degradation phenotype of tB&IA insertion mutants and the
transformed mutant line, leaves weatained with iodine. Plants were grown in 12 hour

light-12 hour dark cycles for 22 days and rosettes harvested one hour before the end of

M

WT A 35S:At1942430

SALK_040206 GABI_031C11 SALK_070292

the night(Figure 4.8).

Figure 4.8 lodine stain of leaf starch of three T-DNA insertion mutants and

mutant A plants transformed with At1g42430 cDNA.Plants were grown in 12 hour
light-12 hour dark cycles for 22 days and rosettes harvested one hour before the end of
the night. Rosettes were-d&ined in boiling ethanol and stained with iodine solution.
Mutant A plants (A) were transformed with a construct containing the cDNA (coding
sequence from start to stop codon) of At1g42430 under control of the 35S promoter.
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At this time point, wildtype plants still contained small amounts of starch, and parts of
rosettegdisplayed a light blue colour. Mutant A plants did not stain blue, indicating that
all starch was exhausted at this time point. Line GABI_031C11 did notidtesrither.

The two SALK lines had a stain comparable to vijide. Transformation of mutant A
with wild-type cDNA of At1g42430 restored the presence of starch in the mutant.
However, the stain did not look like the stain of wiyghe plantsbut was darker. This
indicated that this line had a different starch content from-ypé plantsTo find cut

if starch contents in the-DNA lines and transformed mutant A plants differed from
wild-type, leaf starch was quantified at the end of the day and end of th€Fgire

4.9). Starch contents of GABI_031C11 were not analysed in this experimentebut ar
described in more detail i€hapter 5. For unknown reasons, the two SALK lines
accumulated about 45% less starch than -tyiiee, but at the end of the night their
starch contents were similar to witgbe. The line expressing At1g42430 cDNA under
control of the 35S promoter, had 55% more starch than-type at the end of the day
and only 47% of it was broken down at night. Thisameethat the transgenic line had
starch excess phenotypgkhus, the faster starch degradation phenotype of mutant A was
recued. It is possible that an opposite starch degradation phenotype emerged after
transformation of mutant A with cDNA of At1g42430. However, this result needs to be
verified using a transgenic line, expressing an unmutated version of theypeld
protein.

To find out if levels of the protein encoded at At1g42430 correlated with the starch
phenotypes, immunoblot analysis was perforr{fédure 4.10. Plants were harvested

at the end of the day and the crude extract was boiled in SDS and the soluble fraction
then separated by SEFAGE, blotted on PVDF membrane and probed with an
antibody against the protein encoded by At1g42430. This antibody was provided by our
collaborator David Seung (ETH Zurich). The immunoblot showed that mutant A and
GABI_031C11 had nodetectable protein, thus they welaockout lines for
At1g42430.
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Figure 4.9 End of day and end of night starch contents of two IDNA insertion
lines of At1g42430, mutant A and mutant A transformed with cDNA of At1g42430.
Plants were grown in 1Bour light-12 hour dark cycles for 23 days and leaf starch
harvested at the end of the day and end of the nighbor bars are s.e.m. of five

biological replicates.

The SALK linesand wildtype containedsimilar amounts of proia derived from
At1g42430 Thus,the SALK lineswere no knoclout lines. Thisexplains the lack of a
fast starch degradation phenotypé these lines Mutant A transformed with
35S:At1g4243Contained more protein than witgpe and a new band with higher

molecubr weight appeared on théot.

The results presented so far indichtieat knockout plants for the protein encoded by
At1g42430 hadless starch at the end of the night, while plamisrexpressing the

protein hadmore starch at the end of the night.

In conclusion, At1g42430 veashown to be the gene causing the phenotype of mutant A
as independent mutatiorf that gene ha@ strong effect on starch degradation. Thus,
the second gene identified by mappimngsequencing (Atlg42470yas no longer

considered to cause the phenotypenatant A.
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Figure 4.1Q Immunoblot analysis for mutant A, T-DNA lines for At1g42430 and
mutant A plants transformed with At1g42430 cDNA. Plants were grown in 12 hour
light-12 hour dark cycles for 23 daysosgettes fom wild-type (WT), mutantA (A),

mutant A complemented with At1g42430 cDNA5G:At1g4243Dand three IDNA
insertion lines were harvested at the end of day. Crude protein extracts were boiled in
SDS and the soluble fraction separated by SDS PAGE¥4 polyacrylamide)then
blottedon PVDF membrane and probed with antiserum against the protein encoded by
At1g42430 at a concentration of 1:1000. Protein loads were adjusted on a weight base,
i.e. the same amount of fresh weight was loaded in each lane. On the right, molecular

weight esimated from protein markers is shown in kDa.
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4.2.4 New nomenclature for At1g4243BXCESSSTARCH TURNOVER 1

Phenotypic analysis of-DNA lines, mutant A and mutant A expressing At1g42430
showed that the mutation in At1g42430 caused the starch @digragphenotype of
mutant A. Further evidence for this will be givenGhapter 5, when the phenotype of
knockout lines GABI_031C11 and mutant A is characterised in more detail. Since
mutant A and GABI_031C11 degratistarch faster than wiltype, At1g4248 will be
referred to asEXCESS STARCH TURNOVER 1 (EST). Thus, mutant A and
GABI_031C11 will be calle@stt1 andest12 respectively.

4.2.5In silico analysis ofEST1

4.2.51 Annotation andubcellularlocation ofEST1

Very little information is avadble about ESTL1 in the literature or databases. The
present state of knowledge about EST1 as follows.

EST1 is annotated as an unknown protein with unknown subcellular locatien.
protein is composed of 426 amino acids and has a molecular weight of4&biiDa
(TAIR, www.arabidopsis.orng There is no chloroplast transit peptide (cTP) predicted
by the programme$argetP or ChloroPEmanuelsson et al., 1999 and 200®kediction

of a cTP in the protein might have failed, becatiBBsare very diverse andehe is no
distinct consnsus sequence that defines them (Lee et al., 2008). Evidence for a
chloroplastic location of thproteincomes from data ad proteomics approadBayer

et al., 2011). The method applied therspecifically aimed at the enrichmeuoit low-
abundant chloroplast proteimairified from pea seedlings by a targeted fractionation

appoach.

4.2 52 Protein structure and motifs

| searched for conserved domains in the EST protein using conserved domain (CD)
search on NCBIwww.ncbi.nim.nih.@v), but no conserved domains were detected in
the protein (MarchleBauer, 2004).

| further used the MotifScan websiténttp://myhits.isbsib.ch/cgibin/motif_scan to
identify motifs in the primary structur@he program identified a prolirgch regionat
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the Gterminusand a tryptophamich regionstretching over most of the protein. The

high occurrence diryptophan (7% of the total sequenaright indicatethat the protein

has starch Iniding properties as tryptophan is an essential aminoirasithch binding
domains(SBDs) of enzymes in starch metabolisf@hristiansen et al., 20095ome
enzymes of the starch degradation pathway contain a family of SBDs called
carbohydratéinding modules (CBMs). The ability of CBMs to bind to starch is
associated uh certain consensus amino acid residues. These include the aromatic
amino acids tryptophan, tyrosine and phenylalanine (Christiansen et al., 2009). EST1
does not have a CBM, but residues associated with carbohydrate binding and the amino

acid prolire arehighlighted in the EST1 sequenceFigure 4.11.

1 MSEMAASSAISLLDIKLRRFGVGASNHELRLTKWFKGDQA GA-TRRFTCF
51 ADMLA”IRRSEKSEERRFDQKMSAHGAGIKTSSSAV ~FAS~KSRFLSKQE

101 KFYFRCT-RLTGQSRDTH "KRDTGIANEKDWGIDLLNENVNEAGTNEDG
151 SSWFRESGHDLGDNGYRCRW SRMGGRSHDGSSEWTETWWE KSDWTGYKEL
201 GVEKSGKNSEGDSWWETWQEVLHQDEWSNLARIERSAQKQAKSGTENAGW
251 YEKWWEKYDA KGWTEKGAHKYGRLNEQSWWEKWGEHYDGRGSVLKWTDKW
301 AETELGTKWG DKWEEKFFSGIGSRQGETWHVS-NSDRWSRTWGEEHFGNG
351 KVHKYGKSTTGESWDIVVDE ETYYEAEFHYGWADVVGDSTQLLSIQ~RER
401 "~"GVY"NLEFG"S EPDLPPDQPQ

Figure 4.11 Predicted amino acid sequence of EST1The protein consists of 426
amino acids and is rich in tryptophan (28 residues; 7%) and proline (23 residues; 5%),
which are highlighted in red and oige. Other aromatic amino acids that are important

in proteins that have starch binding properties are highlighted green (tyrosine) and blue

(phenylalanine).

Analysis of the secondary structure was performed ubimgrotein homology/analogy
recognitionengine Phyre {ttp://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi7imeX).

This program predicts secondary structures in the protein based on homology to
proteins with known structures (Kelley et al., 2009). The analysis showed that large
areas of the proie (62%) are not predicted to be folded and are rather structurally
disordered. About 22% of all amino acids are predicted to fold into -fielhees and

13% are part of betstrands, but these are scattered over the protein in short stretches

and interruped by regions predicted to be disordered.
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4.2.5.3EST2 and EST1 orthologs

BlastP search revealed that #hebidopsisprotein with the highest sequence similarity

to EST1 on the protein level is encoded At®g55760.In the following, this protein

will be referred to as EST2. There is no information about the function of EST2, but
several proteomics studies found the protein in chloroplast sampl@sabidopsis
thaliana (Zybailov et al., 2008; Peltier et al., 2006; Kleffmann et al., 2004). This is
consistent withtie presence of a cTP in thet&fminus of the proteias predicted by
ChloroP.The protein wasdentified as a starch binding protein, when it vpasified

from Arabidopsisusingaffinity chromatographyn amylose resin (Edner et al., 2007
EST2was found inthe samefraction that containedheseknown proteins of starch
metabolisn: BAM1, SBE3, ISA3 and DPEEST?2 is578 amino acids long and has a
molecular weight of about 6&Da (TAIR, http://www.arabidopsis.oryy/ EST1 and
EST2 proteins kare 146 residueof their amino acid sequencthis corresponds to
about 35% identical amino acids of EST2 in EST1 and 25% identity of EST1 in EST2
(Figure 4.12. The sequences araore similartowards the Gterminus, but the €
terminal prolinerich regon is missingn EST2 In the Nterminus, long stretches of
amino acids present in EST2 are missing in EST1. EST2, just as EST1 is rich in
tryptophan, which makes up 5% of the sequence.

Searching the Ensmbl plants genome browsstip:(/plants.ensembl.afigdex.htm) for
proteins with similar protein sequences revealed that orthologs of &®iltie found in

at least 20other plant specieqTable 4.2 including most plant species for which
sequence information is available in the Ensembl genome browser. The
Chlamydomons ortholog share30% of its amino acids with EST1 froArabidopsis

A BLAST search with the EST1 protein sequence against the NCBI protein sequence
database (blastp), revealed that proteins with highly similar sequence to EST1 can be
found inadditional land plant species, 8orghum bicolor(sorghum) Fragaria vesca
(strawberry),Cucumis sativugcucumber) Cicer arietinum(chickpea) and green algae
(Micromonas puscillay Osterococcus tauri Volvox carter). Searching theNCBI
translated nuclgtide databases using EST1 proteis query sequence (tblastn)
indicated, that EST1 orthologs are present in several more plant species including
Prunus avium(cherry), Lotus japonicusand Triticum aestium (wheat) Based on the

sequence information avdile, it can be concluded that proteins with similar sequence
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to EST1 are widespread in the plant kingdom, but not present in other eukaryotes. None

of the EST1 orthologs has an assigned a function.

Proteins with high similarity to EST2 are found in thensaplant species as EST1
orthologs when searching the Ensembl Plants genome br¢Viadge 4.3. The NCBI

Blast search against protein or heatide databases also indicatit proteins with
similar sequence EST?2are found in the same species as E$us are widespread in

the plant kingdom. The amino acid conservation between EST1 and EST2 is much

lower than the conservation between the orthologs of each protein.

ESTL = ==—eeeeeee e MSEMAASSAISLLDIKLRRFGWGAS 25
EST2 MALRLGVSIGAALGSSHWDDGQRVRQRDFSASVNFTAPVTSRRSLRGSRTGVRILRVSNE 60
EST1 NEELRETKNFKGDQAGAPTRRETCFADMLAPIRRSEK-========m === == mmmmm SEE 65
EST2 GRESYLDMWXNAVDREKKEKAFEKIAENVVAVDGEKEKGGDLEKKSDEFQKILEVSVEER 120
EST1 REFDOKMSAHGHGIKTESSAVPFRSPKE -~ —————— === == mmmmmmmmmm e 93
EST2 DRIQRMQVVDRAAAAISAARAILASNNSGDGKEGFPNEDNTVTSEVIETPKNAKLGMWSR 180
1 5 S RFLSKQEXEYPRCTBRETGPOSRET 118
EST2 TVYVPRSETSGTETPGPDFWSWIPPQGSEISSVDLQAVEKPAEEPTLPNEVLEKDKSADS 240
EST1 PPKRDTGIANEK-—==mmmmmmmmm e DWGIPELN--———————- 138
EST2 LSIPYESMLSSERHSFTIPPFESLIEVRKEAETKPSSETLSTEHDLDLISSANAEEVARV 300
EST1 ----ENVNEAGTNEDES SWFRESEHDLGDNE YRERWSRMGERSHDGSSENTETWREKSDW 194
EST2 LDSLDESSTHGVSEDGLKWWKQTGVEKRPDGVVECRWTMIRGVTADGVVENQDKYWEASDD 360
EST1 TEYKELGVERSGKNSEGDSHWE THOEVLHGDEWSNLAR IERSAQKQAKSETENAGH YERW 254
EST2 FGFRELGSEKSGRDATGNVWREFWRESMSQENG--VVEMEXTADKWGKSGQGDE-WQERN 417
EST1 WEK¥DAKEWTERGAHKYGRLNEQS ~~—————~-] WWEXNGEHYDERESVLEKWIDKWAETEL 305
EST2 WEHYDATGKSEKWARKWCS I DRNT PLDAGHAHVWHERNGEKYDGOGGSTKYTDKWAERWY 477
EST1 6T---KWGDKWEEKEFS-GIESROGETNEY SPNSDRNSRTWEECHFENGKVHKYGKSTIG 361
EST2 GDGWDKWGDKWDENENPSAQGVKQGETRWE GKHGDRRNRSWEEGHNGSEWVHKYGKSSSG 537
EST1 ESWDIVVDEET Y¥EAEPHYEWADVVGDSTQELSIQPRERPPGVYPNLEFGPSPPPEPDLE 421
EST2 EENDTEVPCETWYEKFPHFGFFHCFDNSVQLRAVKK—= = === === === === m == ] B 574
EST1 PDQPQ 426

EST2 sSpMs- 578

Figure 4.12 Alignment of EST1 and EST2protein sequencesProteins encoded by
At1g42430 and At3g55760 were aligned using ClustalW. Amino acids highlighted in

blue are shared by both proteins.
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Target Query

Species Ensembl identifier %id Yoid
Arabidopsis lyrata fgenesh? kg.1 3692 AT1G42430.1 95 94
Brachypodium distachyon BRADI1G76190 67 68
Brassica rapa Bra039888 92 88
Chlamydomonas reinhardti ~ CHLREDRAFT 167685 30 25
Glycine max GLYMAO06G02120 70 74
Hordeum vulgare MLOC 57196 83 50
Musa acuminata GSMUA Achr1G02740 001 82 64
Oryza sativa LOC 0Os03g04100 68 69
Physcomitrella patens PP1S130 242V6 49 58
Populus trichocarpa POPTR 0005527110 72 74
Selaginella moellendorffii SELMODRAFT 107335 64 55
Setaria italica Si035781m.g 67 68
Solanum lycopersicum Solyc04g082290.2 71 73
Solanum tuberosum PGSC0003DMG400009975 71 72
Sorghum bicolor Sb01g048110 80 65
Vitis vinifera VIT 1850001900110 74 75
Zea mays GRMZM2G110345 64 67

Table 4.2List of EST1 orthologs.Proteins with similar protein sequence to ESW¥le
found in these plant species according to the EnsemdmtdIgenome browser

(http://plants.ensembl.org/index.htnrelease 18). The table shows the Ensembl gene

identifier and the percentage of identical amino acids in the ortholog compared with
EST1 (Targetid) and the percentage of identity in EST1 protein compared to the
ortholog amino acid sequence (Query %f@jthologs are defined in Ensembl as genes

for which the most common ancestor node is a speciation event.
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Species
Arabidopsis lyrata

Brachypodium distachyon

Brassica rapa

Chlamydomonas reinhardtii

Glycine max
Hordeum vulgare
Musa acuminata
Oryza sativa
Physcomitrella patens
Populus trichocarpa

Selaginella moellendorffii

Setana italica
Solanum lycopersicum
Solanum tuberosum
Sorghum bicolor

Vitis vinifera

Zea mays
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Target Query

Ensembl identifier Y%id
fgenesh? kg5 2004 AT3G55760.2 97
BRADI4G15010 47
Bra023783 86
CHLREDRAFT 167685 25
GLYMA02G00430 52
MLOC 9792 49
GSMUA Achr8G26900 001 53
LOC Os11g37560 48
PP1S215 5V6 40
POPTR 0008515930 57
SELMODRAFT 11669 47
Si026146m.g 49
Solyc06g053920.2 56
PGSC0003DMG400016314 56
Sb05g022830 43
VIT 0550020904440 56
GRMZM2G069092 49

%id
97
51
75
21
54
52
52
52
43
57
43
50
54
54
50
55
49

Table 4.3 List of EST2 orthologsProteins with similar protein sequence to ESWZe

found in these plant species according to the Ensembl Plants genome browser

(http://plants.ensembl.org/index.htmélease 18). The Ensembl gene idettiand the

percentage

acid identi

of

t

i denti cal

es in the

ami no

ort hol

aci

09

ds

compar ed

ar e

percentage of amino acids of EST2 protein shared with the ortholquobsin.

Orthologs are defined in Ensembl as genes for which the most common ancestor node

IS a speciation event.

4.2.5.5 Gene expression of At1g42430

There is no information about gene expression of At1g42430, as the gene is not

represented on micragays produced by Affymetrix
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4.2.6Preliminary experimental data on ESTand EST2

There is little information about EST2 in the literature. However, EST2 protein was
found in association with starch granules purified from pea several years agm (Alis
Smith and Sam Zeeman, personal communication. The identification was based on N
terminal sequencing.). ThArabidopsisknockout line for EST2 did not show an
obvious starch phenotype, therefore it was not characterised further. Recently, our
collaborabr s i n Sam Zeemanods | ab at the ETH
were bound toArabidopsisstarch. EST2 was found to be the third most abundant
protein on granules after GBSS and SSIl. ESV¥ds found a well, but in lower
quantities; it was the™most abundant protein. Both proteins were also found in starch
of other plant species, like potato, cassava, rice, wheat and Ma&ewvere present in
starches of grains, tubers and leaves. Our collaborators decided to characterise the EST2
knockout muant again and found that the mutant has slightly elevated end of day and
end of night starch contents compared to syjoe. Mutantest2had three times more
starchthan wildtype at the end of the nightDavid Seung, ETH Zirich, personal
communication)This phenotypeseems opposittd the phenotype of thestlmutans,

which have lower end of day starch contents than-type& We are nw collaborating

with the group in Zurich to characterise EST1 and EST2 function in more &etdiier

characterisatio of estlmutants is presented @hapter 5.

