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Abstract

Black point of barley refers to discolouration bétembryo end of the grain. Downgrading
of malting barley to feed grade due to black po@sults in significant economic loss to the
Australian barley industry. Given that black pamatrmally occurs in regions of Australia
that experience high humidity during grain fill, rhidity most probably contributes to the
severity of black point in susceptible varietieseWous studies have excluded fungal
infection as a cause but enzymatic browning readtias been recently hypothesised as

responsible for black point. More specifically,cderfor peroxidases has been proposed.

The first major focus of this study was to confiumder what environmental conditions
black point formation was likely to occur and wheththere was genetic variation
contributing to the phenotype. The occurrence ghhiumidity and low temperatures was
associated with the formation of black point incgible varieties, with early maturing
varieties being more susceptible to black pointesEhenvironmental conditions probably
create a moist environment during grain developnrenthich the developing grain cannot
dry out, enabling stress or wounding to the emimad subsequently results in black point
formation. Analysis combining two South Australissites (Hatherleigh and Port
Wakefield, SA) identified QTL for black point forrhan on chromosomes 2H)BptAISH
2H) and 3HQBPptAISF3H) at positions 83.4 cM and 102.6 cM respectivelgditive by
environment effects were substantial at both QTibhkage of the QTL on chromosome 2H
with the earliness per sdeps3d locus and the observation that early maturingetias
were usually more susceptible to black point eshbt a probable association between

earliness and black point susceptibility. When arlyematuring (susceptible) variety was



planted later so that it matured at the same tisna kater maturing (tolerant) variety there

was no significant difference in black point scores

The second focus of this study was to characterisember of candidate genes more than
likely linked to black point by investigating exgmeon levels during grain fill and
subsequently mapping the genomic regions resp@n$iblthose changes in expression.
Candidate genes chosen w€reinone ReductasglvQR), Phenylalanine Ammonia Lyase
(HvVPAL), Barley Peroxidase 1(HvBPJ]), stress-related PeroxidaséHvPrx7) and
Lipoxygenase AHvLoxA) Differential expression as detected using northemalysis,
between susceptible and tolerant varieties, wag ohkerved forHvBP1, HvPrx7and
HvQR Quantitative PCR (gPCR) confirmed th&tBP1andHvPrx7 expression was up to
two times higher in black point susceptible vaestiduring all stages of grain
development, whileHVQR expression was significantly higher in the hard glowand
mature stages of grain fill in susceptible vartitncreased expression fBivBP1 and
HvPrx7 (approximately two-fold) was also apparent in thlerant variety Alexis between
symptomatic and asymptomatic grains. The gPCR daf then used as a quantitative
trait, to score the expression of these candidateeg)in an Alexis/Sloop double haploid
(DH) mapping population. Areas of the genome paéiptinvolved in the regulation of
these candidates (expression QTL or eQTL) were mwpm chromosomes 2H (for
HvPrx7 and HvBP1jand 5H (forHVQR and HvBP1)The eQTL forHvPrx7 andHVQR
were located in the same regions as the correspgmgines, suggesting their expression is
regulated viacis-acting factors. In contrast, whildvBP1is located on 3H, eQTL were
located on 2H and 5H suggestintansacting factors were involved. The use of
comparative mapping studies between barley andidedified a number of transcription

factor genes within these eQTL.



The final component of this study was to invesegabwHvBP1and HvPrx7 expression
might be affected by examining their promoters gudential interactors with those
promoters Promoter regions for the susceptible variety Slaogd tolerant variety Alexis
were isolated, compared and analysed for knownfsadRiarticular emphasis was placed
on those elements that were associated with enmdorglcendosperm specific expression or
responses to environmental stresses. Several segoomtaining single nucleotide
polymorphisms (SNPs) between the promoters frontdlerant and susceptible varieties
were identified. A 160 bp region fé#vBP1and 380 bp region fddvPrx7 were used in
Yeast One Hybrid (Y1H) screening to identify potahtegulatory proteins. In particular, a
potential bZIP-containing factor which interactedhathe promoter oHvPrx7 was further
characterised Interaction was confirmed by a gel shift assag gene expression by
northern analysis showed expression at the mifk,dsmugh and hard dough stages of grain

development. Increased expression was appareme isusceptible variety Sloop.

The eQTL, Y1H and environmental studies have fuatieur understanding of genes that
could be involved in the regulation of black pofotrmation under conditions of low

temperature and high humidity. This information Ivgbntribute to assessing the roles
these genes play in black point formation undetagerenvironmental conditions, and

more broadly, will assist in improving breeding fesistant barley varieties.
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Chapter 1: Literature Review

Chapter One. Literature Review

1.1 An introduction to black point

Black point of barleylordeum vulgard..) is characterised by brown-black discolouration
at the embryo end of the grain. In barley, blackps confined to the lemma and palea

(or husk), which remains adhered tightly to theyopsis (outer seed coat) (Figure 1.1).

(A)

Figure 1.1 Black point symptomsA healthy barley grain (A) compared with a barlegig
showing black pointed symptoms (B).

1.2 Significance of black point

Black point is a serious but intermittent probleamAustralia, occurring most severely in
Queensland but also occurring in Western Austr&layth Australia, Victoria and northern
New South Wales. Barley is the second most widebyvg crop in Australia, with only
wheat occupying a greater area. Australia prod7c@d4 million tonnes of barley over an
area of 4.523 million hectares on average ovelasifive years (The Australian Bureau of
Agricultural and Resource Economics and ScienceARB 2011). Barley production is

important to the Australian economy with the anngeadss value of Australian barley
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estimated to be worth $1.974 billion in the 2010/4dason [Grains Research and

Development Corporation (GRDC 2010)].

Barley production can be divided into two main gatges: Feed grain, which is a
preferred grain for many feed lots and stockfeedufecturers and malt barley, which is
used in the production of beer and food productsil@\Australian barley production only
occupies 3% of the world barley production, the ttal&an malting barley trade accounts
for 30% of the world malting barley trade with th&jor competitors being Canada and
the European Union (Department of Primary Industriand Fisheries 2005).
Approximately 40% of Australia’s barley productienof malting quality. Black point is a
problem facing Australian barley producers, causindpwngrading of malting quality to
feed grade at recieval. Downgrading of malting quddarley due to black point has been
estimated to reach economic losses of 10 millioilado per year (Peter Sidlegersonal
communication Australian Barley Board Grain Ltd). With such ade proportion of
Australia’s barley production aiming for maltingadily, investigating the genetic basis of
black point is important. The identification of chaate genes and their incorporation into
breeding programs, will allow these genes to bgetad and resistance to black point
achieved. This would ensure maximum export of Aalstis malting barley and minimum
economic losses due to black point. Therefore, mgerstanding of the mechanism of

black point formation and how that might be manaped! is also important.

1.3 Proposed causes of black point

The literature on black point is unclear and oftentradictory, with suggested causes of
black point formation including fungal infection @Mdron 1934; Machacek and Greaney

1938; Southwelkt al. 1980; Reest al. 1984), environmental conditions (Waldron 1934;
2
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Reeset al. 1984; Conneet al. 1992; Fernandeet al. 1994) and potential biochemical
changes (Whitaker and Chang 1996; Walker and Fet888). The discoloration
associated with black point occurs in both wheat barley. The following section deals
with each of the proposed causes and the validigvimlence that has been published to

date.

1.3.1 Fungal infection

Research on black point initially focused on thesuasgption that the discolouration
associated with black point was the result of arg@apytic infection (Waldron 1934;
Machacek and Greaney 1938; Southwetl al. 1980) by fungi includingAlternaria
infectoria (Perellé et al. 2008), Bipolaris sorokiniana(Kumar et al. 2002), Fusarium
proliferatum (Conner et al. 1992; Desjardinset al. 2007) and most ofteilternaria
alternata(Southwellet al. 1980; Reegt al. 1984; Conner and Davidson 1988; Conner and
Kuzyk 1988; Cromey and Mulholland 1988; Elisal. 1996) Black point symptoms were
often described in relation to the mycelial densgityhe tissues affected (Reefsal. 1984).
However, many other fungi have also been associaitidgrain discolouration, including
Bipolaris, Epicoccum, Fusarium, Cladosporium, Sthglipm and Chaetomium
spp.(Machacek and Greaney 1938; Ressal. 1984; Conner and Kuzyk 1988)
Intriguingly, Hyde and Galleymore (1951) found thheé tip of the wheat grain had far
more fungal mycelium than the base (embryo end)ravidack point is observed. In
contrast, Bhowmink (1969) and Cromey and Mulholla(i®88) reported that the
symptoms of black point in wheat were due to a édangcelial mat at the embryo end of
the grain. In many cases the fungus deemed respengas also observed in healthy grain

or inoculation of the grain did not consistentlguite symptoms (Conner and Kuzyk 1988;
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Maloy and Specht 1988; Connet al. 1996; Ellis et al. 1996; Williamson 1997a;
Williamson 1997b; Desjardinst al. 2007) suggesting fungi is not responsible for blac

point formation.

Although early reports suggested that a fungus rhaye been involved in the
discolouration process, no evidence of any dirsspeaation between black point and
fungal infection has been provided (Jacobs andeRB®87; Bassort al. 1990; Elliset al.
1996). Direct association between the presencergfifand black point formation has also
been discounted by Williamson (1997a) after obsgna similar infection process fé.
alternatain both susceptible and tolerant varietielsese results have since been replicated
by Hadaway (2002) and Hudec (2007) who fowxternaria spp in both healthy and

black pointed grain.

1.3.2 Environmental conditions

Adverse environmental conditions appear to be #@s®ut with black point symptoms
(Waldron 1934; Reest al. 1984; Conneret al. 1992; Fernandeet al. 1994). Waldron
(1934) observed that high temperatures and low tom@isonditions were associated with
severe symptoms, whereas Rees (1984) reportednthiat conditions during grain filling
and ripening increased the incidence of symptonasvd¥er, the higher average minimum
temperature, higher rainfall and slightly highefatewe humidity at a coastal site in
Bundaberg, Queensland were shown to increase blaick symptoms (Talet al. 2010).
Prolonged ripening due to cold and frosts also apgp® increase the likelihood of black

point formation (Fernandeet al. 1994). Specifically increased temperature and s
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between grain development stages of milk and daygbear to be associated with an

increase in the incidence of black point in whéébgchiniet al.2006).

The influence of irrigation and precipitation oretimcidence of black point in spring wheat
has been investigated, with the authors concluthag) the incidence of black point was
strongly influenced by the amount of overhead atign applied during the milk and
mealy-dough stages (Conner 1987). Symptom sevkasy been reported to be largely
dependent on seasonal conditions and is most setinder irrigation (Madariaga and
Mellado 1988; Maloy and Specht 1988), also whemuent rainfalls and heavy dews
occur during kernel development (Southwetllal. 1980). Rainfall and the timing of the
rainfall may therefore be an influential factor Imack point formation. Interestingly
intermittent precipitation during grain developmémtreased symptoms in comparison to

once off heavy rainfall events (Petr and Capouclif)@il).

Black point appears to be a consistent problem vidaeley is grown outside of its natural
Mediterranean environment, where the grain usugdgns and dries rapidly in an almost
moisture-free atmosphere. Under conditions of iigimidity where ripening and drying is
prolonged, black point occurs at higher levels wiigtinct differences between susceptible
and resistant genotypes (Sulnmetral. 2001a). Given this evidence and the observatian th
black point tends to occur more readily in regiamgere the environment is humid at grain
fill (such as Queensland and northern New Southe®Jahumid conditions seem to play
an important role in the formation of black poihtumid conditions during grain fill may
trigger biochemical changes in the cell that subeatly induce black point formation.
Although research indicates that black point may limked to a combination of

temperature, humidity and rainfall, further reskaix required to identify exactly what
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environmental conditions are contributing to blas&int and if the timing of these

conditions contributes to severity.

1.3.3 Biochemical changes (enzymatic browning)

The induction of biochemical changes within theigia likely to result in the formation of
black point symptoms, which can be linked to enzyertarowning. Enzymatic browning is
a characteristic reaction of plant tissues subgette stressful conditions or wounding,
which involves the oxidation of phenolic compours polyphenol oxidase (PPO) and
peroxidases (POX) and the transformation of thelation products to brown or black
pigments, such as melanins (Whitaker and Chang ;1988ker and Ferrar 1998) and

quinines (Toméas-Barberan and Espin 2001).

Williamson (1997a) discovered a relationship betwbkck point susceptibility in wheat
and the presence of peroxidase isozymes. Perogidasd the phenols considered
necessary for the development of black point symptare also components of the barley
grain (Cochrane 1994b). Endogenous hydrogen pexofttlO,) which is essential for
peroxidation, has also been shown to be producefabkey germ aleurone cells. The
guinones formed as a result of phenolase activigy raghly reactive and give rise to
insoluble polymers by self-polymerisation or by densation reactions with compounds
such as proteins and amino acids (Barz and Ko$@t)] resulting in the discolouration
associated with black point. Although these enzymwed substrates are believed to be
involved in black point, the mechanism by whichytineay combine to create symptoms is

not clear.



Chapter 1: Literature Review

Stress conditions or disruptions, such as barleygermination, might bring the germ
aleurone peroxidases to react with phenols undgaineesnvironmental conditions during
grain filling and ripening (Cochrane 1994a). Anysrdiption of the immature caryopsis
under certain environmental conditions may alsm@rihese enzymes and substrates
together, giving rise to extensive melanisationd@ane 1994b). Williamson (1997a) has
also concluded that the symptoms shown in the foomaf black point in wheat is likely
to be an oxidized phenol resulting from the biocloatndisruption of the ripening process
brought about by stressful conditions. This woulg@Eort previous discussions that high
humidity at grain fill is linked to black point foration, bringing together the substrates
discussed in the oxidation of phenols to quinomes leence black point formation. Such
an interaction of substrates may well be occurdogng black point formation in barley

grain from susceptible varieties, thus suggestiggraotype x environment effect.

1.3.3.1 Enzymes and substrates involved in biocherai changes

The following section discusses the role of sulssranvolved in the oxidation of phenols
by peroxidase and polyphenol oxidase in the foromabf black point and redox status
during abiotic stress. Figure 1.2 outlines thgppeed model for enzymatic browning and

the subsequent formation of black point.



Chapter 1: Literature Review

Stress/Wounding

— y \

OZ-/HOZ'-
Synthesis LOX
Y
Superoxide Phenols
dismutase (SOD)
POX

oxidation BY
A PPO

Quinones

|

&
e

Browning

H.0,

Figure 1.2 A model illustrating the characteristicreaction of plant tissues subjected to
stressful conditions or wounding. This typically involves the oxidation of phenolic
compounds by polyphenol oxidase (PPO) and peroasgd@0X) and the transformation
of the oxidation products to brown or black pignger(Quinones). Production of
lipoxygenase (LOX) and superoxi@e,, HO, ) are also characteristic of plants subjected
to stress or wounding,, HO," is dismutated in the cell to hydrogen peroxided§) by
Superoxide Dismutase (SOD). Hydrogen peroxide ésl @ a substrate in the oxidation of
phenols by PPO and POX (Droillaedl al. 1987).

1.3.3.1.1 Reactive oxygen species and their removal

Reactive oxygen species (ROS) are products of niéwipgical processes occurring in
different sub-cellular locations, especially in tl&ygen-evolving functions of plant
chloroplasts and the mitochondrial electron transpgstem (Bowleret al. 1994). ROS
include superoxide and its protonated form perhygraadical (Q; HO,"), hydrogen

peroxide (HO.), and hydroxyl radicals (OH Plants have well developed defence systems



Chapter 1: Literature Review

against ROS, involving both limiting the formatiai ROS as well as instituting its

removal.

The abundant @ HO, is formed by univalent electron transfer tpadd can contribute to
the synthesis of the particularly damaging ‘O$b that control of this ROS is essential
(Halliwell and Gutteridge 1989). Oltan cause DNA mutation, protein denaturation and
lipid peroxidation (Liuet al.1999). The dismutation of HO, results in the formation of
H,0,. Peroxidases and catalase are oxygen scavengeifigiid et al. 1987) and catalyse
the reaction that degrades® to water. The fact that 4@, is essential in the oxidation of
phenolic compounds by peroxidase, suggests th@s ebuld be a rate-limiting factor in

the formation of black point.

Within a cell, superoxide dismutase (SOD) consiuthe first line of defence against
ROS. SOD catalyses the dismutation @f BO, to H,O,. Without catalysis by SOD this
reaction is relatively slow, but with catalysis 8@D it proceeds at an extremely rapid rate
(Bielski et al. 1985). The role of SOD is to remove (B0, before it reacts with 4D, to

form the reactive species OH-

Experiments conducted by (Hadaway 2002) found tapmnty of barley varieties analysed
showed an increase in SOD activity in black pointadley grains compared to healthy
barley grains. Increased levels of SOD could ingicn increase in the level of,®b
through the dismutation of QHO,’, required in the oxidation of phenols to quinoaed
hence black point formation. However no one hasned measuring ROS in black

pointed grain.
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1.3.3.1.2 Lipoxygenase (LOX)

Lipoxygenase is an iron-containing protein whichtabges a direct reaction of
polyunsaturated fatty acids with oxygen to give &Bd 9- hydroperoxides. LOXs are
normally present in the seeds of plants where #reyinvolved in mobilisation of storage
lipids during germination (Feussnetral.2001). LOXs have been shown to play important
roles in seed germination and seedling growth awldpment (Tergt al.2006), defence
against wounding or pathogens and during senesc€desiow 1991). LOX gene
expression is regulated by different forms of syessich as wounding, water deficiency or
pathogen attack (Porta and Rocha-Sosa 2002). Aalypmsponse of a stressed plant is the
production of HO,, which in turn results in an increase of LOX aityi{Porta and Rocha-

Sosa 2002).

In the case of black point, stress or woundingedisanay occur due to the high humidity
at grain fill resulting in an oxidation reaction ienols to quinones which requiregdi

The plant stress response of an increase,®, Has been shown to be associated with an
increase in LOX activity, suggesting LOX could Issaciated with black point formation

through the plant’s response to stress/wounding.

1.3.3.1.3 Phenols

Phenylalanine ammonialyase (PAL) is a wound-indusezyme that initiates an increase
in the concentration of phenolic compounds, ferdmd and p-coumaric acid from
phenylalanine (Michalowitzt al. 2001). In rice PAL has been shown to be expressed

response to different stress stimuli (Sarma andr&ha999). PAL gene expression in

10
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wheat has been shown to be up-regulated in resgonsad stress (Gaudet al. 2003),
however whether the stress of humidity previousigogiated with black point formation

(Tahet al.2010) affects the regulation of PAL remains talb&ermined.

Phenols are natural components of healthy graircti@me 1994b) and the release of
phenols from damaged plant tissue is well docuntemted is a likely outcome when
pericarp cells are crushed during grain filling aipeéning. A study by Michalowitz (2001)
found there was up to a 60-fold increase in ferahc p-coumaric acid in the husks of
black point-affected barley grain compared to hgaljrain. These results suggest that
PAL activity increases with black point formatiomdacould also be rate limiting. In
contrast, the tissue covering the embryo in blackted wheat had reduced levels of
ferulic and p-coumaric acid (Michalowitzt al. 2001). This indicates that other phenols

may be involved in black point formation in wheat.

1.3.3.1.4 Peroxidases

Peroxidase is a heme-containing enzyme usuallyceded with wound-healing processes
such as lignification. Peroxidase performs sindggeteon oxidation of phenolic
compounds in the presence of@4 (Dunford 1991). Germ aleurone peroxidases apear t
be involved in the germination process of barley dney react with phenols during
germination (Cochrane 1994a; Cochrane 1994b). Sul{@@01b) have suggested that the
level of peroxidase in mature barley kernels otalieties analysed was sufficient to cause
black point and differences in substrate oiOkHmay be the factor that distinguishes
between resistance and susceptibility, wittOprequired in the oxidation of phenols to

quinones and black point formation.

11
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Hadaway (2003) found that the activity of peroxalanzymes increased during grain
development. Additionally, peroxidases with a higlsoelectric point have only been

found in susceptible varieties to date (Hadaveayal. 2003). Mak (2006) investigated

differentially expressed proteins in black poinfeated and black point free grains.

Enzymes involved in phenolic compound metabolisd paroxidases were found to be
differentially expressed between germ and endospean fractions, with the percentage
of ‘stress’ proteins greatest in the black poirdathples (Malet al. 2006). Similarly using

a proteomics approach March (2007) identifiédedBP1 as present in black pointed grain
and not healthy grain of the susceptible varietgpf. Peroxidases are therefore likely to
be involved in black point formation in barley aridrther understanding of the

environmental factors triggering black point formoat peroxidase gene expression and

regulation will contribute to our understandingotdick point.

1.3.3.15 Polyphenol oxidases

Polyphenol oxidase (PPO), a copper containing hogtaitein, catalyses the oxidation of
phenolics to quinones which make brown pigment&@ninded tissue (Kinet al. 2001).
Browning in fruit and vegetables, such as lettuce potato, is initiated by the enzymatic
oxidation of phenolic compounds by PPOs (Martined &Vhitaker 1995). Monophenol
mono-oxygenase (tyrosinase), diphenol oxidase dbateoxidase), and laccase which are
common PPOs oxidise mono-phenols (o-diphenols ailiphenols) using molecular
oxygen. The oxidation of these phenols resultshi formation of the highly reactive

guinones, and possibly black point formation. PP&s wot examined in this study as it

12
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was examined by Hadaway and Ablmgublished dafeand no differences were identified

in PPO suggesting there may be a different mechmaimgolved.

1.4 Candidate genes in black point formation

Applying what knowledge there is about the bioclamhevents that may occur during
black point formation (section 1.2.3), we can spateuthat the candidate genes involved in

these processes may include SOD, POX, PAL and LOX.

1.4.1 POX genes

The literature has clearly indicated that the fararaof black point is associated with the
oxidation of phenols by peroxidases (Williamson 2&®&9Williamson 1997b; Hadaway
2002), most likely those with a basic isoelectranp (Hadaway 2002; Hadawast al.

2003).

There are a number of peroxidase genes that hasm ddened and sequenced that are
found in grain and germinating tissue. These inelBB1 (Rasmusselet al. 1991),BP2
BP2A (Theilade and Rasmussen 1992)x7 (Kristensenet al. 1999), and”rx8 (Thordal-
Christenseret al. 1992).BP1 has been characterised and found to be highlygispecific,
occurring maximally in the endosperm 15 days dit@rering (Rasmussert al. 1991).
BP1 was identified as being differentially expressedween barley varieties differing in
black point susceptibility (March 2003). Expressioh BP1 was observed for one
developmental stage longer in susceptible varietagaining expressed until soft dough

in susceptible varieties and only until late milk folerant varieties. BP1 was also

13
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identified as more abundant in black pointed gréiviarchet al.2007) than healthy grains

further supporting its potential as a candidateegarblack point formation.

Prx7 has also been identified as being differentiakpressed between barley varieties
(March 2003).Prx7 was expressed at a consistently high level inkbfaint susceptible
varieties towards the end of grain developmBnt7 andPrx8 have also been shown to be
upregulated in emerging coleoptile tissue whenufaded with powdery mildew fungus or
by wounding of epidermal cells (Kristensenal.1999).Prx7 is localised in the vacuoles,
while Prx8 is localised in the cell walls of mesophyll cellsesumably to crosslink
phenolic compounds to inhibit fungal penetratiortref cell wall (Kristenseet al. 1997).
The high expression of peroxidases towards theaérgrain development is consistent

with a role in the oxidation of phenols and henleelk point formation.

Plant development and environmental changes, ingubiotic stress, are often followed
by dramatic changes in peroxidase activity andhm number of isoenzymes present in
specific tissues (Kristenseat al. 1999). This could indicate that the differentigpeession

of peroxidase genes observed is due to environinfaatrs, such as humidity, that are

known to be associated with black point.

1.4.2 LOX genes

The occurrence of LOX enzymes in cereal grain reenbwell documented, with barley
containing two distinct isozymes, LOX 1 and LOX Rogereret al. 1992). LOX 2 is
present in the early stages of grain developmehgrgas LOX 1 accumulates during the

later stages of grain development (Schmitt and Maohelen 1997).

14
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LOX gene expression is regulated by different fowhstress, such as wounding, water
deficiency or pathogen attack (Porta and Rocha-2062). The literature has indicated
that black point is likely to be associated witfoam of stress or wounding, indicating that
LOX could be involved in black point formation. WitOX 1 accumulating later in grain

development, when black point forms, there couldabeorrelation between black point

formation and LOX-1 accumulation.

Porta and Rocha-Sosa (2002) have reported an secned OX activity in association with
the production of hydrogen peroxide in responssttess or wounding. With hydrogen
peroxide required in the oxidation of phenols ttnques and hence black point formation,
this could indicate that LOX is involved in the fioation of black point through the

oxidation reaction.

1.4.3 SOD genes

SOD catalyses the dismutation reaction that resoltthe formation of HO, from O,
/HO, Barley germ aleurone cells are able to producegenbus HO, (Cochrane 1994a)
required for peroxidation to take place. Four aas®f SOD have been identified,
containing either a dinuclear Cu/Zn or mononuckear Mn or Ni cofactor (Whitaker and
Chang 1996). Typically, MnSOD is mitochondrial, &3 is plastidic, mitochondrial, or
peroxisomal; and CuzZnSOD can be plastidic, cytasoli peroxisomal (Bowleet al.

1994).

Hadaway (2002) observed that an increase in SORitgawithin the barley grain may be
associated with black point formation. Initial fings by March (2003) were inconclusive

with respect to whether SOD gene expression iscaged with the development of black

15
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point. In susceptible varieties, there were, higheels of expression of FeSOD transcripts
during later stages of grain development but MnS@43 expressed at high levels in all
varieties during grain development, and CnZnSODresgon was down regulated

towards the end of grain development.

1.5 Identification of candidate genes for black pait tolerance

The candidate genes discussed above may be invmvadck point formation based on
the assumption that the gene expression diffensdmsgt susceptible and tolerant varieties
(especially during grain fill). These candidate gerare also regulated by environmental
factors often associated with black point formatidime following section deals with

identifying regions of the genome that control ontribute to black point formation.

1.5.1 Mapping studies and proposed QTL for black pat

Quantitative trait loci (QTL) have been identifitad black point in barley using a doubled
haploid (DH) mapping population. Severity of blapkint can be measured by visual
assessment of a sample of grains and scored a#g asrdescribed by Hadaway (2002). A
preliminary study using the DH populations of Attepix Franklin and Sloop x Alexis

identified QTL associated with black point toleraran chromosome 2H (Hadaway 2002).

Black point has also been investigated in wheatgu€lH mapping populations derived
from Sunco x Tasman and Cascades x AUS1408, meguhi the detection of QTL on
chromosomes 2B and 2D respectively (Williamson 2008is group of chromosomes is
largely homologous with chromosome 2H in barley (@eet al. 1993). More recently

QTL for black point tolerance have been further pepin the Sunco x Tasman and
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Cascades x AUS1408 populations, identifying QTLchromosomes 1D, 2B, 3D, 4A, 5A,

7A and 2A, 2D, 7A respectively (Lehmensiekal.2004).

Similarly in barley the genetic regions associatgth black point tolerance in the F2
population, Valier/Binalong, was investigated. Qtantributed by the tolerant variety
Valier, were detected on 2HS, 2HC, 3HL, 4HL and Qddntributed by the susceptible
variety Binalong were detected on 5HL (Tethal.2010). QTL in seven barley populations
controlling kernel discolouration in barley hascalseen investigated using brightness,

redness and yellowness to identify QTL on 2H, 3H, 8H and 7H (Liet al.2003).

Comparative-mapping techniques have been employtdbarley (chromosome 2H) and
rice (chromosome 7), to identify candidate geneféenchromosome region underlying the
black point QTL on 2H in barley (Marcét al. 2008). Bacterial artificial chromosomes
(BACs) and phage artificial chromosomes (PACS) ioé rsequence information were
aligned to give a consensus sequence that washedaagainst barley expressed sequence
tags (ESTs) to specify candidate genes. A numbecaodidate genes thought to be
associated with black point were identified, inechglgenes encoding POX, LOX, PAL
and a quinone reductase (QR) (Maethal. 2008), confirming potential involvement of our

candidate genes in black point formation

1.5.2 Other candidate gene identification techniqse

Genetic data sets and associated mapping popudgtiavide a powerful resource for the
cloning and analysis of genes controlling grainedepment and the properties of mature

grain (Milligan et al. 2005). A number of techniques have been emplogedtientify
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candidate genes involved in a given pathway ot.t@enetic loci have been discussed
(section 1.5.1) where the quantitative trait (blgcknt) has been mapped to associated
markers and QTL identified but only Mareh al has identified candidate genes using a
comparative mapping technique (Mareh al. 2008). However, the genes can only be
associated with the proposed model for black pfmmnhation (Figure 1.2) and a role for

them in black point has not been proven.

Bioinformatics-based approaches such as that ugddaoch (2008) are frequently used
for subdividing genes within QTL intervals into ethate groups of highly probable
candidates. This has been successfully done inuBgpiants studying cell wall traits
resulting in a manageable set of genes with knomeh @utative cell wall biosynthesis
function (Ranjaret al. 2010) Arabidopsisthaliana like barley, as a model organism for
seed plants, is a suitable target for QTL studiestd the availability of highly developed
molecular and genetic tools, and the extensive keaye accumulated on the metabolite
profile (Brotmanet al. 2011). Similar to mapping QTL, levels of transtrgmd protein
abundance have been mapped to identify genomictotrolling the observed variation in
MRNA and protein levels, generating expression QFQTL) and protein QTL (pQTL)
(Schadtet al. 2003; Keurentje®t al. 2007; Wentzellet al. 2007; Fuet al. 2009). The
eQTL approach in barley has yielded informatiort tled to the identification of strong
candidate genes underlying phenotypic QTL for tasise to leaf rust in barley and on the
general pathogen response pathway hence facigjtaisystems appraisal of this host-
pathogen interaction (Chezt al. 2010). Similarly Potokina (2008) successfully undek
genome-wide analyses of transcript abundance byLe@dpping in barley. Generally
eQTL studies in the literature have used microartaghniques. Microarrays and

macroarrays offer a technique for screening theesgmon profile of very large numbers of
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genes simultaneously with both types of arrays wsexdudy grain development in cereals

(Milligan et al.2005).

Proteomics has also been used to identify candgiaies for a number of plant processes.
Using proteomics, barley peroxidase 1 (BP1) wasidoto be more abundant in black
pointed grain (Marchet al. 2007) than healthy grain, supporting a potentaé rfor
peroxidases in black point formation. Similary pedases were found to be differentially
expressed between germ and endosperm bran fractetis the percentage of ‘stress’

proteins greatest in the black pointed samples (dtait. 2006).

Candidate genes for black point formation may noly ccontribute directly but also
include candidates that prevent germination andndmg. Black pointed grain has been
shown to have started germination and to have ase alpha-amylase levels (Hadaway
and Able, unpublished dafa Further evidence for the link with black poimidathe
germination pathway was presented by March (20@éntifying an late embryogenesis
abundant (LEA) protein in healthy grain but notdil@ointed grain, suggesting that grains

have entered the germination process where LEAuslly degraded.

A clear genotype x environment interaction alsouosavith humid conditions at grain fill
being associated with the formation of black pgBaimanet al. 2001a; Moschinget al.

2006; Tahet al. 2010). The question therefore arises as to whekigeregulation of gene
and protein expression is affected by the envirantaleconditions proposed to favour

black point formation
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1.6 Identifying regulatory factors contributing to black point

Physiological knowledge of black point as well asnparative mapping techniques of a
known putative QTL on chromosome 2H has identifedumber of candidate genes in
black point formation. Differential gene expressa@iermines the development of a plant.
Each gene exhibits a specific temporal and spaxjptession pattern and level, resulting in
each tissue expressing a unique set of proteinplébDeke et al. 2004). Although
differential expression can be regulated at diffesgeps, including protein synthesis and
protein and mRNA degradation, it is widely appresih that developmental gene
expression patterns are predominantly establishedealevel of transcription regulation
(Lee and Young 2000). Specifically, differential nge expression is controlled by
regulatory transcription factors that binddis-regulatory DNA elements, often located on
or near a gene’s promoter (Deplanekel.2004). These regulatory DNA-binding proteins
function astrans-acting activators of transcription, stimulating Rolymerase catalysed
transcription, or in some instances heterodimerkamer complexes that are formed by
two or more different proteins that bind to tbis-acting element before a gene can be
transcribed (Zheet al.2003). Thus the regulation of differentially exgged genes in black

point formation could be a single transcriptiontfe®r involve a complex series of events.

Black point has been strongly linked with enviromta¢ stress and a possible wounding
mechanism (Figure 1.2). Transcriptional controltieé expression of stress responsive
genes is a crucial part of the plant’'s responsstress (Singlet al. 2002). Transcription
factors interact witltis-elements in the promoter regions of various abistiiess related
genes and thus up-regulate the expression of nengndary responsive genes resulting in
abiotic stresses tolerance (Agarwal and Jha 20A0yumber of cis-elements and

corresponding transcription factors Amabidopsis thalianahave been identified that are
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important for regulating the plants response teesstrincluding: AP2/ERF (apetala
2/ethylene responsive factor), basic leucine zipdé-ZIP (homeodomain leucine zipper),
MYC (myelocytomatosis), MYB (myeloblastosis), WRKahd different classes of zinc
finger domains (Shinozaki and Yamaguchi-ShinozaB@® Pastori and Foyer 2002).
MYB proteins have been linked to plant responsesultoa-violet light, wounding,

anaerobic stress and pathogens (Rushton and Somk3#8). ERF genes have been
shown to be regulated by cold, drought, pathogéeciion and wounding (Singh et al.
2002). WRKY family members have shown enhanced esgion and DNA binding

activity following induction by a range of pathogendefence signals and wounding
(Eulgem et al. 1999). If wounding and stress ilmed in black point formation, these

transcription factors may therefore play a role.

Understanding the transcription factors involvedha regulation of genes that affect the
outcome of black point formation will be importantour knowledge of the trait. Similar
to mapping QTL, the literature has identified thieilisy to use levels of transcript
abundance to identify genomic loci controlling thieserved variation in mRNA (eQTL).
This would allow the identification of candidat@sthe regulation of black point formation
as completed for the trait itself by March and eafjues (2008). Potokiret al (2008)
successfully used Affymatrix microarray to studyngme wide gene expression and
identify eQTLs in barley. Furthermore eQTL thatukxie gene activity can be correlated
with QTLs identified for traditional phenotypic it& to provide additional clues to the

genetic basis of quantitative genetic variatiorhgditet al. 2003; Hubneet al. 2005).

A powerful method, Yeast one-hybrid (Y1H) has beeed to identify-protein DNA

interactions (Bartel and Fields 1995; Zkt al. 2001). This technique allows the

21



Chapter 1: Literature Review

investigation of regulatory regions of the candedgénes and the identification of proteins
(usually transcription factors) involved in the gé&n regulation. The method has
successfully identified transcription factors inved in a gene’s regulation in wheat (Shen
et al. 2003; Lopatoet al. 2006), rice (Zhuet al. 2003), barley (Mulleret al. 2000) and

parsley (Cormaclet al. 2002). Understanding how the candidate genesvedoin black

point formation are regulated through genomic regiovolved in the gene’s regulation
(eQTL) and candidate genes (Y1H) could be an effeapproach for understanding the
trait and environmental stress responses involFadhermore genetic modification of the
identified transcription factors may be a tool mhancing the tolerance of barley varieties

to black point.