4.2.71dentification of an EMS-induced pointmutation in mutant B

To find the underlying mutation in mutant B, a nizgsed cloning approach was
applied. Mutant B (CeD background) was crossed to a wiyge Ler plant and k

plants of the cross were analysed for starvation signals at the end of the early night. For
mapbased cloning, recombinants used for genotyping have to be homozygous for the
gene of interest(4.1.3) Since the mutation in mutant Bas dominant (4.2.1)
homozygous mutants are phenotypically not distinguishable from heterozygous
mutants. Therefore, DNA was extracted from gfants that had no phenotype, i.e.
carried only the wiletype allele of the target gene originating from tles pharent.Like

this, it could be ensured that selected recombinants are homozygous for the gene of
interest. ler wild-type plants do not contain the starvation reporter construct
(pPAtlg10070:LUQ. Therefore, F plants segregated for the transgene. Because the

trangiene is dominant only one quartaf F, plants cannot express luciferase. To
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identify plants without the reporter, luciferase expression was also measured three hours
after extension of the early night. At this time point, wige plants carrying the
transgene should express luciferasgplants that had no starvation signal at the end of
the early night, but had a signal after the extended early night, were assumed te be wild
type for the gene of interest. To confirm this, one leaf of each of theds plas used

for an iodine stain to confirm that the plants had wyijde amounts of starch at the end

of an early night. This strategy required more time and growth space. Therefore, fewer
plants were available for mdmased cloning.

A rough map positionvas obtained using 16 markers that were evenly spread over the
genome(Figure 4.13. The first analysis of 14 plants suggested that the mutation is on
chromosome three or four, since low recombination frequencies were observed on these
chromosomes. Thera®, markers on chromosome three and four were analysed in
another 16 plants. Marker nine showed the closest linkage to the mutation (19% Col
alleles). This indicated that the mutation was located on chromosome 3. To narrow
down the interval, further magks upstream and downstream of marker nine were
analysed. The area with the lowest recombination rate was framed by markers MB4
and MBS8, but this interval was not free of recombination events. Some plants were
heterozygous for Cd)d/Ler polymorphisms at erkers MBXMB8. The reason for this
could be incorrect phenotyping of recombinants. The interval with the lowest
recombination rate had a size of 1.4Mb and contained 453 Jé&impse 4.14).
Looking at the annotation of the putative candidate genes inirtteaval, one gene
related to starch metabolism was found. It was At3g23920, which encodeshdtse

1 BAMY). The gene was sequenced and an EMiSced point mutation discovered.
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1 2 3 4 5
M11
M5 71%
M1 88%
64% M8
27%
M6 M12
87% 57% M14
67%
M9
M2 19%
68%
M13
66%
M7
62% M15
M3 71%
St M10
56%
M16
52%
M4

89%

Figure 4.13 Summary of rough mapping of mutant B. Sixteenmarkers (M116)
which were evenly distributed over the fideabiopsischromosomes were analysed for
their linkage to the mutation causing the phenotype in mutafithB. percentage of
detected CaD alleles at each marker position was calculated to iyeateas with low
recombination. The orange box highlights the marker with the closest link to the
mutation. Linkage analysis was performed on individuaplBnts of the outross to
Ler after selection of plants that were homozygous Awje for the mution.
Thirtyone plants were used for genotyping of markers\WI8 and 14 plants for all
other markers.
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Marker (%) Locus
M8 MB1 19
27%
MB2 13 Interval
MB3 11 453 genes
MB4 13 At3g22450 1.4Mb
. MB5 9
" MB6 7 At3923890 i
. _MB7 9
. MB8 15 At3g25715 ; -
Mo 19 Candidate:
MB9 Beta-amylase 1
0% * At3g23920

M10
56%

Figure 4.14 Map-based cloning result of mutant B Nine additional markers (MB1

MB9) were analysed for their linkage to the underlying mutation irtamuB.
Recombination events at each marker were quantified by calculating the percentage (%)
of detected Ca0 alleles in relation to total number of alleles. Orange boxes highlight
the markers which had a close link to the target mutation and wereddaérmrders of

the mapping interval. Linkage analysis was performed on 31 individydaits of the
out-cross to ler after selection of recombinants which were wige for the mutation.

A mapping interval was defined that contained the putative carditeteamylase 1
(BAMY).

4.2.8In silico analysis of point mutation irbam1-2

The mutation iBBAM1 was found in the first exon of the gene, 548 bp downstream of
the start codon. This is in position 395 bp of the coding sequence. The mutation is a
G/A transition that changes codorGA to AAT, thus causes a serine to asparagine
substitution at position 132 of the protein. In the following, | will refer to mutant B as
mutantbam12, asbamZt1 is the name of the previously characterised BAM1 krmak
mutart, SALK 039895 (Fulton et al., 2008).

To find out how the mutation could affect BAM1 activity, | investigated the effect of
the mutation on the protein iy silico analysis.The amino acid substitution is located

in the conserved glycosyl hydrolase 14 @mthat is present in all betanylases
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(Figure 4.195. However, 8r-132 is not one of the known active site residues or
substrate binding residues (Fulton et al., 2008). There is experimental evidence for
BAM1 phosphorylation from plant phosphoproteomitalysis (Reiland et al., 2009;

van Bentem et al., 2008). However, the serine in position 132 is not one of the known
phosphorylation sites. Two cysteine residues {E¥sand Cys170) were suggested to
form an inhibitory disulphide under oxidising conditoiiSparla et al., 2006). The
residueSer132 is not very close to either of them, but lies between them.

1 MALNLSHQLGVLAGTPIKsGEMtDssLLsISPPsARMMTPKAMNRNYKAHGtDPSPPMSP
61 ILGAtRADLSVACKAFAVENGIGTIEEQRTYREGGIGGKKEGGGGVPVEVMMPLDSVTMG
121 NTVNRRKAMKASLQALKSAGVE GIMIDVWWGLVEKESPGTYNWGGYNELLELAKKLGLKV
181 QAVMSFHQCGGNVGDSVTIPLPQWVVEEVDKDPDLAYTDQWGRRNHEYISLGADTLPVLK
241 GRTPVQCYADFMRAFRDNFKHLLGETIVEIQVGM GPAGELRYPSYPEQE GTWKFPGIGAF
301 QCYDKYSLSSLKAAAETY GKPEWGSTGPTDAGHYNNWPEDTQFFKKEGGGWNSEY GDFFL
361 SWYSQMLLDHGERILSSAKSIFENMGVKISVKIAGIHWHYGTRSHAPELTAGYYNTRFRD
421 GYLPIAQMLARHNAIFNFTCIEMRDHEQPQDALCAPEKLVNQVALATLAAEVPLAGENAL
481 PRYDDYAHEQILKASALNLDQNNE GEPREM® AFTYLRMNPELFQADNWGKFVAFVKKMGE
541 GRDSHRCREEVEREAEHFVHVTQPLVQEAAVALTH

Figure 4.15 Protein sequence ofArabidopsisbeta-amylase 1.The EMS induced

point mutation inbam*2 causes a serine to asparagine amino acidtisuoon in
position 132 of the protein, which is highlighted in red. The cTP as predicted by
ChloroP (http://www.cbs.dtu.dk/services/ChlorgRs shown in italics. The glycosyl
hydrolase 14 domain is underlined. The domain was identified by using teerced
domain search on NCBI h{tp://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
Substrate binding residues are in bold, two catalytic glutamic acid residues are
highlighted in blue and bold (Fulton et al., 2008). Cysteines involved in the formation of
a disulphide bridge are shown in orange (Sparla et al., 2006). Serine, threonine or
tyrosine phosphorylation sites are shown in green. Amino acids were phosphorylation
was ambiguous are shown in lower case. (Reiland et al., 2009; Fuente van Bentem et
al., 2008; Kotting et al., 2010).

Analysis of the primary protein sequence didt medicate how the amino acid
substitution could affect BAM1 activity. Therefore, | analysed the position of the amino
acid substitution in the thredimensional structure of thprotein. The structure of
soybean betamylase (Gm BMY1) has been resolved byray crystallography
(Mikami et al., 1994). Alignment of the BAM1 protein sequence with the sequence of

the soybean betamylase showed that BAM1 S#&B2 is not conserved in GBMY1,
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but substituted with a glutamine residirggure A4 , Appendix). This residue is part of

an alphahelix which is located on the surface of the protein, as shown by modelling of
this residue in the Gm BMY1 protein structure (Protein Data Bank icemt?#DBID
1BYB) (Figure 4.17). The alignment of soybean bedanylase and\rabidopsisBAM1
protein sequences shows that théeNminal part of BAM1, which contains one of the
two cysteine residues (Gya2) that forms a disulphide brid¢g8parla et al., 208), does

not align with the soybean protein sequence. The second cysteine resid4d QCis
substituted with phenylalanine in the soybean enz{frguire A4). The position of this
residue (F415) in the soybean betamylase protein structure isdicatedin Figure

4.17.

Figure 4.17 Three dimensional structure of soybean betamylase.The structure
was obtained on NCBI Structure using theldwaing identifier: PDB ID 1BYB.The
structure was analysed using the Cn3D structure viewer
(http://www.ncbi.nlm.ih.gov/Structure/CN3D/cn3d.shtimlGlu-38 (Q) and Phe4l15
(F) werehighlighted in yellow.

To find out if Serl32 is conserved in all nine bedanylases found iArabidopsis the
protein £quencesf BAM1-9 were aligned using Clustal{¥igure 4.18. Only BAM3

and BAM4 contain a serine residue in the equivalent position eL&&rThree other
betaamylases have a substitution with glutamine in that position as observed in the
soybean enzyme. The alignment also shows that BAM11%2ris located next to a

highly conserved leucine residue.
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BAM1 At3g23920 KAMKART.QALK
BAM2 At4g00490 EELLDQLRTLK
BAM3 At4gl7090 RAMNAILMALK
BAM4 At5g55700 KALTVRIKALK
BAMS At4gl5210 ETLETQLRRLEK
BAMé At2g32290 ESLKRQLRKLEK
BAM7 At2g45880 DGLLRKHLRILK
BAM8 At5g45300 EGVRQELSYMK
BAMS At5gl8670 KAITAGLKALK

Figure 4.18 Alignment of partial protein sequences of nineArabidopsis beta-
amylases.Protein sequences of nigabidopsisbetaamylases (given with the gene
locus identifier) were aligned using ClustalW. Residuesseosed between all nine
enzymes are shown in blue. BAM1 Si32 was conserved in two other bataylases
as indicated in red.

4.2.9 Confirmation oBAM1 as gene causing the phenotypel&m1-2

To confirm that the mutation | have identifiedBAML1is responsible for the phenotype
of bamZ%2, | want to show that expression of them12 cDNA in thebamZ}1 mutant
(which lacks BAM1 protein and has a wiighe phenotype) results in the starch
phenotype seen ibam%2. Transformants are in,Tand growing athie moment. | will

select a homozygous;Tine to analyse the starch degradation phenotype.

4.2.10Back-crossing ofestt1 and bam22

For further experiments, EMS mutant plants were badssed to the starvation
reporter line to reduce levels of backgnd mutations. ldentification of homozygous
estt1 mutants was possible in the generation by analysing bioluminescence signals
at the end of the early night. Homozygdagsn12 plants were identified by analysis of
segregation rates in thegs Fgeneration, by measurement of luciferageduced
bioluminescence at the end of the early night. €sttl, three baclcrosses were
performed. Mutantbam12 has only been baetrossed once. In the experiments
presented in the following chapters, | used the homozygmiant progeny from these

backcrosses, unless stated otherwise.
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4.3 Discussion
4.3.1The mutation in At1g42430 causes the phenotypesift1l

The underlying mutation in mutant A was identified by a combination of-lpagpd
cloning and whole genome qgencing. Mutanestt1 is a knockout for EST1 as no

more protein wa detectable by immunoblotting.

The reason for absence BST1 protein inestt1 could be missplicing of the mRNA.

I ntron splice site consensus s iuwlacddess es a
Mutation of these highly conserved nucleotides abolishedlAs p |l i ci ng. I f
splice site is mutated, splicing usually occurs at AG dinucleotides downstream of the
mutation. The next AG will usually be in the adjacent exon and thus, gfathe coding
sequence will be spliced out. This can result in frame shifts or sometimes the omission
of whole exons (reviewed in Brown et al., 1998)consistence with thaimy RT-PCR

analysis indicated that a shorEET1mRNA wasexpressedn esttl (Figure 4.6).

Absence of EST1 protein iestt1 might thereforebe the result of synthesis of unstable
protein, due to frame shifts or due to misfolding of phetein, caused by translation of
aberrant mRNA.

Analysis of the starch phenotype of mutatwsnplemented witiEST1cDNA and a F
DNA insertion line lacking EST1 protein confirmed that the mutatioB$T1caused
the starch degradation phenotypéestt1 mutants Line GABI_031C11 ést12) is a
knock-out of EST1and the iodine stain of leaf starldoked identical teestt1 in that

no starch was detectable one hour before the end of the night. This line will therefore be
used in further experiments presented in this thesis. TWaNA insertion lines
(SALK_070292; SALK_0402906) still contained witgpe amounts of EST1 protein
and starch was detectable one hour before the end of the night, like Hypald
Therefore, they were not used further. Tlesttl line overexpressing EST1
(35S:Atlg4243Dhad more starch thaest:1l and wildtype at the enaf the nght.
However, the transgene hadpointmutation. This mutation resulted an amino acid
substitution in a serine residue (S€2) that is highly conserved in EST1 orthologs in
other plant species. Therefore, the mutation could have altereturibgon of the
protein. However, it is undoubtatiat expression of the cDNA hah effect on leaf
starch degradation iArabidopsis Experiments to express the wilgpbe cDNA inest:

1l are in progress.
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4.3.2 Backcrosses

The EMS mutanéstt1 was backcrossed three times, which means that about 12.5% of
unrelated EMS mutations are still present. More baokses could be attempted to
reduce the background of unrelated mutations as much as possible. However, in the
following chapter, | will show that #hknockout linesestt1 and estt2 have nearly
identical phenotypes. Therefore, the effect of remaining background mutations on the

starch degradation phenotype seems to be negligible.

4.3.3Preliminary speculatiors about EST1 and EST2 function

From tre data presented here, EST1 protein is clearly involved in the pathway of starch
degradation irArabidopsisleaves. The knoekut mutantestt1 degraded starch faster
than wildtype Chapter 3) andestt2 had no detectable starch one hour before the end
of the night. So far, no other mutants with altered starch degradation are known that
have a similar phenotype. The line overexpressing ES%3:At1g42430had a starch
excess phenotype. It had about 55% more starch thartypidat the end of the day

and degraded only 47% of it during the night. One mutant of the starch degradation
pathway has a comparable mild starch excess. Mutants |dBRiNg have about 60%
more starch than wiltlype at the end of the day and degrade about 60% of it during the
night (Fulton et al., 2008)Starch contents dfam4and other mutants of the pathway
can be found irChapter 6. EST1 and EST2 proteins do not have any of the catalytic
domains which are found in other enzymes of the pathway. Thus, it is likely that they
encode poteins with a previously undiscovered function in the starch degradation

pathway.

It seems likely that EST1 plays a role in starch degradatioraimy plant specie€ST1

and EST2 might even be present in all green plants, as they were found in all plant
species for which sequence information is available. Green algae also contain proteins
orthologous to EST1 and EST2. Experimental evidence from our collaborators showed
that EST1 and EST2 proteins are present in storage starch as well as transient starch.
This indicates that the function of EST1 and EST2 proteins is not limited to transient

starch degradation, but is a more general one.
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The structure of the ESTL1 protein seems to be substantially disordered and no proteins
with similar structure are knowmccording to Phyre (http://www.sbg.bio.ic.ac.uk/
phyre2/html/page.cgi?id=index)Intrinsically disordered proteins have no stable
structure without gpartner molecule (Ishida and Kinoshitz008). Since EST1 was
found in association with starch granulespéculate that it needs to bind starch or other

proteins to obtain a stable structure.

In the following chapter, | will characterislee estlphenotypen more detail to find out
more about its role in starch degradatiorAnabidopsisleaves. The funain of EST2

protein is being investigated by our collaborators at the ETH in Zlrich.

4.3.4 Does the point mutation iIBAM1 cause the phenotype dm1-2?

The mutation inbam*2 was identified by magpased cloning. Unfortunately, only a
small number ofndividual plants was available for mapping. | genotyped about 31
recombinants in the,Fbut in the literature genotyping of at least 50 plants for rough
mapping and at least 200 plants for fmapping is recommended (Jander et al., 2002;
Weigel and GlaZerook et al., 2002). However, the absolute number of plants required
will depend on the position of the mutation in the genome, as recombination frequencies
vary. Also, analysis of only 31 plants showed that recombination rates were lower on
chromosome tlee.

Another complication during the mapping process of mutant B was that | did not
identify a chromosomal area without recombination. None of the plants analysed
between markers MB4 and MB8 was homozygous for@alleles, but some were
heterozygous. M&er MB6 is very close to thBAM1 locus, so all plants should have
contained only gDNA of the ér ecotype at this marker position if the mutation was
really caused biBAML1 | think that the problem could have been the more complicated
phenotyping of plantwild-type for the mutation. It is possible that plants heterozygous
for the mutation have a milder phenotype and so can be mistaken faypeldThus, |

might have selected some heterozygous plants, assuming they wetgp&ilBAM1

was the most obviaicandidate in the mappkugterval. However, | cannot exclude that
another mutation has caused the phenotype of mbtant2 until | have analysed the
phenotype of transgenisamtl plants overexpressinBAM1 cDNA with the point

mutation.

127



Chapterd i Identification of mutations in mutants A and

4.3.5 Prelimnary speculations about the effect of the mutationBAM1

The position ofSerl32 in the BAM1 protein sequence did not give an obvious
explanation for the mutant phenotype. The amino acid substitution does not affect any
of the known substrate bindingtes or catalytic site residues of the protein (Fulton et
al., 2008). Sefl32 seems to be located on the surface of the protein, as the position of
the equivalent residue in soybean bataylase indicated. It could therefore be possible
that the mutation #rs postranslational modification sites and thereby enhances
protein activity. However, Set32 is very unlikely to be a phosphorylation site, as this
position was not found to be phosphorylated in a phosphoproteomics analylsisdRe

et al., 2009yanBentem et al., 2008). S&B2 is located between two cysteine residues
which form an inhibitory disulphide when the protein is oxidised (Sparla et al., 2006). It
is possible that the formation of this inhibitory disulphide is disturbed. For example
S132N could cause incorrect protein folding so that the distance between the two
cysteine residue changes. 882 is located next to a highly conserved leucine. If this
leucine residue is necessary for correct folding of the protein, the serine to asparagine
substitution in close proximity to it might interfere with it. This could potentially inhibit
formation of the disulphide bridge. Incorrect protein folding could also alter protein
protein interactions in a positive or negative way.