1.7 Research justification

Black point has been proposed to be of a biochdmatare and that more specifically an
enzymatic browning reaction causes the discolaumaffhis reaction is characteristic of
plants subjected to stress or wounding. The woundiiggers a reaction in which an
interaction between peroxidases and phenols mal tledhe discoloration observed. A
number of genes have been identified as candidatddack point formation based on a
model for enzymatic browning (Figure 1.2). The deta and mapping of a QTL for black
point has also allowed the identification of caradedgenes through comparative mapping
between barley and rice (Marehal.2008).

Research described herein therefore aimed to:

1. Determine the environmental conditions that indudack point by
simulating the environmental conditions thoughtirtduce black point within controlled

conditions, incorporating high humidity. Environni@ndata from field sites over a period
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of 4 years aimed to confirm the required environtakronditions while black point
scoring was used for determining areas of the genaontributing to black point
formation via quantitative trait loci (QTL) mappin@he potential role in timing of grain
fill on black point formation was also analysedotigh assessment of the effect of planting
date on the incidence of black point. Chapter Zudless this research while the majority of
this chapter was published in 2008 in the Austnallmurnal of Agricultural Research

(Walkeret al.2008)

2. Determined the expression of a number of candidetees in susceptible
and tolerant cultivars during grain fill (Chapter. Beroxidase gene expression has been
shown to be expressed for longer in susceptibleetv@s during grain fill (March 2003),
while QR, LOXandPAL have also been shown to be potential candid&esearch aimed
to characterisélvBP1, HvPrx7, HVPAL, HVQR andHvLox1 gene expression during grain
development in cultivars of varying susceptibibti¢o black point. Differential gene
expression between susceptible and tolerant cudtivaay allow for a potential breeding
target in the future. When differential expressiwas established, gene expression was

further examined within healthy and black pointediigs.

3. Determine areas of the genome contributing to diffeal expression of
candidate genes for black point formation by conmgrQTL mapping and fine mapping
with gene expression data (Chapter 4). This rebeherefore aimed to identify eQTLS or
areas of the genome contributing to gene expredsiogenes found to be differentially
expressed. Candidates were also mapped to a choamb#ocation in the barley genome
to enable identification of whether eQTLs waris- or trans-acting. If transregulatory
mechanisms were identified, comparative mappindistubetween barley, wheat and rice
allowed the identification of candidate regulatdagtors (such as transcription factors)

potentially involved in the genes’ regulation.
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4. Determine potential regulatory mechanisms for odatgis identified as
differentially expressed between tolerant and <sufde varieties (Chapter 5). This
component aimed to firstly determine if susceptipils correlated with differences in
regulatory elements by analysing the promoter regiof candidate genes in the
susceptible variety Sloop and tolerant variety AdexSecondly, the research aimed to
identify transcription factors that might regulagene expression by using Y1H screening.
Although the regulatory networks of the candidataes identified have not been explored
to date, an understanding of how these genes ardated will be a major step in
increasing our knowledge of the mechanisms invghatbwing for the breeding of
tolerant barley varieties. Knowledge of the rolerahscription factor genes in black point
formation also provides a valuable tool for the mpalation of plants. Tolerant varieties
are needed in order to reduce the losses for gepwdrich in turn would ultimately lead to

an increased market share for Australia’s maltiaddy industry.
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Chapter 2: Black point: the environment and QTL

Chapter Two. The association of environmental contlons with black

point formation and the identification of QTL

2.1 Introduction

Given that no direct association between blacktpaia fungal infection in barley (Jacobs
and Rabie 1987; Bassat al. 1990; Elliset al. 1996) or wheat (Williamson 1997a) has
been found, the involvement of fungi in black poilermation has generally been
discounted.However, there has been a suggestion that blackt pesults from the
induction of enzymatic browning during exposure tmfavourable environmental
conditions during grain fill (Williamson 1997b). &idases from the germ aleurone have
been shown to react with phenols when cellularugigson occurs (Cochrane 1994a). Any
disruption of the immature caryopsis may also brithgse enzymes and substrates
together, giving rise to extensive melanisation q@ane 1994b). Environmental
conditions at grain fill may therefore be linked ttee associated enzymatic browning
process and black point formation through disruptid cells at the embryo end of the
grain. The accurate establishment of which enviremia conditions can be considered

unfavourable is therefore critical to ensure uni@erding of black point formation.

In Australia, the incidence of black point in wheaid barley crops is variable and seems
to depend largely on seasonal conditions, althdbgbke conditions have not been clearly
established. Prolonged ripening due to cold andtdrtnas been reported to increase the
likelihood of black point formation in durum whe@&ernandezt al. 1994). An early study
associated high temperatures and low moisture tiondi with severe symptoms in
common wheat (Waldron 1934), but other evidences¢fee al. 1984) indicated that the

occurrence of moist and humid conditions duringrgfdling and ripening increases the
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intensity and frequency of black point in commoneat: Limited evidence that high
humidity contributes to black point formation (Samet al. 2001a; Hudec 2007) and

kernel discolouration in barley (let al.2003) has also been provided.

Even though there is some evidence that varietiediftering maturities vary in their
susceptibility to black point formation, there haveen limited genetic studies on black
point in barley. Recent research has detected atare trait loci (QTL) affecting black
point in two populations of wheat, a Sunco x Tasidanved population and a Cascades x
AUS1408-derived population (Lehmensiekal.2004). In barley, QTL have been reported
for kernel discolouration (de la Penatal. 1999; Liet al. 2003) but not specifically for
black point. Given the current confusion over cotigecategorising and separating the two
discolourations as two distinct categories, whetiheise QTL affect black point is not
known. Mapping of QTL that affect black point fortiwa in barley will permit
comparison with genomic regions that have been rtegpoto contribute to kernel
discolouration and genomic regions identified in eah However, given that the
environmental conditions that contribute to blacknp are not well understood, there is a
need to identify the environmental conditions todide to replicate black poim vitro.

This would allow more comprehensive genetic stuthdse undertaken.

The research presented in this chapter (and in &/atkal. 2008, Appendix 4), therefore,
aimed to simulate the environmental conditions giduto induce black point within
controlled conditions, incorporating high humidifihe conditions responsible for black
point formation at 2 South Australian field sitegep 5 years were investigated and the
areas of the genome contributing to black pointnition determined via quantitative trait

loci (QTL) mapping of black point scores. Furthermanvestigating the potential role of
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timing of grain fill on black point formation was\vestigated through assessment of the

effect of planting date on the incidence of blackp

2.2 Materials and methods

2.2.1 Simulation of humid conditions for black poin formation

To examine whether black point can be induced uhderid conditions, barleyHordeum
vulgareL.) plants were grown within a glasshouse whetleeeia humid environment (70
to 80% relative humidity) or a non-humid environmgd0% relative humidity) was
established during the grain fill period. The sysitde varieties Sloop and Keel were
grown as well as the tolerant variety Alexis, witre replicates of each variety planted for
use in each environment. The experiment was regpeatgce in each controlled
environment. Plants were grown in a University @fifornia soil mix (Baker 1957), in a
glasshouse under natural light at the Waite Campiushe University of Adelaide
(Adelaide, South Australia, latitude 34°56"S, Idnde 138°36"E). An average glasshouse
temperature of 22°C = 3°C was maintained. Plantseevwand-watered every second day
until anthesis, between Zadoks’ stage 60 (beginafranthesis) and 65 (mid-way through
anthesis) [Zadoks’ scores determined as per (Zadbkal. 1974)]. Plants were then
separated into humid (Figure 2.1) and non-humid gandard glasshouse) growing
conditions. Humid conditions were maintained by lesiag the plants with plastic
sheeting and the use of overhead misters (Figd)e Misters were turned on for 15 min at
4 h intervals until towards the end of grain depetent (Zadoks stage 91) when the
interval time was increased to 8 h to allow graimdty and mature. Relative humidity was

monitored using a thermo-hygrometer clock (Digitandel # 241/Y 5189).
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Figure 2.1 Simulation of humid conditions during gain fill in the glasshouse.Plants were
grown in humid conditions (70-80%) after anthediadoks’ stage 60) by enclosing plants with
plastic sheeting and addition of overhead mistdrghvwere run for 15 min at 4 h intervals until
maturity (stage 91) (Zadolet al.1974).

Because issues with fungal infection and poor gfiflioccurred in the humid conditions
created in the glasshouse, a growth chamber wasuakd to simulate humid conditions.
Plants were either grown in a Bigfoot growth chamfi&gfoot Model # GC-20, Econair
Ecological Chambers Inc., Winnipeg, MB Canada)ttf@ir entire lifecycle or grown in the
glasshouse environment until anthesis and thereglat®to the chamber at anthesis. The
chamber conditions involved a cycle of 13 h lightldll h dark at 28°C and a relative
humidity of 80%. These conditions were set dudeolimited space availability within the
Bigfoot chamber. The same varieties and five repdis for each variety (n=5) were used

in the chamber experiment as for the glasshouse.
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2.2.2 Plant material for field trials to study black point formation

Environmental conditions necessary for black point formation and the mapping of QTL
were studied in the field. The varieties Alexis and Sloop, as well as Arapiles, Barque,
Baudin, Fitzroy, Franklin, Gairdner, Golden Promise, Keel, Mundah, Schooner, Sloop SA,
Sloop Vic and VB9935 were grown at Port Wakefield (138°8" E, 34°11" S; near Adelaide)
in 1999/2000 [provided by South Australian Research and Development Institute (SARDI)
stage 4 trials, courtesy of Rob Wheeler, SARDI] and Hatherleigh (140°16" E, 37°29" S; in
south-eastern South Australia) in 2001/2002, 2004/2005, 2005/2006 and 2006/2007

(Figure 2.2).

NOTE:
This figure/table/image has been removed
to comply with copyright regulations.
It is included in the print copy of the thesis
held by the University of Adelaide Library.

Figure 2.2 Sites in South Australia where barley was grown to assess for black point
formation. Port Wakefield (Trial site 1) and Hatherleigh (Trial site 2) are marked in yellow. Sites,
from which, weather data was available from the Australian Bureau of Meteorology (Price, Robe
and Mount Gambier) are marked in red. Image generated using Google Earth (version 4.3).
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Based on previous experience (Trent Potter, SARi2ksonal communicatign the
conditions at Hatherleigh were expected to favdach point formation as trials were
planted slightly later than normal in order to gese the probability that there would be
high humidity during the grain filling period. Feekexperiments were planted in serpentine,
with the experimental design completely randomised.25 by 4.5 m, five-row plots. A
plot was considered to be one replicate. In thedZD5 and 2005/2006 growing seasons
five replicates (or plots) of each cultivar werangked except for Sloop and Alexis for
which 10 plots of each were planted. In the 1998902@001/2002 and 2006/2007 growing
seasons, cultivars were duplicated (two plots)febénces in black point susceptibility
between the parental varieties Sloop and Alexih@2001/2002 season (where Sloop is
susceptible and Alexis is tolerant) gave the bami®valuating 92 doubled haploid (DH)
lines derived from a cross between Alexis and Si@zpr et al.2003) in field experiments
at Port Wakefield in 1999/2000 and Hatherleigh @94£2/2005. The full DH Alexis/Sloop
mapping population was grown in the 2004/2005 fjplicate) and 1999/2000 season (in
duplicate) to use for QTL analysis of black poiobies. The full Alexis/Sloop population

was also planted in duplicate during the 2006/28€560n.

2.2.3 Phenotyping black point and maturity of fieldgrown material

Observations (the extent of discolouration) wei@rded and photographed to provide a
definition for black point and examine variation symptom severity. Black point
(observed as distinct discolouration at the emlanyd of the grain) was examined in five

samples of 100 grains for each plot in the fielalst

Because the environmental conditions during grdinafe associated with black point
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formation, how the grain stages vary between i@asetas determined. Grain stages in the
2006/2007 season were therefore recorded in eatla@tording to Zadoks’ growth stage,
by measuring maturity at time intervals over grélinfrom stages 71 (medium milk), 85
(soft dough), 87 (hard dough) and 95 (onset of ntgjuZadokset al. 1974) (Figure 2.3)
Meteorological data were then analysed during thdeeelopmental stages, which
corresponded with the months of November and Deeerfir each growing season at
Hatherleigh. Sampling times in the 2005/2006 seasbrach of the Zadoks’ stages
indicated that the maturity times were similar begw years. The Zadoks’ score for the
varieties grown at Port Wakefield was recorded r& time-point (36 October, 1999)

(data kindly provided by Mr Stewart Coventry, Theitérsity of Adelaide).

® 0 46

Figure 2.3 Zadoks’ growth stages for barleyBarley grain representative of medium milk (71),
soft dough (85), hard dough (87) and maturity @%®)shown (Zadokst al. 1974)

2.2.4 Weather observations at field trial sites

A Tinytag data logger (Hastings, Port MacquariewN&outh Wales) was used on site at
Hatherleigh in 2004/2005 and 2005/2006 to recondperature and humidity readings at
one hour intervals. In 2001/2002 and 2006/2007 aita tbgger was available on site but
data were available from regional weather statiopsrated by the Australian Bureau of
Meteorology (www.bom.gov.au) of which the two nesrécations to Hatherleigh are
Mount Gambier (140°46" E, 37°49" S) and Robe (189, 37°16" S) (Figure 2.2). The

2004/2005 data from the data logger were comparddmeteorological data (maximum
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and minimum temperature and humidity as well asn® and 3 pm temperature and
humidity in the 2004/2005 season and maximum amdmum temperature and humidity
in 2005/2006) from Mount Gambier airport (aero istat and Robe weather stations
(Appendix 1, Figure A1.1-A1.6). Temperature and ity patterns at Hatherleigh were
similar to those at Mount Gambier (Appendix 1, TEabMAl1l.1). Mount Gambier

meteorological data were therefore chosen for amalfor 2001/2002 and 2006/2007.
These data included minimum and maximum air tentpega measured in a shaded
enclosure at a height of approximately 1.2 m alibeeground, average relative humidity
(%) readings of synoptic observations taken atitérvals from 12 am and precipitation
as mm of precipitation to 9 am daily. No on-sits@lvations were available in 1999/2000
at the Port Wakefield site and therefore data wdaioed from the nearest BOM weather

station, which was Price (138°0" E 34°29" S) (Fegar2).

To further examine the weather data, they wereyardl by counting the number of days
on which: (1) the maximum was above 20°C; (2) theimum was above 10°C; (3) the
maximum humidity was above 90%; and (4) the minimmatative humidity was above
50%. The total extent to which the temperature edative humidity differed from the
nominal values for each of these categories was eddculated by summing the total
degrees above 20°C for the maximum temperaturetotiaé degrees above 10°C for the
minimum temperature; the total percentage above 8@%he maximum relative humidity;

and the total percentage above 50% for the minimalative humidity.

Using temperaturel] and relative humidityRH) measured daily at 9 am (when humidty

was at its maximum) during grain fill; saturatiompour pressure {g actual vapour
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pressure (@ and vapour pressure defictRRD) were also calculated as per equations 1 to 3

(Wanget al.2004).

17271
= 0.6108 exg ————— 1
& F{T + 237.3) @)
e~ (RH/100) x e kPa (2)
VPD =es & kPa (3)

2.2.5 QTL mapping

QTL for black point tolerance were either generatethg Windows QTL Cartographer 2.5
and QTLNetwork 2.0Composite interval mapping of black point scoreastfe two sites,
Port Wakefield (1999/2000) and Hatherleigh (200066&)0were treated individually using
Windows QTL Cartographer 2.5 (Bastenal. 2005) with significance threshold values set
at a genome-wide significance level of 0.05 usiff permutations. The marker map used
was an updated version of those previously repdidedhe Alexis/Sloop DH mapping
population (Barret al.2003; Willsmoreet al. 2006). All available marker information was
collated, the map order was reconstructed URIEGORD (Van Ot al.2005) and refined
through comparisons with the map orddxtained from a larger recombinant inbred line
(RIL) population (kindly provided by Greg Lott, SAR). The percentage of phenotypic

variation explained and allele contribution by e&HL was also estimated.

Because Windows QTL Cartographer did not allowdbmbined analysis of both years in
the two environmentsQTL analysis was also conducted by mixed linear posite

interval mapping (Yanget al. 2007) using the software QTLNetwork 2.0 (Yaegal.

33



Chapter 2: Black point: the environment and QTL

2008), which was the better package to analyse cthrebined data (in this case).
Significance thresholdsorresponding to experiment-wise significance lewd#l0.05 were

set using 10,000 permutations. The additive mdecef of QTL were treated as fixed and
the environmental effects and additive-environmlemmtteraction effects were treated as
random. QTL effects were estimated using a Bayemathod via 20,000-cycle Gibbs
sampling. For each QTL, heritability was estimated both additive and additive-by-

environment effects.

2.2.6 The effect of planting date on black point fanation

To determine whether maturity affects black poorthiation, the early maturing and black
point susceptible variety Sloop and the later miaguwvariety Alexis were planted at
different times in the 2005/2006 and 2006/2007 aeasit the Hatherleigh site. Plots were
hand sown in single rows, as 1.25 by 4.5 m plotshé 2005/2006 season individual plots
of Sloop were planted two weeks and one monthwiotlg the original planting date. Thus
allowing varieties to mature at comparable timeas.iidividual plot of Alexis was planted
2 weeks prior to the original planting date, andividual plots of Sloop were planted
either 2 weeks after or 1 month after the origplahting date. Grain was harvested, hand

threshed and scored for black point as per segtid3.

2.2.7 Statistical analysis

Data for black point scores were analysed with @r{8th Edn, Release 8.2, 2005, Lawes
Agricultural Trust, VSN International Ltd., Hemelekhpstead, UK) using one-way

analysis of variance (ANOVA) for each year's datal dwo-way ANOVA to compare
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cultivars across years. One-way ANOVA was also usecompare data from plots with
altered planting dates. Data fgdPD were analysed using one-way ANOVA to compare
values across years and sites. The least signifitHarence (LSD) at P = 0.05 was used to

test for significant differences between means

Correlations were calculated between the Hathdrlgigl site and nearby weather stations
at Mount Gambier and Robe for temperature and hitymoeasurements at 9am and 3pm,
as well as maximum/minimum temperature and humidithe 2004/2005 season. Due to
the lack of availability of 9 am/3 pm data in tH@08/2006 season, correlations were made

only for maximum and minimum temperature and hutyidi

2.3 Results

2.3.1 Defining black point symptoms

For grain grown in the field, black point was vis@d as brown-black discolouration
confined to the lemma and palea at the embryo énldeograin (Figure 2.4). Black point
was rarely observed in grain before the hard daighge of development (Zadoks’ stage
87, Figure 2.3). Symptom severity varied with re$pe the intensity of discolouration and
the extent to which the grain was covered by tlsealouration (Figure 2.4). Black point
was recorded when the discolouration was equalrtgreater than 1mm. Black point
formation appeared to occur randomly throughout iead and was not isolated to a

particular region of the head (e.g. top or bott¢daXa not shown).
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Figure 2.4 Grain displaying varying levels of black point sympoms from no symptoms (A) to
moderate (B) and severe symptoms (C). The varyahgue and the degree to which the grain can
be affected are shown.

2.3.2 Simulating black point in humid conditions

When barley was placed in humid conditions witlie glasshouse or in a growth chamber
during grain fill, neither environment was suitabide the healthy growth of barley nor was
black point induced. Barley plants grown within tmemid environment simulated in the
glass house displayed symptoms of a black mouéd afithesis and grain fill was affected,
with grain not forming properly (data not shownjm#arly, when barley was placed in a
growth chamber for its entire lifecycle, the comatis did not sustain healthy growth with
the majority of plants not heading and for thosat whd, grain fill did not occur. When
plants were added to the growth chamber upon asth#ack point formation was also not

induced.
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2.3.3 Black point has a genotypic basis

At the Hatherleigh site, black point symptoms oa tlariety Keel consistently exceeded
the 10% threshold with significantly higher levals 2001/2002 compared to those
observed in 2004/2005 and 2005/2006 (Table 2.1heOvarieties usually considered
susceptible to black point (including Barque, Scateo Sloop, Sloop SA and Sloop Vic)
also exceeded the 10% threshold in the 2001/208sbseas did Sloop Vic and VB9935 in
the 2005/2006 season. Some varieties includingd@eair Franklin, Mundah, Golden

Promise, Arapiles, Baudin and Alexis consistentipwged tolerance (with scores below
10%) across years and sites (Table 2.1). In twoir@mwments (Port Wakefield in

1999/2000 and Hatherleigh in 2004/2005), Alexis baphificantly more black point than

Sloop but where black point levels were generalighér (such as Hatherleigh in
2001/2002 and 2005/2006), the opposite was trueelJthe extreme weather conditions
associated with drought in 2006/2007 there werg ¥&wv symptoms, which provided a
basis for comparing weather data to years in wlektieme symptoms were observed

(such as 2001/2002) (Figures 2.5 to 2.9).
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Table 2.1 The incidence of black point (%) in barlg varieties grown at Port Wakefield (PW) in
1999/2000 and Hatherleigh (H) in 2001/2002, 200a%2@2005/2006 and 2006/2007. Where black
point scores exceed the industry standards of Y@ggties are considered susceptible (indicated in
bold). Within columns, means followed by the saratiel in superscript are not significantly
different (P>0.05, n=10 for 1999/2000, 2001/20021 &#006/2007, n=25 for 2004/2005 and
2005/2006 except for Sloop and Alexis in those yeshere n=50). * denotes an early to mid-
maturing variety.

Field trial location (year)

PW H H H H

Parent (1999/2000) (2001/2002)  (2004/2005)  (2005/2006)  (2006/2007)
Alexis 7.2 4.3%® 6.3° 7.0° 0.1%°
Arapiles 8.0% 1.6° 4.8° 0.1%°
Barque 3.3%" 23.3¢ 2.4° 7.5% 0.0
Baudin * 6.2%° 4.1° 6.6° 0.4
Fitzroy 9.4%" 0.0°
Franklin 5.3% 3.8° 0.6 1.7 0.0
Gairdner 2.2° 8.8° 1.0%* 152 0.0
Golden Promise 1.8° 4.7 0.1®
Keel* 9.0° 37.8 19.1 22.6 0.7
Mundah 7.8 1.8° 2.8° 1.0¢
Schooner* 1.72 22.3% 2.7% 3.5 0.0°
Sloop* 2.7° 17.8° 3.3% 8.7" 0.1%
Sloop SA* 28.5° 5.4 9.2 0.1
Sloop Vic* 24.2% 5.3 10.0" 0.4™
VB9935 6.6" 14.0' 0.0°
LSD 2.0 4.8 0.9 1.2 0.3

2.3.4 Environmental conditions associated with bldcpoint

Because attempts to simulate the humidity (whick w@ught to be a contributing factor
in black point formation) in the glasshouse or gtowhamber (section 2.3.2) did not
sustain the healthy growth of barley plants, theirenmental conditions associated with
black point formation at two field sites were detered. On-site weather data was not
available at Port Wakefield in 1999/2000 and Hdé#igh in the years 2001/2002 and
2006/2007. Data from the Price weather station w@ssidered representative for Port

Wakefield due to its close proximity and the presenf no other weather stations in the
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immediate vicinity. Mount Gambier was found to be most appropriate weather station,
representative of the Hatherleigh site (Appendi¥ibures Al.1 to A1.6) as per section
2.2.4. Maximum and minimum temperatures and humidére chosen for further analysis
because the 9 am and 3 pm data did not truly teflfex extremes of temperature and
humidity observed (Figures Al.1, Al1l.3, Al.5). Geheday-to-day maximum and
minimum trends for the weather station and Mounin@iar followed one another (Figures
Al.1, A1l.3 and Al.5). However, the maximum humidigta provided for Mount Gambier
were lower probably because the Mount Gambier nggdivere taken at 6 am rather than
at sunrise when maximum humidity is normally is it highest (BOM, personal
communicationh Thus, the maximum humidity may not be accurhtdeed there was no
significant correlation between the maximum hunyidit the weather station and those at
either site regardless of season (Table Al.l). Meekess, correlations generally
supported the visual assessment of graphs for tetiperature and humidity in the
2004/2005 and 2005/2006 seasons. For the 20045¥3on, temperature and humidity at
9 am and 3 pm were strongly correlated for the MdBambier aero station with the
Hatherleigh weather station (r = >0.8 for humidityd r =0.9 for temperature as per Table
Al.1) as were maximum and minimum temperatures @t36 and r = 0.87 respectively;

Table A1.1).

In the 2005/2006 season, strong correlations with Hatherleigh weather station for
maximum temperature were observed for both the M@ambier and Robe sites (r = 0.95
and r = 0.91 respectively, Table Al.1). Strong elatrons for minimum humidity were

also evident with the Mount Gambier station (r 82).Table Al1.1). Mount Gambier data
were therefore used for analysis as they were notosely correlated to the on-site

conditions.
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At Hatherleigh in 2001/2002 when black point synmpsowere most severe (Table 2.1),
the minimum humidity was generally high during ordill (Figure 2.5) while both
maximum and minimum temperatures were generally(Ielgure 2.5). When black point
was less severe in the 2004/2005 (Figure 2.6) laa@®05/2006 (Figure 2.7) seasons, the
maximum humidity during grain fill was as high as 2001/2002 but the minimum
humidity was generally lower, with higher temperati During the 2006/2007 season
(Figure 2.8), when few symptoms were observed, &aipres were higher and humidity
was generally lower than other years. Further,téchrain fall events occurred during the
grain fill period in 2006/2007 (Figure 2.8). In tyears when black point was apparent,
there were rainfall events of differing magnitudigring the grain fill period. In the
2004/2005 season significant rainfall events wdageoved consistently through the 60 day
grain filling period (Nov to Dec 2004), with latainfall observed at days 54 to 58 (Figure
2.6). In contrast during the 2005/2006 season alielvents were observed early in the
grain filling period from days 3 to 9, with smalWents on days 33, 38 and 43. The next

significant rainfall event was not until days 4@latv (Figure 2.7).

Varieties grown at the Hatherleigh site (2001/2002je grouped into categories based on
black point susceptibility in a problematic yearthMess than 5% black point (Figure 2.9
A), less than 10% black point (Figure 2.9 B) andager than 15% black point (Figure 2.9
C). A clear segregation in maturity can be madeveeh parental groups. The early
maturing varieties emerge as susceptible to blamktp(Figure 2.9 C) and the later
maturing varieties (Figure 2.9 A) tolerant. Thelgaainfall events appear associated with
the milk to soft dough stages of grain developmerdusceptible varieties (Figure 2.9 C).

Rainfall events occurred later, when the susceptialrieties had passed the hard dough
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stage (Figure 2.9 C) and the tolerant varietiegedrfrom late milk to soft dough (Figure
2.9 A). Late rainfall was also observed in 2001206 days 41 and 42 (Figure 2.5) which
is more than likely when susceptible varieties wloé progressing past the hard dough
stage of grain fill (Figure 2.9 C). A significarginfall event (>25mm) was also observed at
the Port Wakefield site on day 43 (Figure 2.10)t the grain fill stage could not be
estimated due to limited maturity information. Evem there is a clear difference in the
maturity of parents (Figure 2.10 C), thus suggesérclear difference in grain fill timing.
In addition, differences in maturity between vaestappeared similar between sites
(Figure 2.9 and 2.10 compared), with the only ekioegeing Barque. Barque is normally
susceptible to black point in appropriate condsgi@md this was reflected by its grouping
with early maturers at Hatherleigh. However, attR&akefield Barque was of similar
maturity to Alexis and Franklin and also had similavels of black point (Table 2.1,

Figure 2.9 C).
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Figure 2.5 Weather conditions during grain fill representative of Hatherleigh in the
2001/2002 seasorbaily rainfall; maximum and minimum relative huntidi(A); and maximum
and minimum temperatures (B) in November and Deeenfdr 2001. Data were collected from
Mount Gambier aero station (BOM).
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Figure 2.6 Weather conditions during grain fill at Hatherleigh in the 2004/2005 seasoaily
rainfall; maximum and minimum relative humidity ¢(Agnd maximum and minimum temperatures
(B) in November and December for 2004. Data wetkected from Hatherleigh (on-site weather
station).
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Figure 2.7 Weather conditions during grain fill at Hatherleigh in the 2005/2006 seasoaily

rainfall; maximum and minimum relative humidity ¢(Agnd maximum and minimum temperatures
(B) in November and December for 2005. Data weltkeced from Hatherleigh (on-site weather

station).
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2006/2007 seasorbaily rainfall; maximum and minimum relative huntigi(A); and maximum
and minimum temperatures (B) in November and Deeerfitr 2006. Data were collected from
Mount Gambier aero station (BOM).
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Figure 2.9 Association of maturity with black pointsusceptibility. Zadoks’ growth stages were
recorded on the"? 16" and 28' of November and the T2and 28' of December 2006 (days 2, 16,
28, 46 and 54). Each parent was categorised imoally <5% black point (A) (Alexis, Franklin),
<10% black point (B) (Arapiles, Baudin, Gairdneruiiah) and >15% black point (C) (Barque,
Keel, Schooner, Sloop, Sloop SA, Sloop Vic). Catiegowere formed based on a problematic year
(2001/2002) (Table 2.1).
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Observations of the Port Wakefield data, showedntagimum humidity was lower than
that measured at Hatherleigh in all years (Figul®) except in 2006/2007 (Figure 2.8)
where humidity was also mostly below 80% at HatighH. Temperatures were similar to
that of the 2004/2005 (Figure 2.6) and 2005/200§ufe 2.7) seasons at Hatherleigh. In
the 2001/2002 season where significant black psiotes were observed at Hatherleigh,
the maximum temperature did not exceed 30°C, itidgahat the lower temperatures
combined with the high humidity (not observed attR&yakefield) were associated with

black point formation.

To further analyse weather data across years aH#iberleigh site, each aspect was
categorised based on a set of arbitrary valuespieh.2.4). For the grain fill periods of
the 2001/2002, 2004/2005 and 2005/2006 seasonse(2&d) which were determined as
per section 2.2.3, the maximum relative humiditysvabove 90% for a similar number of
days. In 2001/2002, the total percent humidity &®80% for the grain fill period was less
than that of 2004/2005 (Table 2.2) while there wagreater number of days with a
humidity above 50% in the 2001/2002 season (wheid@mce of black point was highest)
compared to other years (Table 2.2). Both maximurd aiinimum humidity were
considerably lower in 2006/2007 (Table 2.2). Thenbar of days on which the minimum
temperature was above 10°C varied little betweemsyeHowever, the number of days on
which the maximum was above 20°C and the extemthich the maximum was greater
than 20°C, reduced with black point symptoms. 92002, when symptoms were
severe, the temperature exceeded 20°C on onlyys/atempared to 40 days in 2006/2007,
when only minimal symptoms were observed (Tablg.ZThis categorisation was not

analysed at the Port Wakefield site because with @me maturity point recorded during
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the grain fill period (section 2.2.3), an accunapresentation of the grain fill period could

not be made.
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Figure 2.10 Weather conditions during the months ofSeptember to November at Port
Wakefield in the 1999 seasorDaily rainfall; maximum and minimum relative huntigi(A); and
maximum and minimum temperatures (B) for the momthSeptember, October and November
(Days 0-91), 1999. Data was collected from the éPvieather station (BOM). Zadoks’ scores of
parents were recorded on thé"a® October 1999 (C).
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Table 2.2 Numbers of days during grain fill (in November ab@&cember) with maximum
temperature above 20°C, minimum temperature ab&€,Imaximum relative humidity above
90% and minimum relative humidity above 50% in 2@01/2002, 2004/2005, 2005/2006 and
2006/2007 seasons. Data were collected from Mouamnister for 2001 and 2006 and from
Hatherleigh for 2004 and 2005. Numbers in paremth@slicate the cumulative number of degrees
or percent humidity above these threshold valuesa Was derived from data presented in Figures
2.6 (A and B) to 2.9 (A and B).

Days with Days with Days with a Days with a
maximum minimum maximum relative minimum relative
temperatures temperature above humidity above 90% humidity above 50%
above 20°C 10°C
YEAR (total °C >20) (total °C >10) (total % > 90) tofal % > 50)
2001 17 (48.3) 17(25.2) 58(311) 41 (440)
2004 45(283.8) 18(44.8) 60(521.3) 33(421.1)
2005 51(326.4) 20(43.7) 55(440.1) 20(163)
2006 40 (267) 17(52.7) 38(187) 10(82)

Because there appeared to be a relationship betWksk point formation and the
occurrence of low temperatures with high humidityg VPD was also determined. Vapour
pressure deficit is a representation of the diffeee (deficit) between the amount of
moisture in the air and the amount of moisture aimecan hold when saturated (Prenger
and Ling 2000)VPD was significantly greater in years in which bladint formation was

minimal (Figure 2.11).
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Figure 2.11Mean vapour pressure deficit (kPa) for November@adember at the Port Wakefield
(P) and Hatherleigh (H) sites. Bars with similatdes are not significantly different. LSD=0.186 at
P<0.001

2.3.5 QTL identification

The mean black point scores of lines within the Bléxis/Sloop mapping population
grown at Port Wakefield in 1999/2000 and at HatkighH in 2004/2005 were distributed as
shown in Figure 2.12. In both of these environmemégther of the parents and very few of

the lines had black point scores exceeding the ttbéshold.
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Figure 2.12Frequency distribution of black point scores (repraged as a %) in the Alexis/Sloop
DH mapping population at Port Wakefield 1999/208) and Hatherleigh 2004/2005 (B). Tick
marks indicate limits of the frequency classescBlaoint scores for the parents, Alexis and Sloop,
are indicated.

Using black point data from the Port Wakefield gae which Sloop had less black point
than Alexis), QTL were detected on chromosomes 2, and 3H (Figure 2.13). Alexis
contributed to the QTL on chromosome 1H, which axm@d 14% of the phenotypic
variance while the Sloop allele contributed to &L on chromosomes 2H and 3H
explaining 16% and 11% of the phenotypic varianogeoved, respectively. Thearliness
per selocus €psl (Laurie et al. 1995) and the closely linked microsatellite marker

EBmac684 both fall under the QTL on 2H for Port \Wladd in 2000 (Figure 2.13). The
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QTL on chromosome 3H was also detected at Hatlgérlexplaining 17% of the
phenotypic variance, but the allelic effects wesgersed, with the allele contributed by
Alexis. Two other QTL were identified for the Hatlegh site (on chromosomes 2H and
5H) (Figure 2.13). The Alexis allele contributedtteese QTL on 2H and 5H explaining
15% and 14% of the phenotypic variance, respegtividie densolocus 6dw] (Baruaet
al. 1993; Laurieet al. 1993) and the closely-linked abg4 marker (Helléveglal. 2000)
also appear to be closely linked to the black p@mL identified on chromosome 3H at

the Port Wakefield and Hatherleigh sites.
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Figure 2.13 Likelihood ratio test statistics from omposite interval mapping of black point incidencen the Alexis/Sloop DH populationat Port
Wakefield, SA in 1999/2000 (bold line) and Hatherigh, SA in 2004/2005dashed line) showing QTL detected on chromosabhe2H, 3H and 5H.
Distances within chromosomes are displayed in g@mgans (cM). At each QTL peak, the allele contifyto tolerance is identified as coming from
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markers have been removed. The marker map is aategsersion of those previously reported for thexis/Sloop DH mapping population (Baat al.
2003; Willsmoreet al.2006).
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QTL network allowed for a combined analysis to ua® the two environments and
differing years. Two QTL were detected for blackinpo one on chromosome 2H
(QBptAISF2H) and one on chromosome 3QBptAISI3H) (Figure 2.14), resulting in
QTL in the same positions on chromosomes 2H anda8Hhe individual site analysis
using QTL cartographer. Additive by environmeneefs were important at both QTL. No
QTL epistasis was detected. ABptAISI2H, the additive by environment effect
accounted for 10.6% of the phenotypic variance evthe additive main effect accounted
for only 2.4% of this variance (Table 2.3). @BptAISI3H, the additive by environment
interaction effect accounted for 7.8% of the phgpiat variance while there was no
significant additive main effect (Table 2.3). AtrP®Vakefield in 1999/2000, the Sloop
alleles at both QTL contributed to tolerance. Atthdaleigh in 2004/2005, the allelic
effects were reversed so that the Alexis alleledrdmited towards tolerance (Table 2.3) in
a manner similar to the allele contributions in theividual site analysis. The position of
QBptAISI2H corresponds closely with that of aarlinessper selocus eps3 (Laurie et

al. 1995) and the closely linked microsatellite marEBmac684 while the position of
QBptAISI3H corresponds closely with tleensolocus 6dwl (Baruaet al. 1993; Laurie
et al. 1993) and the closely-linked abg4 marker (Helléwehl.2000). The QTL identified
on chromosome 3H was therefore consistent using emthod of analysis. Although the
QTL detected on chromosome 2H for the individualgsis at Port Wakefield was in the
equivalent position for the combined analysis,d4beond QTL detected at the Hatherleigh
site no longer exists. The effect of the combinedlysis resulted in the support interval

being reduced from approximately 50 cM (Figure 213 cM (Table 2.3).
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Figure 2.14 Linkage maps of chromosomes 2H and 3showing the positions of QTLdetected
using QTL Network as affecting the incidence ofcklgoint in a DH population of barley derived
from a cross between Alexis and Sloop (Batral.2003; Willsmoreet al.2006). For clarity, AFLP
markers are not labelled in this diagram.
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Table 2.3 QTL detected as affecting tolerance to &tk point in a doubled haploid population

of barley derived from a cross between Alexis andl&p. Positive effects indicate that the Sloop
allele contributed towards the tolerance, while airg effects indicate that the Alexis allele
contributed towards tolerance. * indicates effetttat are significant at an experiment-wise
significance level of 0.05

Quantitative trait locus

QBpt.AlSI-2H QBpt.AlSI-3H

Chromosome 2H 3H
Position 83.4 cM 102.6 cM
Support interval 80.5t0 85.5cM 91.6 to 108.2 cM
Additive main effectd) 0.45* 0.22
Additive by environment interaction effects:

Port Wakefield 1999/200@&é,) 0.90* 0.75*

Hatherleigh 2004/200%6&)) -0.90* -0.79*
QTL heritabilities:

Additive (h*(a)) 0.024 0.004

Additive by environmentif(ae) 0.106 0.078

2.3.6 The effect of planting date on black point fonation

Because the timing of environmental conditionsta®lates to grain maturity appears to
influence black point formation (Figure 2.9), thigeet of planting date was examined. In
the 2006 season (Figure 2.15A), when Sloop wastgddlaone month later than normal
sowing date, the black point score was signifigalativer than Sloop planted at the normal
sowing date and Sloop planted two weeks afterdhginal sowing. The black point scores

for Sloop planted one month later were not sigaiiity different to the Alexis control
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planted at the normal sowing date. The 2007 sel@suited in very low black point scores

that were not statistically different (Figure 2.15)
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Figure 2.15 The effect of planting date on black pot formation. Value in brackets after
cultivar denotes the number of weeks differenti® wsual planting date. In the 2005/2006 season
(A), Sloop was planted at the original plantingedéd), two weeks (2) or four weeks (4) after the
original planting date. In the 2006/2007 season M3xis was also planted two weeks before the
original planting date (-2). Means = SE are repne=gfor (A) n=50 for Alexis/Sloop (0) and n=20
for Sloop (2) and Sloop (4) and (B) n=15 for AldsSiwop (0) and n=20 for the remaining
treatments. In the 2005/2006 season, bars withlesinetters are not significantly different.
LSD=1.271 at P<0.001. Scores in the 2006/2007 seasce not significantly different.
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2.4 Discussion

The incidence of black point in Australian barlegpgs varies among seasons and seems to
depend upon seasonal conditions. Black point ocqwost severely in Queensland but is
also found in Western Australia, South Australigctdtia and northern New South Wales.
Although anecdotal evidence has suggested thathugtidity plays a role in black point
formation, there have been limited studies in Aalgtn conditions confirming this role
(Sulmanet al.2001a). This study therefore aimed to simulatehtimaid conditions thought

to induce the disorder and establish the role ef @éhvironment and genotype in black
point formation. In particular, the symptoms ofdiaoint of barley have now been clearly
defined; the environmental influences in South Aalgtn conditions established; QTL for

black point tolerance identified and a potentidé for maturity considered.

Black point has at times been considered synonymails‘kernel discolouration’ (de la
Pennaet al. 1999) or as a type of kernel discolouration étial. 2003). Here, we have
clearly defined black point of barley and consiklemel discolouration and black point to
be two distinct phenomena. Black point describekeatang at the embryo end of the grain
while kernel discolouration (also referred to asther staining) involves a caramelisation
or darkening of the whole grain, with the extreromf of greyish hue or distinctive spots

appearing on the grain as visible mould formatianet al. 2003).

Composite interval mapping of the Alexis/Sloop DHapping population has identified
QTL for black point tolerance on chromosomes 1H,a2id 3H for the Port Wakefield site
and chromosomes 2H, 3H and 5H for Hatherleigh. Hewnethere was a difference
between sites for genetic contribution by the parémthe QTL even though neither parent

exhibited what is regarded as susceptibility ahegitsite (Table 2.1). The normally
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susceptible cultivar (Sloop) was shown to contebtt each QTL at the Port Wakefield
site explaining 11 to 16% of the variance obsenedaept in the case of the QTL on
chromosome 1H at which the usually tolerant variligxis contributed, explaining 14%
of variance observed. The tolerant variety (Alexishtributed to all QTL identified at the
Hatherleigh site in 2004/2005, explaining betwedntd 17% of the variance observed.
Given that both parents exhibited few symptoms Hble¢low the 10% threshold) for
susceptibility under the Port Wakefield conditiamst were clearly differentiated at the
Hatherleigh site in 2001/2002, the results fromhddeigh showing Alexis contributing
alleles for black point tolerance are likely to imere relevant to seasons in which black

point is problematic and tolerant varieties areunesyl.

Analysis to incorporate both environments resultedrefinement to two QTL, on
chromosome 2H@BptAISF2H) and on chromosome 3HQBptAISF3H). Additive by
environment effects were important at both QTL. @BptAISI2H, the additive by
environment effect accounted for 10.6% of the plsio variance while the additive
main effect accounted for only 2.4% of this varar{@able 2.3). AQQBptAISI3H, the
additive by environment interaction effect accodnfer 7.8% of the phenotypic variance
while there was no significant additive main eff€Cable 2.3). These results are a strong
indication that the environment has a significarfiuience on black point formation as was
expected. At Port Wakefield in 1999/2000, the Sladiples at both QTL contributed to
tolerance. At Hatherleigh in 2004/2005, the alledlitects were reversed so that the Alexis
alleles contributed towards tolerance (Table 2i8yicating that the Alexis allele

contributed the tolerance in the problematic emment.
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Black point in wheat has been reported to be atetty QTL on chromosomes 1D, 2B,
3D, 4A, 5A and 7A in a Sunco x Tasman-derived patoh and on 2A, 2D and 7A in a
Cascades x AUS1408-derived population with each @Xplaining up to 18% of the

observed phenotypic variance (Lehmense¢lal. 2004). Given the high levels of synteny
and sequence similarity between chromosome 2Hriieypand chromosome 2B in wheat
(Dubcovskyet al. 1996) and the identification of QTL in the samegio@s, it is plausible to

suggest that the underlying genes for barley aneaivblack point formation are similar (if

not the same).

QTL from combined analysis detected in this studgrespond in position with QTL that
have previously been reported for kernel discolbomain the same population. Using
measures of grain brightness to assess tolerankernel discolouration, Let al. (2003)
also detected QTL on chromosomes 2H and 3H neam#ér&ers EBmac684 and abg4
respectively (Liet al. 2003). Alexis contributed the alleles for tolerarin both of these
chromosome regions in both studies. Further simdarbetween black point and other
forms of kernel discolouration can be seen by amrgig the environmental conditions
under which they tend to occur. A greater incidentéernel discolouration has been
associated with high relative humidity late in tvain filling stage and a high incidence of
rainy days until harvest (Young 1997), while arelalfor grain brightness was also
associated with the late heading dategfLal. 2003). This is similar to the observation that
the late maturing variety Alexis is tolerant to ddapoint. Although the black point
symptoms that were assessed for this study arerlyclehstinct from the kernel
discolouration symptoms that have been assessedlase, the two conditions may share
common biochemical pathways, may be affected byesofithe same genes and seem to

be favoured by similar environmental conditions. darticular, with QTL in similar
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positions for black point and kernel discolouratitime underlying genes contributing to
these two traits may be the same. However, givan Ibtack point is confined to the

embryo end of the grain whereas kernel discoloomat indiscriminate, the mechanism by
which black point and kernel discolouration areresped (to display their symptoms) are

evidently different.

Developmental loci in barley include a photopeniedponse gené’pd-H1) (Laurieet al.
1994), arearlinessper selocus eps3 (Laurieet al.1995) and a plant stature locae(s)
(Baruaet al. 1993; Laurieet al. 1993), all of which segregate in the Alexis/SIdDpl
population (Coventryet al. 2003). The discovery of QTL contributing to blapkint
tolerance in the same regions supports a link widturity and suggests a potential
connection with plant stature, with Sloop displayia tall early flowering phenotype
compared with the semi-dwarf, later flowering Akexirhe QTL identified on 3H aligns
with the marker abg4 which is closely linked to filent stature locuslenso Even though
semi-dwarf varieties would probably maintain a hdinmiicro-climate, the semi-dwarf
Alexis is considered not susceptible, suggestiag tihe timing of flowering and/or grain
development may be more important for black paantfation. The QTL identified on 2H
falls in the position of theps2locus, suggesting a role in maturity. This findsgpports
the results obtained, that susceptible varietiesevieund to mature earlier (Figure 2.9).
Further evidence of the importance of maturity wesvided by the observation that when
planting dates were altered so that the toleraltivau Alexis and the susceptible cultivar
Sloop matured at the same time, they had similackbboint scores. This data alone
therefore suggests that there is a strong gendiypmvironment interaction and that the
timing of environmental effects during grain fils likely to be important in inducing

symptoms.
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Comparison of weather data during the years tledd frials were grown has established
the likely conditions required for black point foatron. Previous reports have indicated
that the intensity and frequency of black pointwheat (Reest al. 1984) and barley
(Sulmanet al. 2001a) increases with the occurrence of moisthamdid conditions during
grain fill and ripening. Kernel discolouration halso been associated with high relative
humidity late in the grain filling stage and withhggh incidence of rainy days prior to
harvest (Young 1997; Hudec 2007). A high incidenéeblack point was observed in
2001/2002 at the Hatherleigh site under high huyidin increase®PD and relatively
low temperatures. Fewer symptoms were observedthar environments where even
though there was a similar maximum humidity, th@imum and maximum temperatures
were greater; this was again supported by a dexied4D values correlating with lower
black point scores. The combination of low tempeetand high humidity may be

important therefore in favouring the formation ¢didk point.

Rain events during the grain fill period may al$aypa role (particularly towards the end).
Early rainfall events (Days 0 to 14) occurred ie 2001/2002 season when black point
was severe. It is likely that this was when thecepsible cultivars were entering the milk
to soft dough stages of grain development (Figu@€R, suggesting that rainfall during the
early stages of grain fill could be a contributifagtor. Indeed, it has been shown that in
spring wheat, black point was significantly increéhisvhen irrigation was applied during
the milk or mid-dough stages (Conner 1987). Th&rmaind dough stages occurred earlier
in Sloop than in Alexis (Figure 2.9C) such that theer rainfall events could also be
associated with soft dough stage and hard dougfe.stdnese rainfall events could also be

associated with black point formation (Figure 218y 4] in a year where black point was
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prevalent. This confirms the earlier discussiont ttee environmental conditions at a

specific time in development could be crucial tadsl point formation.

Further evidence that the temperature and nothustidity plays a role was provided by
the controlled environment experiments. Due to d@sswith the availability of growth
chamber space, plants were grown in parallel with plants which are commonly grown
at high temperatures. Although the humidity washhmtheoretically suit the formation of
black point, the conditions (temperature) did ntova healthy growth of the plants.
Similarly when plants were contained within plastiche glass house to try and mimic a
humid environment, the area was very small andeteas not sufficient air flow. This
resulted in mould formation within the chamber amdthe plants themselves. Although a
field screening method using a high humidity turwéh overhead and ground irrigation
has been previously described, issues with maintenaof temperature still remain
(Sulmanet al. 2001a). Further research is needed to confirmttieatow temperature and
high humidity association can be recreated in ausitad environment satisfactorily. The
establishment of high humidity and associated lemgeratures in a growth chamber and
the simulation of rainfall events throughout theaigr fill period would allow us to
determine if a rainfall event at a specific stajdevelopment is also contributing to black

point severity.

In conclusion, genotypic and environmental factoase been found to contribute to the
severity of black point. QTL for black point tolex@e on chromosomes 2H and 3H have
been identified. The association of QTL on chronmoso2H with theeps2locus has
provided apparent evidence for the impact of mgtufurther supported through the

establishment of contributing environmental comais, and demonstration that early
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maturing varieties are more susceptible to blagktpéligh humidity associated with low
temperatures (or a lowPD) appears to induce black point symptoms in sugudept
varieties, possibly as a result of stress or waumtlo the embryo through the creation of a
moist environment in which the grain cannot dry. @isruption or wounding in the barley
grain during grain filling and ripening has beerogwsed to allow the release of
peroxidases from the germ aleurone such that tbagt iwith phenols (Cochrane 1994a;
Cochrane 1994b). Given that black point is confit@dhe embryo end of the grain, it is
likely that wounding and subsequent oxidation oépdls by peroxidases is also confined
to that region of the grain. Although general eonmental trends have been established,
further research consisting of more detailed mbtustudies is required to precisely
determine if a specific event (such as rainfalltriggering symptom development at a
specific developmental stage. The conditions idiedtiwill allow a starting point for
simulation experiments so that barley may be easihgened during breeding for black
point and the physiological basis for black pointdéed. Studies of the impact of maturity
in barley black point formation and comparisonshwikernel discolouration and the
disorder in wheat could also occur. A genetic bésisblack point formation has been
identified, yet the environmental effects contribeixtensively to severity. Understanding
what regulates the expression of black point foromatwill therefore be important in

understanding how the environment impacts upon it.
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Chapter Three. Characterising expression of candida genes in black

point formation

3.1 Introduction

The research presented in the previous chapteedtablished that high humidity and low
temperatures during the grain-fill period contrdmito black point formation in susceptible
varieties of barley. Given that black point is pmbly a form of enzymatic browning; a
number of genes could be involved in black poimtfation including those that encode
for polyphenol oxidase and peroxidases proposedhawe a role in browning;
phenylalanine ammonia-lyases which are expresseésponse to different stress stimuli
as observed in rice (Sarma and Sharma 1999); geinardoreductase which has been
proposed by Marclet al (2008) to act as a defence mechanism in respong@uading
within the grain; and lipoxygenases where geneesgion is regulated by different forms
of stress, such as wounding, water deficiency dhqegen attack (Porta and Rocha-Sosa
2002). Polyphenol oxidase activity in mature graiiss barely detectable with no
differences between tolerant and susceptible vesietrr between black pointed and healthy
grain (Hadawayunpublished dafa On this basis polyphenol oxidase was not ingessid

as a candidate gene in the research presented here.

Given that peroxidases with a higher isoelectrimpbave only been found in varieties
susceptible to black point (Hadaway al. 2003), peroxidases are likely to have a role in
black point formation. The peroxidase genes BaReyoxidase 1HvBP1, Accession:
M73234) (Rasmussept al. 1991) and Peroxidase H\{Prx7; Accession: AJ003141)

(Kristensenet al. 1999) have both been cloned and sequenced inybamnié found to be
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expressed within the graimdvBP1 has been characterised to be highly tissue-specifi
occurring maximally in the endosperm 15 days diterering (Rasmussert al. 1991).
However, its expression in different barley vagstduring grain development has not been
previously examined. Using a proteomics appro&itBP1was also identified as present
in black pointed grain and not healthy grain of shieceptible cultivar, Sloop (Mareh al.
2007). Preliminary analysis has suggested tha®rx7 and HvBP1 are expressed for
longer in susceptible varieties (March 20a3yBP1andHvPrx7 would therefore be ideal

candidates for a role in black point formation.

Genetic mapping studies within this project (Chagie Figure 2.14) have identified a
putative QTL for barley black point on chromosoméS2supporting previous studies
identifying QTL in the same location for black poand kernel discolouration (de la Penna
et al. 1999; Hadaway 2002; Let al. 2003). Marchet al. (2008) have usedh silico
comparative mapping between barley and rice totifiyecandidate genes with proposed
roles in enzymatic browning from this region, irdihg a phenylalanine ammonia lyase
(HVPAL, Accession: AB367438.1) and a quinone reductaBQR Accession:
AJ474981). Because these genes fall within @pt.AlSI-2HQTL, characterisation of
their expression will provide insight with regartts their proposed roles in black point

formation.

Lox genes, and in particulavLox], is an ideal candidate in black point formation
because Lox gene expression is regulated by diffdogms of stress, such as wounding
(Porta and Rocha-Sosa 2002) and more specificddiyl,.ox1 has been shown to
accumulate in the later stages of grain developni®ahmitt and Van Mechelen 1997)

when black point symptoms also typically occur. Arcrease in Lox1 activity in
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association with the production of hydrogen perexid response to stress/wounding
(Porta and Rocha-Sosa 2002) also provides a dirdctwith the enzymatic browning

model (Figure 1.2).

The aims of the research presented in this chaipéeefore were to characterisBP1,
HvPrx7, HvPAL HvQR and HvLox1l gene expression during grain development in
cultivars of varying susceptibilities to black pbiifferential gene expression between
susceptible and tolerant cultivars may allow fgrodential breeding target in the future. If
differential expression was established, gene aspa was further examined within

healthy and black pointed grains.

3.2 Materials and methods

3.2.1 Plant material and sampling

Plant material available from the field experimea¢scribed in section 2.2.2 was used to
characterise gene expression. The tolerant vagitiexis, Arapiles, Baudin, Franklin,
Gairdner, Mundah and susceptible varieties Sloegpgie, Fitzroy, Golden Promise, Keel,
Schooner, Sloop SA, Sloop Vic and VB9935 (Chaptan@ Walkeret al. (2008)) were
grown in field experiments at Hatherleigh (140°H"37°29" S; in south-eastern South
Australia; Figure 2.2) in the 2005/2006 season.rGwaas sampled randomly from three
plots for Sloop and Alexis and from two plots father varieties when plants were at
Zadoks’ growth stages 75 (medium milk), 85 (softigl), 87 (hard dough) and stage 95
(maturity) (as per Figure 2.3 and section 2.2.2)d@kset al. 1974). At each stage up to 12

individual heads were removed from the main stemguscissors into a 50 mL Falcon
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tube, snap frozen using liquid nitrogen in the dieind then packed into dry ice for
transportation to Adelaide. Samples were storedB@iC until required. Leaf tissue was
also sampled from plant material grown in the glassse (section 2.2.1), samples were

snhap frozen using liquid nitrogen and stored atE80ntil required.

3.2.2 Establishing differential gene expression ugj northern analysis

3.2.2.1 RNA isolation and gel electrophoresis

TRIzol® (Invitrogen) was used for all RNA isolation. Thetimod used was adapted from
the protocol supplied by the manufacturer. Wholdeyagrains were ground in liquid
nitrogen using the IK& A11 basic analytical mill (IKA Works, Pataling JaBelangor,
Malaysia). Leaf tissue was snap frozen in a 10 nicraaentrifuge tube containing 2 mm
ball bearings and vortexed until ground to a fimevger. Ground tissue (approximately 8-
10 heads for grain and 10-12 leaves for leaf tlsauaes transferred to a 10 mL tube (pre-
chilled in liquid nitrogen) to which 5 mL of TRIZBlwas added, vortexed for 1 min
following incubation at room temperature for 5 ramd centrifuged at 400for 45 min at
4°C. The supernatant was removed to a fresh 10ubé to which 1 mL of chloroform
was added. The tube was shaken vigorously for I5asel then incubated at room
temperature for 10 min before being centrifugediraga 4000g for 45 min at 4°C. The
clear supernatant was transferred to two microfuges £1 mL per tube) making sure not
to take any of the interphase. RNA was precipitabgdthe addition of 450 pL of
isopropanol and 450 uL of 1.2 M NaCl to each tubebes were shaken to mix, and
incubated at room temperature for 10 min befordridaging at 12000g for 10 min at

4°C. The supernatant was removed and the remaptigt washed in 2 mL of 75%
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ethanol and then centrifuged at 7@Pfdr 5 min at room temperature. The supernatant was
carefully removed using a pipette and the pellet diied for 5 min before being
resuspended in 50 pL of 100mM Trizma hydrochlo(ities-Cl), 10 mM Ethylenediamine
tetra acetic acid (EDTA, pH 8.0) (TE) buffer. To pelletyainsoluble material such as
polysaccharides, tubes were incubated at 65°CHanih and then centrifuged at 1200

at 4°C for 5 min. The supernatant containing RN/ wansferred to a 1.5 mL microfuge
tube. RNA concentration and purity was determingdrieasuring the absorbance of a
1/100 dilution at the wavelengths of 260 nm and 288 on a UV/VIS SP8001
spectrophotometer (Metertech). RNA concentratiors walculated using the following
formula:

Concentration (ug/pL) = Absorbance at 260 nm xtiditufactor / 25

Purity was determined by dividing the absorbanc&6 nm by that at 280 nm and
samples were only used if above 1.8. RNA qualitys vaéso assessed by agarose gel
electrophoresis. Agarose gels (1.5% wi/v) were pezbdy boiling 250 mL agarose
(Promega, Madison, WI, USA) in 1x 2 M Tris-aceta®®, mM EDTA, pH 8.0 (TAE)
buffer, allowed to cool and 1.5 pL of ethidium bideadded for staining purposésis
was mixed and immediately poured into the gel maahd left to set for 30 min for
horizontal gel electrophoresis using horizontal gehks (EasyCast Electrophoresis
Systems, OWL Scientific Inc., Cambridge, UK) in 1 KAE buffer. Gels were
electrophoresed at 100 V for 45 min before visaé#ili;n and photographed under a short
wavelength UV transilluminator (BioDet™ Imaging System)RNA was stored at -80°C

until required.
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3.2.2.2 Probe preparation for northern blotting

The full length cDNA sequences of peroxidase geHeBP1 (Accession: M73234),
HvPrx7 (Accession: AJ003141) ardvLox1 (Accession: L35931) were obtained from the

National Centre for Biotechnology Information NCBatabasewfww.ncbi.nlm.nih.gov/

version 2.2.10 of BlastN, October 2004). Similafitysequences between peroxidases that
have been cloned, sequenced and found in grairromigating tissueHvBP1: M73234
HvBP2: 223131 HvBP2A:M83671, HvPrx7: AJ003141and HvPrx8: X62438 and other
identified Lox genes KvLox1: L35931 and HvLox2: L37358 were established through
alignment using Vector NTI 9.0 software (InforMa¥$SA). Primers were designed to non-
conserved regions specific to each of the candidatentified in Table 3.1 to amplify
cDNA probes for northern blotting. Probes for calade geneblvPAL (Hv.t49) andHvVQR
(Hv.t38) identified through comparative mappingdsts were kindly provided by Tim

March (Marchet al.2008).

Table 3.1 Primers designed to amplify probes for candidate gees HvBP1, HvPrx7 and
HvLox1l. Forward (F) and reverse (R) primers and the mgltemperature (Tm°C) used for
amplification are indicated. Probe sizes are irtditan base pairs (bp).

Candidate Primer Tm Size (bp)
(°C)
BP1 F 5 CACACACAAAGGAGAGAGGAGATGGCTCG 3 55 195
R5 CAGTCGTGGAAGTGGAGTCGAAGGAGG 3
Prx7 F 5 AACCAGGGCGCTTTCTTCGAGCAGTT 3 58 368
R 5 TGGCTAGACATCACACTTCCACGATTCAAAG 3
Lox1 F 5 GGCGGCGACTCCCTGCTTAAZ 58 444

RS CCTTGCTCTTGGCCGTGGTAAG'3
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Probes were amplified from cDNA (from leaf tissusjng high fidelity DNA polymerase
and Elongas®& Enzyme mix (Invitrogen) as per the manufacturenstructions. cDNA
synthesis was performed using SuperScript Il (hogen), according to the
manufacturer’s instructions. Total RNA (1 pg) egtesl from leaf material as per section
3.2.2.1 was used in a final reaction volume of 25fqr the first strand cDNA synthesis.
PCR of the product of this reaction using the prendesigned taHvBP1, HvPrx7and

HvLox1resulted in a probe length of 195 bp, 368 bp attilkp respectively (Table 3.1).

The PCR mixture contained Buffer A (4 pL), Buffer(8 pL) (1.6mM M@"), dNTPs
(10mM, 1 pL), the forward and reverse primer comabons identified in Table 3.1
(10mM, 1 pL), cDNA (1 pL), ElongaSenzyme mix (1 pL) and nanopure water (36 pL).
The cycling conditions were 94°C for 2 min; thenc3sles of 94°C for 30 seg;C (Tm as
per Table 3.1) and 1 min at 68°C; followed by 686€5 min. Bromophenol blue loading
dye (6 X) (Promega, Madison, WI, USA) was then adttethe PCR samples to a final
concentration of 1 X and the PCR products separajetiorizontal gel electrophoresis
(1.5% agarose, w/v) as per section 3.2.2.1 to enthr products were of the correct size.
After approximately 30 min, PCR products were visgal and photographed under UV

light (BioDoc-It™ Imaging System).

Products of the expected size were excised fronagfaeose gel using a scalpel blade with
the aid of UV light. The fragments were purifiedings the Wizar@SV Gel and PCR

Clean-Up System (Promega) as per manufacturetisigi®ons.

Purified PCR products were ligated into the pDridening vector according to the

manufacturer’s instructions (Qiagen, Hilden, GergarReactions consisted of 2 X buffer
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(5 uL), PCR product (4 pL) and pDrive (1 pL) todat volume of 10 pL and were

incubated at 4°C overnight to maximise ligationaaéincy.

The Escherichia colistrain DH5e was used for all bacterial transformation experntse
using heat shock methods, in which competent celtse prepared as per the
manufacturer’s instructions (Promega). Ligated potsl (10 pL) were added to 50 pL of
competent cells, incubated on ice for 15 min, Isbaicked at 42°C for 30 sec followed by
incubation on ice for 2 min. Transformed cells (400) were plated onto Luria Bertani
(LB) + ampicillin (100pg pL™) + isopropyl-beta-D-thiogalactopyranoside (IPTGP 1L

of 100 uM) + 5-bromo-4-chloro-3-indolyp-D-galactopyranoside (X-gal, 4@ of 20 mg
mL™) selection plates. Plates were incubated for 1B4th at 37°C, then at 4°C for 30 min

to enhance the blue colour development of colomesontaining inserts.

Colony PCR was used to ensure only colonies wighcthrrect size insert were chosen for
subsequent sequencing and probe preparation. Aesi®0 pL pipette tip was used to
remove the desired colony (white). A referenceepl@cubated at 37°C) was created by
touching the same tip on a LB/ampicillin/X-gal @and into a subsequent Go-f&CR
mixture (12 uL) (Promega) containing Go-faq6.25 uL); T7 primer (5'
TAATACGACTCACTATAGGG 357 10 uM, 125 pL); SP6 primer (5
ATTTAGGTGACACTATAGAA 3'; 10 uM, 1.25 pL) and steelnanopure water (3.25

uL). Cycling conditions comprised of 92 for 2 min (1 cycle), 94°C for 30 sec,®&bfor

30 sec, 72C for 1 min (35 cycles) and finally 7€ for 10 min.

A 100 pL pipette tip was used to inoculate a 5 mlture (LB broth containing 100 pug

mL* ampicillin) from the reference plate prepared,ngspositive colonies identified
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through colony PCR. Tubes were incubated at 37°&roght (16 h) with shaking (150
rpm). Cultures were centrifuged at 509Gor 10 min followed by DNA plasmid mini-
preparations using WizafdPlus SV Minipreps DNA purification system (Promega)
according to the manufacturer’s instructions. DNAsveluted in 30 pL of nanopure water

for sequencing.

Transformed PCR products were sequenced by Thaahast Genome Research Facility
(AGRF) using BigDye™ chemistry (Applied BiosystemBpster City, CA, USA).
Preparation of purified DNA samples was achievegeasthe manufacturer’s instructions

(AGRF, http://www.agrf.org.ali Reactions containing 500 ng of template, 1 pL of

forward (T7) or reverse (SP6) primer (6.4 uM) atetile nanopure water to a total volume
of 13 pL were prepared in a 1.5 mL microfuge tuledote sending to AGRF for
sequencing. Vector NTI Advanté 10 (Invitrogen) was used for sequence analysiagus
the Contig Express element of the software to aéigd assemble sequencing reactions,

ensuring the correct sequences were amplified.

3.2.2.3 Northern blot

RNA from each of the four grain developmental stagiethe varieties described in Section
3.2.1 was used for northern analysis. Gel electvoggis was undertaken as per section
3.2.2.1, using denaturing agarose gels. Denatagagose gels were prepared by boiling
1.8 g of agarose (Promega, Madison, WI, USA) in.327L nanopure water and 15 mL of

10 X MOPS buffer [0.2 M MOPS (pH 7.0), 20 mM sodiaretate, 10 mM EDTA (pH

8.0)]. Once cooled to ~60°C, 7.5 mL of 37% formalge and 4 pL of 10 mg/uL
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ethidium bromide were added. This was mixed andeniately poured into the gel mould

and left to set for 30 min for horizontal gel etegthoresis as per section 3.2.2.1.

RNA samples were prepared by adding 2 puL of 10 XR8&uffer, 3.5 puL formaldehyde,
and 10 pL formamide to 10 pg of total RNA. Samplese heated at 65°C for 15 min and
loading dye (6 X) (Promega, Madison, WI) was adtec final concentration of 1 X.
Electrophoresis was carried out in 1 X MOPS buéie60 V for 30 min, then 100 V for a
further 90 min. Ribosomal RNA bands were visualisgdier UV light (BioDoelt™

Imaging System)

RNA transfer was performed using downward capillagnsfer (Sambrook and Russell
2001). Total RNA was transferred to Hybond-Rembrane (Amersham Biosciences,
Australia) overnight and cross-linked using a GS NGE LINKER™ (BIO-RAD,
Richmond, CA, USA). Membranes were pre-hybridise8 mL of hybridisation buffer for

4 h at 68°C (in a hybridisation bottle) in a hylsation oven with rotation.

Probes (prepared as per section 3.2.2.2) were aetiliely labelled with # (GE
Healthcare) using Ready-To-Go DNA Labelling BeadE (Healthcare) as per the
manufacturer’s instructions. Labelled probes weareatured for 2 min at 95°C and added
to 20 mL of hybridisation buffer [0.5 M sodium plppsate (pH 7.4), 7% (w/v)
sodiumdodecylysulfate (SDS), and 1 mM EDTA (pH J.@hich was subsequently added

to the labelling beads (GE Healthcare).
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The P? labelled probe was denatured for 5 min at 95°C @laded on ice for a further 2
min before being added directly to the hybridisatimttle containing the membrane and

hybridisation buffer. Hybridisation was overnightc8°C.

The following day, membranes were washed with 29C$0.3 M NacCl, 0.03 M sodium
citrate, pH 7.0), 0.1% SDS (w/v); 1X SSC, 0.1% SB&q 0.5 X SSC, 0.1% SDS at 68°C
for 20 min each. Membranes were subsequently expase Hyperfim™ MP
autoradiography film (Amersham Pharmacia Biotechckinghamshire, England) in an
autoradiograph cassette containing an intensifgicrgen at -80°C for three days. Films

were developed using a CP1000 developer (AGFA-GeGraup, Mortsel, Belgium).

3.2.3 Confirming differential gene expression usinguantitative real time PCR

(gPCR)

gPCR was used to further characterise the diffedeexpression oHvBP1,HvPrx7 and
HvQR observed between the black point susceptible eultSioop and tolerant cultivar

Alexis using northern analysis.

3.2.3.1 qPCR Probe design

Probes for g°PCR were designed from unique regi8iof the candidate genésvBP1,

HvPrx7 and HvQRwith the aim of obtaining products between 150 30@ bp. Primer 3

(www.genome.wi.mit.edu/cqgi-bin/primer/primer3_wwwirgvas used for primer design

and NetPrimer iww.premierbiosft.com/netprimer/netprlaunch/netpreh.htm) to test

primer quality through prediction of primer dimensd hairpin loops. Primers (Table 3.2)
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designed tdHvBP1, HvPrx7 and HvQResulted in a probe length of 246 bp, 307 bp and

240 bp respectively (Table 3.2).

Table 3.2qPCR primers designed to amplify probes for candidee genesHvBP1, HvPrx7 and
HvQR. Forward (F) and reverse (R) primers and the ngpltiemperature (Tm°C) used for
amplification are indicated.

Candidate Primer Tm Size (bp)
(°C)
BP1 F5 CCCACCATAAGCCCCACCTT 38 55 246
R5 ATGAGGGTCCGCACCAGC 3
Prx7 F5 CGTGCCCACCCTCATCATCTCCTCCTT'3 55 307
R 5 GCCCTGGTCCGACTTGAACA 3
OR F 5 GAAGGGCGACTATGTCTTTGTGT 3 55 240

R 5 CCCACGTTCTCGAAGTAGATGT 3

Probes were amplified as per section 3.2.2.2, ipdrifusing High Pressure Liquid
Chromatography (HPLC) as detailed by Burtral. (2004) and sequences confirmed as

per section 3.2.2.2.

3.2.3.2 RNA isolation and cDNA synthesis

RNA from grain at each of the four stages of grAihfrom Sloop and Alexis was
extracted using TRIzBI(Invitrogen) as per section 3.2.2.1. The excepti@s that tissue
was added to a 2 mL tube to equal roughly 0.2 %oc@.of volume and 1 mL of TRIZdI
reagent used. cDNA synthesis reactions were pedoras per section 3.2.2E@NA (1
uL) was firstly checked for quality using Go-TadPCR mixture (Section 3.2.2.2)
containing HvGAPDH primers (Forward-

S’ACAAGCTTGACAAAGTTGTCGTTCAGAG-3,, Reverse-
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5TGTCTGTGGTGTCAACGAGAAGGAATAC-3'). HYGAPDH is considered to be a
housekeeping gene on the basis of its high levedl sdable transcriptional activity in a
range of barley tissues (Burtat al. 2004). Reactions were performed as per section
3.2.2.1using 1 pg total RNA as per manufacturer’s instaind. The resultant cDNA was
only used for gPCR if a distinct single product vwdsserved at the correct size on an

agarose gel.

RNA was also extracted from black pointed and hgadfrain (from mature grain of both
Sloop and Alexis) using unpublished methods pravidey Dr Andrew Milligan
(Australian Centre for Plant Functional Genomic&PxG). Before extraction, enough
tissue was added to a 2 mL tube to equal rougy®0.5 cc of volume. A volume of 0.5
mL of extraction buffer [5S0mM Tris (pH 9.0), 200 mNRCI, 1% Sarcosyl, 20mM EDTA,
5mM dithiothreitol (DTT) made freshly before use]asvadded and vortexed until
homogenous. Following the addition of 0.5 mL of pbiéchloroform/isoamyl alcohol
(49:49:2 vlv), samples were vortexed until thordygtsuspended followed by
centrifugation for 5 min at 14000 rpm at 4°C. Tigeeous upper phase was removed (0.5
mL) to a fresh 2 mL tube and TRIZaiethods continued as outlined in section 3.2.2.1.