Interestingly, the alignent of BAM1 with the protein sequence of the eight other
Arabidopsis betaamylases showed thatel32 is conserved only in BAM3 and
BAM4. Betaamylases ¥4 are located in the chloroplast, while the other five -beta
amylases are predicted to be extrachltasic (Fulton et al., 2008). BAM2 is the only
chloroplastic betammylase that was not shown to be involved in starch degradation in
Arabidopsis Knock-out of this protein does not result in a starch excess, even in the
absence of other chloroplastic betaylases (Fulton et al., 2008). Thus it appears that
the BAML1 residue Set32 is only conserved in chloroplastic bataylases that are

involved in starch degradation Arabidopsideaves.

To find out how the mutation iBAM1 affects starch degradatiomutantbam2 will

be characterised iBhapter 6.
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5 Characterisation of estlmutants

51 Introduction

In Chapter 3 | described how | identifiecesttl in a screen for early starvation
mutants The point mutation underlying the early starvation phgmetyas recessive

and located in a gene of unknown functiamich | named&ST1(Chapter 4). | isolated

a T-DNA insertion mutant that is affected in the same ges&t@). Both mutants lack

the ESTL protein and iodine stains showed that the mutants hasestarch than wild

type before the end of the night. Mutastt1 degraded starch at a faster rate than-wild
type. Further evidence for that will be given in this chapter, when starch degradation

rates of both mutants are analysed in more detail.

5.1.1 Aim

With the work presented in this chapter, | aim to gather information about the function
of EST1 through analysis of mutant phenotypes. | describe the growth and starvation
phenotypes and analyse the rate of starch degradatiestii andestt2. | compare
structure and composition afsttl starch granules to those of wilgbe starch
granules. Finally, | analyse the starch phenotype of crossestlofo mutants lacking
components of the starch degradation pathvBasedon the results, | discudsvo

hypotheses for faster starch degradation in the mutant.

5.1.2Hypotheses for faster starch degradation in estl mutants

There could be several explanations for a faster starch degradationesfientutants.

The circadian clock is the timing mecl&m that underlies starch degradation (Graf et

al., 2009). In theory, a faster running clock could explain the phenotypestbf
However, as shown i@hapter 3, the circadian clock has a normal free running period

in esttl seedlings. Therefore, | hypo#ise two other reasons for faster starch
degradation irestL:

Firstly, it could be the result of a change in granule structurecomposition.Such
changes could alter the granule in a way that makes it more susceptible to enzymatic
attack.In that case, §T1 could have a function in stabilising the starch granule e.g. by

increasing its crystallinity.
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Secondly, faster starch degradation could be explained if EST1 is a negative regulator of
enzymes that degrade starch. In the absence of the protein, starnchbe degraded
faster. So far, no proteins are known that are negative regulators of enzymes in the
pathway.

52 Results

5.2.1 Phenotype ofstll

5.2.1.1 Growthappearanceand flowering of mutant plants

Theestlmutants shoeddifferenes in growh and developmermompared to wileype
plants.Mutant rosettes that were grown in 12 hour k§Bthour dark cycles for 24 days
had a 40% lower fresh weight thewld-type rosettes and a smaller diamet@therwise
estland wildtype were comparable ieaf colour andshape Flowering ofestt1 and
est2 was delayed in comparison to wilgoe plants. When mutant plants flowered,
shoot development was slightly different from wilgbe, because the axillary shoots of
the mutant grew with a wider angle frahe primary stenfFigure 5.1)

5.2.1.2 Starvation phenotype of edtl

Whenestl-1 was identified in the forward genetic screen, symptoms of starvation (i.e.
bioluminescence caused by activation of th&tlgl007€LUC reporter) appeared
earlier in the mutat than in wildtype. Bioluminescence in mutant seedlings was
detectedat theend of a normal night and at the end of an early night. Wje
seedlings did not have detectable levels of bioluminescence at those time points
(Chapter 3). To analyse the steation pattern in mature plants, the experiment was
repeated on 2dayold rosettes. Bioluminescence was quantified every hour during the
normal and early night. This allowed a comparison between the onsets of starvation in
both conditions(Figure 5.2). Wild-type plants did not express luciferase during the
night, even if it startedearly. The mutanthad a higher background level of
bioluminescence compared to wilgpbe. After about 11 hours of darkness
bioluminescence increased exponentially and te#mee exteninh the namal as well as

the early night. This suggests that the plants started to experience starvation at about the

same time in normal and early nights.
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Figure 5.1: Growth phenotype ofestl (A) Plantswere grown in 12 hour ligkit2 hour
dark cyclesfor 24 days. Tie fresh weight of wholeosettes was determined arsd
shownas % of the wiletype fresh weightValues are means of measurements on 25
rosetteserror bars are s.e.nThe asterisk indicatessignificant difference between the
fresh weight ofwild-type and mutant plants-igst, p<0.05).(B) Appearance oéstt1l

and wildtype plants after 30 days, the scale bar indicates a size o{Q¢ppearance

of stems of wildtype andestl-1 plants aféer about ten weeks of growth. Plants were

grown in 12 hour lightL2 hour dark cycles.
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Bioluminescence/leaf area

0 2 4 6 8 10 12 14 16 18
Time after dusk [h]

Figure 5.2: Luciferase induced bioluminescence oéstt1l and wild-type during

normal and early night. The plantsexpressed luciferase from the starvation reporter
pAtlg10070:LUC Plantswere gown for 24 days in 12 hour liglif2 hour dark cycles
Bioluminescence of whole rosettess monitored using the NightOwl camera. It was
measured during a normal 12 hour nightich was extended by two hou(&/T open
circles, estt1 open trianglesand duringan early night(WT closed circlesestt1

closed triangles). Total photon emissimncounts per seconftpsy of each plant is

given in relation to leaf area (in jrwhich was calculated using the Leaflab program
Values aremeans of measurements on five rosettes; error bars are s.e.m.; where not

visible they are smaller than the symbol.

5.2.1.3Starch degradation iestt1

| showed that mutanésttl degradesstarch faster than wittype (Chapter 3). To
quantify and comare the rates of starch degradation in vi§lde, backcrossedestt1
plantsand estt2, starch contents were measured every two to four hours during the
normal and early nightFigure 5.3.A). The relative starch contents were calculated to
normalise the ata for the different end of day starch contents in both conditions and to
compare the relative starch degradation r¢fegire 5.3.B).

Both mutants had nearly identical starch contents. End of day starch legst&band
estt2 were comparable to tee of wildtype plants. In the normal night starch
degradation rates of both mutants wiagter tharthose ofwild-type plants. Starch was
exhausted earlier than in witglpe plants, between eight and ten hours after dusk. In the

early night, starch degdation was also faster than in wilgbe and reserves were
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exhausted between eight and 12 hours after dusk. Exhaustion of starch roughly

coincided with the onset of starvation symptomestt1 (Figure 5.2)
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Figure 5.3: Starch degradation pattern in early and normal night for wild-type and

estl Plants were grown in 12 hour ligh2 hour dark cycles for 21 days. (&}arch
contentsof three lines (wiletype, circks; esttl, triangles; estt2, squares)were
analysed at diffemt time points during a normal night and during an early night. (B)
The relative starch contents in both conditions are shown as a fraction of the end of day
value for each genotype in bothntitions (normal night, open symbols; early night
closed symbols Data are means of measurements on five individual rosettes. Error bars

are s.e.m., were not visible, they are smaller than the symbol.
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Wild-type plants showed a clear difference betwedative starch contents of normal

and early night, indicating an adjustment of the starch degradation rate according to the
lengthof the night.In contrast, the relative starch contents of each mutant were nearly
identical in normal and early nighflSigure 5.3 B)

To quantify starch degradation rates in early and normal night, a linear regression line
was fitted through all data points and the slope was determined. This was done for the
absolute starch contents (in mg gEMand relative starch contenis ¢ h') for both
conditions and for each genotygEigure 5.4). The mutants exhausted their starch
before the end of the night, therefore only values from zero to eight hours after dusk

were included in the calculation of the rate.

Mutant estt1 and estl-2 degraded starch with a faster absolute and relative starch
degradation rate than wiiype in both conditions. The absolute starch degradation rate

of the mutard slowed down in response to the early night. It decreased to a similar
extent as in wiletype plants (about 0.3 mg gF{)/ However, the relative degradation

rate did not change in the early night, i.e. a similar percentage of the initial starch was
degraded every hour. In early as well as normal night, the mutants degraded about 11%

of the inital starch per hour.

Based on the linear rates, it is possible to extrapolate the time at which starch contents
reach zerdTable 5.1). According to this estimatiomstt1 andestt2 would both have

no starch left after 8.6 hours in the normal night after 9.3 hours and 8.9 hours
respectively in the early night.

| conclude thakestt1 andestt2 have nearly identical starch degradation phenotypes.
Both fail to adjust their starch degradation rates according to the length of the night.
Their starch demdation rates are faster than those of wyjae plants, but slow down to

a similar extent as in wiltiype plants when the night starts unexpectedly early.
However, the relative starch gladation rate in both mutants svaimilar in early and
normal nighs, therefore starchvould run out about nine hours after dusk in both

conditions.
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Figure 5.4 Comparison of starch degradation ratesfor wild -type, estt1 and estt

2. The absolutstarch degradation rates and the rates normalised to the end of day value
(relative starch degradation rates) were calculated for the linear phase of starch
degradation in each genotype based on the data presefigarie 5.4 The rates were
determined b basis of the slopes of linear regression lines fitted through all starch
contents of the night. For the mutants, only starch contents until eight hours after dusk
were taken into account, because starch contents were zero at time points after that.
Error bars are s.e.m. on five biological replicates. Rates were analysed for normal night
(white bars) and early night (grey bar#)sterisks indicate a significant difference

between rates in normal andlganights for each genotype-{est,p<0.05).

135



Chapters i Characterisation agstlmutants

Estimated time of darkness when starch
contents would reach zero (h)

WT estl-1 estl-2
Normal 12.5 8.6 8.6
Early 15.6 9.3 8.9

Table 5.1: Estimated time of darkness when starch contents would reach zero for
wild-type and estt1l and estt2. Calculations e based extrapolation from starch
degradation rates shownHgure 54 and are given for normal and early night.

5.2.1.4lodine stain of leaf starch

An interesting phenotype was revealed by iodine staining of |davestarch(Figure

5.5). Plants wee harvested 24 hours into the extended day, to increase starch contents.
lodine staining showed the typical blue colour in mutant and-typé rosettes.
However, wildtype plants displayed the colour throughout, whaet1 rosettes did not

stain fully. There was no blue colour in the veins of the leaxesstt1, indicating a

lack of starch in nojphotosynthetic tissue.

Figure 5.5 lodine stain of wild-type (WT) and estt1. Plants were grown in 12 hour
light-12 hourdark cycles for 2%laysand thenransferred to constant light for 24 hours
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Whole rosettes were harveste@colourised in ethanahd stained witliodine solution.
At the bottom, a magnified picture of one leaf is shown.

5.2.1.5Structure of mutant starch

In theory, faster starch degetbn in the mutantcould be the resulbf a change in
granule structureTo find out if estl producesaberrant granules, leaf sections were
viewed by transmission electron microscopy (TEM). This was done with the help of
Kim Findlay and Sue Bunnewell (Braaging Service, John Innes Cent(Eijgure 5.6).

TEM indicated that granule dimensions and granule numbers per chloroplast in the
mutant were in the same range as in syfole. Leaf starclirom mutant and wildype

plants was also purified at the end ofiet dayand viewed byscanning electron
microscopy (Figure 5.7). This was done with the help of Kim Findlay and Sue
Bunnewell (Bioimaging Service, John Innes Centiig)e mutant synthesised normal
granules with a flat and discoid shape similar to that ¢d-type granules. Thus, no
obvious changes in the appearance of the granules were observed that could explain the
mutant phenotype.

Figure 5.6 Transmission electron micrographs of leaves.Mutant and wildtype
plants were grown for 23 days in 12undight-12 hourdark. Samples from mature

leaves were taken in the middle of thegy, after six hours of light.
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Figure 5.7: Scanning electron micrographsof starch granulesestt1 and wild-type.
Wild-type andest®1 plants used for this exparent were 30 days old and grown in 12

hour light12 hour dark conditionsPlantswere harvested at the end of the day and
starch was prepared from pooled leaf tissue of whole rosettes. The scale bars indicate a

length of 10pum.

5.2.1.6 Composition of mutastarch: Amylose contents

To find out if the mutants have any detectable changes in the composition of their starch
granules, theamylose contenbf estt1l and estt2 leaf starchwas analysed and
compared to wildype (Figure 5.8). Starch is composed @mylose and amylopectin
(Chapter 1). Amylopectin is a highly branched glucose polymer and makes up about
95% of Arabidopsisleaf starch. The remainder of the granule consists of amylose, a
linear glucose polymer (Zeeman et al., 2002). When complexed wdihe, both
polymers can be distinguished on basis of their wavelength of maximal absorbance
( ). The amylose to amylopectin ratio of starch complexed with iodine can be
calculated by measuring the absorbance at 700 nm and 525 nmgbifeAratio is

then used to estimate the amylose content, on basis ofestatdished standard curve

(Zeeman et. al., 2002). Measurements revetladmutant starch contained ab608o
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moreamylose thanvild-type starch. Amylose content is not known to play a rotbén
control of starch degradation. The relevance of amylose for the phenotggi:biwill

be analysed later in this chapter, through study of a double mutant lacking EST1 and the
enzyme responsible for amylose synthesis (GBSS).
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Figure 5.8 Amylose content of leaf starch in wild-type, estl-1 and estl-2. Green
housegrown plants were harvested at the end of dag after 30 days and starch
extracted fronpooled rosette tissue of about 100 plaftse amylose to amylopectin
ratios of starch were detemed based on the differenavelengths of maximal
absorbancef both polymers after addition of iodine solutidralues are means of 3
technical replicates; error bars are s.eAsterisks indicate a significant difference

between amylose contsnof wild-type and mutants-est,p<0.5).

5.2.1.7 Composition of mutant starch: Chain length profile

To find out whether there are changes in the structure of the amylopectin fraction of
mutant starch, the branching pattesh amylopectinwas analysed irestt2, and
compared to wildype (Figure 5.9). Starch was prepared froeaf tissue at the end of

the day and amylopectin branches were cleaved off using a debranching enzyme. This
resul ted i n | il@ggucantchaiosnwhichfweré them separatedl by high
performance anion exchange chromatography (HPAEC) and fiednising a pulsed
amperometric detector (PAD).
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The chain length profile of thenutant was nearly identical wild-type It showed a
bimodal distribution with glucan chains ranging from a degree of polymerisation (d.p.)
2 to more than d.p. 40 and a pedlabout d.p. 12.
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Figure 5.9 Chain length distribution of amylopectin before and after beta -
amylolysis of external chainsGABI_031C11 and wildype plants were grown in 12
hour light12 hour dark cycles for 28ays and harvested at the end of the. &arch
was extracted from roseff of four individual plants. Starch waebranched with
Pseudomona isoanylase andKlebsiela pullulanase.The resulting linear chains were
separated and detected using HPAEAD. The resulting peak areas for each degrfee
polymerisation (d.p.) were added up and the areas of each individual peak were
expressed as percentage of the total algeor bars are s.e.nof four biological
replicates, where not visible, they are smaller than the symdodsipper graph shows
the chain length distribution of all amylopectin chains. lbweer graph shows the chain
length distribution ofsamples that werg@retreated with betamylase (betalimit
dextrin). Thus, itindicates the distance between branch pointamylopectin The
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chain length distribution of wildype and mutant were very similar, therefore the data

points overlap.

To analyse the branch point distributiafi mutant amylopectin, additional starch
preparations were treated with betaylase to digest the external dapectin
branches. The enzy @ glicgsdic Imkages, eekeasiegamalosen a |
and stops two to three g¢llp6dinkederanologoiats ul e s
The resulting polymer is called bdtmit dextrin as it is reistant to futher digestion by
betaamylase. Treatment of the beétait dextrin with debranching enzyme resulted in
liberation of the inner amylopectin chains which were again subjected to HIPABC

The chainlength distribution of mutant betanit dextrin was neayl identical to that of
wild-type.

Mutant estt2 had a normal amylopectirfbetalimit) chain length profile. | conclude

that EST1 does not play a role in amylopectin synthesis.

5.2.1.8 Analysis of native activity gels

Apart from the higher amylose conte estl had anormal granule composition.
Numbers, sizes and shapes of starch granules were comparable-tgpeil@herefore
no evidence was found that the fast rate of starch degradet®caused by abnormal
starch. An alternative explanation is tHaST affectsthe activity of enzymes that
metabolise starch. &ive activity gels were used to investigateei$ttl showsany
alterationsin the activities of the enzymes that act on amylopeantith were carried out
as described iBection 3.2.2using thebackcrossedestt1 mutant(Figure 5.10.

The identity ofmostof the bands on the activity gebuld beassigned by comparison to
published resultsNone of these bandd$ut one band with unknown activityas
missing inesttl. However, the band that iattributed tobetaamylase 5 (BAM5)
activity wasbiggerin the mutantvhencompared to wiletype This indicates increased
BAMS activity in estt1.
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WT est1-1

y Yy . < ISA1/ISA2
< BAM1/LSF1

< BAM1

< Unknown activity
< BAM5

Figure 5.1Q Native activity gel showing the activity of starch modifying enzymes in

wild -type and estt1. Plants were harvested at the end of the day after 23 days. Soluble
proteins from leaf extracts of wiype (WT) and esttl (A) were separated on an
amylopectincontaining nordenaturating polyacrylamide gel and stained with iodine
after a two hour indpation time Activities of isoamylase 1 and 2 (ISA1/ISA2), beta
amylase 1 (BAM1) in complex withke sex four 1 (LSF1), betamylase 5 (BAMS)

and an unknown amylolytic activity are indicated by arroRANI5: Wattebled et al.,

2005 and Glaring et al., 2012SA1/ISA2: Delatte et al.,, 2005; BAM1 and LSF1:
Martin Umhang and colleagues, ETH Zurich, personal communi¢attsatein loads

were adjusted based on tissue weight and the same amount of fresh weight was loaded

in both lanes.

5.2.2 Characteriation of double mutants

5.2.2.1 Rationale

To get an indication where EST1 is positioned in the starch degradation pathway, |
analysed the starch phenotype of double mutants that | generated by crossing mutants of
the starch degradation pathway wibtt1 (or ed41-2). These experimentsould show

which components of the starch degradation pathway are required foesthe

phenotype.

Several mutants of the starch degradation pathway have a starch excess phenotype, due

to retardation of starch breakdown. Thesaants includesexl bam3andbam4
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| expeced that lack of ESTIin these mutantsvould not result in starch degradation
rates comparable testlsingle mutants, asGWD, BAM3 and BAM4 are required for
normal starch degradatioklowever, f any of thedoublk mutans showed accelerated
starchdegradation rates, it would be possible to speculate about the function of EST1

and its position in the pathway.

This can be illustrated on the example of GWBypothesised earlier that EST1 might
modify the structuref starchto increase its stabilitye.g. by facilitating crystallisation

of the granulg5.1.2. Analysis of starch contents in teetl sexdouble mutantould

further test this hypothesisf Bbsence of ESTtesulted in fasstarch degradation in

sex] one could speculate that starch phosphorylation is no longer necessary for starch
degradationwhen EST1 is missingin this case, the function of EST1 could be
antagonistic to that of GWDGWND-catalysed phosphorylation modifies the starch
granule surfacéo facilitate starch degradation, possibly by reducing the crystallinity of

the granule; EST1 could then have the opposite function by increasing its crystallinity.

| speculated earlier that EST1 could be a negative regulator of starch degrading
enzymes(5.1.2) If lack of EST1resulted in faster starch degradationBAM3, one

could speculate that EST1 & negative regulator of a functionally redundant beta
amylasethat can compensate for the function of BAM®ther mutants of the starch
degradation patvay have no starch excess phenotype. These inalmg8andbaml

If EST1 was a negative regulator of AMY3 or BAM1, a wilghe starch degradation

rate would be expected in teetl amy3r estl bamIouble mutants, respectivelyhe
function of BAM4 is ot known therefore it would not possible to speculate about the
function of ESTL1 even if absence of EST1 resulted in fast starch degradation rates.
However, fast starch degradation ratesesil bam4could indicate that EST1 and

BAM4 are functionally relad.

5.2.2.2 Starch in thestt1 sexldoublemutant

The first step in the pathway of starch degradation is catalysed by the protein glucan
water dikinaseGWD). The amylopectin fraction of starch crystallises to tigpiygked
structures, which are notagly accessible fostarch metabolising enzymes. Starch
phosphorylation by GWD reduces the crystallirgtyd facilitates access for enzymes

that attack the granu(€hapter 1).
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To test ifestlstarchstill requiresphosphorylation by GWD to be degradablerossed

est:1l with a plantlacking GWD 6ex). In sex1 mutants, lack of phosphorylation
resultsin a starch excess which is caused by strong retardation of starch breakdown.
Growth of the mutant is reduced in comparison to ayjge (Yu et al., 2001)l
identified four independent double mutants after genotyping about A phis from

three independent crossesesitl andsex13.

Starch contents of the double mutawere analysed after 28 days at the end of the day
and end of the night, at first glitatively, by iodine staining of rosettésigure 5.11).

End of day

WT est1-1 sex1-3 est1-1
sex1-3
. ¥
SO & N o o
End of night

Figure 5.11 Visualisation of leaf starch in wild-type, estt1, sext3 and est}1 sext
3. Plants were grown in 12 hour ligh® hour dark cycles for 2&lays. Whot rosettes

were harvested, deurised in ethanand stained witlbdine solution.

At the end of the day, starch @st:1 and wildtype plants stained light blue. Thex1
mutant as well as the double mutant had a much darker colour, indicating elevated
starch contents. Hardly ay the stain was remaining in wilgpe andestt1 at the end

of the night. Thesex1mutant and the double mutant still stained dark, indicating that

144



Chapters i Characterisation agstlmutants

starch was not fully degraded during the nightte size of the double mutant was

reduced in comparison wild-type andest:1 and was similar to that cexl.

To quantify starch contents, plants of wilgbe, sex13, estt1 and three double mutant

lines were harvestedalt the end of the dagnd at the end of the night, after 23 dafs

growth (Figure 5.12. Thesexlmutant had about four times more starch than-tyije
andesttl at the end of the day. The three double mutant lines had very similar starch
contents at the end of the day and end of the night. Therefore, the average starch content
of all three lines was calculate@he double mutants Heaa starch excess comparable to

sexl This means that starch degradation @sttl is depemlent on starch

phosphorylation by GWD.

40 I
T35 | 23 days

EOD

= EON
S 15

0 - — S

WT est1-1 sex1-3 est1-1
sex1-3

Figure 5.12 Starch contents in thesexlestldouble mutant. Plants were grow 12
hour light12 hour dark cyclesand havested after 23 day&nd of day (EOD) and end
of night (EON) starch was determined foitd-type (WT), estt1, sexlandsexlesttl
doublemutans. Starch contents of the double mutants are averages of measisremen
three double mutant lined/alues are means of measurements el? Gndividual

rosettes, error bars are s.e.m.
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5.2.2.3Double mutants from crossesesitt2 with sex4 amy3 baml bam3 bam4and
gbss

| generated more double mutantsestlandmutants of the starch degradation pathway

by crossingestt2 with, amy32, bam®1, bam31, bam41 and gbss2. | genotyped
about 4896 F, plants of each cross for thestt2 mutation to identify homozygous
mutants. These were then genotyped for the seouridtion until homozygous double
mutants were found. For each cross, | identified about one to four double mutant lines.
When | analysed the starch phenotype of the mutants, they were still in,the F
generation. The plants needed to be grown for seecharefdre, only one leaf could be
analysed per plant. The plants were3bdays old at the day of harvest. Leaves were
harvested two hours before the end of the night to assess starch contents by iodine
staining. At this time pointestt2 has no starch, Wle wild-type plants still contain
detectable amounts of it.

Hydrolytic attack on the graule is primarily catalysed by betanylases. In the absence
of BAM1, starch can still be degraded normalGhapter 1). The leaf of thebaml
mutant showed a lightllee stain, comparable to wiype. In theestt2 bamldouble
mutant, the stain looked comparableetit?2 alone. This suggests that BAM1 is not
necessary for faster starch degradatiorstt2. Loss of BAM3 or BAM4 results in a
starch excess phenotypeedto retardation in starch breakdo(@hapter 1). Leaves of
bam3 and bam4 had a darker stain than witgipe. In theestt2 background, the
intensities of the stains were comparable to that ob#dm3or bam4single mutants.
That means absence of eithek83 or BAM4 results in a starch excess, whether EST1
IS missing or not. Therefore, BAM3 and BAM4 are still required to degrade starch in
estl2.

The e n-amyyiase 3 (AMY3) has not been shown to play an essential role in starch
degradatior{Chapter 1). The single mutaniafny3 showed a stain comparable to wild
type. In theestt2 background, the stain looked like that edtt2 alone. Therefore,
AMY3 is not necessary for faster starch degradaticestt:2.

The est:2 mutant had about 60% more amylose than \ifte (Figure 5.8) To find

out if the higher amylose content is responsible for faster starch degradagstiin
mutants,the starch comint of theestt2 gbssdouble mutant was analyse@ranule
bound starch synthase (GBSS) is the enzyme that synthesises amylose,gbisss
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mutants do not contain amylog¢éowever, they have normal levels of starch (Mathilda
Crumpton Taylor, personal commauation). The leaf stain ofjbsswas less blue than
that of wildtype, because a lack of amylose results in a more reddish colour of the
starchiodine complex. Theestt2 gbssdouble mutant showed a stain comparable to
estt2. That means there was no stalefh two hours before the end of the night. This
indicates that faster starch degradationesft2 is independent of the presence of

amylose.

In summary, lhe experiments indicated that enzymes that are necessary for normal

starch degradation are stilquired to degrade starch in the absence of EST1.
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est1

est1 amy3 amy3
est1

est1 bam1 bam1

est1
est1 bam3 bam3

est1

est1 gbss est1
gbss

00

Figure 5.13 Visualisation of leaf starch in double mutantsPlants were grown in 12

'
’
¢
;
L

hour light12 hour dark cycles for 280 days and harvested two hours before the end of
the night.One mature leaf of each plant was harvested, decolourised in boiling ethanol
and stained withodine solution. Genotypes analysed were wilgpe (WT), estt2

(est), amy32 (amy3, bamtl (bam), bam31 (bam3, bam41l (bam4, gbss2 (gbss)

and the respecte double mutants.
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5.3 Discussion

5.3.1 Interpretation of the phenotype

5.3.1.1 Starch degradation phenotype

| could demonstrate thatstlknock-out mutants degrade starch faster than -jijue

plants and that EST1 is required for normal starchratksgion ratesMutants lacking

EST1 had normal end of day starch contents and degraded about 11% of their end of
day starch every hour. This is about 40% more compared tetypiéd plants. If the

night started unexpectedly early, the relative starch dafjom rate inestlremained

the same as in a normal night. Therefore, mutants ran out of starch nine hours after dusk
in normal and early nights. This shows that starch degradatiestimutants is not
adjusted according to the length of the night asiid-type plants.

The adjustment of the starch degradation rate according to the length of the night
requires the plant to measure its starch content and the time remaining until dawn.
Information about both needs to be integrated to set an approgtaaté degradation

rate (Scialdone et al., 2013Chapter 1). Faster starch degradation @stl could
therefore be a result of failures in the mechanism that measures starch or in the
mechanism that measures the time remaining until dawn. It could, hqve¢s@ibe a
defect of the pathway that integrates information about both. Thus, EST1 could be

involved in the normal operation of the adjustment mechanism or be a target of it.

The timing mechanism underlying starch degradation is the circadian clodke(Giag

2009). In theory, a defect in the circadian clock could explain faster starch degradation
in estl This seemed possible as the only mutant with comparable starch degradation
rates toestlis the circadian clock mutamtal lhy. Starch degradatiom this mutant

was analysed by Alexander Graf (Graf et al., 2009 and 2010) and Sam Mugford
(Scialdone et al., 2013). The mutant also degraded about 11% of its initial starch every
hour and exhausted starch about nine hours after dusk in a normal nighldgise et

al., 2013). | could show that the circadian clock runs normally in me&th{Chapter

3). Thus, faster starch degradation edtl cannot be explained by a faster running
circadian clock as irccal lhy. The ccal lhy mutant anticipatedlawn seveal hours

earlier than wildtype and anticipation of dawn still coincided with the time at which
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starch was exhausted. In contrastegil mutantccal/lhy slowed down its relative
starch degradation rate in an early night (Scialdone et al., 20083}, estl does not

seem to be affected in the circadian clock and further work is needed to find out which
role EST1 plays in the pathway that adjusts starch degradation rates according to night
length.

5.3.1.2Sarvationand the effeabn growth and flowering

Lack of EST1 resulted in reduced growth rates of the mutant plants, probably due to
premature exhaustion of starch durifge tnight. This is consistentith growth
retardation observed in other mutants affected in starch metabolismpgengndsex1
(Gibon et al., 2004; Smith and Stitt et al., 2007). These mutants cannot produce sugars
from starch during the night, due to an inability to make starch or to break it down,
respectively. Therefore sugar levels in these plants are very longdie night and

they stop growth (Yazdanbakshsh et al., 2011). The lack of sugars also causes
symptoms of starvation at the transcriptional lewmethese mutants and in wilgipe

plants subjected to an extended nighéenes involved in anabolism are repressed and
genesnvolved in catabolism are uggulatedf plants run out of sugardJsadel et al.,
2008)Premature exhaustion of starch estl mutants might cause depletion of sugars
which resuls in the onset oftarvationsymptoms and growth cessation at the end of
each night.

The delay in flowering time oéstlmutants could also be a consequence of premature
exhaustion of starch and low sugar levels at the end of the night. Carbohydrates were
shown to be important in the regulation of flowering time (Srikanth ahahii; 2011).
Mutants likepgi andsex1that cannot synthesise or break down starch, flower late (Yu

et al., 2000; Corbesier et al., 1998). It was suggested that carbohydrates provided from
starch degradation are necessary for the transition to floweringefYyal., 2000).
Recently, it was shown that flowering drabidopsisis regulated by rehaloses-
Phosphate (T6P) (Wahl et al., 2013). T6P was suggested to function as a signalling
metabolite of sugar status in plants (Lunn et al., 2006). Abnormal swgds la estl

might effect T6P signalling and thus alter its flowering time.
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5.3.1.3Starch in heterotrophic tissue

| observed thaestl mutants do not contain starch in the veins of their leaves. This
indicates that starch is absent in heterotrophguésof the mutant plant, but further
work is required to establish whether starch is also absent from other heterotrophic cells
in the estl mutant. In rosettes ofthe phosphoglucose isomeraspgi) mutant the
opposite phenotype was observed (Yu et al.,0200he mutant has no starch in
photosynthetic leaf tissue, but in heterotrophic tissue of the veins and the roots. The
reason for this is that starch in heterotrophic tissue is made from sucrose that is
converted to glucosé-phosphate (G6P) and importiedio the plastid. In photosynthetic
tissue, fructos&-phosphate from the Bens@alvin cycle must be converted to G6P by

the action of PGI. Thus in the absence of PGI starch synthesis is blocked in
photosynthetic tissue, but not in heterotrophic tisseeabse there, PGI is not needed

for the interconversion from F6P to G6P.

Another observation that could link in with the absence of starch isphotosynthetic
tissue is the difference in the growth phenotypesifi shoots. The lateral shoots grew
with a wider angle from the primary shoot than in wige plants. Wilekype shoots
show a negative gravitropic response, meaning that they bend towards the opposite
direction of gravity. This gravitropic response was reduceésifh mutants. Starch in
amylofdasts of the shoot endodermis was suggested to be important for gravitropic
responses of the shoot (Fukaki, 8981lashiguchi et al., 2013). Thereforesuggest that
starch is absent in heterotrophic tissue of the shoot endodermastlofesulting in a
reduced gravitropic responsé&his hypothesis is consistent with the reduction of
gravitropic responses in other mutants with reduced starch. A similar shoot growth
phenotype to that adstlwas observed ishoot gravitropisnisgr) mutants (Tanimoto et

al., 2008; Fukaki et al., 1996). One of them, #gr5 mutant had less starch in the
amyloplasts of the stem (Tanimoto et al., 2008). The starchless nugant Wwhich has

less starch in amyloplasts hakso reduced gravitropic responses (Kiss et al., 1997;
Weise and Kiss, 1999).

Further work will be required to establish whether the root and shoot estheautant
have a reduced gravitropic response and whether this correlates with reduced starch
contents in cells known to be crucial for this responsestifproves to have no starch

in plastids of norphotosynthetic tissue, we could assume that starch is also degraded
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faster in these tissues. The absence of starch might be a result of starch degradation

competing with starch synthesis and a higher rateegradation than synthesis.

5.3.14 TEM analysis

The structure and size of starch granulesstilooked normal when viewed by TEM
and SEM However, TEM analysis was only preliminary and should be repeated and
extended.

The absence of starch froming in the mutant suggested that certain tissue types do not
contain starch. Therefore, | would like to use TEM analysis to analyse the appearance
and quantity of starch granules in different tissue types. These experiments could give
insights into the fuction of EST1 on starch granule biosynthesis in different tissues.
Theisal or isa2 mutantsalso show variation in the appearance and number of granules
in different parts of the leave. Some tissues do not contain any starch, but others contain
granules tht appear normahlso the shape of the granulearies indifferent tissues of

the leaf (Delatte et al., 2005).

5.3.1.5Relevance oflevated amylose in estl

The molecular composition of starchastt1l was comparable to wilthpe except that
amylosecontent was 60% higher. The reason for elevated amylose contestdinis

not obvious. To date it is not known what determines the amylose to amylopectin ratio
in Arabidopsisleaf starch, although factors are known that influence it. The amylose
contert was proposed to correlate with the amount of starch because starch excess
mutants likesexlandsex4have more amylose. Witype plants grown in continuous

light have higher amylose contents, too (Zeeman et al., 2002). This proposal is not
consistent wth the observation thastt1l has higher amylose contents, because the
mutant turns over starch faster and high amounts of starch do not bubtbwpver,

other mutants that do not have a starch excess were also reported to have elevated
amylose contentsResidual starch insal-1 mutants andsal isa3double mutants
contains more amylose (Wattebled, 2008), as well as stareBlirss2and ss1 ss3
double mutants $zydlowski, 2011)All of these enzymes influence the structure of
amylopectin. Thus, highexmylose contents might be a side effect of changes in the

structure of amylopectirHowever, this can also not explain higher amylose contents in
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the mutant as the amylopectin fraction of starch had a normal compositestlin

There have been no previostudies on the impact of amylose content on starch
degradation rates.analysed the phenotype oteoss ofestt2 with the granuldound

starch synthase mutagbss(a mutant lacking amylose) to investigate if amylose is
required for faster starch dededion inestl The double mutant had no starch two
hours before the end of the night, thus it degraded starch too fast. Therefore amylose is
not necessary for faster starch degradatioesit mutants and could be a consequence

of it.

In conclusion,analsis of granulestructure and composition estlcould not explain

the phenotyp of faster starch degradation. Howeveérisistill possible thatmutant
starch is moresusceptibleto degradatiorbecause oflterations in properties of the
granule that wer not analysed her&ST1 may alter the physical organisation of the
granule matrix, including the degree of crystallinity. Techniques including -smglé

x-ray scattering (SAXS) could be used to analyse the organisation of amylopectin in the
granule (Fiton et al.,2002; Zeeman et al., 2002).

5.3.1.6Activity ofstarch metabolising enzymes

Increased starch degradation rates could be the result of increased activities of the
enzymes that act on starch. However, analysis of soluble protein extraesd-af
rosettes on native activity gels did not reveal any difference in the activities of enzymes

that act on amylopectin. BAM1 activity and ISA1 activity were clearly present.

BAMS activity was clearly increased mstl However, it is unlikely that fast starch
degradation rates iestl are caused by altered BAM5 activity. Bam5 knock-out
mutant was isolated by Laby et al. (2001) and initially catkxliced betaamylase 1
(raml). It had wildtype levels of starch and sugar, although one study repsintgdly
elevated starch conterftyr the same mutarfKaplan and Guy, 2005). BAMS is located

in the phloem and not found in the chloroplast (Wang et al., 1995), thus it is unlikely to
play a role in starch degradation in leaves. The higher BAM5 actmitthe native gel
might be a consequence of elevated end of day sugar leveglirbecause BAM5
activity is sugainduced (Mita et al, 1995). BAM5 activity is also induced in mutants

that do not make starch, likegm (Monroe and Preiss, 1990The pgm mutant
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accumultes unusually high levels of soluble sugar at the end of the light period (Caspar
et al.,, 1989; Monroe and Preiss, 1990). Thus, the observed change in BAM5 activity

might be a consequence rather than a cause of faster starch degradgsibon in

Not all activities of starch modifying enzymes can be visualised on the native activity
gel. For example BAMS3 activity is not detectable by this method, for unknown reasons.
This is a disadvantage, because BAM3 play a major role in starch degraatatight
(Fulton et al., 2008). Changes in baraylase activity irestlextracts could be assessed
using betsamylase assays. However, these assays do not distinguish between the
activities of different isoforms and 80% of betanylase activity in plantxracts is
extrachloroplastic and likely to battributable to BAM5 activity (Lin et al., 1988). In

the future, levels of BAM3 activity and protein @stlcould be examined using FPLC

fractionation and immunoblot analysis with antiserum specific for BAM3

5.3.2Interpretation of starch contents in double mutants

My preliminary analysis of the starch contents of double mutants betestémnd
other mutants of the starch degradation and synthesis pathway suggests that in absence
of EST1, the same enzymaee required for the fast rates of starch degradation as for

normal rates of starch degradation in wiyge plants.

The double mutaneésttl sex13 had a starch excess comparable tosinel3 single
mutant. Therefore, starch phosphorylation by GWIti$ necessary for faster starch
degradation irestlmutants.Thus, presence of EST1 does nmdify the structure of

starchin a way that introduces a requirement for G\dalysed phosphorylation.

| hypothesised that faster starch degradatioesiicould be explained if EST1 was a
negative regulator of enzymes that degrade starch. In theory, EST1 could repress the
activity of enzymes that are not required for starch degradstioild-type plants but

are present in the chloroplast. Possible candgdatere AMY3 and BAM1, as these
proteins are not required for starch degradation in-typp@ plantsHowever, analysis

of the estl amy3and estl bamImutants showed that the function of EST1 is not to
negatively regulate AMY3 or BAM1. The phenotype of ttmible mutants did not look
different fromestlalone, in other words, they still seemed to degrade starch faster.