Synthesis of cDNA for use in gPCR was undertakeoudifned in section 3.2.2.2.

3.2.3.3 gqPCR

A dilution series of the probe covering seven csdefr magnitude from a f@opiesiL
stock solution was created as detailed by Buetbal. (2004). Three replicates of each of
the seven standard concentrations were includéoeimPCR together with a minimum of

three no template controls. gPCRs were assembledliopid handling robot (CAS-1200
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robot; Corbett Life Sciences, New South Wales, palist). Three replicate PCRs for each
of the cDNA samples were included in every run. éDsblution (2uL of a 1 in 20
dilution), the diluted standard or water was used reaction containing jo_ of IQ SYBR
Green PCR reagent (Bio-Rad Laboratories, Califordi@A), 1.2uL each of the forward
and reverse primers atpM, 0.3 uL of 10 X SYBR Green in water and O of sterile
nanopure water. Reactions were performed in a RIb Bbtor-Gene Real Time Thermal
Cycler (Corbett Life Sciences) as follows: 3 mirf&fC followed by 45 cycles of 1 sec at
95°C, 1 sec at 55°C, 30 sec at 72°C and 15 selgeabpitimal acquisition temperature
(83°C). A melt curve was obtained from the prodatcthe end of the amplification by
heating from 70°C to 99°C. Using the Rotor-Genesg@iware (Corbett Life Sciences) the
optimal cycle threshold (CT) was determined frone tthlution series, with the raw
expression data derived. The mean expression #wkktandard deviation of each set of

three replicates for each cDNA was calculated.

Normalisation of the raw data was performed ushwg dtrategy of Burtoet al. (2004).
Five control genes were assessed [barley glycdraitie3-phosphate dehydrogenase
(HVGAPDH, barley elongation factor AHVEFA), barley heat shock protein 70
(HVHSP70, barley tubulin HvTubulin and barley cyclophilinHvCyc)]. The three best
control genes HVGAPDH, HvCycl, HVHSPj}0from this set were selected, with
normalisation factors calculated using the geNorogram (Vandesompelet al. 2002).

A measure of consistency was obtained by examittiegM value (Vandesompekt al.
2002), where a high M value indicates that a cérgeme has a very disparate expression
with respect to other control genes. The raw exgiwesvalues foHvBP1, HvPrx7and
HvQR in the cDNA sample were divided by the normalmatfactor for that cDNA to

produce the normalised expression data.
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3.2.4 Statistical analysis

gPCR gene expression data were analysed with Ggdétin Edn, Release 10.1, 2007,
Lawes Agricultural Trust, VSN International Ltd.ehhel Hempstead, UK) using a two-
sided T-test (unpaired) at a confidence interva%%. A probability of < 0.05 was used

to test for significant difference of means betwéed two cultivars, Sloop and Alexis.

This form of statistical analysis was deemed appatg due to variation in sampling times
between cultivars. One-way analysis of variance QM) was used to compare qPCR
gene expression data at the mature stage of geaglapment in black pointed and healthy
grain. The least significant difference (LSD) atR.05 was used to test for significant

differences between means

3.3 Results

3.3.1 Differential gene expression established ugimorthern analysis

Gene expression was investigated in a number oéties displaying varying levels of
susceptibility to black point (as described in BaBl1, Chapter 2). Varieties susceptible to
black point, commonly showed highewBP1 expression during the early stages of grain
fill, in particular, milk and soft dough (Figurel3.except for Sloop SA. AlthougHvBP1

is highly expressed during the milk stage of gifdirfor Keel (which is most susceptible;
Table 2.1), expression was not detected duringsthfe dough stage of development.
However, this was more than likely because of tlerpRNA loadings in the

corresponding lanes (Figure 3.1). Mundah, Frankiml Alexis, varieties which show
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tolerance to black point even in environmental d¢bmas considered suitable for its
formation (refer to section 2.3.4), had léWwBP1expression levels (Figure 3.1). However

Golden Promise and Gairdner have high expressibnabhe milk stage of development.

Golden
Sloop SA Sloop Vic Promise % Gairdner ¥ Mundah %  Franklin %  Keel

123 41234123 41 2341 2 341 23 41 234

. s & o *

Araplles %  Schooner  WB9935 #  Fitzroy % Baudin #* Barque

12341 2341 2341 234123412324

T8 e 8 e

Sloop Alexis %
12341234
¥ o e

Figure 3.1 Northern blot analysis of HVBP1. Gene expression across developmental stages:
1=Milk, 2=Soft Dough, 3=Hard Dough and 4=MaturiBafokset al. 1974) of varieties showing a
range of susceptibilities to black point. The lowsanel represents ethidium bromide stained

ribosomal RNA (rRNA) bands as a contrbl.after the variety nameepresents tolerant varieties
(Walkeret al.,2008, chapter 2Representative blot (n=2).

BecauseHvVPrx7 expression was not apparent using northern asalgsien with three
biological replicates, data not shown), northeralgsis was repeated for Sloop and Alexis

(Figure 3.2), increasing the concentration of RRX), HvPrx7 expression was higher in
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all stages of grain development in the susceptalieety Sloop in comparison to the

tolerant variety Alexis (Figure 3.2).

Sloop Alexis
12 34 12 3 4

s By e
o By

Figure 3.2 Northern blot analysis of HvPrx7. Sloop and Alexisgene expression across
developmental stages: 1=Milk, 2=Soft Dough, 3=H&dugh and 4=Maturity (Zadokst al.
1974). The lower panel represents ethidium brorstdéed ribosomal RNA (rRNA) bands as a
loading control. This is a representative blot (n=2

HvPAL was expressed at low levels in all varieties aibus stages (Figure 3.3). However,
even though higher expression seemed particulailyert in Keel and Baudin at hard
dough and in Sloop and Franklin at milk (Figure)3.80t all susceptible varieties
displayed higheHVPAL expression. Expression at the milk, soft dough mature stages
was observed in Sloop and Barque, with decreaspegsion apparent at the hard dough
stage (Figure 3.3) in comparison to other susckeptiarieties. Both Sloop and Barque
were found to be susceptible in the optimal envitental conditions for black point
formation (Chapter 2, Table 2.1). A similar expressprofile was apparent in Fitzroy,
however black point data was not recorded for taisety in the 2002 season when the
environmental conditions were found to favour blacknt formation (Chapter 2). Fitzroy

was found to be tolerant in the 2005-2006 seasbag@r 2 and Walkest al.(2008)).

82



Chapter 3: Characterising gene expression for candidate genes in black point
formation

Golden
Sloop SA SloopVic  promise % Galrdner % Mundah % Franklin %

T2 34123412341 23412341234

Keel Arapiles # Schooner VB9935 ¥ Fitzroy ¥ Baudin% Barque
123412341234 123412341234122134

N

Sloop Alexis %
1T 2 3 41 2 3 4

Figure 3.3 Northern blot analysis of HVPAL. Gene expression across developmental stages:
1=Milk, 2=Soft Dough, 3=Hard Dough and 4=MaturiBafokset al. 1974) of varieties showing a
range of susceptibilities to black point. The lowsanel represents ethidium bromide stained

ribosomal RNA (rRNA) bands as a loading contfolafter the variety nameepresents tolerant
varieties (Walkeet al.,2008, chapter 2Representative blot (n=2).

Northern analysis dflvQRindicated a general increase in expression thrautgihe later
stages of grain development regardless of varlagufe 3.4). HowevelklvQRexpression
was lower in the tolerant cultivars Mundah and khan The reduced levels of expression
in the normally susceptible cultivar Sloop Vic daa explained by depleted loadings of
RNA, similarly for Golden Promise where no expreaswas observed in the mature

sample.
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Golden 3
SloopSA  SloopVic  promise ©~ Galrdner *  Mundah * Franklin *

123412341234123412341 234

Keel Arapiles % Schooner Baudin ¥  vBoo35*  Fitzroy ¥  Barque
1 2341234123412 341723412341234

Figure 3.4 Northern blot analysis of HVQR. Gene expression across developmental stages:
1=Milk, 2=Soft Dough, 3=Hard Dough and 4=MaturiBafokset al. 1974) of varieties showing a
range of susceptibilities to black point. The lowsanel represents ethidium bromide stained

ribosomal RNA (rRNA) bands as a loading contiolafter the variety nameepresents tolerant
varieties (Walkeet al.,2008, chapter 2Representative blot (n=2).

Northern analysis ofHvLox1 suggests there are no obvious or consistent sugns

differential expression between susceptible aneraolt cultivars (Figure 3.5). Expression
was greatest in the cultivars Keel, Baudin, Slond &olden Promise at the hard dough
stage of grain development. An increase in expoassias also observed in the soft dough

and mature samples from varieties Fitzroy and Balgigure 3.5).
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Golden % %
Sloop SA  Sloop Vic Promise Gairdner * mMundah * Frankiin ¥

123412341 2341234123412 34

Keel Arapiles ¥ Schooner  VB9935 ¥  Fitzroy®¥ Baudin ¥ Barque
1234123412341 2341234123412 34
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Figure 3.5 Northern blot analysis ofHvLox1. Gene expression across developmental stages:
1=Milk, 2=Soft Dough, 3=Hard Dough and 4=MaturiBafokset al. 1974) of varieties showing a
range of susceptibilities to black point. The lowsanel represents ethidium bromide stained
ribosomal RNA (rRNA) bands: after the variety nameepresents tolerant varieties (Walkgral.,
2008, chapter 2Representative blot (n=2).

3.3.2 Confirmation of differential gene expressiomsing gPCR

Given the differential expression observed betw#en susceptible variety Sloop and
tolerant variety Alexis for candidate gertégBP1andHVQR gene expression was further
characterised using gPCR. Although low expressias @bserved in the candid&tePrx7

using Northern analysis, increased expression waemt in Sloop (Figure 3.2). Because
previous research also showed increalde®rx7 levels in susceptible varieties (March
2003) and the proposed role of peroxidase in bfamikt formation (Section 1.3.3.1.4),

HvPrx7was also included for further characterisation.
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Differential expression oHvBP1, HvPrx7 and HVQR was observed between stages of
grain development and between the black point gtiste cultivar Sloop and the tolerant
cultivar Alexis (Figures 3.6 to 3.8). Generallygher expression for all three genes was
observed in the black-point susceptible varietyol@Figures 3.6 to 3.8), consistent with
the northern analysis (Figures 3.1, 3.2 and 3.Although northern analysis suggested
HvBPlexpression was elevated in the milk and soft daighges in both varieties (Figure
3.1), the qPCR data suggested that there was moficgont difference in expression
between Sloop and Alexis at the milk and soft dowgtiges of grain development.
Significantly lowerHvBP1 expression was observed in hard dough and maamgples
from the tolerant variety Alexis when compared vtk susceptible variety Sloop (Figure

3.6).

250,000

n Sloop
200,000 oAlexis
150,000

coples par pL

100,000
A0,000 % 3

Figure 3.6 Normalised expression levels (level of RNA presented as number of copies of
cDNA per uL of candidate geneHvBP1 obtained from gPCR (n = 3) in barley varieties $loo
(susceptible and solid bars) and Alexis (toleramt ampty barsrown in field experiments at
Hatherleigh (as per Section 3.2.1). Mean expres@ars represent standard error) for each stage
of grain fill is shown (milk, soft dough, hard ddugnd mature — refer to (Zadokts al. 1974)).*
Denotes a probability of £0.05 (Section 3.2.4).
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HvPrx7 expression (Figure 3.7) was significantly greateSloop than in Alexis for the
milk, hard dough and mature stages. Expressiohentature stage of development for
Sloop was greater than any other stage (Figure &iff) expression increasing with grain
maturity. For Alexis, HVPrx7 expression was greatest at the soft dough stage of

development.

1,000 nSloop
500 * ohAlexis
200
700
4 a0 % *
& soo
(2]
o
g 4m
L=}

300

200

100

Belilkc Soft Dough Hard Dough Maturity

Figure 3.7 Normalised expression levels (level of RNA presented as number of copies of
cDNA per uL) of candidate geneHvPrx7 obtained from gPCR (n = 3) in barley varieties $loo
(susceptible and solid bars) and Alexis (toleramt ampty barsrown in field experiments at
Hatherleigh (as per Section 3.2.1). Mean expresdars represent standard error) for each stage
of grain fill is shown (milk, soft dough, hard ddugnd mature — refer to (Zadokts al. 1974)).*
Denotes a probability of £0.05 (Section 3.2.4).

Gene expression was shown to be greater with isicrganaturity in both varieties in the
candidateHvQR (Figure 3.8). Greater expression is observederntird dough and mature
stages when comparing Sloop and Alexis (Figure. 38 significant difference in gene
expression was observed in the early, milk anddafigh stages of grain development for

both Sloop and Alexis (Figure 3.8).
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Figure 3.8 Normalised expression levels (level of RNA presented as number of copies of
cDNA per pL) of candidate geneHVQR obtained from qPCR (n = 3) in barley varieties $loo
(susceptible and solid bars) and Alexis (toleramt ampty barsrown in field experiments at
Hatherleigh (as per Section 3.2.1). Mean expresdars represent standard error) for each stage
of grain fill is shown (milk, soft dough, hard ddugnd mature — refer to (Zadoks al. 1974).*
Denotes a probability of £0.05 (Section 3.2.4).

Candidate genesHvBP1, HvPrx7 and HVQR were further characterised through
investigation of gene expression by qPCR in blamkted and healthy graindvBP1and
HvPrx7 expression in black pointed and healthy grain fislmop was not significantly
different (Figure 3.9A, B) but was significantlyegtter in black pointed grain from Alexis
(Figure 3.9A, B). Expression ¢ivQR showed no difference between black pointed and
healthy grain in the tolerant cultivar Alexis, tlgbugreater expression was observed in the

healthy Sloop sample (Figure 3.9C).
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Figure 3.9 Normalised expression levels in black pged and healthy grain (level of mMRNA
presented as number of copies per pL) of candidageneHvBP1 (A), HvPrx7 (B) and HVQR

(C) obtained from gPCR (n = 3, standard deviation aheset of three replicates for each cDNA
was calculated) in barley varieties Sloop (susbéptand solid bars) and Alexis (tolerant and
empty bars) grown in field experiments at Hathgte(Section 3.2.1). Expression was established
in mature grain. *Denotes a probability o&R.05 (Section 3.2.4).
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3.4 Discussion

There has been some suggestion that black poinltsgsom the induction of enzymatic
browning during exposure to unfavourable environtaleiconditions during grain fill
(Cochrane 1994b; Williamson 1997b; Sulmanal. 2001a; Walkeret al. 2008). The
research presented in the previous chapter indicétat high humidity and low
temperatures during the grain fill period contrdalisignificantly to black point severity in
susceptible varieties. These environmental conasticould potentially induce expression
of genes that encode for enzymes that contributéhéoenzymatic browning process
(reviewed in section 1.4). The research presentedhis chapter therefore aimed to
characterise some of the candidate genes likelpetanduced under the appropriate

environmental conditions that lead to black point.

Differential gene expression was observed for grexidasesHvBPlandHvPrx7, as well

as a quinone reductadeyQR,which was identified within the QTL for black poiah 2H
(QBptAISF2H) (March et al. 2008). No differential expression was observedHoPAL
andHvLox1.Whether differential expression observed in caaidjenesivBP1, HvPrx7
andHvQRwas in any way correlated with black point waastablished by examining
gene expression in black pointed and healthy magtam. Because black point cannot be
visualised in the early stages of grain fill, ctatens between black point and gene
expression could not be made for grain from otlexetbpmental stages. However, while
HvBP1 and HvPrx7 expression in black pointed and healthy grain frini@ susceptible
cultivar Sloop was not significantly different, sifcantly greater expression was apparent
in black pointed grain from the tolerant cultivaleris. An increased level of peroxidase

gene expression associated with the susceptiblivaulvas not apparent, suggesting that
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differences in susceptibility may be correlatednwtihie protein level only. Expression of
HvQR showed no difference between black pointed andthearain in the tolerant
cultivar Alexis, even though greater expression wlaserved in the healthy Sloop sample.
Quinone reductase enzymes remove quinone (Hard@®@mn@) and have been proposed to
protect grain from black point formation if inducad a defence mechanism in response to
wounding within the grain (Marcht al. 2008). If quionone reductase was contributing to
tolerance we would therefore expect higher levelsgiain from the tolerant variety.
However, the greater levels blvQR expression in the healthy grain from Sloop might
suggest a role in the reduction of quinones anctcédndatack point symptoms. Whether

wounding played a role in that induction or not eéms to be clarified.

High humidity associated with low temperatures gdow VPD) appears to induce black
point symptoms in susceptible varieties (Sectidh4), possibly as a result of stress or
wounding to the embryo through the creation of asmenvironment in which the grain
cannot dry out. Candidate gendglLox1andHvPAL were chosen for their potential roles
in response to wounding (Sarma and Sharma 199¢a Bod Rocha-Sosa 200PAL is a
wound-induced enzyme that initiates an increaseth@ concentration of phenolic
compounds, ferulic acid amEcoumaric acid from phenylalanine (Michalowétzal.2001)
and in rice,PAL has been shown to be expressed in response &wetiffstress stimuli
(Sarma and Sharma 199%@)px1 was included as a candidate gene as its expreks®n
been shown to be regulated by different forms ofsst such as wounding (Porta and
Rocha-Sosa 2002) and more specificali. ox1 has been shown to accumulate in the later
stages of grain development (Schmitt and Van Mechel997) when black point
symptoms also typically occur. When examined bytheyn analysisivLox1andHvPAL

were found to not be differentially expressed betwblack point susceptible and tolerant
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cultivars, suggesting that in this case differdngapression cannot be targeted for
breeding purposes. The presence or absence of ppbdckduring the early stages of grain
fill was not able to be confirmed because blacknp@ not evident until maturity. The
wounding to the grain proposed to occur during lblpoint formation probably did not
occur and might therefore explain the lack of ddfgial gene expression. Generally low
levels of the stress-inducibldvPAL support this argument. However, whivLOX1 is

induced later in grain development (regardlessutifv@r) requires further investigation.

Given the proposed role of the enzymatic browniagction and the identification of
higher isoelectric points for peroxidases in vagsusceptible to black point (Hadawety
al. 2003), peroxidases are ideal candidates in blamhkt dormation. Peroxidase gene
expression was greater across all stages of geuel@pment in the susceptible cultivar
Sloop, suggesting that increased peroxidase expreasan undetermined stage may be a
contributing factor in black point formation. Priogsearch using northern analysis had
indicated that peroxidase gendsBP1 andHvPrx7 may be expressed for longer during
grain fill in susceptible varieties (March 2003)orthern analysis and gPCR performed
during this research confirmed thélvBP1 and HvPrx7 expression was greatest in
susceptible varieties during the earlier stagegah fill (Figure 3.2, Figure 3.6) with gene
expression increased for longer during grain filsusceptible cultivars suggesting a role in

black point formation.

The increased levels of expression in the lategestaof grain development in the
susceptible variety Sloop correspond with the tgna black point symptoms where we
would expect increased oxidation of phenolic conmusu and increased levels of

peroxidase (see section 1.3.3.1). Sulmiaal. (2001b) and Hadawast al. (2003) found no
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correlation between total peroxidase activity ane levels of black point in susceptible
and tolerant cultivars. Mature barley kernels caierefore contain sufficient peroxidase
in all varieties to cause black point but differemdn substrate (Sulmaet al. 2001b) or
types of peroxidase (Hadawast al. 2003) may be the distinguishing factor between
susceptibility and tolerance. Provided the incrdagene expression at the later stages of
grain fill observed in susceptible varieties isslated to increased protein activity, a link
between susceptibility antivPrx7 and HvBP1 could be concluded. IndeedvBP1
proteins have been found to be greater in blacktpdigrain and not healthy grain from
the susceptible cultivar Sloop (Marakt al. 2007) but both tolerant and susceptible
varieties need to be examined to confirm this lifke susceptibility observed in Sloop
may therefore be due to the increased peroxidaséslespecially at later stages of grain
fill. However, the levels of peroxidase enzyme acted from barley grain exhibiting black
point symptoms has been previously shown to beradkan that of healthy grain (Sulman
et al. 2001b) suggesting that the type and amount o¥iddal peroxidases may be more
important. In this study, no significant differencegene expression was observed between
healthy and black pointed grain from Sloop buthie tolerant Alexis there was a two-fold
increase in expression in black pointed grain ssijug that peroxidase protein levels
would be greater in black-pointed tolerant grainhiMy/ these results contrast those of
Sulmanet al. (2001b) who found higher peroxidase activity in Itieagrain, that study
only measured total peroxidase activity using othreties. At a protein level, three
isoforms ofHvBP1were identified as present in black pointed gemd not healthy grain

of the susceptible cultivar Sloop (Marobt al. 2007) suggesting post-translational
modification occurs. Combined with the results prged here, this also suggests that there
are low levels of BP1 protein in the black-pointettrant grain because the protein is not

produced from the transcript or is degraded. Fuexygeriments should therefore focus on
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establishing protein levels ¢ivBP1in the tolerant cultivar Alexis andlvPrx7 protein

levels in both cultivars.

HVQR gene expression increased with maturity and shoelegdated levels in the
susceptible cultivar Sloop, which may be associatgll the increased levels of quinone
proposed with the enzymatic browning model (ChafdterFigure 1.2). Comparative
mapping studies of the putative QTL identified omrasnosome 2HS Bpt.AlSI-2H
Figure 2.14) identified an EST with sequence sintyldo a quinone reductase (NAD(P)H-
QR) (Marchet al.2008). NAD(P)H-QR is a typical flavoprotein whiblas shown catalytic
activity with short-chain acceptor quinones (Trestl. 1995). Unlike other flavoproteins
catalysing a one electron reduction of quinones KAB-QR is a soluble protein
producing fully reduced quinols without semiquinonermediates, therefore reducing the
build up of reactive oxygen species from semiquenauntooxidation (Trosét al. 1995)
and protecting plant cells from oxidative damageaf&et al. 1999). The proposed stress
or wounding of plant tissue in black point formationay result in the oxidation of
phenolic compounds to quinones by enzymes suckraxigdases and polyphenol oxidases
(Walker and Ferrar 1998). Quinones are highly reactompounds proposed to be
involved in cross linking cell walls to provide aysical barrier for protection (Lynn and
Chang 1990). In order to regulate the levels ofngoes, plants are able to produce
quinone reductase enzymes, resulting in the restuct quinones into hydroguinones that
can be removed from the quinone redox cycle byugatjon (Harborne 1979). Given that
quinones are likely to contribute to the brownirzgserved during black point formation,
HvQRcould have a potential role in a tolerance medmmwhere the enzymatic browning
process is disrupted through removal of quinonetingty. One would therefore expect

thatHvQRwould be at higher levels in tolerant grains dgrmnain fill. However, increased
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HvQR expression was observed at the hard dough andenstages of grain development
in the susceptible cultivar Sloop (Figure 3.8) sgjmg that HYQR may also have been
greater. The genes that encode quinone reductgdants and fungi have been previously
shown to be up-regulated by quinones (Coétal.2004), supporting the observation that
quinones (and therefore black point) are likelyadon during the later stages of grain fill
(under adverse environmental conditions). The ofagien that higheHVQR expression
was observed in the healthy grains of the susdeptiériety Sloop, suggests that gene
expression may have been induced in response nomgiformation leading to its removal
throughHVQR However, even though low levels BivQR were present in the tolerant
Alexis, no significant difference iRvQR expression was observed between healthy and
black pointed grains. Future experiments need &vatterise protein expression QR

in susceptible and tolerant cultivars.

In conclusion, differential expression between spsible and tolerant cultivars has been
established during different stages of grain @l the candidate genét/BP1 HvPrx7 and
HvQR using both northern and qPCR analysis. An incekdseel of gene expression in
susceptible varieties confirms a possible role ilack point formation. Further
investigation into how the candidate genes ideadifare regulated will allow us to further
understand the differential expression observed taed possible roles in black point

formation.
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Chapter Four. Establishing areas of the genome coributing to HVQR,

HvPrx7 and HvVBP1 gene expression

4.1 Introduction

Extensive variation in gene expression has beewrsho all organisms studied to date
(Oleksiaket al. 2002; Giladet al. 2006; Genisseét al. 2008). Sequence polymorphisms
that produce altered (or absent) proteins and tgtiak and quantitative differences in
gene expression that generate varying amounts agiprin a cell or tissue result in

phenotypic differences among individuals (Drugt al. 2010). Transcript expression
levels, when assessed in an experimental or maggopglation, can be considered as
quantitative traits and used to map quantitatiaé toci (QTL) for gene expression (Jansen
and Nap 2001; Doerge 2002; Schattl.2003). Schadet al. (2003) used a genome wide
genetic analysis of gene expression in maize, rame humans to identify differential

expression. Using this data as a quantitative aiad standard statistical tools allowed
identification of the genetic regions contributitg variation in gene expression (or
eQTLs). Mapping expression profiles in yeast (Bretnal. 2002) and Eucalyptus (Kirgt

al. 2004) has also demonstrated the utility of thishoe in understanding complex traits.
Expression QTL (eQTL) mapping studies are theredopewerful tool in the identification

of genetic variants contributing to gene regulation

eQTLs are categorised ais- or trans-acting; wherecis-eQTLs represent a polymorphism
physically located near the gene itself or withie promoter anttanseQTLs represent a
polymorphism at a location in the genome other tih@nactual position of the gene whose

transcript is being measured, or a polymorphisrthatphysical position of a regulatory
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factor elsewhere in the genome (Hansen al. 2008). Regions controlling seed
development in wheat have been investigated, iyamgi bothcis- andtrans-acting eQTLs
(Jordanet al. 2007). Similarly, gene expression QTL analysisLt6000 genes in barley
identified 23738 eQTLs affecting expression of 12%#nes, regulated by botis- and

trans-effects (Potokinat al.2008).

The differential expression ¢fvPrx7, HvBP1andHvQR between black point susceptible
and tolerant cultivars observed previously (seep@a3) implies different regulatory
effects between cultivars. Combining QTL mappingd afne mapping with gene
expression data would allow areas of the genomdribating to that differential gene
expression oHvPrx7, HvBP1andHvQRto be identified. The research presented in this
chapter therefore identified eQTLs or areas ofgleome contributing to gene expression
for HYBP1, HvPrx7and HVQR thus providing preliminary insight into their rdgtion
HvBP1, HvPrx7and HVQR were also mapped to a chromosomal location inbtréey
genome to enable identification of whether eQTLgen@s- or trans-acting. If trans
regulatory mechanisms were identified, comparativepping studies between barley,
wheat and rice allowed the identification of camde regulatory factors (such as

transcription factors) potentially involved in thenes’ regulation.

4.2 Materials and methods

4.2.1 Plant material and sampling

Plant material from field experiments described section 2.2.2 was used in the

identification of eQTL. Doubled haploid (DH) lin€82) derived from a cross between
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Alexis and Sloop (Baret al. 2003) were planted in field experiments at HathigH in

2004 and 2005 as per section 2.2.2.

Grain was sampled as per section 3.2.1, with sagdiiom two separate plots (two
biological replicates) at Zadoks’ growth stages (#tedium milk), 85 (soft dough), 87
(hard dough) and stage 95 (maturity) (Figure 2ZZ&dpkset al. 1974) from each of the 92
lines of the Alexis/Sloop DH population. Grain sdegppwere used for DNA and RNA
isolation for open reading fram®©RF characterisation, genome localisation and gene

expression studies respectively.

4.2.20RF characterisation and genome localisation

Prior to performing gene expression analysis acBidspopulations, th©RF of HVBP1
and HvPrx7 was sequenced for Sloop and Alexis while chrom@ddotation was also
identified. This was not required fetvQRas it was an EST previously identified through
comparative mapping studies as residing within lteeck point QTL identified on 2H

(Chapter 2 and Maraét al.2008).

4.2.2.1 RNA and DNA isolation

RNA was extracted as per section 3.2.2.1 and use®NA amplification for Sloop and
Alexis as per section 3.2.3.2. Genomic DNA wasataa from young leaf tissue of Sloop
and Alexis barley plants (approximately 1 month, @wn in a controlled growth room
at a constant 18°C with a 12 h light/ 12 h darkmeg). Tissue was ground (approximately

100 mg) to a fine powder using liquid nitrogen ipra-cooled sterilised mortar and pestle
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before addition to 0.5 mL DNA extraction buffer (18arcosyl, 100 mM NacCl, 10 mM
EDTA, 100 mM Tris-HCI, 1% polyvinylpyrrolidonePVVP; pH 8.0). This was then
vortexed at low speed until thawed. Phenol/chlamofesoamyl alcohol (25:24:1 viv) (1
mL) was then added to the samples, mixed using raitab mixer for 15 min and
centrifuged at 6000 rpm for 15 min. The upper agselayer was transferred to a fresh
tube to which 90 pL of sodium acetate (pH 5.2) @0d L of isopropanol were added and
DNA was allowed to precipitate at room temperattoe 5 min on an orbital mixer.
Following centrifugation at 13000 rpm for 10 mirethupernatant was discarded and 1 mL
of 70% ethanol carefully added to the tube to wiiehDNA pellet. The tube was slowly
and gently agitated for 2 min followed by removhthe ethanol and the pellet air dried for
20 min. DNA was re-suspended in 50 pL of R40 (40peg mL RNase A in 1 x TE),
placed at 4°C overnight and stored at -20°C uagjuired. Quantification of the DNA was
performed by measuring absorbance at 260 nm uding/dIS SP8001 spectrophotometer

(Metertech) as per section 3.2.2.1.

4.2.2.2 Sequence variation within th©RF

Sequence variation between the parents of the s\ledloop DH mapping population was

determined through sequencing the full len@iRF of HVBP1 (Accession: M73234) and

HvPrx7 (Accession: AJ003141) cDNA. Primers were desigieethe ORF of each gene

with resultant primer combinations as per Table 4.1
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Table 4.1 Primers designed to amplify theORF for candidate genesHvBP1 and HvPrx7.
Forward (F) and reverse (R) primers, expected miogize and the melting temperature (Tm°C)
used for amplification are indicated.

Candidate Primer Tm Size (bp)
(°C)
HvBP1 F5 ATGGCTCGTGTTCCTCTGCTAGCA3 59 1079
R 5 TAGCCAATGCTTCCTGCGGCTTCGT'3
HvPrx7 F 5 ATGGCGTCCAGAGCAGCAGCGGCCATC’3 65 1025

R 5 TCACATGTCAGCGGCGATCCCCTCGTC'3

The PCR mixture contained: Buffer A (4 pL); Buffer(6 pL); (1.6 mM Mg"; dNTPs
(10 mM, 1 ulL); Forward primer (10 uM, 1 uL); Reverzimer (10 uM, 1 pL), cDNA (1
uL Alexis/Sloop), Elonga$eenzyme mix (1 pL) and nanopure water (36 pL). Tymding
conditions were 94°C for 2 min; then 35 cycles 4f@ for 30 sec, x°C (Tm°C indicated
above) and 1.5 min at 68°C; followed by 68°C faml. PCR products were separated
by gel electrophoresis (1.5% agarose, w/v) andalised using ethidium bromide, cloned
and sequenced as per section 3.2.2.2. PCR corgldioove were repeated using genomic

DNA (isolated as per Section 4.2.2.1) to identifg presence/absence of introns.

4.2.2.3 Mapping of candidates to the barley genome

4.2.2.3.1 PCR of barley:wheat addition lines

Barley:wheat addition lines, where each additiore Icontains the full complement of

wheat chromosomes and a single homologous chronegam from barley (Islanet al.

1981) were screened to determine the chromosomatiém of candidate gené$vBP1
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andHvPrx7. Genomic DNA was extracted as described in sei@r2.1, from each of the
seven lines, Betzes (as a barley positive contnad) Chinese Spring (as a wheat positive
control). DNA was screened by PCR using oligonualieocombinations for each of the
candidates, (Table 4.1). PCR reaction mixtureyRpPcontained 10X PCR Buffer (gL);
MgCl, (50 mM, 0.8uL): dNTPs (10 mM, 1ul): forward primer (10 mM, 1 uL): reverse
primer (10mM 1 pL),Taqg polymerase (1.25 U, Invitrogen), template (1 pLY aterile
distilled water (11.75 pL). Cycling conditions wereeviously outlined in section 3.2.2.2.
PCR products were separated by gel electropho(&$% agarose, w/v) and visualised
using ethidium bromide. Bands of the correct siza&ble 3.1) were cloned and sequenced

as per section 3.2.2.2 as confirmation.

4.2.2.3.2 Fine mapping oHVvPrx7 and HvBP1

After chromosomal location of candidate genes (Bect.2.2.3.1), fine mapping was
undertaken with the aim of placing the genes orAtleais x Sloop DH map. No sequence
variation between th®©RFs of Alexis and Sloop foHvBP1 was identified making it
difficult to easily place on the map. However, Rieibn Fragment Length Polymorphism
(RFLP) analysis oHvBP1was previously reported by Mareh al. (2007) in the Alexis x

Sloop DH mapping population, placing the candidgee on chromosome 3H.

A single nucleotide polymorphism (SNP) (at bp 4&®)ntified in theORF of HvPrx7
between Sloop and Alexis allowed the use of AmgifFragment Length Polymorphism
(AFLP) to map the gene to the barley genome. G P&R mixture (25 pL) (Promega)
was used to obtain a PCR product of 696 bp, cangito-Taf (12.5 pL); Forward

primer (5° ACCTGGAGCGCATCGTGGAGTTCC 3'; 1M, 2.5uL); Reverse primer (5'
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AGGCCCTGGTCCGACTTGAACAG 3 1M, 2.5uL) and sterile distilled water (3.25
pL). Cycling conditions comprised of 92 for 2 min (1 cycle), 94C for 30 sec, 5& for

30 sec, 72C for 1 min (35 cycles) and finally 7€ for 10 min. PCR products were
digested using Hyp81 (New England Biolabs), by agdiyp81 enzyme (1 uL) and sterile
distilled water (18 pL) to the PCR mixture (10 pdryd 10 X buffer (2 uL) and incubating
at 37°C for 1 h. Digestion patterns were analysedugh separation by gel electrophoresis
(1.5% agarose, w/v) and visualisation with ethidibromide (as per section 3.2.2.1.4).
Sloop and Alexis parents were digested as conamadispolymorphisms scored A (Alexis)
and B (Sloop) across Alexis x Sloop DH mapping paton lines. TheHvPrx7 marker
was placed on an updated version of the AlexisfsS@H map (as per section 2.2.5, kindly
provided by Greg Lott, SARDI) using Map Manager (Maet al. 2001). The position of
HvQRwas determined by March and colleagues as 2H WyPRRapping in the Alexis x
Sloop DH mapping population (Mar@t al.2008). This location was therefore used for all

experimentation.

4.2.3 Gene expression in the Alexis x Sloop DH pdgation

Gene expression in the Alexis x Sloop DH populaticas viewed as a quantitative trait

because we can measure differences in gene trahesels using gPCR. This allowed the

subsequent identification of eQTL across the badepome forHvBP1 HvPrx7 and

HvVOR
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4.2.3.1 RNA isolation and cDNA synthesis

An adapted TRIz6! (Invitrogen) method was used for RNA isolation @er section
3.2.2.1.cDNA was synthesised from RNA extracted from thedhdough stage of grain
development as per section 3.2.3. The hard dowge svas used as this stage was found
to be differentially expressed between the Alexisl &loop parents for all three genes

analysed (Figures 3.6-3.8).

Whole barley grains from 92 Alexis x Sloop DH mapgppopulation lines were ground in
liquid nitrogen using the IKR A1l basic analytical mill (IKA Works, Pataling Jay

Selangor, Malaysia) as per section 3.2.2.1. Graisslie (approximately 150 mg) was
transferred to a 2 mL tube containing 1 mL of TRfzand RNA extracted as per the
manufacturers’ instructions. RNA was assessed Hyetprtrophoresis as per section

3.2.2.1 following subsequent cDNA amplification.

A single cDNA synthesis reaction was performeddach of 92 Alexis x Sloop DH lines
for the first biological replicate (replicate 1)rfellvBP1, HvPrx7 andHvQR For a second
biological replicate (Replicate 2, using grain froam alternate plot), single cDNA
synthesis reactions were also undertaken. Howewuerto some of the lines in replicate 2
having considerably lower expression levels thaolicate 1 or no measurable expression,
cDNA synthesis was repeated for a subset of 72 lin@n replicate 2 to confirm that
observation. Reactions were performed as per se8tix3.2 using 1 pg total RNA as per
manufacturer’s instructions. Preceding gPCR, cDN#s whecked for quality using Go-

Tad PCR containing HvVGAPDH primers (Forward- 5
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ACAAGCTTGACAAAGTTGTCGTTCAGAG -3, Reverse- S’

TGTCTGTGGTGTCAACGAGAAGGAATAC -3)).

4.2.3.2 Detection of gene expression (QPCR)

Expression data was obtained for the 92 DH AlexiSlaop mapping population lines.
gPCR methods were undertaken as per section 3.A8r&alisation of the raw data was
performed using the control gekwGAPDHas per Burtoret al. (2004). Due to the large
size of the data set, technical PCR replicates werged to two for each biological

replicate.

A trouble shooting step was also included ugth@sAPDH to ensure reliability of data
used to identify eQTL. In a small subset of ligesie expression was studied at the milk
stage (milk 73, refer to Zadokst al 1974), where expression in candidates was evident

Three biological replicates and three technicalicafes were undertaken.

4.2.4. eQTL analysis

Composite interval mapping of expression data abkthi(from section 4.2.3.2) was
completed using Windows QTL Cartographer 2.5 (Basteal. 2005) with significance
threshold values set at a genome-wide significdee of 0.05 using 1000 permutations.
Genome-wide significance levels were re-calculatsidg Map Manager QTX (Manlgt
al. 2001), calculating the probability for the likedibd ratio statistic (LRS) in 2 cM steps
for 1000 permutations using an additive regressioodel. QTL analysis was only

completed on biological replicate 1 due to the xpression values obtained in the second
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replicate. The marker map used was an updatedoveddithose previously reportddr
the Alexis/Sloop DH mapping population (Baat al. 2003; Willsmoreet al. 2006). All
available marker information was collated, the magoer was reconstructed using
RECORD (Van Oset al. 2005) and refined through comparisons with the roeger
obtained from a larger recombinant inbred line (Rfopulation as per section 2.2.5

(kindly provided by Greg Lott, SARDI).

4.2.5 Comparative mapping studies

Comparative mapping studies between barley, whedtrime, were conducted with the
aim of identifying candidate genes residing witthe eQTL identified (see Section 4.2.4).
Only those eQTL which exceeded the highly signiftdaRS threshold (>0.05), calculated
using Map Manager QTX (Manlgt al. 2001), were explored using comparative mapping.
eQTLs identified in replicate one of the gPCR wengeted, due to the inability to detect

expression in replicate two.

Markers which flanked the eQTL in the Alexis/SlodgH population were used as a
starting point to identify putative syntenous rexian rice. Due to a lack of sequence
information for markers on the Alexis/Sloop mapagiety of barley maps were aligned by
the identification of common markers between majdheat was used to bridge the gap
between barley and rice, as even after aligningerans barley maps, there was still a lack
of sequence data for many of the barley markersBasic Alignment Search Tool

(BLAST) nucleotide (BLASTn) analysis of barley mark with sequence data against bin-
mapped wheat ESTs, allowed the identification afregponding bins in wheat. Wheat

ESTs from these corresponding bins were identifi®dg the Wheat Binmap viewer from
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the GrainGenes databasehttf://wheat.pw.usda.gov/GG2/index.shtm[10/08/2008).

BLASTn analysis of wheat ESTs was then performeaires all rice bacterial artificial
chromosome (BAC) and P1l-dervied artificial chrommaso(PAC) sequences in Genbank,
using the Institute for Genomic Research databaseTIGR;

http://rice.plantpathology.msu.edaccessed 10/08/2008). The chromosomal location of

the BAC/PAC with the highestvalue was used to align the wheat EST sequendés wi
rice chromosomes. Brief information of the gene eledvithin the identified syntenous
regions was then downloaded from TIGR and seardbedgenes whose annotation

suggested a role in the regulation of transcription

4.3 Results

4.3.1 Identifying and characterising areas of the@nome regulatingHvBP1 expression

4.3.1.1 Sequence variation within th©RF

Sequencing of th©RF of HYBP1 showed no sequence variation between the parénts o
the Alexis/Sloop DH population. The full lengt@RF (1079 bp) has been previously
sequenced in the parental variety BomdvPrx5 Accession; M73234Rasmusseret al
1991), where they report using tReR7probe to study gene expressidime PCR7 probe
aligns to the last 543 bp of the 3’ end of the B@@guence, however, 4 bp appear to be
different in the PcR7 probe (Figure 4.1). The cDNéquence obtained for the parents
Sloop and Alexis is identical to that previouslypoeed for Bomi (Figure 4.1). Further
characterisation of thelvBP1 ORFinvolved sequencing reactions using genomic DNA as

template, revealing the presence of no intronsuffeig.1). The genomic sequence of Sloop
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is an identical match to the cDNA sequences foh bdliexis and Sloop (Figure 4.1).
However, genomic sequencing for AlexidvBP1 differed from the cDNAHvVBP1
sequence with seven single nucleotide polymorphi€NPs) identified (Figure 4.1). To
check for sequencing errors three replications wedertaken, ensuring a correct result
The gDNA for AlexisHvBP1appears to be identical with tReR7sequence identified by

Rasmussen and colleagues (Figure 4.1) betweenrsB50¥9 bp.
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Figure 4.1 Alignment of sequences foHvBP1. The ORF of HYBP1 was sequenced from cDNA
and genomic DNA (Gen) of Sloop and Alexis (n=3)e\wously reported sequences tdvBP1
(HvPrx5 Bomi andPcR% are also shown (Rasmussenal. 1991). The sequence used for the
gPCR probe is shown as a line above the sequence.
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4.3.1.2 Chromosomal location oHvBP1

Using PCR of barley:wheat addition linedyBP1 was localised to chromosome 7H

(Figure 4.2).

g
<
,Ef-"

e— -@% &
S H 2H 3H 4H SH 6H 7H

Figure 4.2 Chromosomal localisation ofHvBP1 using PCR of barley:wheat addition lines.
Lines included barley control (Betzes), wheat aadn{€Chinese Spring) and wheat addition lines
containing one of each of the barley chromosomés7H). (L)=1kb plus ladder. The arrow
represents the amplification of the PCR productHaBP1in the 7H addition line.

The absence of SNPs within ti@RF did not allow the fine mapping divBP1 using
Amplified Fragment Length Polymorphism analysis.eWWous studies using RFLP
techniques have mappét/BP1to chromosome 3H (Marcét al. 2007). Rasmusson and
colleagues (1991) using tHecR7 probe also reported the location l@/BP1to be on

chromosome 3H.

4.3.1.3 Expression data across the Alexis/Sloop n@Epg population

Variation in gene expression was observed acrossAtaxis/Sloop DH population for

biological replicate 1 (Figure 4.3A). The variatiobserved indicates that gene expression
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can be used in further experiments as a quangtatait to map gene expression, with the
aim of identifying eQTL. When gene expression wasdied in a second biological
replicate (an alternate plot at Hatherleigh) gexgre&ssion was not detected in more than
half of the lines (Figure 4.3B), suggesting techhproblems with the gPCR. To address
this, the gPCR was repeated (a repeat of replpfer the 72 lines where little or no
expression was apparent. cDNA quality was firstkareined through assessment of
HvVGAPDH and results compared to the first replicate (FBgéid). When no expression
was observed for replicate 2 (Figure 4.3B)yGAPDH levels werelow or absent in
comparison to the first replicate (Figure 4.4),gegging that the results obtained were due
to cDNA quality. HYvGAPDHlIevels were substantially increased in the repeegplicate 2
(Figure 4.4, 72 lines represented by a line untderA x S number). Comparable and
higher HvGAPDH levels were observed in comparison to the firpticate where all 92

lines of the population displayed expression.

After normalisation againsivGAPDH,little or no expression was detected HwBP1in a
large number of lines for the repeat of replicat@gl@a not shown). Expression appears to
be higher than that of the first replicate in aglamumber of the lines, where higher
candidate geneHBP1) expression was observed. Where no expressionpvesent in
replicate 2,HvGAPDH expression appeared sound. Establishment of ggression in
the second biological replicate revealed that 38thef 92 lines displayed no gene
expression foHvBP1.A scatter plot also indicated no relationship betweeplicate 1 and

2 (Figure 4.5). Results would therefore suggestaveeobserving considerable biological

variation between plots.
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Figure 4.3 Normalised expression levels (level of RINA presented as number of copies per pL) of candade geneHvBP1 obtained from gPCR
across the Alexis x Sloop (A x S) DH mapping popata Normalisation of the raw data was performed ushegdontrol genélvGAPDHas per
(Burton et al., 2004)rwo biological replicates (separate plots) aregmesd, in A and B respectively (meastandard deviation of 2 technical replicates

for each biological replicate are shown). Exprassi@s observed at the hard dough (77) stage of gi@ielopment (refer to Zadoks al 1974, see
section 3.2.1).
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Figure 4.4HvVGAPDH expression levels (level of mMRNA presented as nuetbof copies per pL) for cDNAobtained from gPCR across the Alexis x
Sloop DH mapping population [n = 2 (Replicate 1 @dombined), n=3 (Repeat of Replicate 2), standendation for each cDNA was calculated].
Replicate 1 (solid black bar) is representative dfiological replicate while Replicate 2 (white oand the repeat (yellow bar) are representativa of
second biological replicate. The repeat of Repdi@{shown by a line under the AxS number) wasbaetuof lines created from replicate 2 where litile
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no candidate gene expression was observed (Fig8ye Expression was observed at the hard doughstége of grain development (refer to Zadeks
al., 1974).
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Figure 4.5 Comparison of qPCR data forHvBPL1 in biological replicate 1 and 2.Data from
figures 4.3 and 4.4 have been displayed in a sphitdor comparison.

A further trouble shooting step was therefore catgul to ensure reliability and decide
which data should be used to identify eQTL. Gerpression was studied at the milk
stage (73, refer to Zadoks al 1974) of grain development féivBP1 where previous
higher expression levels were observed (referd¢ome3.3.2, Figure 4.6). Candidate genes
HvQR and HvPrx7 were also included in this experiment. The smalhssti of lines
displayed highHvGAPDH levels (Figure 4.6A) and elevated levels of exgims for
HvBP1 (Figure 4.6B) compared to the hard dough stageu(Eigld.4) as expected,
suggesting data from replicate 1 was reliable @7l analysisHVQR (Figure 4.6B) and

HvPrx7 (Figure 4.6C) were also expressed.
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Figure 4.6 HYGAPDH expression levels for cDNA (A) and normalised expssion levels of
candidate geneHvBP1, HVQR (B) and HvPrx7 (C) (level of mRNA presented as number of
copies per pL)obtained from gPCR across a subset of lines froexidlx Sloop DH mapping
population (meart standard deviation of 3 technical replicateShe milk stage of grain
development was examined (milk 73, refer to Zaduika. 1974).
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4.3.1.4 Identification oftrans-acting eQTL for HvBP1

Due to the large variation present between biokigreplicates, eQTL analysis was
undertaken on replicate 1. Gene expression washditgd across the Alexis/Sloop DH
population as shown for biological replicate 1 (K& 4.3 A) and biological replicate 2
(Figure 4.3B and 4.5). Using gene expression data feplicate 1 (where gene expression
was apparent across all lines), eQTL were deteote&hromosomes 1H, 2H and 5H
(Figure 4.7). The Alexis allele contributed to tQdL on all chromosomes, explaining
5.6%, 13% and 21% of the phenotypic variance famomiosomes 1H, 2H and 5H,
respectively. Calculation of genome-wide significarevels indicated that only the QTL
on chromosomes 2H and 5H are considered highlyfsignt (>0.05 LRS)No significant
QTL were detected for replicate 2 and its repeataachot shown). ThelvBP1 gene was
mapped to chromosome 7H (Figure 4.2) indicating foa HvBP1 a transregulatory
mechanism (polymorphism elsewhere in the genome)ohbserved with loci on

chromosomes 2H and 5H affecting the expressiohedfltBP1gene on 7H.

116



Chapter 4: The identification of eQTLs, establishing areas of the genome contributing to gene expression

= o = I -] UM54-3 =} n a ] 8 = = -] “
i Bmaci4dh —f—) | I | P Wﬁ':g ! "#— I I Bhagi0g ::E I | I
10 ksuDl4a ~.| | | | I QR | : : abgT05a i | !
P14/ME1-92 — = | ] [ HM2E ) | | psr328 ! [
20 Horl | ! ! Psago2 1 | Bmac2Bi —— ! ! !
Brmac213 ~.| | I ! ! GBM1052 | | f ‘ﬂ\ EBMac0Rs —t ! ! !
a0 ksuE13 L ! ! | abg2 | | MCGOD1.B10 = ! .
P14MME-T0 —— i ] I GBM1523 ] | Bmag3at < | | I |
40 P12M50-04 — I ! ! l | i ' ! !
ksuD14b =] [ ! ! | | ! ! !
a0 | ] | | I | I
! | , : | 1 GEM1426 —| | ! |
60 | 1 BMag22 —|
EBmacs01 —— i i i 1 I I
mas i , psri31 EBmactD? | I 1 Bmag?23 —— , i
70 | | , EBmace4l : [ 1 OR3 —— 'y I i
GBM1102 | 1
I | — 1 | I
&0 ! I , Bmag518 Bmace3 1 | | w37 | —f’/ |
a0 Bmac154 —— ! ! GBMS188 ! I ! F i R
| | EBmacfi4 Bmag114 | | 1 cdod 00 —1= | | !
100 ! | , Bmag378 abgl4 | | 1 abg3 —— | , | A
| i , GBM1365 cdod 74 | | 1 | , i
110 i i I Bmag125 ! | ! |
120 | I | awbmal1 ! I 1 abgT12 — = . | !
]
wygbosh —+= i i I Bmac144a | : : EBmacs2d —|_| ! ! !
130 bodal4 —1— | ! ! cdofifa | | | gms27 — | 1
|
140 i i | | | 1 Bmag222 :—;E | i
abgdsa —— , | , EBmacd15 GBM1385 : | 1 SerpinZ7 —_| ! ! !
150 - | ! s i ' ! MCGOD2.611 ~J— ' .
— | i — ! GBM1408 ! | GBM1402 = ! oo
180 P13M4T-163 —= ! ! | A ksuF41 : | | i | i !
43TH1dT seq I I ] | I
170 da b C QR2 | | | — I : 1
abeiTih | | 1 =
180 bed207 cdodf | | i ! o
100 GBM1475 ! I i d b C
w845 P ! I 1
200 GBM1026 i I !
123
210 b3 da b C
220
230

Figure 4.7 Likelihood ratio test statistics from canposite interval mapping ofHvBP1 gene expressioriReplicate 1) (eQTLs) in the Alexis /Sloop DH
population grown at Hatherleigh, SA in 2004/2006vsimg QTL detected on chromosomes 1H, 2H and 5ktabices within chromosomes are displayed
in centimorgans (cM). At each QTL peak, the alt@atributing is identified as coming from Sloop(®)Alexis (A). Genome-wide significance levels
were re-calculated using Map Manager QTX (Maatlal. 2001) with a = suggestive, b = significant andldghly significant. The marker map is an
updated version of those previously reported ferAkexis/Sloop DH mapping population (Batral 2003; Willsmoreet al. 2006).
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4.3.1.5 Comparative mapping studies of thizans-acting eQTL for HVBP1

Comparative mapping studies between barley, whedtrie, were conducted with the
aim of identifying candidate genes residing withine transeQTL identified. eQTL on
chromosome 2H and 5H fétvBP1were chosen for comparative mapping studies because

these eQTL were found to be highly significant

Markers which flanked the eQTL in the Alexis/Slodpubled haploid population were

used as a starting point to identify putative sgotes regions in rice. Due to a lack of
sequence information for markers on the Alexis/Blowp, a variety of barley maps were
aligned by the identification of common markerswesn maps (Figure 4.8 and Figure
4.9). Flanking markers of the eQTL identified omarhosome 2H of the Alexis/Sloop DH

map (Barret al 2003; Willsmoreet al. 2006) were identified as HVYM36 and GBM1523
(Figure 4.8). Flanking markers of the eQTL idaatfon chromosome 5H in the Alexis/
Sloop DH map (Baret al 2003; Willsmoreet al 2006) were identified as psr637 and
abg712 (Figure 4.9). BLASTn analysis of barley neaskon chromosome 2H of barley
(Figure 4.8) against bin-mapped wheat ESTs, idedtihits to bins on the short arm of
chromosomes 2A, 2B and 2D. The entire short armvhefat chromosome 2 was used for

further analysis, resultant of hits to all bimstg://wheat.pw.usda.gov/GG2/index.shini

total of 810 wheat ESTs from these correspondimg were identified using the Wheat
Binmap viewer from the GrainGenes database

(http://wheat.pw.usda.qgov/GG2/index.shimBLASTn analysis of these 810 wheat ESTs

was performed against all rice BAC and PAC sequemteGenbank, with a noticeable
trend in hits to rice chromosome 4 and 7 as exgdetgure 4.10). A total of 102 wheat

ESTs (12.6%) aligned to rice chromosome 4 and 38%o] to rice chromosome 7.
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Figure 4.8 Barley chromosome 2H mapaligned to show common markers within the eQTL
identified. Flanking markers of the eQTL identified in theeRis/Sloop DH map (A) (Baret al
2003; Willsmoreet al 2006) were identified as HVM36 and GBM1523; Idiécdtion of further
marker sequence information through alignment witdps; (B) DArT/SSR/RFLP/STS consensus
map (Wenzlet al. 2006); (C) Barley BinMap 2005ttp://barleygenomics.wsu.edu(D) Barley
Consensus 2005, SNP map (Rostekal.2005).
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Figure 4.9 Barley chromosome 5H mapaligned to show common markers within the eQTL
identified. Flanking markers of the eQTL identified in theegils/Sloop DH map (A) (Baret al.
2003; Willsmoreet al. 2006) were identified as psr637 and abg712; Ifiestion of further marker
sequence information through alignment with mag) Barley G x H (Galleon x Haruna)
(http://greengenes.cit.cornell.edu/Waite QTL/GxH.html  (C) Barley BinMap 2005
(http://barleygenomics.wsu.edu{D) Barley Consensus 2005, SNP map (Rostbkd. 2005).

BLASTn analysis of barley markers on chromosomedbHbarley (Figure 4.11) against
bin-mapped wheat ESTs, identified hits to bins lo# long arm of chromosomes 5A, 5B
and 5D. A total of 743 wheat ESTs from these cpaading bins (Figure 4.11) were
identified using the Wheat Binmap viewer from thera@Genes database

(http://wheat.pw.usda.qov/GG2/index.shktmThe bin 12-0.35-0.57 on chromosome 5AL

displayed 23 hits (47%) to rice chromosome 9. Theas a noticeable trend of hits to rice

chromosome 3 (326 or 44%) for the remaining biesidied as identified (Figure 4.11).
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Figure 4.10 Alignment of the eQTL on barley chromosme 2H and rice chromosome 4 and 7.
Marker sequence data from Barley 2H [Alexis x Sl@ map (Barret al 2003; Willsmoreet al
2006)] resulted in hits to wheat bin map, chromos®@AS, 2BS and 2DS. The corresponding bin
names are represented to the left of the bin mampteBous regions are linked to rice chromosome
4 (0-19.9 cM) and 7 (60.8-118.6 cM).
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Figure 4.11 Alignment of the eQTL on barley chromosme 5H and rice chromosome 9 and 3.
Marker sequence data from Barley 5H [Alexis x Sl@ map (Barret al 2003; Willsmoreet al
2006)] resulted in hits to wheat bin map, chromos®®AL, 5BL and 5DL. The corresponding bin
names are represented to the left of the Bin mampteBous regions are linked to rice chromosome
9 (60.8-93.5 cM) and 3 (86-166.4 cM).
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Regions of Rice Chromosome 4 and 7, which wereddorbe syntenous to the eQTL on
barley 2H (Figure 4.10) revealed a total of 19 cdaies for chromosome 4 (Table 4.2)
and 76 candidates for chromosome 7 (Table 4.3putlr comparative mapping between
barley, wheat and rice. Genes were chosen as @aditdased on their proposed role in
transcription or whether they had DNA binding donsadr domains previously ascribed to
transcription factorsThe full list of candidates identified through coanative mapping
can be found in Appendix 2. Regions of Rice Chramnos 9 and 3, which were found to
be syntenous to the eQTL on barley 5H (Figure 4rél¢aled a total of 60 candidates for
chromosome 9 (Table 4.4) and 95 candidates fornohsome 3 (Table 4.5) through

comparative mapping.
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Table 4.2 Proposed candidate genes within the idéfied syntenous region (Rice 4) for the
HvBP1 eQTL identified on barley chromosome 2H Candidates identified through comparative
mapping between barley, wheat and Rice (Figure)4ll@cus represents the gene number and
accession, the rice BAC number in which the genesides (TIGR;
http://rice.plantpathology.msu.eduCandidate represents brief information of th@egemodels,
with annotations suggesting a proposed role imghalation of transcription.

Locus Accession Candidate
LOC_0s04g02000 AL606642 Zinc-finger, RanBP-type, containing protein, expressed
LOC_0Os04g08060 AL606654 Zinc finger, C2H2 type family protein, expressed
LOC_0s04g08290 AL662959 Zinc finger, C2H2 type family protein
LOC_0s04g08600 AL663013 Zinc finger, C2H2 type family protein
LOC_0s04g17200 AL662989 GRF zinc finger family protein
LOC_0s04g16970 AL606611 Zinc finger, C3HC4 type family protein, expressed
LOC_0s04g10890 AL663018 Zinc knuckle family protein
LOC_0s04g16270 AL662961 Zinc knuckle family protein
LOC_0s04g09560 AL731589 DNA binding protein-like, putative
LOC_0s04g10260 AL662934 DNA binding protein, putative
LOC_0s04g10610 AL731620 SWIM zinc finger family protein
LOC_0s04g11830 AL662965 TCP-domain protein, putative, expressed
LOC_0s04g12460 AL606449 Leucine Rich Repeat family protein, expressed
LOC_0s04g08390 AL662959 Leucine Rich Repeat family protein, expressed
LOC_0Os04g15650 AL662993 Leucine Rich Repeat family protein, expressed
LOC_0s04g02520 AL606992 Leucine Rich Repeat family protein
LOC_0s04g08370 AL662959 Leucine Rich Repeat family protein
LOC_0s049g14990 AL731592 BURP domain-containing protein, putative
LOC_0s049g19684 AL731611 Methyl-CpG hinding domain containing protein, expressed
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Table 4.3 Proposed candidate genes within the idefied syntenous regions (Rice 7or eQTL
identified on barley chromosome 2H Candidates identified through comparative mapping
between barley, wheat and Rice (Figure 4.10). Loepsesents the gene number and accession, the
rice BAC number in which the gene resides (TIGRp://rice.plantpathology.msu.ediCandidate
represents brief information of the gene model#h @ihnotations suggesting a proposed role in the
regulation of transcription.

Locus Accession Candidate

LOC_0s07g31470 AP004259 MYB transcription factor, putative, expressed
LOC_0s07g37210 AP005195 MYB transcription factor, putative, expressed
LOC_0s07g44090 AP004334 Myb-related protein Hv33, putative, expressed
LOC_0s07g43420 AP004009 Myb, DNA-binding, putative, expressed

leucine-rich repeat receptor protein kinase EXS precursor,
LOC_0s07g31500 AP004259 putative, expressed
LOC_0s07g35110 AP003863 Leucine Rich Repeat family protein
LOC_0s07g31720 AP005177 ZAC, putative, expressed
LOC_0s07g32170 AP005186 SBP domain containing protein, expressed
LOC_0s079g32350 AP005127 WD-repeat protein 74, putative, expressed
LOC_0s079g32420 AP003815 DNA binding protein, putative, expressed
LOC_0s07g37800 AP003705 DNA binding protein, putative, expressed
LOC_0s079g38170 AP003981 DNA binding protein, putative, expressed
LOC_0s07g39320 AP004276 DNA binding protein, putative, expressed
LOC_0s07g41640 AP005193 DNA binding protein, putative, expressed
LOC_0s07g42750 AP004309 DNA binding protein, putative, expressed
LOC_0s07g44950 AP003765 DNA binding protein, putative, expressed
LOC_0s07g49290 AP004333 DNA binding protein, putative, expressed
LOC_0s07g39940 AP003985 DNA binding protein, putative
LOC_0Os07g48200 AP005243 B3 DNA binding domain containing protein, expressed
LOC_0s079g33720 AP003930 NB-ARC domain containing protein
LOC_0s07g33730 AP003930 NB-ARC domain containing protein, expressed
LOC_0s07g34880 AP006753 Homeobox domain containing protein
LOC_0s07g35870 AP005156 bHLH transcription factor, putative, expressed
LOC_0s07g36390 AP004401 CRP1, putative, expressed
LOC_0s079g36820 AP004261 Uncharacterized Cys-rich domain, putative, expressed

ARF GAP-like zinc finger-containing protein ZIGA3, putative,
LOC_0s07g37650 AP005296 expressed
LOC_0s07g37920 AP003932 NAM-like protein, putative, expressed
LOC_0s079g38240 AP003981 AN1-type zinc finger protein 2B, putative, expressed
LOC_0s079g38750 AP003845 AP2 domain containing protein

AP2/EREBP transcription factor BABY BOOM, putative,
LOC_0s07g39110 AP004182 expressed
LOC_0s07g38440 AP005908 Regulatory protein, DeoR, putative, expressed
LOC_0s079g39310 AP004276 Zinc finger, C2H2 type family protein, expressed
LOC_0Os07g40780 AP003915 Zinc finger, C2H2 type family protein, expressed
LOC_0s07g39960 AP005149 Zinc finger, C2H2 type family protein
LOC_0Os07g40950 AP003840 Zinc finger, C2H2 type family protein
LOC_0s07g39970 AP005149 Zinc finger protein PIF1, putative, expressed
LOC_0s07g40300 AP003846 Zinc finger protein 7, putative, expressed
LOC_0s07g40080 AP003750 Zinc-finger protein 1, putative, expressed
LOC_0s07g42610 AP004988 Ring-H2 zinc finger protein, putative, expressed
LOC_0s07g48680 AP003818 RING-H2 finger protein ATLA4L, putative, expressed
LOC_0s07g42640 AP004309 FYVE zinc finger family protein, expressed
LOC_0s07g45180 AP005455 SWIM zinc finger family protein, expressed
LOC_0s07g43400 AP004009 SWIM zinc finger family protein, expressed
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LOC_0s07g45250
LOC_0s07g47010
LOC_0s07g47360
LOC_0s07g39430

LOC_0s07g39480

LOC_0s07g48260
LOC_0s07g40570
LOC_0s07g48450
LOC_0s07g48550
LOC_0s07g39800
LOC_0s07g39810
LOC_0s07g39820
LOC_0s07g40020
LOC_0s07g40130
LOC_0s07g44200
LOC_0s07g41580
LOC_0s07g41720
LOC_0s07g40580
LOC_0s07g41340
LOC_0s07g41350
LOC_0s07g41370
LOC_0s07g41560
LOC_0s07g42370

LOC_0s07g42800
LOC_0s07g44030
LOC_0s07g44690
LOC_0s07g45350

LOC_0s07g47110
LOC_0s07g47790
LOC_0s07g48180
LOC_0s07g48820
LOC_0s07g48870
LOC_0s07g49380

AP005455
AP003825
AP004570
AP004185

AP003747

AP005243
AP004275
AP005167
AP005167
AP005437
AP005437
AP005437
AP005149
AP003750
AP003749
AP005193
AP006458
AP004275
AP005175
AP005175
AP005175
AP005193
AP005198

AP004309
AP004339
AP005292
AP003822

AP004274
AP006268
AP005243
AP003813
AP003813
AP005199

SWIM zinc finger family protein
SWIM zinc finger family protein
CW:-type Zinc Finger family protein, expressed

mTERF family protein, expressed

OsWRKY78 - Superfamily of rice TFs having WRKY and zinc
finger domains, expressed

OsWRKY78 - Superfamily of rice TFs having WRKY and zinc
finger domains, expressed

WRKY transcription factor 3, putative, expressed

NAC domain-containing protein 18, putative, expressed

NAC domain-containing protein 21/22, putative, expressed
transcription repressor HOTR, putative, expressed
triacylglycerol lipase, putative, expressed

SHR, putative, expressed

GRAS family transcription factor containing protein, expressed
transcriptional regulatory protein algP, putative

transcription regulator, putative, expressed

nuclear transcription factor Y subunit B-3, putative, expressed
nuclear transcription factor Y subunit A-3, putative, expressed
Eukaryotic translation initiation factor 5A, putative, expressed
B12D protein, expressed

B12D protein, expressed

MADS-box transcription factor 18, putative, expressed

STF-1, putative

pnFL-2, putative, expressed
AT hook-containing MAR binding 1-like protein, putative,
expressed

TKI1, putative
AT-HSFB4, putative, expressed

ZCF61, putative, expressed
Phosphoric diester hydrolase/ transcription factor, putative,
expressed

ERF-like protein, putative, expressed

transcription factor RF2b, putative, expressed
transcription factor HBP-1b, putative, expressed
typical P-type R2R3 Myb protein, putative, expressed
PWWP domain containing protein, expressed
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Table 4.4 Proposed candidate genes within the idefied syntenous region (Rice 9jor
the HVBP1 eQTL identified on barley chromosome 5H Candidates identified through
comparative mapping between barley, wheat and [aggure 4.10). Locus represents the
gene number and accession, the rice BAC number hithwthe gene resides (TIGR;
http://rice.plantpathology.msu.eduCandidate represents brief information of thenege
models, with annotations suggesting a proposedmdlee regulation of transcription.

Locus Accession Candidate

LOC_0s09g27650 AP005308 zinc finger, C2H2 type family protein, expressed

LOC_0s09g39660 AP005546 zinc finger, C2H2 type family protein, expressed

LOC_0s09g28110 AP005393 RING zinc finger protein-related, putative, expressed

LOC_0s09g32730 AC108753 zinc finger-like protein, putative, expressed

LOC_0s09g29130 AP005676 ZF-HD protein dimerisation region containing protein, expressed

LOC_0s09g29310 AP005399 RING/C3HC4/PHD zinc finger-like protein, putative, expressed

LOC_0s09g29370 AP005399 RING-H2 finger protein ATL5F, putative, expressed

LOC_0s09g37050 AP006149 RING-H2 finger protein ATL2B, putative, expressed

LOC_0s09g38110 AC137596 RING-H2 finger protein ATL2A, putative, expressed

LOC_0s09g36500 AP006067 RING-H2 finger protein ATL2A, putative, expressed

LOC_0s09g33670 AC137594 zinc finger, C3HC4 type family protein, expressed

LOC_0s09g33740 AC137594 zinc finger, ZZ type family protein, expressed

LOC_0s09g33550 AC137595 zinc finger protein CONSTANS-LIKE 15, putative, expressed

LOC_0s09g38400 AC137592 zinc finger protein hangover, putative, expressed

LOC_0s09g38610 AC137592 zinc finger protein 2, putative, expressed

LOC_0s09g38790 AP005396 zinc finger protein 207, putative, expressed

LOC_0s09g34980 AP006859 zinc knuckle family protein, expressed

LOC_0s099g27730 AP005559 protein HVA22, putative, expressed

LOC_0s09g28200 AP005655 AT-HSFB4, putative, expressed

LOC_0s09g28210 AP005655 DNA binding protein, putative, expressed

LOC_0s09g29360 AP005399 DNA binding protein, putative, expressed

LOC_0s09g31390 AC108758 DNA binding protein, putative, expressed

LOC_0s09g31470 AC108762 DNA binding protein, putative, expressed

LOC_0s09g37760 AP005679 DNA binding protein, putative, expressed

LOC_0s09g29830 AP006169 DNA binding protein, putative, expressed

LOC_0s09g28900 AP005755 DNA binding protein, putative

LOC_0s09g28310 AP005655 bZIP transcription factor, putative, expressed

LOC_0s099g36760 AP006174 bZIP-like protein, putative, expressed

LOC_0s09g36910 AP006149 bZIP transcription factor family protein, expressed

LOC_0s09g29820 AP006169 BZIP family transcription factor, putative, expressed

LOC_0s09g28440 AP005891 AP2 domain containing protein, expressed

LOC_0s09g28890 AP005755 AHML1, putative, expressed

LOC_0s09g29460 AP005574 homeobox-leucine zipper protein ATHB-6, putative, expressed

LOC_0s09g35910 AP005681 homeodomain-leucine zipper transcription factor TaHDZipl-1, putative,
expressed

LOC_0s09g29550 AP005555 dof zinc finger protein, putative
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LOC_0s09g29960
LOC_0s09g29930

LOC_0s09g30310
LOC_0s09g30320
LOC_0s09g30400

LOC_0s09g31200
LOC_0s09g31300
LOC_0s09g31454
LOC_0s09g36730
LOC_0s09g32010
LOC_0s09g32260
LOC_0s09g32510
LOC_0s09g33580
LOC_0s09g32948
LOC_0s09g33490
LOC_0s09g38010
LOC_0s09g38000
LOC_0s09g33590
LOC_0s09g34060
LOC_0s09g34330
LOC_0s09g35700
LOC_0s09g35760
LOC_0s09g36160
LOC_0s09g37250
LOC_0s09g37910

AP005759
AP006169

AP005633
AP005633
AP005392

AC108756
AC108758
AC108762
AP006174
AC099403
AC099404
AC108763
AC137595
AC108759
AC137595
AC137596
AC137596
AC137595
AP006756
AP007254
AP005864
AP005864
AP005567
AP006548
AP005742

dof zinc finger protein MNB1A, putative, expressed
transcription factor BIM2, putative, expressed

nuclear transcription factor Y subunit C-2, putative, expressed
BURP domain containing protein, expressed

OsWRKY80 - Superfamily of rice TFs having WRKY and zinc finger domains,
expressed
multiple stress-responsive zinc-finger protein ISAP1, putative, expressed

helix-loop-helix DNA-binding domain containing protein, expressed
myb-like DNA-binding domain containing protein, expressed
myb-related protein Hv1, putative, expressed

ternary complex factor MIP1, putative, expressed
ANACO079/ANACO080, putative, expressed

BHLH transcription factor, putative, expressed

bHLH transcription factor GBOF-1, putative, expressed
MADS-box transcription factor 8, putative, expressed

NAC domain-containing protein 18, putative, expressed
NAC domain-containing protein 78, putative, expressed
ANACO086, putative

retrotransposon protein, putative, LINE subclass
transcription factor RF2a, putative, expressed

transcription factor AtMYC2, putative

YY1 protein precursor, putative, expressed

OCL3 protein, putative, expressed

SHI, putative, expressed

ARID/BRIGHT DNA binding domain containing protein

HMG1/2-like protein, putative, expressed
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Table 4.5 Proposed candidate genes within the idefied syntenous regions (Rice 3jor
the HvBP1 eQTL identified on barley chromosome 5H Candidates identified through
comparative mapping between barley, wheat and [agure 4.10). Locus represents the
gene number and accession, the rice BAC number hithwthe gene resides (TIGR;
http://rice.plantpathology.msu.eduCandidate represents brief information of thenege
models, with annotations suggesting a proposedmdlee regulation of transcription.