Neither AMY3 nor BAML1 are required for faster starch degradati@sifh
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Loss of EST1 did not rescue the starch excedsanf3 This couldmean thatack of
EST1 does not result in activatiof a redundant enzyntbat can attack the granule in
absence of BAM3The starch excess of th®mm4 mutant was also not rescued in
absence of EST1. Therefore, EST1 and BAd&possibly nofunctionallylinked.

5.3.3Conclusion and outlook

At the moment | can only speculate about the function of EST1. | could show that leaf
starch is degraded faster in the absence of the protein and that a starch excess builds up
in plants overexpressing the protef@dh@pter 4). Thus, EST1 is required for normal

starch metabolism.

ESTL1 is located on or inside starch granules. Probably it is present in all green plants
and in starch granules of source and sink orgdu2s5and 4.2.9. Thus, the function of

the proteinis unlikely to be limited to the regulation of transitory starch degradation in
Arabidopsisleaves. To investigate that, we plan to charactexgt& mutants of other

plant species.

The EST1 protein does not resemble any proteins of known function amd cou
therefore have a new function. A three dimensional structure of the protein could not be
predicted and it appears to be intrinsically disordered. Thus, EST1 might bind to the
starch granule or other proteins to fold into a stable protein. In thecoyld be part of

a protein complex that slows down the activity of starch degrading enzymes. In the

future this could be tested by looking for interaction partners of EST1.

At the moment, | can be certain that starch phosphorylation by G\&tidl required for
starch degradation iestl mutants. Thus, in thabsence of EST1 the granule is not
accessible to hydrolysing enzymes without the addition epl@Gphatelf EST1 alters

the activity of a starch hydrolysing enzyme, this enzyme must act downstf&avi®

in the pathway. | cabe sure that the function of EST1 is not to negatively regulate
AMY3 or BAML1 activity. | have also established that although the EST1 mutant has

elevated amylose, this is not the cause of faster starch degradation.

Analysis of the starch phenotype diurther double mutants will provide more

substantial information about the position of EST1 in the pathway of starch degradation.
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Quantification of starch contents in the available double mutants will help to answer

that question.
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6 Characterisation of bam1-2

6.1 Introduction and rationale

| identified mutantbam12 in a screen for early starvation mutants. The mutant
degraded starch faster than wiighe and exhausted its starch prematurely in the early
night (Chapter 3). Segregation analysis showed that the mutation underlying the
phenotype is dominaiiChapter 4).

Using mapbased cloning, | identified betamylase 1 (BAM1) as a candidate gene
causing the phenotype @lam12 (Chapter 4). The geng(At3g23920) containedan
EMS-induced point mutation in an exon which causes a seringpragine amino acid
substitution in position 132 of the amino acid sequeiiceprovide further evidence
about the importance of this mutation for faster starch degradatemotype, |

expressed BAM1 (S132N) in wiltype plants. These experiments are in progress.

In the following chapter | characterise the phenotypdahl2 in more detail and
describe the experiments | did to find out how the mutation in BAM1 (S132Nyl coul
accelerate starch degradatioBased on the obtained results, | discuss different

hypothesis for faster starch degradatiobam2.

6.1.1 BAM1 and its role in starch breakdown

The mutant phenotype cannot be explained by our current knowledge ahblit B
function. BAM1 does not seem to play a major role in starch degradation at night as the
mutant lacking BAM1 §am11) has normal end of day and end of night starch contents
(Fulton et al., 2008). It was suggested that at night, BAM1 is important fadhsta
degradation only irthe absence of BAM3This is based on the observation that the
baml1 bam3louble mutant has a more severe starch excess thharttdsingle mutant.

Valerio et al. (2011) found that in ndlowering Arabidopsisplants, BAM1 expresen

is mainly restricted to guard cells. They also showed that in absence of BAM1, guard
cells accumulate more starch than wige in the light. Opening of stomata was
reduced inbamlin comparison to wildype. Therefore, it was suggested that BAM1

degrales starch in the light in guard cells to provide osmolytes for stomatal opening. It
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is difficult to reconcile the claim of Valerio et al. (2011) that BAM1 is only expressed in
guard cells with the observation of Fulton et al. (2008), that loss of BAM#&ages the
leaf starch content in #am3 background. It may be that BAM1 expression in
mesophyll cells varies with growth conditions, and/or that loss of BAM3 triggers

BAM1 expression in mesophyll cells.

Valerio et al. (2011) also proposed an additianad | e of BAM1 i n the
to osmotic stress. When wilgpe plants were treated with mannit®dAM1 gene
expression increased strongly in mesophyll cells. In mannitol treated plants, the rate of
starch synthesis was reduced about 24% compargldrits that were untreated. In the
absence of BAM1, starch synthesis rates were not reduced by mannitol treatment. It was
proposed that the reduction of starch synthesis was an effect of day time starch
degradation by BAM1. Thus, it was proposed, that BAd&grades starch in the light,
when plants are osmotically stressed. Maltose, the product ofabmtalysis was

suggested to work as an osmoprotectant.

There is more evidence showing that BAM1 might be involved in response to abiotic
stress.BAM1 gene &pression was shown to be triggered in response to heat stress
(Kaplan and Guy, 2004). When witgipe plants were exposed to 40°C forduf) the

BAM1 transcript level increased about fif@d. Cold stress did not triggedBAM1
expression. Instead®®AM3 transcripts increased when plants were -@tdssed at 4°C

for 12 hours (Kaplan and Guy 2004; 2005). Expression of-dretdases under
temperature stress correlated with maltose production. It was suggested that maltose
accumulation protects the plant fromemperature damage by functioning as a
compatiblesolute in the chloroplast stroma. During stress, compatible sdtabilise

proteins and cell membranes and they contribute to the cell osmotic potential.

There are many indications that BAML1 is parteopathway that degrades starch in
response to stress and in the light. Also, it seems the enzyme is not important for
breakdown of transitory starch at night. However, the starch degradation phenotype of
bam12 suggests thanodulation of BAM1 activity caraffect starch degradation rates

at night. Although the starch contentl#m1 is normal at the end of the night, it has

not been tested yet ibam*l degrades starch at a different rate from wyide.
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Therefore, | investigated starch degradation rates a normal night and in response to

an early night in in the knoetut mutantbbam1.

6.1.2Putative BAML interaction partners

Recently, BAM1 has been shown to form a complex with the granule bound protein
LIKE SEX FOUR 1 (LSF1) and the enzyme pladtal NAD-dependentmalate
dehydrogenaspNAD-MDH) (Martin Umhang and colleagues, ETH Zirich, personal
communication).The interaction of BAM1 and LSF1 was verified using several
techniques including gel permeation chromatographymdiecular fluorescence
complementation, tandeaffinity  purification (TAP) tagging and eo
immunoprecipitationIt was proposed that LSF1 targets BAM1 to the starch granule
surface to facilitate starch degradation. F&gging experiments also identified pNAD
MDH as an interaatin partner of both BAM1 and LSF1. The function of pNMDH

in the protein complex remains unclear. The enzyme interconverts malate and NAD
with oxaloacetate and NADH.Knock-out of pNAD-MDH in Arabidopsisis lethal
(Oliver Kotting, ETH Zuich, personal comuication). A possible explanation for
faster starch degradation bamZ12 is that the interaction between BAM1, LSF1 and
pNAD-MDH is affected by the amino acid substitution (S132N). To investigate whether
the mutation inBAM1 affects the biding to LSF1 ad pNAD-MDH, | used native

activity gels.

6.1.3 Regulation of BAM1 activity

In theory, fster starch degradatian bamZ%2 could be the result of amcreased
activity or stabilityof the BAM1 protein. To investigate that, | analysed BAM1 activity

and potein levels irhbamZ%2 plants to find out if thg are different from wiletype.

BAM1 was shown to be redesensitive and to be inactivated in oxidising conditions,
e.g. by incubation with oxidised dithiothreitol (DTT) (Sparla et al., 2006; Valerio et al.,
2011; Glaring et al., 2012). It was shown that thioredoxins can restore the activity of the
oxidised proteinn vitro (Sparla et al., 2006; Valerio et al., 2011). Consistent with other
lines of evidence, it was hypothesised that BAML1 is activated duneglay, when
thioredoxins arekept reduced by electrons fronmgiosystem | (Valerio et al., 2011).
The amino acid substitution S132N amZ2 is positioned between the two cysteine
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residues (Cy82 and CysA70) that were proposed to form an inhibitoryutfhide
(Sparla et al., 2006Chapter 4). | speculated that the amino acid substitution disrupts
formation of the disulphide bridge, resulting in decreased rsdasgitivity of the
enzyme. Therefore, | tested the redmnsitivity of BAM1 (S132N) inbam12 plant

extracts using native activity gels.

6.1.4 BAM1 (S132N) in the pathway of starch degradation

One hypothesis to explain faster starch degradatidramn2 is that there are protein
protein interactions between BAM1 (S132N) and other proteins hef dtarch
degradation pathway that accelerate their activities. To find out which components of
the starch degradation pathway are necessary for faster starch degradasior:i; |
crossed the mutant to mutants affected in other components of the detgrahation
pathway. | analysed thstarch contents and starch degradation ratesome of the
double mutants

6.2 Results
6.21 Growth and appearance dfam12

MutantbamZ22 is different from wildtype in growthand development. The plants had
about20% less fresh weight than wiltype at 24 days after germinatiaand a smaller
diameter (Figure 6.1). Otherwise the plants appeared normal in colour and shape.

Flowering of the mutant wadelayed compa&d to wildtype
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Figure 6.1: Growth phenotype of bam1:2. The fresh weight of whole rosettes was
determined on 2dlay-old plants and is shown as % of the wiyghe fresh weightThe
asterisk indicates a significant difference between the freshhtwdignutant and wild
type plants ftest, p<0.05)A). Values are means of measurements on 30 rosettes
bars are s.e.nAppearance obam12 and wildtype plants after 30 days (B)he scale
bars indicates 1cm.

6.2.2Starch degradation phenotype bhm1-2

In Chapter 4, | showed that mutaftamt2 (mutant 4063) degraded starch faster than
wild-type. Unlinked EMS mutations could interfere with the mutant phenotype.
Therefore, | repeated and extended the analysis of starch degradation rates ¢duhe mu
after the first bacicross to the starvation reporter lingai®h contents were measured

every two to four hours in normal and early ni¢frigure 6.2 A).

In contrastto the Ms mutant line, starch contents at the end of the day were nearly
identicd to wild-type after the first backross of the mutanfpart from that, the starch
degradation phenotype of thesMhutant resembled that of the mutant after the first
backcross. Starch degradation in the mutant was faster thartypidin normal night

and early night. Starch was not exhausted before the end of the normal night, because
degradation slowed down in the end of the night. In the early night, starch was
exhausted at least four hours before the end of the night. Thus, the mutant does not

adjust its starch degradation rate according to the length of the night.
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Relative starch contents were determined to normalise the data for the different end of
day starch contentd-igure 6.2 B) Wild-type plants slowed down starch degradation

rates in respuse to the early night and had higher relative starch contents in the early
night, compared to the normal night. In the mutant, relative starch contents were nearly

identical in normal and early night.
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Figure 6.2: Starch degradation pdtern in early and normal night for wild -type

(WT) and bamZ12. Plants were grown in 12 hour ligh®2 hour dark cycles for 21 days.
(A) Starch contentsf wild-type (circles) antbamZ2 (triangles)were analyseduring a
normal night (open symbols) and cwgian early night (closed symbols). (B) Starch
contents of A are shown as a fraction of the end of day value. Maaarit2 plants of

the first backcross wee used. Data are means of measurements on five individual

rosettes. Error bars are s.e.mhene ot visible, they are smaller than the symbol.
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To quantify and compare starch degradation rates intyild and mutant, | fitted linear
regression lines through all relative starch contents of the early and the normal night for
the linear phase of sth degradation. Starch degradation rates were determined by
analysing the slopes of the regression lines for absolute and relative starch contents.

(Figure 6.3).
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Figure 6.3 Comparison of starch degradation ratedor bam-2 and wild-type. The
absolute starch degradation rates (A) and the rates normalised to the end of day value
(relative starch degradationtea) (B) were calculated faach genotype based on the
data presented iRigure 6.2. The rates were determined for normal nighhite bars)

and early night (grey bars) by fitting linear regression lines through all starch contents
and by analysing their slopes. Fmam12 only the starch contents of the first 10 hours
(normal night) or the first 8 hours (early night) were incllide the calculations as
starch was exhausted at some point after &eterisks indicate a significant difference

between degradation raten normal and early nightst@st,p<0.05).
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In both, normal and early night, the relative and absolute rateaarochslegradation in
bam12 were faster than in wiltlype plants. The absolute rate of starch degradafion
bam12 slowed down to slightly lessextent than in wildype, when the night started

early (wild-type: 0.26 mg gFW: bam2: 0.2 mg gFW). Therelative rats of starch
degradationn normal and early nights wesémilarin bam12 and about 10% of initial

starch was degraded every hour. Based on the starch degradation rates it is possible to
extrapolate the time at which starch contents reach(Zafde 6.1) The extrapolation
showed that if a linear rate was maintained, the mutant should exhaust its starch after

about 9.7 and 8.9 hours in normal and early night respectively.

WT bam12
Normal 12.4 9.7
Early 15.6 8.9

Table 6.1: Estimation oftime when starch contents would reach zero in wildype
and baml2. Calculations are based on thextrapolation from relativestarch
degradation rates shown kigure 6.3and are given in hours after dusk normal and

early night

In conclusion,bam2 does not adjust its starch degradation rate to the length of the
night and does not slow down the relative starch degradation rate if the night starts
early. Starch degradation rates seem to be set so that starch is exhaustedl@bout 9

hours after dusk.

6.2.3Composition of starch irbam12

Above,| hypothesised several reasons for faster starctadation in the mutanAs the
mutation underlying the phenotype was foundBiAM1, which encodes an enzyme
involved in starch degradation, it was unlikéty suspecthat changes in the granule
composition of the mutararea primary cause of the phenotype. However, analysis of
the molecular composition of starchbam12 revealed an abnormality in tlanylose
content. Starch was extracted at the end ofithefrom 30day-old plants grown in the
green house. The amylose to amylopectin ratio was determined based on the

wavelengths of maximal absorbance of both polymers after addition of iodine solution
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(Figure 6.4). Mutant starch containembout 40% more aytose than wildtype starch

The other mutant with faster starch degradatiest] also had elevated amylose
contents Chapter 5). The cross ofestl with gbss showed that amylose was not
necessary for faster starch degradation in the mutant. Therefpeculate that higher
amylose contents are a consequence of faster starch degradation in the mutants, rather
than the cause of itherefore, | did not follow this up further.
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Figure 6.4 Amylose cotent of leaf starch in wild-type and bam12. Plants were
grown in the greenhouse ahdrvested at the end of tday after 30 days Sarchwas
extracted fronpooled rosette tissue of about 100 plaitse amylose to amylopectin
ratios of starch were determined based on the different absorption spectréh of bot
polymers after addition of iodine solutiovialues are means of five technical replicates;
error bars are s.e.nfhe asterisk indicates a significant difference between amylose
contents ofvild-type and mutant samplestést,p<0.05).

6.2.4 BAM1 activiy in bam1:-2

As indicated abovegne possible explanatidaor faster starch degradatiamthe mutant
could be highemctivity of BAM1 (S132N). The amino acid substitution could also
interfere with the interaction of BAM1 witits putative binding partner LSF1 and

pNAD-MDH. Native activity gels containing amylopectin allow visualisation of BAM1
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activity in plant extracts. Also, they allow visualisation of the BANM3FI1-complex

(Martin Umhang and colleagues, ETH Zirich, personal communication).

To test f bam®2 has detectable changes in BAM1 activity or if the BAMFI-
interaction is disrupted, | extracted soluble proteins from rosettes otypiédbaml,

Isf1 andbam12 and separated them by native PAGE on gels containing amylopectin.
Later in this dapter, | will describe how | createdbam2 Isfl double mutant. | also
separated extracts of this double mutant on the amylopectin containing native gel. After
two hour incubation, the gels were stained with iodine. Pale areas indicated the presence

of amylolytic activity(Figure 6.5).

BAM1 activity wasassociated withwo bands in the gel as they wargssing in the
bamlknockout mutant. One band wilbwer electrophoretic mobility washarp close

to thetop of the gel. It was suggested that this dbaapresents the LSFHAM1
complex (MartinUmhang and colleagues, ETH Zirich, personal communication).
Consistent with this idea, it disappeareda mutant that lacksSF1 (sfl). The second
band associated with BAM1 activity was suggested to repreg&iitlBn its unbound
form. It has ahigher electrophoretic mobility and isnore diffuse. This band was
stronger in thdsfl mutant, consistent with the possibility that because BAM1 can no
longer bind LSF1, mor8AML1 proteinis in its unbound formIn extrads of bamil-2,

the lowerbandassociated with BAM1 activitwascompletely missing. The upper band
which represents the BAMILSF1 complexvasstill present but more focusetihe data
indicate that the BAMA.SF1 complex inbamZ%2 is still intact. It could egn be
speculated that mutant BAM1 has a higher affinity for LSF1 than-tygd BAM1 as

the band associated with the activity of unbound BAM1 was missibgnri2.

Interestingly, none of the two bands associated with BAM1 activity could be detected in
baml1-2 Isfl This is unexpected, because in the absence of L@kfignt BAM1is
expected to be detectable in its unbound form. Thus, the lower band associated with
BAML1 activity should be comparable in intensity to the band seelsfinsingle

mutants.
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Figure 6.5. Native gelvisualising the activity of starch metabolising enzymesThe
soluble fractions of extracts from witgpe (WT), Isfl, baml1,bamt2 (B) andbamZ2

Isf1 plants was separated onondenaturating polyacrylamide gels containing
amylopectin After incubation the gels were stained with iodine to revpale areas
where amylopectimnvashydrolysed. BAM1 activity can be attributed to two bands. The
upper band represents thmutative BAM1-LSF1 complex, the lower band free
(unbound) BAM1.Plantswere 23 days oldand were grown in 12 hour ligh® hour
dark cycles and harvested at the end of the Eetein loadings were adjusted on basis
of tissue weight, i.e. the same amount of fresh weight was loaded in eaclrdane.

references seéigure 5.10)

6.2.5BAM1 protein levels in bam®

Analysis of native activity gels containing amylopectin showed that miupzmit2

lacks one of the bands thaeattributed to BAM1 activityln the double mutaridam®

2 Isf1l, BAM1 activity was undetectabl@igure 6.5). To find out if lack of detectable
activity in the gel was due to a lack of BAM1 protein, soluble protein extracts from
rosettes of wildype, baml Isfl, bam%2 and bam12 Isfl were analysed by
immunoblotting(Figure 6.6 A). The extracts were sepdel on a native gel without
amylopectin and transferred to PVDF membrane, before probing with antiserum
specific for BAM1. The antiserum was obtained frdgchianChen (Academia Sinica,

Taiwan) andvas generated after immunisation of rabbits with the réaoamt protein.
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The outcome of the blot roughly confirmetie esult obtained by analysis of
amylopectin containing activity gels. Two bands that were present intypié were
missing inbamZ%1 knockout mutants. The upper band disappeareldfin In bami-2

the lower band was missing on the immunoblot, consistent with a lack of activity on the
amylopectin containing native gel. The top band that represents the putative LSF1
BAM1 complex in wildtype was absent itbam2. Instead, a weaker band with
slightly higher electrophoretic mobility could be detected. It is possible that this band is
also attributable to the putative LSBAM1 complex, but shifted in position on the gel
relative to the band in wiltlype. This is likely, as the band disappeared ie lam12

Isf1 double mutant. Such a band shift was not detectable on the amylopectin activity gel.
The reason for this could be that the electrophoretic mobility of the BABHAL
complex might be affected by the presence of amylopectin in the gel. Cohsigtea

lack of detectable BAM1 activity on native activity gels, the double munamt2 |sfl

had no detectable BAM1 protein on the immunoblot. The immunoblot of this double

mutant lookedhearlyidentical to the immunoblot dfamZ1.