Locus Accession Candidate
LOC_0s03g31880 AC133861 SHR, putative, expressed
LOC_0s03g32220 AC147803 zinc-finger protein 1, putative, expressed
LOC_0Os03g41110 AC133860 zinc-finger protein 1, putative, expressed
LOC_0s03g41390 AC135500 zinc-finger protein 1, putative, expressed
LOC_0s03g55540 AC090713 zinc-finger protein 1, putative, expressed
LOC_0s03g62230 AC104487 zinc-finger protein 1, putative, expressed
LOC_0s03g39040 AC135502 zinc knuckle family protein, expressed
LOC_0s03g39880 AC120537 zinc knuckle family protein, expressed
LOC_0s03g45730 AC135600 zinc knuckle family protein, expressed
LOC_0s03g40710 AC109601 zinc finger, C2H2 type family protein
LOC_0s03g49132 AC097368 zinc finger, C2H2 type family protein
LOC_0s03g60540 AC104433 zinc finger, C2H2 type family protein
LOC_0s03g41640 AC136972 GRF zinc finger family protein
LOC_0s03g44600 AL731878 GRF zinc finger family protein
LOC_0s03g57260 AC133340 GRF zinc finger family protein, expressed
LOC_0s03g43840 AC128646 zinc finger protein LSD2, putative, expressed
LOC_0s03g52740 AC118133 SWIM zinc finger family protein
LOC_0s03g57410 AC084296 RING-H2 finger protein ATL5D, putative, expressed
LOC_0s03g57890 AC090871 zinc finger A20 and AN1 domains-containing protein, putative, expressed
LOC_0s03g57920 AC090871 zinc finger A20 domain-containing protein 2, putative, expressed
LOC_0s03g59540 AC135595 RING zinc finger protein, putative, expressed
LOC_0s03g59760 AC137507 RING finger protein 126, putative, expressed
LOC_0s03g60570 AC104433 zinc finger DNA-binding protein, putative, expressed
LOC_0s03g32270 AC106887 sigma factor sigB regulation protein rsbQ, putative, expressed
LOC_0s03g32590 AC097367 transcription initiation factor, putative, expressed
LOC_0s03g33012 AC105743 WRKY transcription factor 4, putative, expressed
LOC_0s03g53050 AC096855 WRKY transcription factor 21, putative, expressed
LOC_0s03g63810 AC120506 WRKY transcription factor 14, putative, expressed
OsWRKY60 - Superfamily of rice TFs having WRKY and zinc finger domains,
LOC_0s03g45450 AC133859 expressed
OsWRKY3 - Superfamily of rice TFs having WRKY and zinc finger domains,
LOC_0Os03g55080 AC079887 expressed
OsWRKY4 - Superfamily of rice TFs having WRKY and zinc finger domains,
LOC_0Os03g55164 AC079887 expressed
LOC_0s03g58420 AC093713 OsWRKY®6 - Superfamily of rice TFs having WRKY and zinc finger domains
LOC_0s03g37670 AC093312 DNA binding protein, putative
LOC_0Os03g46790 AC146718 DNA binding protein, putative
LOC_0s03g62100 AC104487 DNA binding protein, putative
LOC_0Os03g46860 AC116369 DNA binding protein, putative, expressed
LOC_0s03g53630 ACO087852 DNA binding protein, putative, expressed
LOC_0s03g55590 AC099043 DNA binding protein, putative, expressed
LOC_0s03g56090 AC133450 DNA binding protein, putative, expressed
LOC_0s03g58530 AC104321 DNA binding protein, putative, expressed
LOC_0s03g59670 AC137507 DNA binding protein, putative, expressed
LOC_0s03g60120 AC139172 DNA binding protein, putative, expressed
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LOC_0Os03g63710 AC120506 DNA binding protein, putative, expressed

LOC_0s03g38990 AC133003 DNA-binding protein SMUBP-2, putative, expressed
LOC_0s03g59460 AC135595 DNA-binding protein EMBP-1, putative

LOC_0s03g38210 AC147962 myb-like DNA-binding domain containing protein, expressed
LOC_0s03g55760 AC099043 myb-like DNA-binding domain, SHAQKYF class family protein, expressed
LOC_0s03g51110 AC147426 MYB52, putative, expressed

LOC_0s03g38610 AC133333 MADS-box transcription factor PHERES2, putative
LOC_0s03g54160 AC092556 MADS-box transcription factor 14, putative, expressed
LOC_0s039g54170 AC092556 MADS-box transcription factor 34, putative, expressed
LOC_0s03g38870 AC133003 dof domain, zinc finger family protein, expressed
LOC_0s03g42200 AC107206 dof domain, zinc finger family protein, expressed
LOC_0s03g55610 AC099043 dof domain, zinc finger family protein, expressed
LOC_0s03g39432 AC137921 helix-loop-helix DNA-binding domain containing protein, expressed
LOC_0s03g53020 AC096855 helix-loop-helix DNA-binding domain containing protein, expressed
LOC_0s03g55220 AC084282 helix-loop-helix DNA-binding domain containing protein, expressed
LOC_0s03g55550 AC090713 helix-loop-helix DNA-binding domain containing protein, expressed
LOC_0s03g40080 AC109602 GRAS family transcription factor containing protein, expressed
LOC_0s03g40440 AC092778 B12D protein, expressed

LOC_0s03g42230 AC107206 B3 DNA binding domain containing protein, expressed
LOC_0s03g42370 AC097280 B3 DNA binding domain containing protein

LOC_0s03g42250 AC107206 B3 DNA binding domain containing protein

LOC_0s03g42630 AC092780 GRAB?2 protein, putative, expressed

LOC_0s03g43390 AC145780 Leucine Rich Repeat family protein, expressed

LOC_0s03g43650 AC120505 leucine-rich repeat receptor protein kinase EXS precursor, putative, expressed
LOC_0s03g43930 AC147427 class Ill HD-Zip protein 4, putative, expressed

LOC_0s03g44900 AC145381 CCR4-NOT transcription complex subunit 3, putative, expressed
LOC_0s03g44944 AC138001 CCR4-NOT transcription complex subunit 3, putative
LOC_0s03g52594 AC118133 CCR4-NOT transcription complex subunit 2, putative, expressed
LOC_0s03g45410 AC133859 TATA-binding protein 2, putative, expressed

LOC_0s03g47140 AC090683 atGRF2, putative, expressed

LOC_0s03g47200 ACO079830 ocs element-binding factor 1, putative

LOC_0Os03g47740 AC079736 BEL1-related homeotic protein 30, putative, expressed
LOC_0Os03g47780 AC079736 WD-repeat protein pop3, putative, expressed

LOC_0s03g47970 AC087851 GATA transcription factor 25, putative, expressed
LOC_0s03g48450 AC097277 DELLA protein RGL1, putative, expressed

LOC_0s03g49990 AC087797 DELLA protein SLR1, putative, expressed

LOC_0s03g51330 AC146936 DELLA protein SLR1, putative, expressed

LOC_0s03g48970 AC123974 nuclear transcription factor Y subunit A-1, putative, expressed
LOC_0s03g50310 AC087181 CCT motif family protein, expressed

LOC_0s03g51690 AC145380 homeobox protein OSH1, putative, expressed

LOC_0s03g51910 AC135956 BHLH transcription factor, putative, expressed

LOC_0s03g52320 AC103550 GIF2, putative, expressed

LOC_0s03g56050 AC133450 ANT-like protein, putative, expressed

LOC_0s03g60260 AC133007 ANT1, putative, expressed

LOC_0s03g56580 AC091494 NAC domain-containing protein 42, putative, expressed
LOC_0s03g56970 AC084320 ATARP7, putative, expressed

LOC_0s03g57149 AC133340 mTERF-like protein, putative, expressed

LOC_0s03g57190 AC133340 TCP family transcription factor containing protein, expressed
LOC_0s03g62470 AC096856 ATNACS, putative

LOC_0s03g63270 AC092559 regulatory protein, putative, expressed
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LOC_0s03g63400 AC096688 transcription factor BTF3, putative, expressed
LOC_0s03g63920 AC128647 KAP-2, putative, expressed
LOC_0s03g64300 AC092263 transcriptional corepressor LEUNIG, putative, expressed
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4.3.2 ldentifying and characterising areas of the @home regulating HvPrx7

expression

4.3.2.1 Sequence variation within th©RF

Sequencing of th®RF of HvPrx7 identified sequence variation between the pareintise
Alexis/Sloop DH population. The full lengtbRF has been previously sequenced in a P-02
line (Kristensenet al. 1999), and matches that of the Alexis sequencetifcbl (Figure
4.12). However, Sloop varied at positions 18, 3283, 504 and 853. The cDNA and
gDNA were found to match, indicating that there @vao introns present féitvPrx7. The
translated nucleotides reveal that amino acidesiiue 155 and 285 are different as a
result of the SNPs present in tb&RF (Figure 4.13). At residue 155 Sloop has a threonine
while Alexis has an alanine. Sloop has an aspagagiresidue 285, while Alexis has a

histidine.
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Figure 4.12 ORF sequence summary fadvPrx7. ORF of Prx7 was sequenced from cDNA and
genomic DNA (Gen) of Sloop and Alexis (n=3). Prausly reported sequences tdvPrx7 (Prx7
P-02) are shown (Kristensest al 1999).
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Figure 4.13 Alignment of the amino acid sequencesrfHvPrx7 from Alexis and Sloop.The ORF sequence presented in Figure 4.12 wadatatisising
Multalin (http://bioinfo.genopole-toulouse.prd.frattalin/multalin.html).
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4.3.2.2 Chromosomal location oHvPrx7

Chromosomal localisation dPrx7 to chromosome 2H was shown using barley;wheat
addition line PCR (Figure 4.14). The SNP at 463idgntified in the ORF oHvPrx7
between Sloop and Alexis (Figure 4.12) allowed uke of Amplified Fragment Length
Polymorphism to map the gene to the long arm ofomwimsome 2H (Figure 4.15)

confirming the barley:wheat addition line PCR.

3H 44 5H 6H 7H

Figure 4.14 Chromosomal localisation ofHvPrx7 by PCR. Lines including barley control
(Betzes), wheat control (Chinese Spring) and e#&t¢heobarley:wheat addition lines containing an
extra barley chromosome (1H-7H) were used. (L)=1Kis ladder. The arrow represents the
amplification of the PCR product in the 2H additiore.
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Figure 4.15 Location ofHvPrx7 on chromosome 2H as determined using Amplified Figment
Length Polymorphism (AFLP). The arrow represents the map locatiorHePrx7 on the long
arm of chromosome 2H.

4.3.2.3 Expression oHVPrx7 across Alexis/Sloop mapping population lines

Variation in gene expression was observed acrossAtaxis/Sloop DH population for
biological replicate 1 (Figure 4.16A). In the seddiological replicate, gene expression
was not detected in a large number of lines (FigudbB), consistent with technical
problems observed for the qPCRHBP1 Trouble shooting experiments were carried out
as previously outlined (4.3.1.3). Identical resultere obtained, such that when no

expression was observed for replicate 2 (FiguréB),JHVGAPDH levels werelow or
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absent in comparison to the first replicate (Figue), suggesting that the results obtained
were due to cDNA quality. Experiments to assesspaiaiglems with the probe indicated it
was of good quality, showing similar levelsk¥Prx7 expression to previous experiments
at the milk stage of development (Figure 4.6). #mio the observation fadvBP1 a
scatterplot indicated no relationship between ogpdi 1 and replicate 2 (Figure 4.17) while

the repeat of replicate 2 also had little or noregpion (data not shown).
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Figure 4.16 Normalised expression levels (level ofRNA presented as number of copies per pL) of candate genePrx7 obtained from qPCR (n = 2
standard deviation of each set replicates for €A was calculated) across the Alexis/Sloop (A)XDB1 mapping population. Normalisation of the
raw data was performed using the control gedu&APDHas per Burtoret al. (2004)Two biological replicates (separate plots) are gmésd, A and B.
Expression was observed at the hard dough (77) estagf grain development (refer to Zadokset al 1974).
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Figure 4.17 Comparison of gPCR data foHvPrx7 in biological replicate 1 and 2.Data
from figures 4.3 and 4.4 have been displayed ica#terplot for comparison.
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4.3.2.4 Identification of acis-acting eQTL for HvPrx7

As for HYBP1 (section 4.3.1.3), large variation was presenivbeh biological replicates,
such that eQTL analysis was undertaken using @plid. Using gene expression data
from replicate 1, QTL were detected on chromosodtés 2H, 3H, 4H and 6H (Figure
4.18). However, the QTL on chromosome 2H was thly @TL found to be highly
significant when genome-wide significance levelsrevealculated using Map Manager
QTX (Manly et al. 2001) (Figure 4.18). The Alexis allele contributexthe QTL on
chromosomes 1H, 3H and 6H, explaining 4%, 8% andd®%he phenotypic variance
respectively. The Sloop allele contributed to th&LQon chromosomes 2H and 4H,
explaining 25% and 9% of the phenotypic varianapeetively. QTLS on chromosomes
1H, 3H and 4H were found to be significant while IQfepresented on 2H were highly

significant and QTL on 6H were only suggestive (ffeg4.18).

The 2H eQTL was located in the same position asHWBrx7 gene (mapped using
barley:wheat addition line PCR and AFLP mappingiti®a 4.3.2.1). Given thatis-acting
QTLs are defined as messages whose levels ardllilckenarkers within 10 kb of their
own gene (Brenet al. 2008) and that at least one of its eQTL mappedinvaihdistance of
5 cM (Potokinaet al. 2008), we can conclude thelvPrx7 is under a model ofis-

regulation.
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Figure 4.18 Likelihood ratio test statistics from omposite interval mapping of Prx7 gene
expression(Replicate 1) (eQTLS) in the Alexis x Sloop DH ptadion grown at Hatherleigh, SA
in 2004/2005 showing QTL detected on chromosomes2ti 3H (A), 4H and 6H (B). Distances
within chromosomes are displayed in centimorgandl).(cAt each QTL peak, the allele
contributing is identified as coming from Sloop(8)Alexis (A). Genome-wide significance levels
were re-calculated using Map Manager QTX (Maslyal. 2001) with a = suggestive, b =
significant and ¢ = highly significant. The markeap is an updated version of those previously
reported for the Alexis/Sloop DH mapping populat{@arr et al. 2003; Willsmoreet al 2006).

4.3.2.5 Comparative mapping studies for eQTL ofVvPrx7

Cis+egulation of the Prx7 gene suggests that we asereing a polymorphism physically
located near or in the gene itself, or have idemtifa promoter polymorphism. Indeed,
polymorphisms were identified within the gene (Feu4.12 and Figure 4.13). For this
reason, the eQTL identified on 2H using gene exgimesdata from replicate 1 (Section

4.3.2.4) was not further investigated through camdze mapping studies. The other
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eQTL also were not further investigated as thé&elihood ratio statistic (LRS) threshold

was not considered highly significant.

4.3.3 ldentifying and characterising areas of thegnome regulatingHvQR expression

4.3.3.1 Expression data across Alexis/Sloop mappipgpulation lines for QR

Variation in gene expression was observed acras\lbxis x Sloop DH population for

biological replicate 1 (Figure 4.19A). As feivBP1andHvPrx7, gene expression was not
detected in a large number of lines for the sedmabbgical replicate (Figure 4.19B) or a
repeat of the second replicate (data not shownpil&@ily a scatter plot revealed no
relationship between replicates (Figure 4.20). Blewshooting experiments were carried
out as outlined in section 4.3.1.3. Results ref@dahose foHvBP1andHvPrx7such that

cDNA quality was confirmed in a repeat of replic&eand using the milk stage of

development (Figure 4.6).

144



Chapter 4: The identification of eQTLs, establishing areas of the genome contributing to gene expression

g

45,000
40,000
35,000
30,000
25,000
20,000

£

= il IiI|iIII|||“I|“|||I|‘|‘III\|I“|||I"‘I‘|I‘ mﬂhﬂl Mﬂ'h

Eﬂﬁ :M:gnnn Wﬂﬁﬂﬁﬁﬂﬁﬁ"ﬂl"ﬁﬁﬁﬁE!iﬁ!ﬂl‘mE’ﬁWE”EHBHﬁEQﬂR:EEHﬁﬁﬂ:E"&'Rﬂﬁﬁtgﬁﬂﬁﬁﬂﬁﬂﬁﬁﬂﬂﬂﬂmﬂﬂa TERATHORERY
AxS line number

copias perul

oo

25000

20000

15000

copies perul

10000

il ,__ILI_III\_L.iz__;_.._ﬂl._..;IIh|LL_

R YR g R YRS R R S S R AR R B R N N I B IR T B R R B O N AN R YT SR RE RS SRR B2 B LRRTR LT HOBEY

£xS line number

Figure 4.19 Normalised expression levels (level ofRNA presented as number of copies per pL) of candiate geneQR obtained from gPCR (n = 2,
standard deviation of each set replicates for eBHA was calculated) across the Alexis/Sloop (A)XD& mapping populatiorNormalisationof the
raw data was performed using the control geu&APDHas per Burtoret al. ( 2004)Two biological replicates (separate plots) are gmesd, A and B.
Expression was observed at the hard dough (77¢ stagrain development (refer to Zadatsal. 1974).

145



Chapter 4: The identification of eQTLS, establishing areas of the genome
contributing to gene expression

120,000
u
100,000
- BO,000
E ]
- 60,000
;E_ [ #HRepl
40,000 . o . . WRep?
- B se Be oo g

20,000
S o\ °4 4 0 gl

20 440 60 80 100

AxS Line number

Figure 4.20 Comparison of gPCR data forHVQR in biological replicate 1 and 2.Data from
figures 4.3 and 4.4 have been displayed in a spiitdor comparison.

4.3.3.3 Identification of acis-acting eQTL for HVQR

As for HvBP1 (section 4.3.1.3) andHvPrx7 (section 4.3.2.3), eQTL analysis was
undertaken on replicate 1. Using gene expressitanfdamn replicate 1, QTL were detected
on chromosomes 1H, 2H, 5H, 6H and 7H (Figure 4.28)wever, the QTL on
chromosome 5H was the only QTL found to be higindypigicant. This QTL is acis€QTL
given its position is the same as theQRgene reported by March and colleagues (March
et al. 2008). The Alexis allele contributed to the QTL ohromosomes 1H and 2H,
explaining 4% of the phenotypic variance for botAhLQwhich were only suggestive
(Figure 4.20). The Sloop allele contributed to @EL on chromosomes 5H, 6H and 7H,
explaining 33%, 8% and 6% of the phenotypic vararespectively (Figure 4.21). QTL on
chromosome 5H were found to be highly significahtleithe 6H QTL was significant and

the 7H QTL suggestive
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Figure 4.21 Likelihood ratio test statistics from omposite interval mapping of HVQR gene
expression (B)(Replicate 1) (eQTLs) in the Alexis x Sloop DH pé&giion grown at Hatherleigh,
SA in 2004/2005 showing QTL detected on chromosofités 2H, 5H, 6H and 7H. Distances
within chromosomes are displayed in centimorganil).(cAt each QTL peak, the allele
contributing is identified as coming from Sloop (&) Alexis (A). Genome-wide significance
levels were re-calculated using Map Manager QTXr(lMa&t al. 2001) with a = suggestive, b =
significant and ¢ = highly significant. The markeap is an updated version of those previously
reported for the Alexis/Sloop DH mapping populat{8arret al 2003; Willsmoreet al. 2006).
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4.3.3.3 Comparative mapping studies foHvVQR

Cis+egulation of theQR gene suggests that we are observing a polymorppisgssically
located near the gene itself, or have identifigat@noter polymorphism. For this reason
the QTL identified using gene expression data freplicate 1 (Section 4.3.2.2) was not

further investigated through comparative mappinglisss.
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4.4 Discussion

QTL for black point formation were successfullymtiied on chromosomes 2H and 3H in
previous research (Chapter 2 and Walikeal. 2008). Further experiments suggested that
HvBP1, HvPrx7andHvVQR (Chapter 3) may be candidates in black point faoionagiven
their differential expression between tolerant andceptible cultivars. eQTL mapping has
been successfully used previously to allow thetifieation of candidate genes involved in
seed development in wheat (Jordanal. 2007). The research presented in this chapter
therefore aimed to identify eQTL for these genesing this approachtrans-acting
candidate genes involved in the regulationH¥BP1 were identified andHvPrx7 and

HvQRwere shown to be most liketys-regulated.

The ‘genetical genomics’ (Jansen and Nap 2001gxpression genetics’ (Varshneyal.
2006) used in this study is a powerful tool for kxmng differential gene expression such
as that seen fadvBP1 HvPrx7 andHvQRin black point susceptible and tolerant barley
varieties. Rather than use a whole genome appidacinany previous studies in wheat
and barley (Jordaat al. 2007; Potokinaet al. 2008), this research focused specifically on
the genes differentially expressed between bladhkt goisceptible varieties and black point
tolerant varieties (identified in chapters 2 and B)is was achieved through the use of
gPCR across the Alexis/Sloop DH population. Duethe logistics involved with
undertaking gPCR on each DH line individually andtenial constraints, replication was
limited. Although significant variation was obsedvbetween biological replicates for all
candidate genes (Figures 4.3, 4.16 and 4.19), leashooting experiments (Figure 4.6)
revealed that cDNA and probes used for gPCR wergoofl quality. Because of this

variation in data between lines and a lack of retethip between replicates (Figures 4.5,
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4.17 and 4.20), QTL analysis was undertaken usiemicate 1. Further biological
replication in future experiments would therefoll®wa investigation of the variation in
gene expression between plots and validate the e@€&kcribed herein. Another limiting
factor of the experiment could be the small popoitasize (110 DH lines) where a larger
population size should allow for more accurate ltes(Jordanet al. 2007). However,
previous studies with microarrays have used conmbargopulation sizes and/or
replication [such as one replicate of 160 recomitinabred lines (RIL) lines or two
independent replicates per RIL in Arabidopsis, li88s with one single replicate in barley
and 41 DH lines in wheat (Jorda al. 2007; Keurentje®t al. 2007; Westet al. 2007,

Potokinaet al.2008)].

As mentioned earlier (section 4.1), eQTLs are aatsgd ascis- or trans-acting; where
ciseQTLs represent a polymorphism physically locatedr or within the gene itself or
within the promoter andranseQTLs represent a polymorphism at a location ia th
genome other than the actual position of the gemese transcript is being measured, or a
polymorphism at the physical position of a regutatéactor elsewhere in the genome
(Hansenet al. 2008). A study by Potokinat al. (2008) analysing eQTL of 16000 barley
genes identified 23738 significant eQTLs with geeomde significance #0.05). A large
proportion of the transcripts were regulated byhlm$- andtrans effects, however more
than half of the quantitatively controlled trangtsiwere primarily regulated loys-eQTLs

in the Steptoe x Morex population. AlthouglPrx7 andHvQRappear to beis-regulated,
HvBP1 seems to béransregulated. A transcription factor elsewhere in geome is
therefore likely to be regulatingvBP1 gene expression. In contrablyPrx7 and HVQR
are likely to contain a SNP within the promoterioag affecting chromatin structure or

transcription factor binding sites and hence thpression of the gene (Wittkopgt al.
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2004). However there were also SNPs inwrx7 ORFwhich also affected the amino
acid sequence (Figure 4.13). While this changemma acids may affect the function of
the protein itself, whether these are responsibtechanges in gene expression requires
investigation. Sequence variation within the ORRountranslated region may however
also have a downstream effect on mRNA stability t{kdpp et al. 2004). Amino acid
changes within the coding sequence that affecattieity of the gene product, or codon
usage changes that affect the level of protein, leagl to a change in gene expression
either directly through auto-regulation of the gdmeits protein product or indirectly
through a pathway of intermediates (Ronaldal. 2005). The Sloop allele (from the
susceptible parent) was found to contribute to mskeQTLs for HVPrx7 and HVQR
suggesting a SNP within the gene or promoter mayrdsponsible for differential
expression. Further analysis of the effect of alPS on mRNA stability, binding of

transcription factors to the promoter or proteitivdty is therefore necessary.

The full lengthORF of HYBP1has been previously sequenced in the parentatydomi
and the PcR7 probe used to study gene expressesmiisseret al. 1991). March and
colleagues (Marchet al. 2008) have mappeddvBP1 to chromosome 3H. Using
barley:wheat addition lines, this research indiddteaatHvBP1resides on chromosome 7H
(Figure 4.2). Sequencing revealed that the PcRBep(®asmusseat al. 1991) and the
genomic sequence fafvBP1from Alexis are the same but different to Prx5 Band
gDNA of Sloop. The Alexis cDNA sequence.alignedhaiibat of the Sloop genomic and
cDNA sequences (Figure 4.1). This suggests thae thee two similar copies of the gene
on chromosomes 3H and 7H. Furthermore this couldlentae two copies of the gene
indistinguishable in gPCR experiments. With primgesigned to the 3" end of the HVBP1

sequence (Section 3.2.3.1) including 3 SNPs (Figuteexperiments could be amplifying
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either of the peroxidase genes. Future experinentiel design primers that use any of the
SNPs to differentiate the 7H and 3H versions ofdbae. Highly significant eQTLs for
HvBPl1lwere identified on 2H and 5H. BecauseBP1was mapped to a different location
(7H or 3H), atransregulatory mechanism is suggested. The Alexideall®lerant) was
found to contribute to bottrans-acting eQTLs foHvBP1 suggesting that a transcription
factor may be affecting gene regulation and coatnily to tolerance through inhibition of

HvBP1gene expression at later stages of maturity.

Candidates in transcriptional repression at bdtiBBP1 eQTL were identified through
comparative mapping studies (Table 4.2-4.5, Tal®. Of particular interest are genes
encoding for a Hordeum repressor of transcriptidRT) protein and a Sint internodes
(SHI)-like protein identified on rice chromosome aligning with chromosome 2H in
barley. Both proteins have been shown to repregsession of genes usually responsive to
gibberellic acid (GA) including: -amylase (Raventéet al. 1998; Fridborget al. 2001). A
key response to GA in a mature cereal grain isntbate germination and allow the
production of a-amylase, synthesised in the aleurone cells dugegmination for
breakdown and mobilisation of the starch in theospeérm of seed (Fridboeg al. 2001).
SHI has been shown to specifically block the atstiof a high-isoelectric point -amylase
promoter following GA treatment (Fridborg al.2001). Black pointed grain has also been
shown to have started germination and to have ase alpha-amylase levels (Hadaway
and Able,unpublished dafa In addition, late embryogenesis abundant (LEAQtgins
present in healthy grains but not black pointedngréMarchet al.2007) have been shown
to degrade when a grain enters the process of gatiom (Hsinget al. 1998) suggesting a

potential link between germination state of a gramnd black point. SHI and HRT may
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therefore play a role in repressing expressioneoieg associated with germination (and by

association black point) includirgvBP1

Other candidates that may be associated with getmom but that have also been
associated with stress include T-complex protei@R), B12 and BURP domain genes
TCP genes have been implicated in the control efdsgermination in Arabidopsis
(Tatematsiet al. 2008) and early seed development or abiotic stregse (Sharmaet al.
2010).B12transcripts in barley have been reported in tearahe layer and the embryo of
developing seed, disappearing at seed maturityeaqpearing in the germinating embryo
(Aalenfet al. 1994). The basic B12 protein has also been sugdjéstplay a fundamental
role in the vegetative tissues of sweet potato undéavourable environmental conditions
leading to leaf senescence (Huaetyy al. 2001), implying a role in response to
environmental stress. SCB1, a seed coat BURP-dopratein which is detected within
the seed coat during the early stages of soybesshds/elopment, has been proposed to be
involved in the formation of the seed coat by gousg the differentiation of the seed coat
parenchyma cells (Batchelet al. 2002). However, the majority of the genes contgni
BURP domains have been suggested to be cruciak$ponses to stre8nBDC], a shoot
specific gene in oil seed rape has been shown topbeegulated by salt and down—
regulated by salicylic acid (Yat al. 2004) while rice BURP family member®$BURP)
have been shown to be induced by drought coldasaltabscisic acid (ABA) (Dingt al.
2009). Their presence in the eQTL fdvBP1 may therefore suggest an ability to up-
regulate HYBP1 under the unfavourable conditions that lead tocklgoint (low
temperature, high humidity as shown in chapter Hjwever, to date, the molecular

function of the BURP domain is still unknown (étial.2010).
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The RD22 class of BURP proteins have been showmetodrought responsive and
mediated by abscisic acid (ABA) signalling in Ardbpsis (Yamaguchi-Shinozaki and
Shinozaki 1993). Dehydration triggers the producid ABA (Abe et al. 1997) and ABA
then activates the gene expressiodtflYB2 which in turn induces the expression of the
RD22 gene transcription factors (Abst al. 1997). Given that environmental stress has
been identified as playing a key role in the fornoratof black point and the possible up-
regulation of HvBP1, we could be observing a pathway regulated by ABAd
subsequently a BURP domain protein that reguldid3P1expression. Interestingly, ABA
also controls germination and seed development (R@@7) allowing post-germination
growth only in favourable conditions (Lopez-Molie& al. 2001). Previous findings have
indicated that the stage of grain maturity is im@ot in determination of black point
formation andHvBP1 expression (Chapter 2, Chapter 3) while black moimgrain may
have germinated (Able and Hadawaypublished datasuggesting that ABA-regulated
transcription factors and proteins may play an irtgrd role. ABA prevents germination
and could therefore act as part of a tolerance ar@sh for black point. This argument is
further supported by the observation that Alexdeftant allele) has been identified to

contribute to the two eQTL identified fetvBP1

Other candidates within the eQTL include those tlmate also previously been shown to
have a role in ABA signalling or responses to ABPRalfle 4.6) such as the basic helix-
loop-helix (bHLH), basic-leucine zipper (bZIP), B8NA binding domain and Arabidopsis
Transcription Factor (ARF). bHLH transcription factors are up-regulatey ABA to
induce ABA-mediated gene expression of the BURP alorproteinsRD29Aand RD22
(Kim and Kim 2006).bZIP EMBP-1 have been implicated in ABA-induced gene

expression in wheat (Guiltinaaet al. 1990) and in maize during embryo development
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(Vasil et al. 1995). Given that the B3 proteins and ARF familéso have involvement in
ABA responses (Romanedt al. 2009) and ABA controls germination, this group of
transcription factors can be considered candiddfesvever the response &fvBPL1 to

ABA is yet to be determined.

Zinc fingers are one of the most common motifs iogied in regulation through their
interaction with thecis-elements of target genes (Takatsuji 1999) espgctralse involved

in stress tolerance (Table 4.3). Msn2p and Msndgmbers of the C2H2 family of zinc
fingers, have been shown to be key regulators resstresponsive gene expression in
Saccharomyces cerevisig&orneret al. 1998), to be involved in the putative repression
activity of defence and stress responses by Argisidoand to have key roles in different
developmental pathways (Ciftci-Yilmaz and Mittle@@B). GIS, another member of the
zinc finger family, plays a role in trichome iniian downstream of the gibberellin (GA)-
signaling pathway during inflorescence developni&atnet al.2007). Given that the ratio
of GA and ABA controls germination (Kent Bradfor@@7), zinc finger family proteins
may therefore play a role in black point formatidiY B transcription factors (Table 4.6)
have been shown to play important roles in resptmgberellic acid (GA) (Gublest al.
2002) and stress signals (Chenal. 2005). MYB proteins appear to control secondary
metabolism and in particular, phenylpropanoid metiabn (Martin and Paz-Ares 1997).
Phenylpropanoids, derived from trans-cinnamic aaid,formed by the deamination of L-
Phenylalanine by PAL and are responsible for tloglpetion of anthocyanins, aurones and
phlobaphenes (Solecka 1997). Given the potentiawement of PAL, the synthesis of
phenols and the role of peroxidases in the oxidatmquinones (Figure 1.2), the MYB
transcription factors may be responsible for theagulation ofHvBP1during black point

formation. This conclusion is supported by previoesults, showing on up-regulation of
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HvBP1 (Chapter 3) in the susceptible cultivar Sloop. ABAtranscription factor gene,
HvVvGAMYB has been isolated from a barley aleuron&lgOibrary and the gene product
has been shown to be upregulatedibgmylase and to respond to GA (Guld¢ial. 1995;

Gubleret al.2002), indicating a link with germination as dissad earlier.

Wounding of plant tissue results in the oxidatidrpbenolic compounds to quinones by
enzymes such as peroxidases and polyphenol oxi@ddetaker and Chang 1996). Black
point is more than likely due to wounding withinetembryo allowing peroxidases and
phenolic substrates to mix (Cochrane 1994b), tmigaenzymatic browning and hence
black point formation. Proteins that contain leeciith repeats (LRR) have been proposed
to play a role in the regulation of responses tainwding (Table 4.6, Shanmugam 2005)|
and plant pathogens (Shanmugam 2005). Black painthé result of an enzymatic
browning reaction and is therefore more likely ® d result of an abiotic stress such as
low temperatures and high humidity as identifiedCimapter 2. LRR-proteins have been
shown to accumulate in soybean after wounding (feevet al. 1994) and to increase in
response to wounding in apple collected at varymagurity stages, indicating a role in

stress response and fruit development (Constaa). 1998).
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Table 4.6 Proposed candidate genes and function wih the identified syntenous regions (Rice 4 and @nd (Rice 9 and 3Yor eQTL identified on
barley chromosome 2H and 5H Candidates identified through comparative mapjbiegveen barley, wheat and rice (Figures 4.11 ah?)4Candidate
genes highlighted in grey are further discusseddas potential roles in abiotic stresses, seedldpment or germination and therefore potentialck
point

Candidate gene (Family)  Function References
Zinc Finger C2H2 Key cellular processes including transcriptiongulation, development, (Ciftci-Yilmaz and Mittler 2008)
pathogen defence, and stress responses
Dof zinc Finger Key transcription factor for light regulation (Yanagisawa and Sheen 1998)
(GRF/C3HC4/SWIM) Transcription activators in growth and development (Choi et al.2004)
Regulatory role in stem elongation (Kim et al.2003)
Regulation of cell expansion in leaf and cotyletisaues (Zhanget al.2007; Ciftci-Yilmaz and Mittler 2008)
Stress Tolerance (Wanget al.2007)
Disease resistance (Ciftci-Yilmaz and Mittler 2008)
Zinc Finger (ISAP1) Confers cold, dehydration, and salt toleranceanggenic tobacco (Mukhopadhyayet al.2004)
Zinc Finger (LSD2)
Zinc Finger A20/AN1 Stress response (Vij and Tyagi 2008)
TCP Domain Abiotic stress (Sharma eal. 2010)
Growth and Development (Kosugi and Ohashi 2002)
Positive regulators of gene expression duringprelliferation (Kosugi and Ohashi 2002)
Negative regulators of cell proliferation (Gaudinet al.2000)
Control of cell elongation (Palatniket al.2003; Schommeet al.2008)

(Koyamaet al.2007; Broholmet al.2008)
(Costaet al.2005; Hervéet al.2009)

Male and female gametophyte development (Pagnussatt al.2005; Takedat al.2006)
Embryogenesis (Ruuskaet al.2002)
Embryo growth (Tatematstiet al.2008)
Jasmonic acid synthesis and leaf senescence (Schommetet al.2008)
Photomorphogenesis (Lopez-Juezt al.2008)

Leucine Rich Repeat Induced by infection and stress related signals (Shanmugam 2005)
Regulated by wounding and pathogen Infection (Shanmugam 2005)
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Candidate gene (Family)

Function

References

BURP Domain

Methyl-CpG

MYB

ZAC

SBP

WD-repeat

G-Protein mediated signalling
Vesicular transport

Plant Development
Response and adaption to stresses
(drought, salt, cold, and abscisic acid treatment)

Controlling chromatin structure mediated by CpG hgkettion

Secondary Metabolism

Regulating cellular morphogenesis
Responses to hormone and stress signals
Circadian rhythm,and dorsoventrality

G-protein mediated signaling
Vesicular transport

Leaf and glume development
Local regulator of GA-mediated signalling
Growth and flower development

Signal transduction,

RNA processing

Cytoskeletal dynamics

Chromatin modification

Cell division

Apoptosis

Light signaling and vision,

Cell motility

Flowering and floral development
Meristem organization

(Jenseret al.2000)
(Jenseret al.2000)

(Ding et al.2009)

(Grafi et al)

(Martin and Paz-Ares 1997; Chenal.2005)
(Martin and Paz-Ares 1997; Chenal.2005)

(Chenet al.2005)

(Riechmanret al.2000)

(Jenseret al.2000)
(Jenseret al.2000)

(Morenoet al.1997; Wanget al. 2005)

(Zhanget al.2007)
(Yanget al.2008)

(Neeret al.1994; van Nocker and Ludwig 2003)
(Neeret al.1994; van Nocker and Ludwig 2003)
(Neeret al.1994; van Nocker and Ludwig 2003)
(Neeret al.1994; van Nocker and Ludwig 2003)

(Chanthaet al.2006)
(Chanthaet al.2006)
(Chanthaet al.2006)
(Chanthaet al.2006)
(Chanthaet al.2006)
(Chanthaet al.2006)
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Candidate gene (Family)

Function

References

NB-ARC

bHLH

BIM2
AtMYC2

CRP1

ARF GAP

NAC Domain

NAM

AN1

AP2/EREBP Transcription
Factor

Regulator of cell death
Regulate R (Resistance) proteins

ABA-mediated signal transduction

Anthocyanin biosynthesis

Phytochrome signaling

Fruit dehiscence

Carpel and epidermal development,

Stress response

Transcription of structural anthocyanin gene (AP1)

Member of the bHLH family
bHLH related protein

Mitochondrial gene expression

Vesicle budding
(Acts catalytically to recruit COPI components)

Central role in senescence

Nutrient remobilization to the developing grain
Grain protein content variation

Pattern formation and organ seperation
Member of NAC family

Encodes a bHLH protein

Signal transduction pathways of biotic and envirental stress responses

Cambial tissue development

Key developmental regulators in reproductive angetative organs

Hormonal regulation

(van der Biezen and Jones 1998)
(van Ooijenet al.2008)

(Kim and Kim 2006)

(John 2003; Toledo-Ortigt al.2003)
(Duek and Fankhauser 2005)
(John 2003; Toledo-Ortigt al.2003)
(John 2003; Toledo-Ortigt al.2003)
(John 2003; Toledo-Ortigt al.2003)
(Speltet al.2000)

(Yu et al.2005)
(Abe et al.2003)

(Fisk et al. 1999)

(Reinet al.2002)

(Ostersetzer and Adam 1997; Nakabayasiail. 1999)
(Waterset al.2009; Jamaet al.2010)

(Jamaret al.2010)

(Riechmann and Ratcliffe 2000)

(Speltet al.2000)

(Riechmann and Meyerowitz 1998)
(van der Graafét al.2000)
(Riechmann and Meyerowitz 1998)
(Fenget al.2005)
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Candidate gene (Family)

Function

References

DeoR Regulatory Protein

C2H2

MTERF

WRKY Transcription Factor

HOTR

Triacylglycerol lipase

SHR

ABA response and ethylene response
Transcriptional regulation, Ligand interactions

Flower development, flowering time, seed developtnemd root nodule
development

Regulation of transcription of the mitochondriahgene
Localized in mitochondria, transcription terminati@lso transcription
initiation and the control of MtDNA replication

Regulation of plant defense response pathways

Responses to the abiotic stresses of wounding
Response to combination of drought and heat

Response to cold
Regulatory roles;
Morphogenesis of trichomes
Embryos

Senescence

Dormancy

Plant growth

Metabolic pathways

Transcription Repressor

Anabolic and catabolic processes in yeast and plant
Membrane repair

Acts both as a signal from the stele and as awuaoti of endodermal cell
fate, SCR-mediated cell division

(Riechmann and Ratcliffe 2000)
(Anantharaman and Aravind 2006)

(Riechmann and Ratcliffe 2000)

(Linder et al.2005)
(Robertiet al.2003)

(Eulgemet al.1999; Ulker and Somssich 2004)
(Zzhang and Wang 2005)

(Haraet al.2000; Cheongt al.2002)
(Rizhskyet al.2002)

(Huang and Duman 2002; Pnuetial. 2002)

(Johnsoret al.2002)

(Alexandrova and Conger 2002)

(Chenet al.2002; Robatzek and Somssich 2002)
(Pnueliet al.2002)

(Chenet al.2002)

(Rushtonet al. 1995; Willmottet al. 1998; Johnsoet
al. 2002; Suret al.2003)

(Mutisyaet al.2006)

(Rajakumariet al.2009)

(Nakajimaet al.2001)
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Candidate gene (Family) Function References
GRAS root and shoot development (Bolle 2004)
Gibberellic acid (GA) signalling (Bolle 2004)
Phytochrome A signal transduction (Bolle 2004)
Nodule morphogenesis in legumes (Bolle 2004)
(Kalé et al.2005; Heckmaniet al.2006)
algP Regulating Mucoidy ilrPseudomonas aeruginosa (Konyecsni and Deretic 1990)

Nuclear Transcription Factor Y

B12D

MADS-box

STF-1
pnFL-2

MAR

AT-HSFB4

ERF (AP2 family)

Coordinate plant responses to drought tolerance

Protein known to be accumulated in plants duringmmdevelopment,

seed maturation, and leaf senescence

Developmental processes (seed and fruit development
Floral homeotic functions
Flowering time genes

Light and hormone signalling
Associated with photoperiodic events

Important in plants at higher levels of gene retjoita
Chromosomal organization

Genes responsive to both heat stress and a langeenwf chemical
stressors

Ethylene response factor (ERF)-type transcriptaidr

Response to biotic and abiotic stresses in plants

Pathogen attack and high salinity

Essentiaktis-acting element in;

Ethylene, methyl jasmonate and salicylic acid respe@ genes
Several cold, high salt and drought-inducible genes

(Nelsonet al.2007)

(Aalenfet al. 1994; Huanget al.2001)

(Becker and Theil3en 2003)

(Becker and Theil3en 2003)

(Michaels and Amasino 1999; Sheldetnal. 1999;
Hartmannet al. 2000; Leeet al.2000; Sheldort al.
2000)

(Songet al.2008)

(Kim et al.2003)

(Morisawaet al.2000)

(Schoffl et al. 1998; Baniwakt al.2004)
(Junget al.2007)

(Junget al.2007)

(Junget al.2007)

(Ohme-Takagi and Shinshi 1995; Patlkal.2001; Lee
et al.2004; Yiet al.2004; Junget al. 2007)
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Candidate gene (Family)

Function

References

RF2a/RF2 b Transcription FactorbZIP transcription activator. RF2a/2b is involvediianscriptional

HBP-1b Transcription Factor

PWWP

AT-HSFB4

bzIP

bzIP EMBP-1

Homeodomain Leucine Zipper

ATHB-6

SHI
ARID/BRIGHT domain

sigB

regulation of the rice tungro bacilliform virus pnoter.

Leucine Zipper

Transactivator in the cell cycle-dependant trapsgicnm of wheat histone
genes

Cell growth and differentiation
Protein- protein interactions

Genes responsive to heat and chemical stresses

Regulate diverse biological processes such as gathdefence, light
and stress signalling, seed maturation and floweekbpment.

Implicated in ABA induced gene expression in wheat

Interacts with VIVIPAROUS1, a maize regulatory @iatinvolved in the
Response to ABA during maize embryo development

Water Stress Responsive in an ABA dependant sigggtiathway

Up regulated by ABA during drought stress

Target of ABI1 (Protein phosphatase), displaysdaiced

sensitivity towards ABA during seed germination and

stomatal closure in Arabidopsis

Suppressor of GA responses

Regulate cell proliferation, development, and défgiation

Provide for the interaction of multisubunit RNA polerase (PEP) with
Promoter

(Dai et al.2004)

(Tabata 1991)

(Stecet al.2000)

(Nover 1991; Morimoto 1998)

(Jakobyet al.2002)

(Guiltinanet al.1990)
(Vasil et al. 1995)
(Lee and Chun 1998; Stdermeainal. 1999)

(Sédermaret al. 1999)

(Himmelbachet al.2002)
(Fridborget al.2001)
(Wanget al.2007)

(Lysenko 2007)
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Candidate gene (Family)

Function

References

SMUBP-2

B3 DNA binding domain

TATA

atGRF2

ocs element

GATA transcription factor

DELLA protein

DNA binding protein

Proteins with the B3 domain are involved in a nuntdfgorocesses:
Transcriptional activation: FUSCAS3 (FUS3), LEAFY COLEDON2

(LEC2) and ABSCISIC ACID INSENSITIVES3 (ABI3)

Transcriptional repression: HIGH-LEVEL EXPRESSION O
SUGAR-INDUCIBLE GENE 2 (HSI), HSI L1 and HSIL2 orRa/
ABI3-LIKE (VAL) from the ABI3 and HSI/VAL familiesare all

shown to be involved in seed development and miabara

RAV genes: growth, development and flowering time

ARF family: regulates a range of responses to aawthhave additional

systems of regulation

The B3 proteins functionally characterized from A3, HSI, RAV and
ARF families have shown that they are mainly inealin hormone,
signaling pathways such as those for auxin, alwsasd, brassinosteroid

and gibberellins.

Physical interaction between OsTBP2 (TATA bindimgtpin 2) and RF2a,

a rice bZIP transcription factor

Play a role in the regulation of cell expansioteaf and cotyledon tissues

A promoter element transferred to the host placteus by certain DNA

viruses.

Implicated in light-dependent and nitrate-dependentrol of transcription

(Zinc Finger)

DELLA proteins have an important role in integrgtimultiple
environmental and hormonal signals to coordinaa@tpyrowth and

development

Transcriptional regulation of the DELLA genes affes a role in controlling

(Tsukagoshet al.2005)
(Suzukiet al.2007)
(Baumlein Het al. 1994)
(Stoneet al.2001)

(Hu et al.2004)

(Session®t al.1997)
(Mallory et al.2005)

(Romanelet al.2009)

(Zhu et al.2002)

(Kim et al.2003)

(Ellis et al.1993)

(Reyeset al.2004)

(Sun and Gubler 2004)
(Ohet al.2007)
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Candidate gene (Family)

Function

References

OSH1

ATARP7

KAP-2

LEUNIG

GA responsiveness and subsequent plant growtherelapment

In barley, the DELLA protein, SLN1 acts to représs expression of a
transcription factor, GAMYB which is directly respsible for inducingy-
amylase expression

Overexpression ddSH1causes a reduction of the level of 3#y
suppressing GA 20-oxidase expression

May be involved in the modulation of chromatin sture and
transcriptional regulation mainly in interphasesel

Binds to the H-box (CCTACC) element in the bean CBiShalcone
synthase promoter
Stimulates transcription from a promoter harbotimg H-box cis element

Key regulator of the Arabidopsis floral homeotimgeAGAMOUS

(Zentellaet al.2007)

(Gubleret al.2002)

(Kusabaet al.1998)

(Kandasamyet al.2003)

(Lindsayet al.2002)

(Conner and Liu 2000)
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ERF proteins are a sub family of the AP2/EREBP [@ah6) transcription factor family,
unique to plants. ERF genes are regulated by dotdight, pathogen infection, wounding
or treatment with ethylene, SA or jasmonic acich@Biet al. 2002). ERF proteins can act
as both transcriptional activators and repressdmgjinjoto et al. 2000). WRKY

transcription factors have shown enhanced DNA bigdand/or expression following
induction by pathogens, defence signals and wogn¢iulgemet al. 2000). Given the

link LRRs, ERF proteins and WRKY have with woundiaglink with peroxidases is

plausible.

The eQTL identified can be correlated with thoseL@dr traditional phenotypic traits (or
in this case black point) so as to provide add#@ianformation about the genetic basis of
quantitative genetic variation (Schaettal. 2003; Kirstet al. 2004; Bystrykhet al. 2005;
Hubneret al. 2005). The eQTL identified did not align with QTdentified for black point
formation [Chapter 2 and Walket al. (2008)]. The eQTL identified on 7H foitvPrx7is

in a similar position to a spot blotch QTL (Steffenet al. 1996), suggesting thatvPrx7
may be involved in a regulatory pathway contribgtio spot blotch. ThélvBP1 eQTL
observed on chromosome 2H is in the same regiom ahotoperiod response gene
(Coventry et al. 2003) which affects flowering time and the duratiof grain filling.
Previous results (Chapter 2) indicated that thgestaf grain maturity when grain was
exposed to conditions thought to induce black ppiayed a role in black point formation.
Indeed, the QTL identified for black point formatifChapter 2 and Walkest al. (2008)]
was also linked to the earlinepsr selocus (Laurieet al. 1995). The presence of the 2H
eQTL may therefore reflect differences in gene egpion due to developmental

differences (grain maturity and flowering time) @dated with the photoperiod response
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This is further supported by the fact that diffexes inHvBP1 expression are observed at

different grain fill stages (Chapter 3).

In conclusion, a number of processes that coulalwev or regulate expression of the
peroxidase gendvBP1have been suggested. The stress response of iglaatgilated by
multiple signalling pathways (Jane 2001; Knight &rdght 2001). A combination of the
identified proteins or domains are therefore likéty be regulating the expression of
peroxidase genes. eQTL for candidate genes hawve ideatified using expression data
across the Sloop/Alexis populatiol€is-eQTLs (identified for HvPrx7 and HVQR
represent a polymorphism physically located near dhne itself, or identification of a
promoter polymorphismiranseQTLs are the result of a polymorphism at a lacain the
genome other than the actual position of the gemases transcript is being measured, or a
polymorphism at the physical position of a regutatéactor elsewhere in the genome
(Hansenret al. 2008). Little is known about the architecture ehg regulation or about the
genetic basis for variation in gene expression léey€ilad et al. 2008). Mutations in
putative regulatory regions have been associatdd>t00 human phenotypes (Gilad et al.
2008), therefore investigation of the promoter oegi and analysis of interacting factors
will allow us to further understand the regulatiohthe identified candidate genes and
black point formation. Specifically the promotegi@ns of peroxidase genés/BP1and
HvPrx7 will allow us to investigate the regulatory intetians with peroxidase genes and

black point formation.
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Chapter Five. Promoter analysis for HvBP1 and HvPrx7 and

identification of a potential regulator of HvPrx7 expression

5.1 Introduction

Peroxidase genes are probably involved in the foomaof black point through their role
in enzymatic browning (as per section 1.3, Figu®.1A greater level of gene expression
in susceptible varieties (Chapter 3) compared lerdat varieties further supports a role.
Studies described in the previous chapter furthealysed the differential expression
observed, using expression data to map eQTL irAtbeis/Sloop DH population. Ais-
acting QTL for HvPrx7 expression was identified suggesting that the ndfference
between susceptible and tolerant cultivars mighpdigmorphisms physically located in or
near the gene itself, or within the promoter legdim differential expression. On the other
hand, thetransacting eQTL detected foHvBP1 suggestshat a polymorphism at the
physical position of a regulatory factor elsewhieréhe genome might lead to differential

expression between black point susceptible andatalevarieties.

The major mechanism of differential gene expressgdranscriptional regulation (Lee and
Young 2000) whereby gene expression is controlieavlbether transcription factors bind
to DNA cis-elements located in a gene’s promoter or not (tmgd al. 2006). Single
nucleotide polymorphisms (SNPs) are the most comieom of genetic variation in
organisms, occurring at a frequency of one in edé§0 bp in humans (Brookes 1999)
and one in every 170 bp in rice (¥ al. 2002). SNPs can be located in the promoter or

coding regions of plants and many traits in plaate attributed to SNPs and their
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variations (Bryaret al. 2000; Edwards 2007). A SNP identified within tramgtion factor
binding sites between a susceptible and toleram¢tyacould have downstream effects on
gene regulation. For example, in rice, a SNP withi Granule Bound Starch Synthase |
(GBSS) promoter regulates expression ®BSSland affects its function, resulting in a
deformed loop on the outer layer (surface) alterthg 3D shape, structure and function of
the protein, possibly owing to a change in the sabs binding site (Kharabian 2010).
Genetic variations that alter the amino acid seqgeesf proteins are relatively easy to
identify, however sequence variations that affaetiegulation of genes are more difficult
to pinpoint due to the large amount of non-funciopolymorphisms in the vicinity of a

gene (Andersept al.2008).

Yeast-One hybrid (Y1H) technology is a powerful hoet to identify protein-DNA
interactions and has successfully identified treapton factors involved in gene
regulation in barley (Mulleet al. 2000; Ogoet al. 2007). Similarly, several transcription
factors from the homeodomain, Apetala 2 (AP2) domand elongation factor 2 (E2F)
families have been identified and isolated in whébabpato et al 2006). MYC
transcription factors have also been identified rice (Zhu et al. 2003), WRKY
transcription factors in parsley (Cormaek al. 2002) and a drought responsive element
(DRE) transcription factor in wheat (Shet al. 2003) using Y1H technology. Y1H
technology therefore presents an opportunity tatifletranscription factors that bind to

the promoters ofvBPlandHvPrx7.

The research presented in this chapter aimed &rrdete if susceptibility was correlated
with differences in regulatory elements by analgsthe promoter regions of candidate
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genesHvBPlandHvPrx7in the susceptible variety Sloop and tolerantetgrAlexis. The
second aim was to identify transcription factorattmight regulate gene expression by

using Y1H screening.

5.2 Materials and methods

5.2.1 —-HvBP1 and HvPrx7 promoter isolation andin silico characterisation

Gene promoters were isolated using a genome wadippgoach. Information from the full
length gene sequencéiBP1 and HvPrx7) identified in chapter 4 allowed promoter
isolation andn silico characterisation of likely transcription factor #hing sites.In silico
characterisation also allowed the identificatiorSofPs between a susceptible and tolerant

variety which may affect the function of those samption factor binding sites.

5.2.1.1 — Genome walking library construction

A genome walking library was constructed using geicoDNA (gDNA) isolated from
Hordeum vulgargcv. Sloop) as described in Section 4.2.2.1. Hohrique was adapted
from the protocol outlined in the Clontech Univérs&aenomeWalker Kit (Clontech,
U.S.A., Scientifix, Australia). Isolated gDNA wasgdsted using nine blunt end cutting
enzymes:Dral; EcoRV; Pvdl; Std; and Scd as per the manufacturer's instructions
(Clontech).Nrul; Hincll; Nad and Msd were also included as per (Bodehal. 2009).
The digested DNA was then purified using phenotistfiorm/isoamyl alcohol (25:24:1)

and chloroform/isoamyl alcohol (24:1). The DNA wagcipitated by the addition of 0.1

170



Chapter 5: Promoter analysis for HvBP1 and HvPrx7 and identification of a
potential regulator of HVPrx7 expression

volume 3 M sodium acetate (pH 4.8), 20 ug of glyo¢Ambion, Victoria, Australia) and
2 volumes of ice-cold 95% ethanol. The samples whega centrifuged at 130apfor 10
min at 4°C. The DNA pellet was washed with ice-c®®6 ethanol, before being air-dried

and then resuspended in 20 pL of TE buffer (pH.7.5)

The GenomeWalker Adapter was ligated onto the tegegDNA by combining gDNA (4
uL), the GenomeWalker Adapter (25 uM, 1.9 ulL), 1@igation buffer (1.6 puL) and T4
DNA ligase (3 U) in a reaction volume of 16 pL. Bsbwere incubated overnight at 16°C
and then at 70°C the following day for 5 min toseéhe reaction. TE buffer (1 X; pH 7.4;

72 puL) was then added to each reaction tube ankbtiaeies were stored at -20°C.

5.2.1.2 — Genome walking

Genome walking consisted of three successive wWalks PCR rounds for each walk) for
the HvBP1promoter and three walks for thie’Prx7 promoter. The third round of genome
walking for HvPrx7 used the same primer pair as the second walk. SdiatedHvBP1
promoter was 2416 bp while thHévPrx7 promoter isolated was 1569bp. A schematic
diagram of the genome walking is represented inureig5.1, including primer

combinations to confirm promoter specificity (Tabld).
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2416 bp
Walk 3 1304 bp
Walk 2 1071 bp
Walk 1 1304 bp
Promoter BP1 ORF
B —
S — .;"" ———————————— <
v —————————————————— r
PromF 1489 bp F/R 690 bp F Prom R ORFO/L
B
1569 bp
Walk 2 1249 bp
Walk 703 bp
Promoter Prx7 ORF
—_—— = — — — -
— —
— e —
PromF 1380bp F 662 bpF/R PromR ORFO/L

Figure 5.1 Schematic summary of genome walking ansbecificity PCR for HvBP1 (A) and
HvPrx7 (B). For HYBP1 (A) three genome walks resulted in fragments @41Bp, 1071 bp and
1304 bp respectively with 2416 bp of the promosetdted (represented by blue line). Hw#Prx7

(B) two genome walks resulted in fragments of 7p&bd 1249 bp respectively and a total of 1569
bp (represented by blue line) of the promoter. Breavwere designed to confirm specificity to the
open reading frame (ORF). Arrows represent prinmel @rection of amplification, while the red
dotted lines represent the amplified fragments.férward primer, R = reverse primer, ORF O/L =
primer designed to overlap into the ORF of the @atd gene to confirm specificity (as per Table
5.1).

Each walk or amplification of promoter fragmentsswaerformed by two successive

rounds of PCR, a primary PCR followed by a secondar nested) PCR, using Elongase
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components (Invitrogen). Primary PCR solutions aowd Elongase buffer A (4 ulL),
Elongase buffer B (6 pL), dNTPs (10 mM, 1 uL), Ejase enzyme mix (1 U, 1 uL) and 1
uL of the respective genome walking library. In i@idd (and in each case), the forward
primer for each primary PCR was Adapter primer 1 PN (5
GTAATACGACTCACTATAGGGC 3’) (10 uM, 1 pL), with rewse primers (primary)
used that were specific tdvBP1 or HvPrx7 (10 uM, 1 pL) (Table 5.1). The reaction
volume was made up to 50 pL with nanopure wateeriilal cycle conditions for the
primary PCRs were as follows: denaturation at 9##C2 min, followed by 35 cycles of
94°C for 30 sec, 68°C for 3 min, and a final extensat 68°C for 10 min. Products from

the primary PCRs were then diluted two-fold for uséhe secondary PCR.

The secondary PCR was a repeat of the primary R@R, primers being the only
difference, using the secondary (S) primers (T&hlg¢ and 3 uL of the respective diluted
(2-fold) primary PCR product as the template. Iniadn, the forward primer for each
reaction was Adapter primer 2 (AP2) (5 ACTATAGGGCG&CGTGGT 3') (10 uM, 1
uL), with secondary (nested) gene specific primesed as the reverse primers (10 uM, 1
pL) (Table 5.1). The thermal cycling conditions wadentical to those used for the
primary PCR. Secondary PCR products were electregld, visualised and then excised
for each walk (as shown in Figure 5.2 and FiguB).3xcised fragments were purified,
ligated into the pDrive cloning vector and subseglyaransformed intd. colias outlined

in section 3.2.2.2. Products were sequenced andmatogram files containing the
sequence data uploaded into the ContigExpressarognvitrogen, Vector NTI Advance
10, Australia) for analysis as per section 3.2.2JAnecessary sequence information

including plasmid DNA sequence or adapter sequaraeremoved and a contig of files
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with expected overlapping sequence information freach walk compiled (section

3.2.2.2).

Table 5.1 Gene specific primers used during each genome watlkj experiment to isolate the
HvBP1 (A) and HvPrx7 (B) promoters. Three walks were undertaken fdvBP1(A) and two
walks for HvPrx7 (B). For each walk two PCR reactions were perforneeainbining the adaptor
primers (AP1/AP2) with gene specific primary PCRwars (P) for the first PCR reaction and
secondary PCR primers (S) for the second nestetigra

A

Walk Primer

Number

1 P5 ACCAACACCGCCATTGCCACCACAA3
S5 ACAAGTGCTGCTAGCAGAGGAACACGA 3

2 P5 CTAGTTACTCATACTCCCTCCGTCATGAT 3
S5 CCTAGCTGGTTATTGATTGGCTGTGAAATG 3

3 P5 3 TGCTGTCTCTGATAGGGATATGTATCTA
S5 3 TAGTCCTGACCTACATGTCCTACCTAT

B

Walk Primer

number

1 P 5 CACACACAAAGGAGAGAGGAGATGGCTCG 3
S5 CAGTCGTGGAAGTGGAGTCGAAGGAGG 3

2 P5 GTACCCGCAAATTCGTGTCTCTTATTCTAAC 3

S5 ACACCACAGTGACGGGCATGTTGGACA 3
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—— ——

1 2 34 5 6 7 8

4

152 344 5267 .8

Figure 5.2 Genome walking to isolate thelvBP1 promoter region. Digested cDNA libraries are
represented in lanes: (Dral (2) Pvul (3) EcaRV (4) Std (5) Scd (6) Hincll (7) Nad and (8)
Msd. The arrowhead represents fragments that wereessitdly cloned and sequenced. The first
round of genome walking (A) resulted in amplificatifrom theDral, Std andMsd libraries. The
second round (B) resulted in amplification from &l andEcoRV libraries. The third round (C)
resulted in amplification from th®ral, Pvull, EcoRV, Stu, Scd, Hincll and Nad libraries.
(L)=1Kb plus ladder.
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Figure 5.3 Genome walking to isolate théivPrx7 promoter region. Digested cDNA libraries
are represented in lanes: @al (2) Pvull (3) EcARV (4) Std (5) Scd (6) HinclI (7) Nad and (8)
Msd. The arrowhead represents fragments that wereessitdly cloned and sequenced. The first
round of genome walking (A) resulted in amplificatifrom theDral, Pvull, Std, Scd, Hincll and
Nad libraries. The second round (B) was repeated twéselting in amplification from thBral

library (top panel) and secondly tiral, Pvdl, EcaRV, Std, Scd andNad libraries (bottom
panel). (L)=1Kb plus ladder.

176



Chapter 5: Promoter analysis for HvBP1 and HvPrx7 and identification of a
potential regulator of HVPrx7 expression

5.2.1.4 Confirmation of promoter specificity

Following sequencing and contig alignment of thenpoter fragments (as discussed in the
previous section), PCR was performed to confirmgbguences of the products isolated
through genome walking as specific to tHeBP1and HvPrx7 promoters. Primers were
designed to thélvBP1and HvPrx7 isolated promoters (Figure 5.1, Table 5.2). Rewers
primers that were complementary to t©&F of HvYBP1 and HvPrx7 were designed to
confirm specificity to th@ORF (Table 5.2). PCR solutions contained Elongasébuf (4
uL), Elongase buffer B (6 uL), dNTPs (10 mM, 1 pE)pngase enzyme mix (1 U, 1 pL),
forward primer (10 uM, 1puL), reverse primer (10 uMpL), Sloop DNA (50 ng/ uL, 1
pL) and nanopure water (up to 50 pL). PCR cycliatpmeters were: denaturation at 94°C
for 2 min, followed by 35 cycles of 94°C for 30 s&0 sec at the respective annealing
temperatures for each primer combination (Tablg, 5.2°C for 2 min and 30 sec, with a
final extension step at 72°C for 10 min. PCR praslugvere separated by gel
electrophoresis using 1.5% (w/v) agarose gels amsdalsed by ethidium bromide
staining. The fragments were purified, ligated aatdsequently transformed inEa coli
and products sequenced as outlined in section.3.2S2quence data was analysed as

described in section 5.2.
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Table 5.2 List of primers used to confirm that theobtained promoter sequence was specific
to HVBPY/HVPrx7. The distance of the primer from the ORF is reprtesk (690 BP F (forward
primer) represents 690 bp into the promoter frommAfG, 1489 R (reverse primer), 1480 bp into
the promoter). Primers were designed to overlap timt ORF (ORF O/L) and also isolate the full
length promoter (Prom F/R). Tm (°C) represents imgltemperature of primer reaction. Expected
product size (bp) is represented.

Promoter Primer Tm Expected
(°C) Size (bp)

HvBP1

690 bp F F 5 AGATCCATTGCATTTACTCCTAACAGCTAA 3 55 928
ORFO/L R5 AGCAGTCGTGGAAGTGGAGTCGAA 3

1489 bp F F 5 GCAGAGTCCTAGCTACGACAAGCT 3 59 1489
Prom R F5 CTCCTCTCTCCTTTGTGTGTGACC'3

Prom F F 5 CGCGAGCCCAGCATGTTGGGATTA 3 57 936

1489 R F5 GGACTCTGCCCTCTCCTTTCGTA'3

HvPrx7

662 bp F F5 TCACBACAAATACAATGAAAGGTCAAGT 3’ 54 946
ORFO/L RY5 CGGAGCGTCTGGTTGGGGATCT'3

1380 bp F F 5 GAAGGAGCGGCGACGATAGAAGAG 3 52 745

662bp R R5 AAGTGGTACAGATTGCTAGACAGACTC 3
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5.2.1.5 Amplification of the full length promoter

DNA was isolated as per section 4.2.2.1 but forhbeérieties (Sloop and Alexis).
Consensus sequences for thaBP1andHvPrx7 promoters in both Sloop and Alexis were

generated through multiple rounds of cloning anqusace PCR analysis. Primer 3

(www.genome.wi.mit.edu/cgi-bin/primer/primer3_wwwirwas used for primer design to
the sequence originally isolated from Sloop usirenane walking and NetPrimer

(www.premierbiosft.com/netprimer/netprlaunch/netprieh.htm) to test primer quality

through prediction of primer dimers and hairpin geo Primer combinations are
represented in Table 5.3 and PCR conditions wepeasection 5.2.1.2. Three biological
replications of the full length were undertaken éosure sequence quality. Two

cloning/sequencing reactions were undertaken asqmtion 3.2.2.2.

Table 5.3— List of primers used to obtain the full length promoter sequence for
HvBP1/HVPrx7 in parental varieties Sloop and Alexis.F represents forward primers, R
represents reverse primers. Tm (°C) representsingaktmperature of primer reaction. Expected
product size (bp) is represented.

Promoter Primer Tm Expected
(°C) Size (bp)
HvBP1 F 5 CGCGAGCCCAGCATGTTGGGATTA3 57 2416
R5 CTCCTCTCTCCTTTGTGTGTGACC'3
HvPrx7 F 5 CAAATAGGCGAAAAGCGGACACATGTCAAT 3 58 1569

RS TGCTGAAGCTGAGCTTCTTCTTGCACCT 3
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5.2.1.6In silico promoter analysis

Sequence data from successive PCRs were assemdilegl QontigExpress software
(Invitrogen, Vector NTI Advance 10). Promoter samues were uploaded into the Vector
NTI 10 software (Invitrogen, Vector NTI Advance 18hd SNPs between Sloop and

Alexis identified through alignments.

The HvBP1and HvPrx7 promoter consensus sequences were analysed asiiRl ACE
database (Plant Cis-Acting Regulatory DNA Elements,

http://www.dna.affrc.go.jp/PLACE/Accessed 12/06/1@o identifycis-elements within the

sequence (Higet al. 1999). Alexis and Sloop sequences were analysedettify the

presence or absence of regulatory elements. Regieres chosen for Y1H analysis based
on the presence of SNPs between the sequence fomp Gusceptible) and the sequence
from Alexis (tolerant) and based on function inateEn to peroxidase genes or potential

role(s) in black point formation.

5.2.2 Y1H Analysis

Y1H analysis was undertaken as per the MatchmakéaiBtary Construction and

Screening Kits User manual (Clontech) with modiimas as per Lopatet al. (2009. A

flow diagram outlining the methods for the Y1H sareand analysis of positive clones is

shown in Figure 5.4.
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NOTE:
This figure/table/image has been removed
to comply with copyright regulations.
It is included in the print copy of the thesis
held by the University of Adelaide Library.

Figure 5.4 Flow diagram outlining methods for Y1H screening and analysis of positive clones.
Adapted from Lopato et a(2006).

181



Chapter 5: Promoter analysis for HvBP1 and HvPrx7 and identification of a
potential regulator of HVPrx7 expression

5.2.2.1 — Construction and screening Y1H library

5.2.2.1.1 — cDNA library construction

cDNA libraries for Y1H were constructed for the iedies Sloop (susceptible) and Alexis
(tolerant) using RNA pooled from each of the depetental stages milk, soft dough, hard

dough and maturity (as per section 3.2.1)

5.2.2.1.1.1 — RNA extraction and cDNA synthesis

RNA was extracted as per section 3.2.2.1, but a B&A protocol was undertaken to
remove contaminating DNA. A 50 pL reaction was @egtto contain 0.1 volume 10 X
DNasel buffer and 1 pL of DNase plus the RNA sample. $ample was incubated at
37°C for 30 min, resuspended in 0.1 volume of DNaaetivation reagent (Clontech) and
incubated at room temperature for 2 min beforerdagation at 1000@ for 1.5 min. The
supernatant containing RNA was transferred to shftetbe before storage at -80°C until

required. RNA was quantified to check quality as gection 3.2.2.1.

First strand cDNA synthesis was performed usingydfipooled RNA (500 ng from each
of the developmental stages: milk, soft dough, hdwdgh, maturity) and an oligo(d)T
primer. Two pL of RNA (2upg) was combined with 1 pL of CDSII primer

(MATCHMAKER Library construction and screening KiElontech), incubated at 72°C
for 2 min followed by cooling on ice for 2 min. Te were spun briefly and the following

added to the reaction tube: 2 pL 5 X first stranéfdy, 1 pL DTT (20 mM), 1 pL dNTP
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(10 mM) and 1 pL of MMLV reverse transcriptase (@kxh). After incubation at 42°C
for 10 min 1 pL of SMARTIII Oligonucleotide (MATCHMAKER Library construction
and screening kit, Clontech) was added and incdbat&2°C in a hot lid thermal cycler.
First strand synthesis was terminated by placidgeguat 75°C for 10 min. Tubes were
cooled to room temperature, 1 puL (2 U) of RNaseddeda and incubated at 37°C for 20

min. First strand cDNA products were stored at €Qhtil required.

ds cDNA was amplified by long distance PCR (LD-PCR)o x 100 pL PCR reactions
were set up, containing: 2 uL first-strand cDNA, [0 deionised water, 10 pL 10 X
advantage 2 PCR buffer (Clontech), 2 uL 50 X dNTIR, 2 uL 5" PCR primer, 2 puL 3’

PCR primer, 10 pL of 10 X GC-Melt solution and 50advantage 2 polymerase mix.
Tubes were mixed gently. PCR cycling parameterewienaturation at 95°C for 30 sec,
followed by 22 cycles of 95°C for 10 sec, 68°C @min, with a final extension step at
68°C for 5 min. ds cDNA was purified with a CHROMZPIN™ TE-1000 column as per

the Matchmaker™ Library Construction and Screefiiig User manual (Clontech).