In conclusion, bads associated with BAM1 activity on native gels containing

amylopectin correlated with the presence of BAM1 protein in all genotypes.

To compare théotal amount of BAM1 protein in wildype, bam®2, bamZ%1, Isfl and
bamZ22 Isfl, immunoblots of SDS gelsere usedFigure 6.6 B). Proteins in the soluble
fraction from 23day-old plants were separated on SDS gels, transferred to PVDF
membrane and probed with antiserum specific for BAM1. The band attributable to
BAML1 protein in wildtype andlsfl was missingn bamZt1. In bam*2 and bam12

Isf1, this band was weaker than in wilgpe. This indicates that the soluble fraction
contained less BAM1 protein mlmm12 andbam2 Isfl

To explain lower protein levels ibamt2, | hypothesised that the mutated protei
migrates to the insoluble fraction. However, immunoblots of SDS gels using the crude
plant extract (soluble plus insoluble fraction) showed similar BAM1 protein levels
compared tothe soluble fratton for all genotypesl concluded thatbamZ2 plants

cortain less BAML1 protein than wiltype plants.
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Figure 6.6. Immunoblot of wild-type and mutant samples on anative geland a
SDS gelprobed with antiserum specific for BAM1. Extracts of soluble proteiof
rosettes fom wild-type (WT), bam12, banil-1, Isfl, and bam%2 Isfl were first
separated on a native gél) or SDS gel (412% polyacrylamide) (B)then blottedon
PVDF membrane and probed with antiserum specific for BAM1 at a concentration of
1:1,000. (A)The position othe putative BAM1LSF1 omplex inbam12 (grey arrow)
was different from WT (black arrow). Protein loadings were adjusted on a weight base,

i.e. the same amount of fresh weight was loaded in each lane.
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6.2.6Analysis of native amylopectin and MDH activity gels foam1-2

In theory, the amino acid substitution in BAM1 (S13289uld impair the interaction
with pNAD-MDH or alterpNAD-MDH activity in the complexSection6.1). To test
this possibility, MDH activity gels were analysdedure 6.7).
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Figure 6.7. Native activity gel visualising malate dehydrogaase activity The
soluble fractionsof extracts of rosettes from wiype (WT), Isfl, mdh (RNAI line),
bamt1l andbamZ2 were separated on a native gel (& proteinper lane). The gel
was then incubated in incubati buffer containing malate and NAD MDH activity
was visualised by coupling th@mversion of malateotoxaloacetate and NADk the
reductionof atetrazoliumdye, resulting in the production of a blparple formazan
The grey arrow indicates the position ofadditional activity band detected iam22,
which might represent the LSAMDH-BAM1 complex shifted in size.
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Soluble proteins were extracted from rosettes of i, Isfl, mdh bam11l and
bam12 plants and separated on native gels. Tih mutart is a RNAI line with
reduced pNABMDH expression and was provided by our collaborators in Zirich
(Seraina Beeler and Oliver Kotting). The gels were incubated with a buffer containing
an excess of the MDidubstrate malate and the cofactor NADn the assg
dehydrogenase activity results in the formation of NADH which is coupled to the
reduction of a tetrazolium dye, via an intermediate electron carrier. The result is the

production of a blugurple formazan in the gel.

In wild-type samples, pNAIMDH appeared tobe present in three molear weight
forms as three bands were detectable that disappeared in the RNAI line with reduced
PNAD-MDH (mdh. In thelsfl mutant, two of these bands were missing. Inbde 11
mutant, only one of these bands was missifgis band, which had the lowest
electrophoretic mobility of the three bands, was missing in three mutantsdhn
bam*1l and Isfl. Therefore, it could represent a BAMSFI1-MDH complex,
consistent with the idea that the three proteins interact (Martinddghand colleagues,
ETH Zirich, personal communicationh mutan bamZt2, this band waslsomissing.
Instead, another band with slightly higher electrophoretic mobility could be detkcted.
is possible that this band represents the -BAM1-MDH complex. The other two
bands attributed to pNAIMDH activity had a similar intensity and positionbamZ2

and wildtype.

The data indicates thabeé mutation (S132Njoes not disturlthe interactionwith the
putative BAM1 binding partnersiowever, it remaingo be established, why the band

representing the putee LSFEXBAM1-MDH complex was shifted in size.

6.2.7Starch degradation in baml

In summary, the amino acid substitution in BAM1 (S132N) affects the electrophoretic
mobility of the protein on nativgels and it reduces the abundance of the protein. It is
possible that faster starch degradation and lower BAM1 protein levietmt2 could

be linked. The amino acid substitution could increase instability of the protein by
making it more prone to degtation. Low BAML1 protein levels could result in faster
starch degradation if the protein was a negative regulator of starch degradation. In that

case, starch degradation rates should be faster also in the BAM1-dunookutant
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bamtl. There is no informatn in the literature about starch degradation rates in
bamZt1. Data for end of day and end of night starch contents is available, but these give

no indication about starch degradation rates in abs&ai8AM1 (Fulton et al., 2008).

Therefore, | analysedach contents ilmamt1 during the normal and early night and

compared them to wiltype (Figure 6.8).
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Figure 6.8 Starch contents ofbamX1 and wild-type in normal and early night.
Stach contents of wildype (circles) andamZ®1 (triangleg were measured during a
normal 12hour night (open circles), as well as during an early night (closed circles).
The plants wergrown in 12 hour lightl2 hour dark cycles fa24 days Five rosettes
were analysed at each time poiftror bars are s.e.m., whem®t visible they are

smaller than the symbol.
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Starch contents were determined evet§ Bours throughout the night in -2ay-old
plants. The mutant had nearly identical starch levels to-tydd. Also, it was able to
adjust its starch degradation rater@sponse to the early night. Thus, it did not seem
likely that BAM1 is a negative regulator of starch degradation. This indicaéds th

reduced BAML protein levels amdt the reason for faster starch degradatidraim2.

6.2.8BAM1 activity and redoxregulation in bam2

BAM1 was shown to be redox regulated (Sparla et al., 2006; Valerio et al., 2011). The
recombinant protein was active in reducing conditions (incubation with 20 mM reduced
DTT) and inactive in oxidising conditions (incubation with 20 nolidised DTT). It

was also shown that redomediated changes in BAM1 activity in plant extracts can be

visualised on native gels containing amylopectin (Glaring et al., 2012).

In theory, the mutation in BAM1 (S132N) could make the protein less sensitive
oxidation and thereby enhance its activity. To test if BAM1 (S132N) is still redox
sensitive, soluble protein extracts of-@3y-old wild-type, bam21, Isf1 and bamZt2

plants were first separated on native polyacrylamide gels containing amylopectin. The
gels were then incubated in reducing or oxidising conditions, using incubation buffers
containing either 5 mM reduced DTT or 50 uM CpCQlespectively To visualise

amylolytic activity, the gels were then stained with iodine solutigure 6.9).

In presence of 5 mM DTT, BAMActivity was detectable at two positions in the gel in
the wildtype. Under oxidising conditions, the lower band disappeared completely and
the top band decreased in intensity. This is the band representing the-B2¥1
complex tompare taFigure 6.5). In bamZ®2, this band was also sensitive to oxidation,

as is decreased in intensity under oxidising conditions. Thus, mutant BAM1 (S132N) is

not redoxinsensitive.
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Figure 6.9 Native activity gelsof starch metabolising enzymes uder oxidising and
reducing conditions The soluble fraction of ntein extracts from wildype (WT),

Isf1, bamlandbamZ2 plants was separated oative polyacrylamide gels containing
amylopectin. The gels were incubated in oxidising or reducing consliipmddition of

DTT or CuC} to the incubation buffer. Afterwards they westained with iodine to
reveal pale areasthat indicate amylopectin degradation. Plants were 23 days old and
were grown in 12 hour light2 hourdark cycles and harvested at thel exi the day.
Protein loads were adjusted on basis of tissue weight, i.e. the same amount of fresh

weight was loaded in each lane.
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6.2.9Crosses obam12 to mutants of the starch degradation pathway

6.2.9.1Rationale

In this section | describe ¢hcreation of double mutants wittam12 to test hypotheses
arising from the phenotypic characterisation lwdm12. The native gel analysis
presented above suggested that the amino acid substitution in BAM1 (S132N) has a
positive effect on the interactidetween BAM1 and LSF1. It was hypothesised that
LSF1 recruits BAM1 to the starch granule to facilitate starch degradation by BAM1
(Section6.1.2. If mutant BAM1 has a higher affinity for LSF1, the granule might be
under permanent attack by BAM1, resultimgfaster starch degradation. To test that
hypothesis)sfl was crosseavith bam12 to analyse the starch degradation pattern in
the double mutant. In absence of LSF1, BAM1 (S132N) would not be recruited to the
granule and faster starch degradation wawddonger be possible. THef1l knockout

mutant has a starch excess phenotype due to retardation of starch breakdown
(ComparotMoss et al., 2010). If the phenotype lmim12 was dependent on LSF1,
starch degradation in the double mutant should look ligedfisfl single mutants, i.e.

the double mutant would also have excess amounts of starch at the end of the night.

An alternativeexplanation for faster starch degradatiorbam-2 could be an indirect

effect onbetaamylase 3 (BAM3)rotein levels or eivity. This seems likely, because
BAM3 rather than BAM1is thoughtto be important forstarch degradation at night
(Fulton et al., 2008)n the absence BAM3 starch degradation is slower and there is a
starch excess at the end of the nigdAM3 activity is not visibleon amyopectin
containing native gelssothis type of analysisould notbe used to find out if BAM3
activity is increased irbam12. Therefore, thebamt2 bam3 double mutant was
analysed for its starch degradation phenotype. If thengiipe in bamt2 was
dependent on BAM3, then the double mutant should have a starch excess phenotype

comparable to that dfam3alone.

To find out which other components of the starch degradation pathway are necessary for
faster starch degradation mamZt2, | also analysed the phenotype of crosses with
bam12 and further mutants of the starch degradation pathway. These indaséd

amy3andbam4
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6.2.92 Starch degradation iham12 Isflandbam12 bam3

Mutantbam12 was crossed to eithbam31 or Isf1 plants. Genotyping of 48 and 96 F
plants respectively, led to the identification of two homozygoaimt2 bam31 and

two homozygoudam12 Isfldouble mutants. These plants were grown for seed and the
phenotype of Eplants was analysed after 24 da$sarch contents of wiltlpe, Isf1,
bam1l and bam2 Isfl double mutants were analysed during a normal night and

during an early nightFigure 6.10.
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Figure 6.10: Analysis of starchcontents in wild-type, bam2-2, Isf1 and bam2-2 |sf
double mutants Starch contents for wiltype, bam12, Isf1 and bamZ2 Isfl double
mutantswere measured during a normal 12 hour nigbp) and during an early night
(bottom) The plants were 24 days old at harvest, faredrosettes were analysed at each
time point. Fo this experimentbam22 plants of thelst backcross vere used. Error

bars are s.e.m., where not visible they are smaller than the symbol.
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As expected, thésfl single mutant had about twice as much starch astyle plants

and did not break it downompletely during the normal night (Compabtdbss et al.,

2010). The same was true for the early night. B&®12 Isf1 double mutant had starch
contents and degradation rates very similar to-tyifee in normal as well as early night.
Starch degradation waadjusted according to the length of the night in the double
mutant. The phenotype of the double mutant did not resemble the phenotypes of either

thelsfl or bamZ22 single mutants. This suggests that the phenotypes are interdependent.

I conclude that fasr starch degradation ibam12 requires LSF1. Also, and very
unexpectedly, in presence of BAM1 (S132N), LSF1 is no longer required to obtain
starch contents and degradation rates comparable to those-typaldlants.

Thestarch contents of wiltype,bamt2, bam3andbam2 bam3double mutants were
analysed during normal and early nigfEsgure 6.11). As expected, thbam3single
mutant had a starch excess at the end of the night (Fulton et al., 2008)amke
bam3 double mutant had starch con®mnery similar tobam12 in both conditions.
Thus, the phenotype dfam12 is independent of BAM3. And very unexpectedly,
BAM1 (S132N) can compensate for the loss of BAM3.
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Figure 6.11 Analysis of starch contents inwild-type, baml-2, bam3 and bam1-2
bam3double mutants. Starch contents for wittype,bam12, bam3andbam*2 bam3
double mutantsvere measured during a normal 12 hour n{ghp) and during an early
night (bottom) The plants were 24 days old at the day of harvest, and Geosere
analysed at each time point. For this experimbamZ2 plants of thelst backcross

were used. Error bars are s.e.m.
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6.2.9.3 Starch degradation in crosses of bainith sex4, amy3 and bam4

To test which other components of the dtadegradation pathway are required for
faster starch degradation bamZ2, starch contents of further double mutants were

analysed by iodine staining of leaves.

Mutantbam12 was crossed teex4 amy3andbam4single mutants. About 48;plants
of each coss were genotyped and one double mutant for each cross was isolated. Starch

contents were analysed ig [flants of the crosg-{gure 6.12).

WT

bam1-2 sex4 bam1-2
amy3 sex4

S

Figure 6.12 Visualisaton of leaf starch in double mutantsusing iodine staining

Plants were grown in 12 holight-12 hour dark cycles for24 days and harvested two
hours before the end of an early night. Rosettes were harvested, decolourised in boiling
ethanoland stained withodine solution. Genotypes analysed were wilgbe (WT),
bam12, amy32 (amy3, bamd-1 (bam4, sex43 (sexd and the respective double

mutants.
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lodine staining of whole rosettes was performed two hours before the end of the early
night, whenbam2 should have exhausted its starch reserves. As expecteetypaid
plants still containedtarch at this time point and showed a blue stain. Mdttamtt2

did not stain blue, indicating absence of starch. Mutmi3 had a blue stain,
comparable in intensity to that of witglpe, thus contained starch. Tham4andsex4

single mutants stainedatker than wildtype indicating a starch excess. Ti@mZ:2
bam4and thebam12 amy3double mutants had a stain comparable in colobatot2.

This indicates that starch contents were exhausted and that neither AMY3 nor BAM4
are required for faster stardegradation irbam12. The rosette of thbamt2 sex4
double mutant had a very dark stain comparable to that afethsingle mutant. This
indicates that dephosphorylation of the starch granule by SEX4 is still necessary for
faster starch degradationtamZ2.

In summary, the data indicates tlhamZ:2 can degrade starch faster than wilde in
absence of BAM3, BAM4 and AMY3. Dephosphorylation of starch catalysed by SEX4
is still necessary to obtain faster starch degradation rates and presence g8l

is also required to obtain starch degradation rates faster thatypéd
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6.3 Discussion
6.3.1Hypotheses for faster starch degradationiam?1-2

Starch degradation ihamZ%2 was not adjusted according to the length of thdtnib
estimated that the initial starch degradation rate in the mutant is set in a way that starch
is exhausted about®) hours after dusk. Relative starch degradation rates in the mutant
were very similar in normal anearly night. On average about%Q@f the starch present

a the beginning of the night weegraded per hour. Similar starch degradation rates
were found inesttl, which degraded about 11% of end of day starch per hour
(Chapter 5). As discussed irChapter 5, the only other known mutant \itfaster
starch degradation is the circadian clock mutaatlhy, which degraded 11% of starch

per hour (PhD thesis, Univeristy of East Anglia, Alexander Graf, 2009). Thus, from the
data available, a rate of 1198 Is the maximum rate of starch degradatbbserved in
Arabidopsis mutants. So how does the mutation bam12 cause a faster starch
degradation rate? In the following | discuss some hypotheses for faster starch

degradation in the mutant.

6.3.1.1ls BAM1 (S132N) not redesensitive?

BAM1 activity was shown to be redox sensitivevitro, both as a recombinant protein
and in plant extracts (Sparla et al., 2006; Glaring et al., 2012). | showed that BAM1
(S132N) extracted from mutant plants is still reg@xsitive Figure 6.9). Thus, | did

not find any evidence that the difide bridge inactivating the enzyme cannot form and

that a reduced redesensitivity is likely to be responsible for the mutant phenotype.

6.3.1.2Are lower BAML1 protein levels the reason for faster starch degradation in
bam2?

Immunoblot analysis showed tHBBAM1 proteinlevelsare reduced ibam12 (Figure
6.6). Lower protein levels probably indicate that BAM1 (S132N) is more prone to
proteolytic cleavage. Although the possibility that transcript levels are altered traough

feedback mechanism cannot be ruled out.

As an alternative way to explain reduced BAM1 protein levels and actividgnmt2, |

suggested that the protein has moved into the insoluble fraction of the plant extract. This
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could be the case if tharéno adéd substitution increasethe affinity of BAM1 for
starch. If that was true, more BAM1 protein shohftle been preseirt the insoluble
fraction of mutant plant extracts compared to viyide. However, immunoblots showed
that the amount dBAML1 protein insoluble fraction and crude plant extract vegsially
reduced compared to wilype It is therefore unlikely that missing BAM1 protein is
bound to starch to a greater extent than gk BAM1.

As discussed above, lower protein levels might cause ftstieh degradation ipamZt
2 if BAM1 is a negative regjator of starch degradatiomHowever, | showed that
mutantslacking BAM1 proteindegrade starch normally, thus lower protein levels in

bamZ2 cannot explain the abnormally fast starch degradasitsmin the mutant.

6.3.1.3Does mutant BAML1 still interact with LSF1 and/or pNAMDH?

Based on information from Martin Umhang and colleagues (ETH Zirich, personal
communication), we know that BAM1 interacts with LSF1 and pNWDH. The
physiological relevare of these interactions is not known, although is reasonable to

propose that LSF1 recruits BAML1 to the granule to facilitate starch degradation.

To explain faster starch degradation ratekamZ2, | hypothesised that the amino acid
substitution altershe proteirprotein interaction between BAM1 and LSF1 and/or
pNAD-MDH. Native activity gels to visualise betanylolytic activity showed that
BAM1 and LSF1 still interact in thbam12 mutant, as the activity band representing
the putative complex was vide in wild-type and the mutarfEigure 6.5). The activity
band representing BAMLSF1 was detected in the same position in syjoe and
mutant. However, immunoblots with antiserum specific for BAM1 showed that the
band representing the putative BANLSF1 complex was shifted to a different position

in bamZ22 on native gels without amylopectin. It is very likely that this band represents
the BAM1-LSF1 complex, as it was missing in th@m12 Isf1mutant.

Martin Umhang and colleagues found that BAM1 ané1.8an exist in a complex with
PNAD-MDH. | found that a MDH activity band in wiltype was missing in ibamZ1,
Isf1 andmdhplant extractgFigure 6.7). Again, this band seemed to be shifted towards

a slightly lower molecular weight and to a similar extas the BAM1LSF1 complex
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on the immunoblot probed with antiserum specific for BANig(re 6.6). | concludel
that the BAMXLSF1-pNAD-MDH complex is still intact irbamZ2.

In summary the data presented here show that neither the interaction betwééh BA
(S132N) and pNABEMDH, nor the interaction of BAM1 (S132N) with LSF1 is
disturbed by the amino acid substitution. However, the putative BASHA1-pNAD-
MDH complex has a different electrophoretic mobilityoeam:2 from that in wildtype
plants. The sigficance of that change remains to be discovered.

6.3.1.4Can a higher affinity of BAM1 (S132N) to LSF1 explain faster starch
degradation inbamZ2?

Native activity gel analysis indicated that BAM1 (S132N) can still interact with LSF1.
However, unbound BK1 (S132N) could not be detectedbamZ2 (Figure 6.5 and
Figure 6.6). | concluded that BAM1 (S132N) has a higher affinity to LSF1 than-wild
type BAM1 and is therefore permanently bound to LSF1.

It was suggested that the granule bound protein LSF1téaesi starch degradation of
BAML1, by recruiting the protein to the granulgetion6.1). A stronger LSFABBAM1
interaction could therefore explain faster starch degradatidmamZ2. To test the
relevance of the interaction between LSF1 and BAM1 (S132W)tlie bam12
phenotype, | analysed the phenotype of lhent2 Isfl double mutant. In absence of
LSF1, starch degradation ibamX2 was no longer faster than in witgpe. This
indicates that LSF1 is required for faster starch degradation in the mutentedson

for this might be the recruitment of the protein to the granule, which requires LSF1 as

binding partner.

| also showed that presence of BAM1 (S132N) compensates for the lack of LSF1, as the
bamZ22 Isfl double mutant degraded starch faster tlsfh This suggests that BAM1
(S132N) can degrade starch in absence of LSF1. The observed starch degradation rates
in the double mutant were very similar to those of the-yife. This could mean that

BAM1 (S132N) can to some extent substitute the functb LSF1. It is not obvious

how this could be achieved as the function of LSF1 is not fully understood. | will give

one possiblex@lanation in the next section
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| conclude that the interaction between LSF1 and BAM1 (S132N) could be the cause of
faster sarch degradation ibamt2. However, further research is required to support

this hypothesis.

6.3.1.5Could theamino acid substitution affect a BAM1 phosphorylatiorf?site

It is possible that BAM1 is regulated on a posttranslational level by phospiamylé
BAM1 Ser132 is the phosphorylation site of a serine protein kinase, deletion of this site

in BAM1 (S132N) could result in constant activation of the enzyme.

To discover whether Sdr32 is a phosphorylation site, sdeected mutagenesis of ¢hi

amino acid could be performed. Substitution of-5&2 with alanine would reveal
whether faster starch degradation is due to lack of serine rather than the presence of
asparagine. Substitution of SEB2 with aspartate could be used to mimic
phosphorylabn, as it introduces a negative charge (Wang et al., 1992; Huang and
Erikson, 1994). These experiments are in progress. However, there is no evidence for
that Serl32 is phosphorylated as two independent proteomics studies did not find that
residue to b@hosphorylated (Reiland et al., 2009; de la Fuente van Bentem et al., 2008)
(Chapter 4).

Regulation of BAM1 by phosphorylation could explain the relevance of the interaction
between LSF1 and BAML1. Analysis of functional domains in LSF1 indicated tlsad it i
putative phosphatase. Its substrate has not been identified yet (CeMpasott al,
2010). | speculate that BAM1 could be the substrate of LSF1, as both proteins interact.
LSF1 could dephosphorylate witgpe BAM1 and thereby activate it. If BAM1 S&B2

is a phosphorylation site, LSF1 might no longer be necessary to dephosphorylate (and
thereby activate) the protein mam12. This could explain why starch degradation in
bamZ2 Isflwas simibr to that of wildtype plants However, it does not exphgiwhy
presence of LSF1 is still necessary for faster starch degradati@mib2 unless LSF1

is required to dephosphorylate more than one phosphorylation site in BAML1 for it to
achieve its full activity. LSF1 could also be required to dephosphorylate pitbteins,

e.g. BAM3.
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Further research is required to find out if phosphorylation of BAM1 is necessary for its

regulation and if it is linked to the starch degradation phenotyparot2.

6.3.1.6 Is faster starch degradationbam2 the result of anndirect effect on BAM3
activity?

BAM1 and BAM3 gene expression are inversely regulated ursierssconditions
(Kaplan and Guy, 2004). It is possible, that lower BAM1 protein levels observed in
bamZ22 result in higheBAM3 expression compared to witgipe. This could mean that
faster starch degradation amZ%2 is a result ofincreased BAM3 activity. This is
likely, because in contrast to BAM1, BAM3 plays a major role in starch degradation at
night (Fulton et al., 2008). However, analysis of the staortients in thédam12 bam3
double mutant showed that faster starch degradatiobamt2 is independent of
BAM3. Starch contents in the double mutant were nearly identical to thdssndi#2
alone. This suggests that BAM1 (S132N) can fully substitutefithetion of BAM3,

probably because both enzymes catalyse the same reaction.

| conclude that BAM3 activity does not cause faster starch degradatiamib?.

6.3.1.7Are othercomponents of the starch degradation pathwayongernecessary
for faster sarch degradation in bam2?

| crossedbam®2 to bam4 amy3andsex4to find out which other enzymes are required
for faster starch degradation llmm2. The results of this experiment are preliminary
and starch contents should be analysed quantitatiSelyar, | can conclude that starch
phosphorylation by SEX4 is still necessary for faster starch degradatimemmit?2. |
could also exclude a role for AMY3 for faster starch degradatiorbaml2.
Interestingly, thdbam*2 bam4double mutant had starchrdents comparable toamZt

2. Thus, the presence of mutant BAM1 can rescue the starch excesgaifmdhmutant.
This shows that mutant BAM1 does not require BAM4 to be fully ackiasvever, the
function of BAM4 is not clear, therefore it is hard to spatailhow mutant BAM1
(S132N) could compensate for lack of BAMAurther crosses dfamZt2 to pwd and

Isf2 are in progress to find out if mutant BAM1 is independent of C3 phosphorylation.
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6.3.3 Conclusion and Outlook

6.3.3.1 Is the mutation in bar2lof physiological relevance?

In absence of BAML1 starch is degraded normdHigyre 6.8 and Fulton et al., 2008)
BAM1 is also not necessary for adjusting starch degradation rates according to the
length of the night, because tbam11 mutant was still abléo slow down its starch
degradation rate in response to the early nigigure 6.8). Therefore, BAM1 does not
play a major role in starctlegradation at night in wiltype plants. It is difficult to

reconcile this observation with the strong starch disgran phenotype ibam12.

It was hypothesised that BAM1 is mainly involved in plant respottsesmadic stress
(Valerio et al., 201l Valerio et al. suggested that the protein is part of a redox
regulated stress response pathway that degrades statbh light. BAM1 was also

found to be activated in response to heat stress (Kaplan and Guy, 2004). Maltose
resulting from starch breakdowwia BAM1 might serve asa compatible solute to

protect the cell frondamage by high temperatures

It is conceivableghat starch degradation in responsadatestress needs to be activated
quickly and that starch needs to be degraded fast. To explain faster and unregulated
starch degradation iham12, one could hypothesise that tekemestress responss
activated hat would normally be triggered under osmotic stress or heat.siress
cause for this could be the amino acid substitution in BABIL32\N) which hinders
posttranslational modifications that inactivate the wijgbe proteinin nonstressed

conditions.

However,there are several lines of evidence that argue against this suggestion. Firstly,
if the mutation prevents normal inactivation of BAM1, the mutant protein should also
be active during the day. This is possibly not the case as starch accumulétiemay

was normal inrbaml-2. Secondly, the suggested mechanism of activation of BAM1 in
stress is via reduction of a disulphide bond (Sparla et al., 2006). | found no evidence
that the redox sensitivity of BAM1 (S132N) differs from that of wijge protén.

It is also possible that the mutation in BAM1 (S132N) increases the activity of the

enzyme in a way that would not happen in wide plants. If this is the case, the
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phenotype obamZt2 may have little direct relevance for starch degradation dtt.nig
However, it is still likely that further understanding of the cause of accelerated starch
degradation in the mutant will shed light on the mechasiand control of starch

degradation.

6.3.3.20utlook

The data presented here do not deliver sufficeqianation for the mutant phenotype

and opened up many questions. It is difficult to understand that absence of BAM1 has
no effect on starch degradation rates, while presence of BAM (S132N) accelerates them
strongly. It is also hard to explain the lov@AM1 protein content irbam:2 and how

it would fit in with faster starch degradation, as one would expect the opposite in a
mutant with faster starcimobilisation The altered electrophoretic mobility of the
BAM1-LSF1 complex irbam22 is also intriguingand so far, | have no explanation for

it. The starch excess bam3andbam4mutants was rescued in tham%2 background,

but LSF1 was still required for faster starch degradation in the mutant. Thus, the
interaction with LSF1 might be the key to resotyithe question about faster starch

degradation ifbamZX2.

Important further experiments to shed light on Han12 phenotype will include a
deeper analysis of the LSHBIAM1 (S132N) interaction and investigation of the impact
of the same amino acid sultgtion on than vivo function of the major BAM3 isoform.
Also, the specific activity of recombinant mutant and wiide protein should be

comparedn vitro to test if the mutation increases the activity of BAML1.
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7 Starch degradation rates insexmutants

7.1Aim

In the previous chapters | explained the approach | took to identify new genes involved
in controlling starch degradation ratesArabidopsideaves. With the work presented in

this chapter, | want to find out which of the known componeritghe starch
degradation pathway are required to adjust starch degradation ratesapter 1, |
introduced a chemical kinetic model that proposes how the adjustment of starch
degradation rates could be implemented. The model suggests that the interdctio S 0
and ATO mol ecules regulates the flux thr
by interaction of the molecules with enzymes of the starch degradation pathway. We
hypothesised that it may be possible to identify the components that areggtentahe
regulation by AS0 and ATO, by aootanutgnsi s o
lacking individual components of the starch degradation pathway. In this chapter |
present the data of my investigation into this suggestion publishedtas gzialdone

et al. (2013).

7.1.1Rationale and candidate genes

If one of the enzymes of the starch degradation pathway is necessary for the immediate
adjustment of starch degradation rates b
complex, thenlack of this enzyme would result in an inability to adjust the starch

degradation rate in response to an early night.

Most mutants of the starch degradation pathway have reduced starch degradation rates
and a starch excesse) phenotype at the end ofeimight. | analysed starch degradation
rates in mutants lackingWbD, BAM4, BAM 3, LSF1, ISA3 and SEX4. Mutants lacking

GWD (sex) hardly turnover any starch and were excluded from the analysis, because
starch degradation rates cannot be calculated for tistanch degradation data for
bam11 was presented iGhapter 6. | showed that this mutant responds normally to the

early night.
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7.2 Results

To find out if sexmutants are able to slow down their starch degradation rates in
response to an early nightimeasured starch contents of six mutabsr(31, bam41,

pwd, isa3-2, Isfl-1, sex43) in the normal 12 hour night and in the early night. Plants
were grown for three weeks in 12 hour light2 hour dark cycles and harvested every

two to four hours duringhe dark period. To normalise the data for the different end of
day starch contents, | calculated the starch contents in relation to the amount of starch at

the beginning of the night (relative starch contents). The data are shévguiia 7.1.

As expeted, wildtype plants showed a nelarear pattern of starch degradation. They
adjusted their starch degradation rates according to the length of the night and starch
was exhausted around dawn in both conditions. The mutants degraded their starch in an
almost linear way, but had more starch than wyge at all time points. For four
mutants ka3, bam4 Isfl, sex4 and the wildtype, the amount of starch present after 12
hours of the normal night was lower than after 12 hours of the early night. In other
words, these mutants degraded starch faster in the normal than in the early night and
slowed down their starch degradation rate in response to the early night. In pwdant

a different pattern was observed, as starch contents in the normal night ndwaovel

starch contents of the early night. Bam31, starch contents at the end of the normal
night were nearly identical to starch contents in the early night. The data indicates that
pwd andbam3slowed down starch degradation rates to a smaller etktentthe other
mutants and the wiltiype.

Relative starch contents during normal and early nights clearly differed foitypid

and four mutantsga3 bam4 Isfl, sex4. These genotypes degraded a bigger fraction of
end of day starch during the norrmaght than during the early night, confirming that
they slowed down starch degradation in response to the early night. Ndutdad
nearly identical relative starch contents in normal and early nights. | obtained similar
data forpwdin two additional gperiments (data not shown). Alsobam3 the relative
starch contents were very similar during normal and early nights. Thus, the relative
starch degradation rates pfvd and bam3 did not show an obvious adjustment in

response to the early night.
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Figure 7.1 Starch contents of starch excess mutants during normal and early night.
Plants were grown for 24 days in 12 hour ti{d2 hour dark cycles and harvested
during a normal night (open circles) and a night that started four hours early (closed
circles). On the right, starch contents are shown in relation to end of day starch contents.
(Rel. starch content). Data are meandiwd biological replicates. Errors are s.e.m.,

where not visible they are smaller than the symbol.
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To quantify starch degradation rates of all mutants and to compare them-tgpgild
calculated the starch degradation rates and relative stagrhdation rates based on the
slope of linear regression lines fitted through all data points of the time c&igsee(
7.2A).

During the normal night, starch degradation rates were lower thantypidin all
mutants. However, the starch degradatates varied between the different mutants and
were very similar to wiletype for most of them, especially fesex4 In the early night,
starch degradation rates were slower than-tyijfee inisa3 Isf1 andbam4 Mutantsex4
had a similar starch degradati rate compared to witype in the early night.
Intriguingly, mutantpwd andbam3degraded starch at a faster rate than-tyife in the
early night. Thus, both mutants could not slow down starch degradation ttypeld
level. | analysed starch degradat rates in an additional, independent experiment and
confirmed thapwd andbam3degrade starch at a faster rate than sjifze in the early,

but not in the normal night (data not shown).

Comparison of starch degradation rates in early and normal rsglotss that all
mutants and the wilthpe degraded less starch per hour in the early night than in the
normal night. Thus, all mutants slowed down starch degradation in the early night. |
quantified the rate adjustment by subtracting starch degradates satnormal and
early night Figure 7.2B). The rate adjustment observedpwd and bam3was only
about half of the adjustment of witgipe plants. Alsobam4 showed a very small
adjustment of the starch degradation rate in the early night. Howeveraioa fer this
could be that data fdram4were very noisy and end of day starch contents for the early
night were higher than those of the normal night. Thus, the calculated starch
degradation rate in the normal night might be too low and result in amestideation

of the rate adjustment.

To find out how much starch each of the mutants degraded during normal night and
early night, | calculated the amount of starch that was degraded during the whole dark
period Figure 7.2C). The calculation was based tre linear regression lines fitted
through the data presentedRrigure 7.1. As indicated by the higher starch degradation
rate,bam3andpwd degraded more starch in the early night than-yifge plants. This
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again shows that the mutants cannot slow dstanch degradation rates to wilgpe

level if the night starts early.
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Figure 7.2 Analysis of starch degradation rates in starch excess mutants using
linear fits. (A) Datapresented ifrigure 7.2were used to calculate starch degradation
rates of each mutant in normal night (white bars) and early night (black bars).
Therefore, linear regression lines were fitted through all data points during normal and
early night and thelopes determined. This was done for absolute and relative starch
contents Asterisks indicate a significant difference in degradation rates of normal and
early nights for each genotypetést, p<0.05) (B) The rate adjustment was calculated

by subtractiorof starch degradation rates of the early night from the rates in the normal
night. (C) On basis of the regression lines, the total amount of starch degraded during
the night (starch turnover) was calculated.
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7.3  Discussion
7.3.1 Starchcontents anddegradation ratesn sex mutants

The observed starch contents and starch degradation rates in the mutants were
comparable to those in the literature. Mutlsht was shown to have about 80% more
starch than wildype andsex4about 150% more starch tharldvtype at the end of the

day. The mutants degraded about the same amount of starch during the night as a wild
type plant (Comparetoss et al., 2010). Mutansa3 was shown to have about 80%
more starch than wiltype at the end of the day and degradeau& 70% of the amount

of starch degraded by a witgpe plant during the night, when grown in 12 hour
photoperiods (Streb et al., 2008). Mutham4was shown to have about-80% more

starch than wildype at the end of the day and degraded abot®8080 of starch
degraded by a wildype plant during the night, when grown in 12 hour photoperiods
(Fulton et al., 2008). Mutarftam3was shown to have 8020% more starch than wild

type and degraded about 8aP%0% the amount of starch of a wilgpbe plant (Fulbn et

al., 2010). Mutanpwd was shown to have 1% more starch than wiype at the

end of the day and degraded about 683%6 of starch degraded by a wilgpe plant

during the night (Baunsgaard et al., 2005; Kotting et al., 2005).

Starch degradatiorates in four of the mutants that were analysed here slowed down to
wild-type level or lower in the early night. I conclude that LSF1, BAM4, ISA3 and
SEX4 are probably not involved in controlling starch degradation rates in response to an
early night. Mutat bam3andgwd3had lower starch degradation rates in the early night
compared to the normal night. However, both mutants showed only a weak adjustment
of the starch degradation rate. Also, they degraded starch faster thaypeiloh the

early night, imicating that they could not slow down starch degradation to-tyle

level in the early night. |1 conclude that PWD and BAM3 might be involved in

regulating starch degradation rates in response to an early night.
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7.3.2PWD-catalysed phosphorylationould be important to regulate starch
degradation rates

| showed that a mutant lacking PWD was impaired in slowing down starch degradation
in response to an early night. Also, it degraded starch at a faster rate thaypeild

the early night. This isteresting, because the mutant is retarded in starch breakdown
in the normal night. The data suggest that PWD might help to adjust starch degradation
rates either in response to changes 1in
Therefore, PWD codl be a node in the pathway that integrates information about starch

content and time remaining until dawn to set the appropriate starch degradation rate.

PWD is one of the two enzymes that phosphorylate the starch granule, the second
enzyme being GWDGQhapter 1). PWD phosphorylates starch at the C3 position of
glucosyl residues, but only after gpaosphorylation of C6 by GWD (Baunsgaard et al.,
2005; Kotting et al., 2005; Hejazi et al., 2009). C3 phosphates are removed by the
glucan phosphatases LSF2 aB&X4 (Santelia et al.,, 2011). The role of starch
phosphorylation is not clear. The addition of phosphate groups to the starch granule is
thought to disrupt the ordered packing of the starch granule surface. Therefore it
facilitates the access for starcbgdading enzymes like BAM3 and ISA3 which attack

the granule. However, the phosphate groups have to be removed to allow complete
degradation of the granule as the action of-laetglases is blocked by the phosphates
(Edner et al., 2007; Hejazi et al., 2Q00&keda and Hizukuri, 1981; Fulton et al., 2008).

It was hypothesised that addition of phosphate to starch encodes the information about
starch contents (Scialdone et al., 2013). The proposed S molecule might affect the
activity of enzymes that phosplytate or dephosphorylate the starch granule (Scialdone

et al., 2013 Chapter 1). Thus, PWD could adjust starch degradation rates in response

to variations in starch contents. For example S might influence PWD activity and
thereby regulate the amount of @Bosphate to control flux through the pathway. To

test this,pwd mutants could be grown in different light intensities, to vary the starch
content (ASo), but to keep the time rem
required to integrate informaticabout the starch content for the adjustment of starch
degradation rates, then thevd mutant should not be able to slow down or accelerate its

starch degradation rate if starch contents vary.
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To further investigate the role of C3 phosphorylation on theisagient of starch
degradation rates, starch contents of Igf@ mutant could be analysed. The LSF2
protein specifically removes C3 phosphate from starch granules, thus has elevated C3
starch phosphate (Santelia et al., 2011). It would be interesting/¢stigate if this
mutant is able to adjust starch degradation rates in response to an early night. However,
so far there are no indications that starch degradation is different froatypédnIsf2,

as the mutant has wigype levels of starch at the enflthe day and at the end of the
night if grown in 12 hour light 12 hour dark cycles (Santelia et al., 2011).

7.3.31s BAM3 important for controlling starch degradation rates in response to an
early night?

Starch degradation ibam31 did not slow dow to wild-type level in the early night,
although the mutant is retarded in starch breakdown in the normal night. This indicates
that BAM3 might be a target of the pathway that controls starch degradation rates in
response to starch content and time tordawowever, the data should be reproduced to
establish the role of BAM3 in the control of starch degradation rates. If the result can be
confirmed, | speculate BAM3 is necessary to slow down starch degradation rates in
response to variation of starch cartt®r time until dawn. Starch degradation in the
absence of BAM3 might be carried out by enzymes that cannot be regulated in the same
way. In absence of BAM3, the granule might be attacked by BAM1 as the enzyme was
shown to be required for starch degraalatnly in the absence of BAM3 (Fulton et al.,
2008). It is possible that BAM1 cannot be regulated to adjust starch degradation rates in
response to changes in day length, as BAM1 normally does not contribute to starch

degradation at night.

It is interesing that starch degradation rategjimdandbam3showed a similar response

to the early night. Lack of PWD and BAM3 resulted in an inability to slow down starch
degradation rates to witype level. This raises the possibility that both enzymes are
part of the same mechanism. It is tempting to speculate that BAM3 is regulated by
PWD-catalysed Ca®hosphorylation of the starch granule. Bataylases cannot
degrade past a phosphate group, thus, the presence-mfoSBhates might to some
extent slow down thactivity of BAM3. This could explain whpwd andbam3cannot

slow down starch degradation rates in the early nighipl@&phorylation might have a
negative effect on BAM3 and slow down starch degradation if the night starts early.
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7.3.4Conclusions andOutlook

The work presented here gives a first indication about the components which are
involved in regulating starch degradation rates in response to time to dawn and starch
content. Also, my work opens up several paths for future research as it réeonhis
established how starch phosphorylation affects starch degradation rates and which role
BAMS3 plays in the adjustment of starch degradation rates. Investigation of these
questions will shed light on the nature of the mechanisms that link measurertierd of

to dawn and starch content to flux through starch degradation and could lead to the

identification of the proposed S and T molecules.
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8 General discussion

8.1 Summary

The aim of my work was to discover new components of thehanism that controls

starch degradation ratesAmabidopsis

Using a forward genetic screen, | identified two mutants which are not able to adjust
their starch degradation rates according to the length of the night. One mutant lacks the
novel protein 5T1. The second mutant produces aberrant BAML1. In an independent
approach, | discovered that BAM3 and PWD could play a role in adjusting starch
degradation rates in response to an unexpectedly early night. Also, | found further
evidence for an involvemerdf the circadian clock in controlling starch degradation
rates, as aelf3 mutant degraded starch in a Aorear way and displayed starvation
symptoms at the end of the night. Further, | could confirm that ISA1 activity and thus
the ability to form semcrystalline granules is essential for correct adjustment of starch

degradation rates according to the length of the night.

In the following, | will summarise the results of my work, describe how these results
shape our view about the control of starch ddgtion rates and suggest directions for

future research.

8.21s EST1 a novel regulator of starch degradation rates?

| showed that EST1 protein is required to obtain normal starch degradation rates in
Arabidopsis leaves. Plants lacking EST1 degrade s$iafaster than wildype. In
consequencesstlmutants run out of starch before the end of the night, when grown in
12 hour lighti 12 hour dark cycles. The rate of starch degradati@stibmutants is not
adjusted according to the length of the night anduch that about 11% of the EOD
starch is degraded every hour of the night. This rate does not decrease if the night starts
four hours earlier than normal. Since starch degradation rates are faster theypevild

in absence of EST1, EST1 could be a negategulator of starch degradation rates.
This is consistent with preliminary data showing that overexpression of EST1 results in

a starch excess.
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The mechanism of action of EST1 remains unclear. To explain faster starch degradation
rates in the mutant lypothesised that (a) EST1 is necessary to form normal starch
granules or (b) EST1 is a negative regulator of enzymes that act on starch. To test the
first hypothesis, | analysed appearance, structure and composition of starch granules in
the mutant. | dichot find evidence for alterations in any of the properties tested, apart
from elevated amylose contents. These, however, are not the reason for faster starch
degradation in the mutant as abolishing amylose biosynthesiseastttisackground did

not prevat faster starch degradation. Therefore, EST1 is likely to be a negative
regulator of enzymes that degrade starch, e.g. by inhibiting the function of (an)
enzyme(s) that degrades starch. In absence of EST1, the target enzyme(s) would be
more active than i wild-type plant. It is also possible that EST1 inhibits an enzyme
that normally does not contribute to degradation of transitory starch like AMY3 or
BAML1. Loss of EST1 would result in activation of a normally inactive enzyme, hence

faster starch degratian.

To test hypothesis (b) and to place EST1 in the pathway of starch degradation, |
generated double mutants that lack EST1 as well as other components of the pathway.
Preliminary analysis of starch contents in these lines indicated that neither AMY3 n
BAM1 are required for faster starch degradationestl Thus, it is not likely that
absence oEST1results in faster starch degradation due to increased BAM1 or AMY3
activity. Crossingestlinto severabexmutants $exl bam3 bam4 sex4 did not resue

the starch excess phenotype observed in single mutants. This shows that starch
phosphorylation and dephosphorylation by GWD and SEX4 are still required for faster
starch degradation iestl It also shows that starch degradation in absence of EST1 is
still dependent on the activity of BAM3 and presence of BAM4. The generation of
further double mutants and the quantification of starch contents in them might give

further insights into the function of EST1 and its position in the pathway.

ESTL1 is necessarfor normal rates of starch degradation of transitory starch. It is also
likely that EST1 influences degradation of starch in heterotrophic tissue. This is
indicated by a lack of starch in veins egtl mutant plants. Thus, EST1 could inhibit
starch degmation as a part of the pathway which is common in heterotrophic tissue and
photosynthetic tissue. Also, EST1 was found to be associated with starch granules of

many plant species and was not only found in leavesafidopsis but also in potato
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tubers ad cereal endosperm. This indicates that EST1 might regulate starch breakdown
during sprouting, germination or other developmental processes. Analysstbf
mutants of other plant species could help to understand the role of EST1 in metabolism
of storagestarch

It is also a possibility that EST1 controls starch degradation rates in response to biotic or
abiotic stress. Starch degradationestl mutants is very fast, thus, a pathway that
triggers starch degradation in response to stress could be attwat®wnrregulation

of EST1 activity or by targeting it for degradatiorhe pathway that triggers starch
degradation in response to stress is not completely under&6diL protein seems to

play a role in degrading leaf starch in response to osmogssswrheat stressn
Arabidopsis(Valerio et al., 2011Kaplan and Guy, 2004BAM3 seems to be involved

in starch degradation that produces maltose accumulation in resigoesél stress
(Kaplan and Guy,2005), and PHS1 has been suggested to be invaivestarch

turnover in stress conditioriZeeman et al., 2004b)

Faster starch degradation rates in EST1 could also mean that the mutant is
Afoverestimatingo its starch content. Thi
of the mechanism that estates the starch content. Scialdone et al. (2013) proposed that
information about starch contents may be encoded in the concentration of phosphate
residues added to the granule. EST1 could have a role in regulating the number of
phosphate groups added teetgranule by GWD or PWD. In absence of EST1, the
starch granule might be hypphosphorylated and therefore more accessible for starch
degrading enzymes.

However, so far there is no strong evidence that EST1 exercises a function in
controlling starch degdation rates in a wiltype plant. It is required to obtain normal
rates of starch degradation, but might not be part of the mechanisms that adjust the
starch degradation rate in response to starch content or time remaining until dawn.
Nonetheless, theigstovery of EST1 shows that our understanding of starch degradation
is incomplete, and opens up the possibility that there are further, yet unknown,
components of the starch degradation pathway which are involved in controlling starch
degradation rates.
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8.3 Isregulation of BAM1 activity a means of controlling transitory starch
degradation?

My work suggests that modulation of BAM1 activity can have an effect on the control
of starch degradation rates of transitory starch. The EMS mutant | identifie@ in th
screen carries a dominant mutationBAM1 which results in a serine to asparagine
amino acid substitution in the protein. In the mutant, starch is degraded too fast. The
rate of starch degradation is not adjusted according to the length of the ragbh St
degraded at a rate of aboutA®f endof-day starch per hour of darkness, even if the
night starts unexpectedly early.

The mechanism by which starch was degraded faster in the mutant is still unknown
therefore it is not possible to draw final ctusions about the involvement of BAM1 in
controlling starch degradation rates. However, the results presented in my work indicate
that BAM1 protein is not required for adjusting starch degradation rates according to the
length of the night, as the kneckit mutant degraded starch normally. In the literature,
there is mounting evidence that BAM1 is involved in response of plants to abiotic stress
(Valerio et al., 2011; Kaplan and Guy, 2004). Therefore, | suggest that faster starch
degradation rates ibam12 are the result of an activated stress response pathway. The
amino acid substitution might activate BAM1 in a way that would normally happen in
response to abiotic stress, e.g. by phosphorylation or dephosphorylation of the protein or
by mediating its irgraction with other proteins like LSF1.

It is interesting that starch degradation ratebam12 andestlare very similar. This

could indicate a mechanistic link between BAM1 and ESTL1. This link might be a starch
degradation pathway that is activatedr@sponse to stress. However, it is too early to
speculate about a mechanism that links both proteins and further work is needed to

understand the reason for faster starch degradatiosmir:2.

Analysis of thein vitro activity of the protein and of thgtarch contents in transgenic
lines containing mutant BAM1 protein in which SE82 is substituted with other
amino acids, as well as the analysis of the starch contents in double mutants lacking
components of the starch degradation pathway imanet2 background, could help to
understand the mechanism by which presence of BAM1 (S132N) has such a dramatic
effect on starch degradation rates. These experiments might help to understand post
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translational mechanisms that regulate BAM1 activity. Knowledgeutatsuch
mechanisra might allow conclusion to be drawn about the regulation of BAM3 activity
and thus advance our knowledge about the control of degradation rates of transitory
starch.

8.41s C3 phosphorylation the mechanism by which starch degradation ras are
adjusted according to night length and starch content?

| showed that thewd mutant does not slow down its starch degradation rate to the same
extent as wildype plants when the night starts unexpectedly early. Therefore,
phosphorylation of glucesresidues within amylopectin molecules at the C3 position,
which is catalysed by PWD, might be the point at which information about starch
content or time until dawn is feeding into the control of starch degradation rates. It is
possible that informatiombout starch contents is encoded in phosphorylation of the

granule.

Further experiments will be required to test this hypothesis. If the amount of C3
phosphate regulates starch degradation rates, adjustment of starch degradation rates in
thelsf2 mutantshould also be abnormal in response to an early night, as the mutant has
elevated Cdhosphate (Santelia et al., 2011).

Il showed that | ack of BAM3 impairs the p
rates in response to an early night, in a similay to lack of PWD. The data | showed

are preliminary; however, they open up the possibility that regulation of BAM3 activity

is needed to adjust starch degradation rates according to the length of the night. Since
pwdandbam3had a similar starch degfation phenotype, they might be affected in the
same process. It is possible that@®sphorylation regulates BAM3 activity to adjust

starch degradation rates in relation to the starch content.

Further experiments will be required to test this hypothesid to discover post
translational mechanisms that might regulate BAM3 activity.
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8.5 Further evidence for an involvement of the circadian clock in adjusting starch
degradation rates

The mechanism that links the circadian clock and the adjustmerdrol stegradation

rates still needs to be discovered. | found further evidence for an involvement of the
circadian clock in controlling starch degradation rates, as a mutant lacking the circadian
clock component ELF3 did not adjust its starch degradatienaccording to the length

of the night and displayed starvation symptoms at the end of the early Qlgyitér

3). The mutant (354) degraded starch at a similar rate to viyide for the first part of

the night, but slowed down starch degradation albmurt hours before the end of the
night.

The only circadian clock mutant which was also shown to have a starch degradation
phenotype isccal Ilhy. This mutant is unable to adjust its starch degradation rate
according to the length of the night (Graf et aD10;Scialdone et al., 201& hapter

1). CCAlandLHY are morning expressed genes of the circadian clock that repress the
expression of evening expressed genes (Nagel and Kay, 2012gcd@héhy double
mutant has a shorter circadian clock period artttipates dawn four hours too early.
Therefore, it exhausts its starch four hours before the end of the night, which
corresponds the time of dawn anticipated by the mutant (Graf et al., 2010; Scialdone et
al., 2013).

The starch degradation pattern in emtt 3571 was different from that ocal lhy,
probably becaus&LF3 encodes a functionally different component of the circadian
clock. ELF3is an evening expressed gene, and the ELF3 protein is part of the evening
complex, which regulates the expressidnother circadian clock components and
suppresses hypocotyl growth at the beginning of the night (Nusinow et al., 2011;
Chapter 1, 3) The elf3 mutant has an arrhythmic circadian clock in constant light
(Covington et al., 2001). Therefore, it might not béeao anticipate dawn correctly. In
consequence it might not estimate the right time until dawn and therefore degrade starch
at an inappropriate rate. Thus, the mutant might be affected in the timing mechanism
that regulates starch breakdown. It is alesgible that the starch degradation phenotype
of t he mut ant coul d be rel ated t o ELF
(Yazdanbakhsh et al., 201Chapter 3).
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Further circadian clock mutants could be analysed for their ability to adjust starch
degradatio rates in response to an early night to identify which clock components are

necessary for the adjustment of starch degradation rates.

8.6 The formation of starch granules is important for the adjustment of starch
degradation rates according to night lengh

The forward genetic screen identified a high proportion of mutants affect&ad\iror

ISA2 These mutants showed starvation symptoms at the end of the night, probably
because they exhausted their leaf carbohydrate reserves before the end of thdeight.
mutants have a reduced ability to form starch granules and mainly accumulate soluble
phytoglycogen. It was already known that phytoglycogen is degraded faster than starch,
usually after eight hours of darkness, if plants are grown in 12 houi lihhour dark

cycles (Zeeman et al., 1989®elatte et al., 2005; Streb et al., 2008). This illustrates that
the formation of a starch granule is required to adjust starch degradation rates according
to the length of the night. | found indications that plmspglation of the starch granule

may be the point at which the rate of starch degradation can be adjusted according to
starch content and time until dawn. If phytoglycogen degradation is independent of
phosphorylation, this might explain why formation ¢frsh granules is necessary to
adjust starch degradation rates according to the length of the night. To test this, it would
be interesting to find out if degradation of phytoglycogen is dependent on
phosphorylation by GWD or PWD.

8.7 Model of the controlof starch degradation ratesbased on the presented data

| summarised the results of my work in a model present&igimre 8.1 The model is

very preliminary, but shows the interaction of proteins which could be involved in
controlling starch degradatiomtes. | showed that mutants affected in some of these
proteins were impaired in the ability to adjust starch degradation rates according to the
length of the night. The interaction of these proteins seems to be complex and more

work will be required todentify the mechanisms that link them.
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Figure 8.1: A model illustrating the interplay between proteins shown to be
involved in controlling starch degradation rates.Based on the data presented in this
work it is likely that the proteins highlighted red play a role in the control of starch
degradation rates either in transitory starch degradation or in response to abiotic stress.
ISA1 and ISA2 are necessary to form normal starch granules, which prevents
uncontrolled degradation, possibly by introohgc the requirement of starch
phosphorylation for breakdown of starch. GWD and PWD phosphorylate the starch
granule and LSF2 and SEX4 remove the phosphates. Phosphorylation by PWD might
regulate activity of BAM3 to adjust starch degradation rates. Theanexhs that link
information about starch content and time remaining until dawn to adjust the
appropriate starch degradation rate are still unknown. However, it is possible that starch
phosphorylation and dephosphorylation play a role in encoding infanmailtiout starch
content. Fast starch degradation in response to abiotic stress might involve the proteins
BAM1 and LSF1. EST1 protein is required for normal starch degradation, but its role is

still unknown.
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8.8 Outlook

My work and the work of our dleagues opened up several directions for future
research that could help to understand the control of starch degradation rates. How
starch phosphorylation affects starch degradation rates will be an important question to
answer. It is possible that infoamon about the starch content is encoded by
phosphorylation of the granule. However, it is still not known how the circadian clock is
linked to starch degradation and if phosphorylation/dephosphorylation also play a role

in that mechanism.

Scialdone etla(2013) propose that hypothetical molecules S and T convey information
about starch content and time to dawn and allow modulation of the starch degradation
process. It may be possible to develop new mutant screens or to modify the existing
screen to idetify the proteins and functions that S and T represent and their targets in
the pathway of starch degradation.

The Arabidopsisstarvation reporter line that | used in the forward genetic screen could
be used to identify further mutants affected in cordfadtarch degradation rates. So far,
only one third of the total mutant population was screened, thus it might be possible to
identify further interesting mutants. It would be profitable to identify mutants with less
severe starch degradation phenotygemestlor bamt2, for example mutants that
have noHdinear starch degradation rates, but do not exhaust their reserves before the end
of the night. It is likely that more than one gene is involved in controlling starch
degradation rates and that mutati@ffecting these components do not result in severe
starch degradation phenotypek.identified several mutants with a mild starch
degradation phenotype that have 4tioear starch degradation rate€h@pter 3).
Identification of the underlying mutatioreould be a starting point to find new genes
involved in the process underlying the control of starch degradation. Identification of
these genes could e.g. help to identify signalling pathways that link the circadian clock

and the control of starch degradatrates.

A further important problem is the role of BAM4 and LSF1 in the pathway of starch
degradation. It is likely that these proteins have a regulatory function as they showed no
catalytic activity (Fulton et al., 2008; Compaidbss et al., 2010). Ae interaction of

LSF1 and BAML1 indicates that complex formation between enzymes of the pathway
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might be important for the control starch degradation rates. The identification of
interaction partners of proteins in the pathway might give new insightsthgo

possibility.
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Appendix

Figure Al: Re-screen ofM3lines by bioluminescence analysis
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