5.2.2.1.1.2 — cDNA library transfer to yeast

5.2.2.1.1.2.1 — Preparation of competent yeast cell

Yeast competent cells were prepared using the loi&thod as per the Yeast Protocols
Handbook (PT3024-1 Clontech™). AH109 yeast stock staeaked on a Yeast Peptone
Dextrose Adenine YPDA agar plate and incubatedOAC3or approximately 3 days, or
until colonies appeared. One colony was inoculatéd 3 mL of YPDA medium in a

sterile 15 mL centrifuge tube and incubated at 3fiC8 h. Fifty pL of the culture was
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transferred to a 250 mL conical flask containingn®l0 of YPDA. The culture was further
incubated at 250 rpm for 16-20 h until the §gPsample reached 0.15 to 0.3, taking
approximately 8 h. Cells were centrifuged at 700 for 5 min at room temperature, the
supernatant was discarded and the cell pellet pesgled in 100 mL YPDA. Samples were
incubated at 30°C for 3 to 5 h until @fgreached 0.4 to 0.5. Cells were centrifuged at 700
g for 5 min at room temperature and the cell peéstispended in 60 mL ¢dbl Cells were
further centrifuged at 700 for 5 min at room temperature and the cell pe#etispended

in 3 mL of 1.1 X TE/ lithium acetate (LiAc). Theswespension was split between 2 x 1.5
mL centrifuge tubes, centrifuged at high speedltosec and the pellet resuspended in 600
pL of 1.1 X TE/LiAc. Tubes were snap frozen in lidunitrogen and stored at -80°C until

required.

cDNA (section 5.2.2.1.1.1 ) was transformed intmpetent yeast cells. In a sterile 15 mL
tube the following was combined: 10 pL of cDNA, b of pGADT7-Rec (0.5 pg) and 20
uL of herring testes carrier DNA (10 mg/mL) (dematliby heating to 100°C for 5 min,
chilling on ice and repeating the process a sedone). Competent cells (600L) were
added followed by gentle mixing. polyethylene gly@®EG/LiIAc) solution (2.5 mL) was
then added and mixed by gentle vortexing followegdiricubation at 30°C for 45 min,
mixing cells every 15 min. DMSO (160L) was then added, mixed and incubated in a
42°C water bath for 20 min (with further mixing eftLO0 min). Centrifugation at 700g

for 5 min was undertaken and pellet resuspendei nm_ of YPD Plus liquid medium.
Tubes were incubated at 30°C for 90 min, transfietcea 50 mL sterile centrifuge tube

and centrifuged at 70@ for 5 min. The supernatant was discarded and #léetp
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resuspended in 30 mL of NaCl solution (0.9 %). Twmdred pL was spread on SD/-Leu
plates, incubated upside down at 30°C until co®napeared. Transformants were
harvested by firstly chilling plates at 4°C for @ 4 hours. Five mL of freezing medium
(YPDA containing 25% glycerol and 25 ug kanamyaw@s added to each plate, using a
sterile glass rod to gently swirl and dislodge <@tito liquid. Liquids were combined in a
sterile flask, mixed well, incubated at 30°C for 8in with rotation (220 rpm) and
checked using a haemocytometer to calculate celitjeto ensure the library contained an
adequate number of cells for screening. Cell dengiis calculated for yeast containing the
Sloop and Alexis cDNA libraries, resulting in 8.%5.(Pcells/mL and 1.15 x T@ells/mL
respectively. Cell density exceeded the recommertdesshold of 2.7 x 1@ells/mL.
Aliquots (1.5 mL) were snap frozen in liquid nitesgand stored at -80°C until further use.
Library titer was also tested by spreading 100 fié ©:100, 1:1000 and 1:10000 dilutions
on 100 mm SD/-Leu plates. Plates were incubate@04C until colonies appeared.
Colonies were counted and number of colonies iriltinary calculated using the following
formula: colonies X dilution factor / volume platéehlL). This allowed the calculation of

mating efficiency and indication of successful sa® (found to be greater than 2%).
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5.2.2.1 Construction of yeast reporter strains

5.2.2.1.1 Construction of the pINT-1-HIS 3 reporterplasmid

Promoter regions were chosen for Y1H analysis basethe presence of SNPs between
the sequence from Sloop (susceptible) and the seguieom Alexis (tolerant) (resulting in
the presence/absence of binding domains) and aséahction in relation to peroxidase
function and potential role(s) in black point fortioa. Selected promoter sequences for
HvBP1andHvPrx7 containing thecistarget elements were cloned into the pINT1-HI3NB
vector (kindly provided by Dr. PBF Ouwerkerk, Inste of Molecular Plant Sciences,
Leiden University, Netherlands). Target sequenoa® fSloop and Alexis were cloned into
the pINT1-HI3NB, resulting in two reporter plasmidesr HvYBP1 and two reporter

plasmids foHvPrx7.

Primers were designed to amplify tHeBP1andHvPrx7 promoter fragments and include
the restriction siteblotl andSpéd allowing 2 extra base pair overhangs for enzymelibg
specificity (Table 5.4). The two unique restricticites were used for single step
directional cloning of the DNA fragments into théndry vector. For each construct
combination HvBP1 Sloop-pINT1-HI3NB, Alexis-pINT1-HISBNBHVPrx7 Sloop-pINT1-
HI3NB, Alexis- pINT1-HI3NB) 0.1 pg of vector andvBP1or HvPrx7 promoter region
were digested at 37°C for 2 h in: Buffer 2 (10 Xlptl and Spd, 10 X Bovine Serum
Albumin (BSA) and deionised water up to 20 pL. P€&an up was performed as per the
manufacturer’s instructions [Wizat8V Gel and PCR Clean-Up System (Promega)].

Ligation of the promoter fragments into the pINTI3NB were performed by the addition
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of 5 pL of digested plasmid, 1 pL of digested PORdpct, 1.2 puL of 10 X buffer
(Clontech) and 0.8 pL of T4 DNA ligase, incubateitgroom temperature for 4 h. Vectors
were transformed and the presenceHeBP1 or HvPrx7 promoter fragments confirmed
through sequencing as per section 3.2.2.2. TramgfdrPCR products were sequenced as

per section 3.2.2.2.

Table 5.4 Primer combinations containing the uniqueNot I (in red) or Spe I (in blue) for
HvBP1 and HvPrx7 promoter sequence cloning into the pINT1-HI3NB veor. Primer
combinations were used to amplify promoter fragmentthe varieties Sloop and Alexis. Tm (°C)
represents melting temperature of primer reactiopected product size (bp) is represented.

Primer Tm
(°C)(Size)

HvBP1

F (NotI) 5 ATGCGGCCGCCTCTGTTGGTGTTA 3 55(196 bp)

R (Spel) 5 GGACTAGT CAAGTGTCTGATGTCAAGTAGTTCCAA 3

HvPrx7
F (NotI) 5 ATGCGGCCGCAATTTTTCACACAAATACAATGAA 3’ 50(393 bp)
R (Spel) 5 GCACTAGT GAGAGAGAGAGAGACTAATTACA 3’
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5.2.2.1.2 Transformation of pHIS3-pINT1 reporter toyeast

pPINT1-HI3SNB vector containing the sequencegdBP1/HvPrx7(from Sloop or Alexis)
promoter fragments were transformed into yeasteasspction 5.2.2.1.1.2.1, with Y187
competent yeast cells used instead of AH109. Gedliee spread on YPDA-G418 plates
and incubated at 30°C for 3 days. Colonies werkepi@and re-streaked on YPDA-G418
plates for a further 3 days. After incubation ptateere stored at 4°C and re-streaked after
2 months. Overnight cultures were mixed with glgtéo 25% final concentration and

stored as 1 mL aliquots at -80°C until further use.

5.2.2.1.3 Determining 3-AT concentration

3-amino-1,2,4-triazole (3-AT) is a competitive inhor of the yeasHIS3 protein, able to
inhibit low levels ofHIS3 expressed in a leaky manner and hence supprekgrbaod
growth on SD medium lacking histidine [MatchmakerEtbrary Construction and
Screening Kits User manual (Clontech)] controllisglection gene dependency. G418
resistant colonies (section 5.2.3.20®re plated on a concentration series of 0, 5250,
and 50 mM 3-AT and plates incubated at 30°C foaysdcounting colonies to determine

the optimal concentration that is required to redgowth.
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5.2.2.2 Overnight yeast mating (cDNA library screen

Overnight yeast mating of the cDNA library (sectibr.2.1.1)and the pINT-1-HIS 3
reporter plasmid (containing the promoter sequenakyws the identification of
transcription factors binding to sequences produgcgdhe library with only positive

colonies being able to survive on SD medium lackiisgidine.

5.2.2.2.1 Overnight yeast mating

Fifty mL of culture for each reporter strain wasgn overnight (section 5.2.2.1.2). A 1.5
mL aliquot of the reporter was combined with 50 thix YPDA (plus 50 puL of G418).
Flasks were incubated at 30°C with shaking ovemnigbells were harvested by
centrifugation at 2000 rpm for 5 min. Cells wersugpended in 50 mL of 2 x YPDA plus
25 pg/mL of kanamycin, mixed with 1.5 mL aliquota®NA library in the AH109 strain
and incubated in a 2 L conical flask at 30°C owginhiwith slow (30 to 50 rpm) rotation.
After 22 h, the yeast cells were harvested by dagation at 1000 )g for 10 min, washed
in 1 X TE (plus 25 pg/mL kanamycin), resuspendefl mL of the same buffer and spread
(200 pL) on SD/-His —Leu selective plates contajriime optimal level of 5 mM 3-AT (as
determined in section 5.2.2.1.3). Transformatioirciehcy was calculated by spreading
samples on SD/-Leu plates at 1 in 10, 1 in 100, 1000 and 1 in 10000 dilutions. Plates

were incubated at 30°C until colonies appearedduibweeks).

Positive colonies (His+) colonies were restreaked SD/-His —Leu selective plates

containing 5 mM 3-AT. Use of the-galactosidase reporter gendEL1) allowed the
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identification of false positives directly on thdages using Xo-GAL (25 pg/mL),
allowing the selection of blue colonies as falssifpees. Two hundred pL of X-GAL
(25 pg/mL) was spread on the SD/-His —Leu selegilates, allowed to dry followed by

re-streaking of positive colonies. Plates were lrated at 30°C for 3 to 5 days.

5.2.2.2.2 Assessment of positive colonies

PCR reactions were performed directly on the Ht®lonies. The Y-DER DNA extraction
reagent kit (Pierce) was used to extract DNA fromsifve colonies as per the
manufacturer’s instructions. PCR reactions on th&twe colonies used Platinum Tag™.
PCR solutions contained Failsafe Buffer G (12.5,uRlatinum Taq (0.5 pL), ADLD
forward primer (5° CTATTCGATGATGAAGATACCCCACCAAACCCS3) (10 uM,
1uL), ADLD reverse primer (5 AGTGAACTTGCGGGGTTTTRRGTATCTACGAT
3) (10 pM, 1 pL), DNA (1 pL) and nanopure watemp(tio 25 pL). PCR cycling
parameters were: denaturation at 94°C for 2 milge@d by 30 cycles of 94°C for 30 sec,
30 sec at 68°C, 68°C for 3 min with a final extensstep at 68°C for 3 min. PCR products
were separated by gel electrophoresis using 1.5v86 @garose gels and visualised by

ethidium bromide staining.

PCR fragments were further digested wihelll to determine if there were any conserved
banding patterns, reducing the number of poterdEduencing reactions. Reactions
contained 10 X Buffer 2 (2 puL), HH& (0.5 pL) and nanopure water (up to 10 pL). Tubes
were incubated at 37°C for 4 h, followed by incutratat 65°C for 20 min. Digestion

products were separated by gel electrophoresisgu%ib% (w/v) agarose gels and
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visualised by ethidium bromide staining as perisac.2.2.2. Candidate fragments which
displayed differentiating banding patterns aftegedtion were ligated into the pDrive
cloning vector and subsequently transformed EBicoli and transformed PCR products

sequenced as outlined in section 3.2.2.2.

5.2.2.2.3 Plasmid isolation from yeast

Plasmids identified as putative positives wereat from yeast for further analysis.
Overnight cultures (10 mL) of the His+ colonies grown in CM —Leu medium in 50
mL tubes at 30°C with shaking. Cells were harvedigdcentrifugation at 2400 x,
resuspended in 200 pL of 0.9 M sorbitol/50 mM EDd@ataining 4 mg/mL lyticase. The
resuspended cells were transferred to a 1.5 mLoeeartrifuge tube and incubated at 30°C
for 1 h. Tubes were centrifuged at 3000 rpm for i @nd a standard alkaline lysis
miniprep procedure performed as per section 3.2Rrdgments were ligated into the
pDrive cloning vector according to the manufactisranstructions (Qiagen, Hilden,
Germany) and subsequently transformed EBtaoli and sequenced as outlined in section

3.2.2.2.

5.2.2.2.4 Verification of positive interactions andpecificity

Protein DNA interactions were confirmed by re-tfansation of the reporter and control
strains. Yeast strains were co-transformed withréiperter plasmid (pINT-1HIS3) and the
library plasmid containing the identified sequené&®imers were designed with the

appropriate restriction sites for ligation into thigrary vector pGADT7 (Table 5.5). The
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library vector containing the identified sequenceas then co-transformed with the

original bait vector (section 5.2.2.1.1).

Table 5.5 Primer combinations containing the uniquerestriction sites (in red) for
ligation of the candidate YIH sequencedor HvBP1 and HvPrx7 into the library
plasmid vector (pGADT7). Fragment represents positive interactions with HwBP1
promoter regior(Sloop and Aleixis) antHvPrx7 promoter region (Sloop and Alexi§)m
(°C) represents melting temperature of primer reaciRE sites represents the unique restriction
sites included in primer design with an extra 2bprhang.

Fragment Primer Tm RE Sites
(°C)

HVBP1

Sloop

3 F 5 ATGAATTCCGCCCGCGCAAGCCCTT3 59 EcoRIClal
R 5 GCATCGATACAAACAGATCCACATTAGCT 3'

4 F 5 ATGAATTCCGGCCGCCCGCCTTACAT 3 57  EcoR/BamH
R 5 CTGGATCCATATATAAATCAGGTCCATGAT 3’

5 F 5 ATGAATTCGGGGACTGCCCAAGGCTACTG 3 60  EcoR/BamH
R 5 ATGGATCCACGTAACAGAGACCCTTTTTTGA 3

9 F5 ATGAATTCGGGGGCGCAAGTGAAATACCA 3 61  EcoR/BamH
R 5 ATGGATCOGCCCCGCTTCCGACCCACG'3

11 F 5 ATGAATTCGGAAAGGCAAAAATTCTGATGTTGTT 3 55 EcoR/BamH

EPL R 5 ATGGATCCGTACATCAATTATATATTTTTTAAACT 3’

Alexis

2 F 5 ATGAATTCGGGGGCTGGCCGAAACAGT 3 59  EcoR/BamH
R 5 ATGGATCCATATAGATACAACCAGCTCTAAAAG 3’

8 F 5 ATGAATTCGGGACAGCAACAAGTCGGACA 3 58  EcoR/BamH
R 5
ATGGATCCGGATAAAACTTTATTTATATTTTATTCCAG 3’

9 F 5 ATCCCGGGCCAAGCTCTAATACGACTCCCTAT 3

. R 5 CGATCGATATATAGCATATAGATACAACCAGCTCT 3 60 XmalCla/

VIEIrX

Sloop

1 F 5 ATGAATTCGGGCTCCGCAAGCGTGC3 59 EcoRIClal
R 5 GCATCGATATAGCTAACATATAGTAGAACCAAC 3’

4 F 5 ATGAATTCGCCGCCCGCGCAAGCC'3 62  EcoR/Xhd
R 5 ATCTCGAGTCACTAACCAACACCGTTAATCC 3

13 F5 58 EcoR/BamH
ACGAATTCAAACAATTTCAGATTAATGATATTCAATCC 3
R 5 ATGGATCOGGGCAGGAAACCATGATCATC 3

HvVPrx7

Alexis

1 F 5 ATGAATTCGGGGAAGCAGCAGAAGAAGAAAAG 3 60 EcoR/BamH
R 5 ATGGATCOGTAAGATAAGAATTTTCTTTTGGCCT 3

11 F 5 ATGAATTCGGGGGAGAGCCGAAAGAGATCT 3
R 5 ATGGATCCGAATTTGACATCAACGTCATTCTGG 3 62  EcoR/BamH
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PCR reactions were undertaken for each of the psinre Table 5.5 and the products
ligated into the pGADT?7 library vector as per seetb.2.2.1.1. Co-transformations were
performed with the library vector containing theget sequences and the bait used for
Y1H screening (section 5.2.2.1.1). A transformatias performed with the empty library
vector as a control as per section 5.2.2.1.1 Onelred and fifty uL was plated onto SD/-
His-Leu plates and incubated at 30°C for 3 to 7sdalyositive colonies were analysed as

per section 5.2.2.2.2.

5.2.2.4 Further characterisation of positive clones

Positive clones were further analysed by firstiylasing the full length sequence and then
identifying gene expression during grain fill ariee tchromosomal location of the gene.
Binding specificity was confirmed through a gel fslassay. One positive clone was

identified HvPrx711, section 5.2.2.2.4) and further investigated.

5.2.2.4.1 Isolation of the full length sequence pbsitive clones

The sequence of the positive clone containing daraeting partner for thélvPrx7
promoter was identified by using the Basic LocalgAment Search Tool (tBLASTx and
tBLASTN; http://blast.ncbi.nim.nih.gov/Blast.cgiBIl-GenBank Flat File Release 172.0,
August 2008). Potential candidates were identified primers for isolation designed using
the in silico (full length) sequence identified in rice as a bdsucine zipper (bZIP)

transcription factor domain containing protein (MB1058100) (Table 5.6). tBLASTx and
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tBLASTn were searched and results updated in JOlyl 2PCR was performed to isolate
the full length sequence and confirmation of seqaeperformed as described earlier
(Section 5.2.1.4).

Table 5.6 Primers used to obtain the full lengttoZl P for HvPrx7.

Tm (°C) represents melting temperature of primeactien. Expected product size (bp) is
represented.

Primer Tm (°C) Expected
Size (bp)
F 5 ATGGACGCCGACCTCGACCTG3 57 909

R 5 GAAACTTGCGAATAAGCTGTCACTAGTCTA 3

5.2.2.4.2Northern analysis and chromosomal location

Northern analysis was performed as per sectio2.3L&sing RNA from the varieties Sloop
and Alexis during grain fill. Primers for the fuéngthHvbZIP sequence (Table 5.6) were
used to prepare the probe for northern analysisfanthe PCR of barley:wheat addition

lines to establish chromosomal location (as petige4.2.2.3.1).

5.2.2.4.3 Confirmation of interaction between prote and promoter for HvPrx7

5.2.2.4.3.1 Protein expression vector preparation

The ORF of the positive interacting partner was l#fregd in PCR reactions as per section
5.2.2.4.3. The amplified PCR reaction mixture wasdiin a ligation reaction with the
pCR8®/GW/TOPO® vector and subsequently transforiménl competent cells. Colony

PCR and confirmation by sequencing was performedessection 5.2.2.2.2. ORFs
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(Alexis) were transferred into the pDEST17 vector protein expression. Gateway®
recombination technology was used to transfer tiding regions of the genes from the
pCR®8/GW/TOPC vector to the pDEST£7protein expression vector; withill of ORF
region:pCR8/GW/TOPC used in the recombination reaction as per the faaturer's
protocol (Gateway LR ClonaseTM Il Enzyme Mix product, Invitrogen)rahsformation
of OneShot TOP10 competertE. coli cells with 2uL of the recombination reaction was
conducted as per the manufacturer's protocol (GaféwR ClonaseTM Il Enzyme Mix
product, Invitrogen). Transformed cells were subsedy plated onto LB agar containing
ampicillin (100pug/mL as a selective agent). Confirmation of theonelsinant vectors was
conducted via PCR and sequence analysis. Colony fle@&ions were performed as per
section 3.2.2.2 using the forward and reverse pricoenbinations identified in Table 5.6
(10mM, 1 pL). PCR products were visualised as petien 3.2.2.2. Confirmation of the
ORFs being in-frame in the pDEST1%ector was conducted via sequence analysis

(Chapter 3, section 3.2.2.2).

5.2.2.4.3.2 Heterologous protein expression

The HvbZipORF:pDEST17® protein expression vectors were toanséd into BL21-Al
protein expression optimised cells. Four overngghtter cultures of the BL21-Al protein
expression cells were commenced by inoculating 200 of cells into 8 mL of
LB/Carbenicillin (50ug/ mL) at 37°C with agitation. The following dayur 200 mL
LB/Carbenicillin (50ug/mL) cultures were each inoculated with a 8 mirctsteculture, and
were subsequently incubated at 37°C with agitatiatii an OQygo measurement of 0.4 was

reached. Upon recording an @pmeasurement of 0.4, L-(+)-arabinose was added4és O
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w/v to two of the cultures for induced samples;hii-glucose added to 0.5% wi/v to the
other two cultures for repressed samples. Cultwe® then incubated at either 23°C or
37°C for 5 hours with agitation, followed by cebllection at 3000 »g for 15 min at 4°C

for cell pelleting. The resulting supernatant wascarded and the cell pellets were snap-

frozen using liquid nitrogen and stored at -80°@lyomotein extraction.

5.2.2.4.3.3 Protein extraction and DNA binding assa

For protein isolation, 1 L of both induced and noduced cell cultures were removed
from storage at -80°C and resuspended in 30 mly=$ lbuffer (50 mM NakPQ,, 300
mM NaCl, 5mM imidazole, 1% Triton-X, pH 8), and rme vigorously. To the
resuspended cells, lysozyme (1 mg/mL), RNase Au@/fnL) and DNase | (16@g/uL)
was added, gently shaken to mix, and incubated®iior 30 min. The suspension mixture
was then snap-frozen in liquid nitrogen, thawed aomdexed for 30 sec; with this process
repeated three times in total. Cells were thencaded six times for 10 sec each time, with
resting on ice for 30 sec between each sonicalite. homogenised mixture was then
centrifuged at 10000 g for 20 min at 4°C with a 10QL aliquot taken for gel analysis

(cell lysate).

The resulting supernatant was transferred to a B@wnL tube for selective ammonium
sulphate precipitation, where 0.24 mg/mL ammoniuwnplsate was added and shaken
vigorously to mix. The mixture was centrifuged &000 xg for 20 min at 4°C, with
supernatant being transferred to a new 50 mL tAbpemonium sulphate (0.13 mg/mL)

was added to the suspension, shaken vigorouslyx@mal centrifuged at 10000g«for 20
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min at 4°C with supernatant being discarded. Tocilelysate pellet, 10 mL of binding
buffer (20 mM NaHPQ,, 500 mM NaCl, 20 mM imidazole, pH 7.4) was added ¢&he

pellet resuspended. An aliquot of @0 was loaded for gel analysis.

At 4°C the remaining sample was loaded very slowiy a previously equilibrated
HisTrapTMHP 5 mL column (GE Healthcare Life SciendgK), with a 10QuL aliquot of
flow through (flow through) collected for gel ansiy. The column was washed with 100
mL of binding buffer, with 10Q.L aliquots taken at 2 mL (wash 2), 50 mL (wash &)l
100 mL (wash 100) for gel analysis. The protein ten eluted from the column with 3 X
5 mL elution buffer (20 mM NapPO,, 500 mM NaCl, 250 mM imidazole, pH 7.4), with
100uL aliquots of the resulting elution fractions takken gel analysis (Elution 1, 2 and 3).
Protein purification samples [QL of collected aliquots with 3iL of NUPAGE® LDS
Sample Buffer (4x) (Invitrogen)] were heated at@@r 10 min before being loaded into
15-well NUPAGE® Novex® 4-12% Bis-Tris mini gels. ®IRAD Precision Plus Dual
Colour Protein Ladder (10L) was also loaded onto the gels, which were edptioresed
according to the manufacturer’s instructions. Agézctrophoresis, the protein gels were
removed from the plastic casing and placed intankOof fixing solution (15 mL ethanol,

5 mL acetic acid, 30 mL sterile deionised waten) foh. After incubation, the fixing
solution was then replaced with staining solutid% methanol, 7% acetic acid, 0.125
w/v Brilliant Blue G (Sigma)] and left at room teemature overnight with gentle agitation.
The protein gels were then destained using coomaestain (50% methanol, 10% acetic
acid) at room temperature. The protein gel was s$ewnned using an Epson Perfection

4180 Photo Scanner.
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Protein-DNA interactions were assessed using a bi#ding assay. DNA from the PCR
products used for Y1H screening (promoter regioma3d used in the binding assay. The
concentration of the annealed DNA fragment wasrdeted on a 1% Agarose gel. Thirty
uM of DNA was mixed with a concentration series {0®uM) of extracted proteimn 30

uL of 20 mM Tris-HCL buffer (pH 7.4), 100 mM NaClp@% glycerol and 1 mM MgGl
The reaction mixture was incubated at 37°C for 110. fAroducts were resolved at 4°C in 1
% agarose using gel electrophoresis in 1 x TAEdsufun at 9 V for 1.5 h and visualised

by ethidium bromide staining.

5.3 Results

5.3.1 Genome Walking

Full length promoter sequences tdvBP1were aligned to identify SNPs between Sloop
and Alexis (Figure 5.5). Four SNPs were identifigithin the 2416 bp promoter at 308,
618, 1508 and 1712 bp upstream of the ATG staet skorHvPrx7 (Figure 5.6), four
SNPs were identified within the 2720 bp isolate®44, 639, 972 and 1092 upstream of

the ATG start site.
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Figure 5.5 Alignment of promoter sequences foHvBP1. Promoter ofHVvBP1 was sequenced
from genomic DNA of Sloop and Alexis (n=3). Four B&Nwere identified at 308, 618, 1508 and
1712 bp (highlighted yellow) upstream of the stité. S represents start site.
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AAAGTTAC GTAGCTAGAT TTAACTGTACACAGEC GAAAAGCGGAT AAAC

Figure 5.6 Alignment of promoter sequences foHVPrx7. Promoter ofHvPrx7 was sequenced
from genomic DNA of Sloop and Alexis (n=3). Four BNwere identified at 244, 639, 972 and
1092 bp (highlighted in yellow) upstream of thessite. S represents start site.

5.3.2 -In silico promoter analysis

In silico promoter elements identified many regulatory elemgrotentially involved in
peroxidase gene regulation (Table 5.1p-silico analysis of the promoter regiongas
undertaken using PLACE (Plant Cis-Acting RegulatorPNA Elements,

http://www.dna.affrc.go.jp/PLACE/database. The full list of regulatory DNA elengent

identified forHvBPlandHvPrx7is shown in Appendix 3.
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Table 5.7 Summary ofcis-elements within the promoter regions ofHvBP1 (A) and
HvPrx7 (B). Positions of the element (and motif name) are ginehe direct strand (+) as

well as the complementary strand (-). Green hidjitéid elements were included in the

chosen sequence for Y1H screening. Nucleotide alatiens; V=A, C or G; B=C, G or
T, R=AorG,W=AorT;Y=CorT;,H=A,CorTD=A,GorT;S=GorC; N=A, G,
C or T. Elements in red are present only in Alekigl details are in Appendix 3

A
HvBP1 Promoter
SIGNAL
Motif Name Location and Strand SEQUENCE
-300ELEMENT 1803 (-) TGHAAARK
ABRELATERD1 171 (+) ACGTG
ABREOSRAB21 331 (- ACGTSSSC
ARFAT 1454 (-) TGTCTC
CANBNNAPA 71(-) CNAACAC
CAREOSREP1 1809 (+), 475 (-) CAACTC
CATATGGMSAUR 1489 (+), 1489 (-) CATATG

CEREGLUBOX2PSLEGA

CGACGOSAMY3

CRTDREHVCBF2

GADOWNAT
GARE20SREP1
GCN40SGLUB1

LTRECOREATCOR15
MYB2CONSENSUSAT

MYCATRD22

1598 (-)
633 (+), 2293 (+), 740 (-), 1247 (),
2011 (5
619 (+), 631 (+), 1248 (+), 619 (),

482 (+)
1165 (+)

553 (-), 1329 (-)

226 (+), 204 (-), 741 (), 1214 (-),
1353 (<)

835 (-

Table 5.7 cont.

TGAAAACT

CGACG

GTCGAC

ACGTGTC
TAACGTA
TGAGTCA

CCGAC
YAACKG

CACATG
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HvBP1 Promoter cont.

SIGNAL
Motif Name Location and strand SEQUENCE
POLASIG1 1606 (-) AATAAA

QARBNEXTA 170 (+) AACGTGT
RYREPEATBNNAPA 1782 (-) CATGCA
TATCCACHVAL21 1991 (-) TATCCAC

HvPrx7 Promoter
SIGNAL
Motif Name Location and Strand SEQUENCE

ABREOSRAB21 342 (+) ACGTSSSC

CAREOSREP1 109 (-) CAACTC

CBFHV 97 (+) RYCGAC
261 (+)

CEREGLUBOX2PSLEGA 156 (-) TGAAAACT

CGACGOSAMY3 200 (+) CGACG
1380 (-)

DPBFCOREDCDC3 19 (+), 428 (+), 294 (+) ACACNNG

GARE20SREP1 530 (-) TAACGTA

LTRECOREATCOR15 98 (+), 262 (+ CCGAC

MYCATRD22 20 (+), 1424 (+) CACATG

20 (+), 341 (+), 384 (+), 429 (+), 545 (+),
1138 (+), 1208 (+), 1424 (+), 1541 (+), 20 (),
341 (-), 384 (-), 429 (-), 545 (-), 1138 (-),

MYCCONSENSUSAT 1208 (-), 1424 (-), 1541 (- CANNTG

Table 5.7 cont.
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WBOXATNPR1 125 (+), 786 (+), 25 (+), 476 (+), 928 (-) TTGAC

126 (+), 285 (+), 787 (+), 25 (-), 827 (-), 1113
WRKY710S (-), 477 (+), 928 (-) TGAC
ELRECOREPCRP1 927 (-) TTGACC
AGMOTIFNTMYB2 540 (+) AGATCCAA
CACGTMOTIF 341(+), 1138 (+), 341 (), 1138 (-) CACGTG
GAREAT 1467 (+) TAACAAR
PALBOXACP 1030 (+) CCGTCC
POLASIG2 370 (), 1265 (-) AATTAAA
PYRIMIDINEBOXHVEPB1 1047 (+) TTTTTTCC

Elements were further investigated based on aratioekhip to the peroxidase pathway,
response to environmental stress, wounding or lialgermination. Figure 5.7 summarises
the HvBP1target sequence for Y1H screening, SNPs @s&lement binding sites. The
sequence was from 144 to 340 bp into the promuiiéh, a screening sequence of 196 bp
and 1 SNP between Sloop and Alexis at 308 bp. PLA&@base analysis indicated that
the SNP resulted in an exiras-element in the tolerant variety Alexis, DBFCOREDCDC
(Table 5.7). This signal site has been shown teraat with a novel bZIP transcription
factor that is ABA responsive and embryo-specim{ et al. 1997). Elements linked to
endosperm gene expression, ABA or GA signalling ¥WiKY DNA binding proteins

were also present in the Y1H region used for sengefTable 5.7).

Figure 5.8 summarises thdvPrx7 target sequence for Y1H screening, SNPs aisd
element binding sites. The Y1H fragment was desigitem 275 to 668 bp into the
promoter, with a screening sequence of 393 bp aB#R between Sloop and Alexis at
639 bp (Figure 5.6). PLACE database analysis ineditéhat the SNP resulted in an extra

cis-element in the tolerant variety Alexis, WBOXATNPRIable 5.6). This element has
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been suggested to have a putative function in respto environmental stress (Cledral.
2002), specifically by salicylic acid (SA) induc®dRKY DNA binding proteins. The SNP
resulting in the extra WBOXATNPR1 was the focusteé Y1H screen but the promoter
region used for screening was expanded to 393 bpctade elements specific to gene
expression in the endosperm or germinating embiyod;in response to ABA or GA and

WRKY DNA binding proteins (Table 5.7).

BP1l Sloop T CTGTTGETETTACTCTA GA CECTGTGTATAGT AR T EV . 57
BP1l Alexi= : [shfsudeiifee Jeyl gt-Nel deuy:y (5A SO T 57
CTCTGTTGETGTTACT CTAT GECET GATZACT TCGTGTGTATAGTAAGCAACCTAA

* 100 *
z 114
114

BPl Sloop
BP1l Alexis

1lal *
e SN " TTTRCTTTETT @0 171
WACTTTEIACTTTGTT @0 171

BP1 Sloop
BEPl Alexis

BPl Sloop
BPl Alexis

GEAACTACTTGACAT CAGACACTT

Figure 5.7 HvBP1 promoter region targeted for Y1H screening.Promoter region frondvBP1
used in yeast one hybrid screening. Commigrelements are highlighted in yellowis-elements
highlighted in green are specific to the toleraalticar Alexis. SNP (308 bp into thelvBP1
promoter) remains white.
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Figure 5.8 HVPrx7 promoter region targeted for Y1H screening.Promoter region frorkllvPrx7
used in yeast one hybrid screening. Commigrelements are highlighted in yellowis-elements
highlighted in green are specific to the toleranlticar Alexis. SNP (639 bp into thelvPrx7
promoter) remains white.
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5.3.3 — Yeast one hybrid screening

Initial screening of the Y1H library for thevBP1 bait sequenceesulted in 112 positive
colonies for Alexis and 136 positive colonies fdodp. Initial screening for thelvPrx7
bait sequenceesulted in greater than 500 positive colonies.ofllhe positive colonies for
HvBP1or HvPrx7 were re-streaked on plates utilising txegalactosidase reporter gene
(MELY) to allow the identification of false positivegelitly on the plates using ¥-GAL.
The colonies that turned blue were excluded ag fabsitives. Positive interactions (white
colonies) were restriction digested to remove comgk banding patterns. This resulted
was 16 positive interactions fétvBP1Sloop, 17 positive interactions félvBP1 Alexis,

12 positive interactions fdAvPrx7 Sloop and 13 positive interactions tdvPrx7 Alexis.
Sequencing identified five unique clones fdwBP1 Sloop and three foHvBP1 Alexis,
similarly identifying three unique clones fétvPrx7 Sloop and two foHvPrx7 Alexis

(Table 5.8).

In silico sequence searches for clones identified as ittesawith theHvPrx7 promoter
suggested a potential bZIP domain containing pmoteas isolated (Table 5.8). Co-
transformation of the library vector containing tendidate sequence and the original bait
sequence showed one positive interaction. Transibom and plating on SD/-His-Leu
plates revealed a positive interaction for HnPrx7 Alexis 11 clone. Co-transformation
was repeated using Sloop as the bait, also comfgnibinding suggesting the SNP

identified between Sloop and Alexis is not conttibg to the presence or absence of a
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transcription factor binding and differential gemeression. Co- transformation resulted in

no positive interactions faivBP1

210



Chapter 5: Promoter analysis for HvBP1 and HvPrx7 and identification of a potential regulator of HvPrx7 expression

Table 5.8 BlastX and Blast N analysis from positivg identified sequences for Y1H screeningdvBP1or HvPrx7 Sloop and Alexis Y1H screen clone
number is represented. Accession number, BLASTANBIAST X results ane value is represente@he clone highlighted by grey shading was the only
positive confirmed by co-transforming the libragctor containing the identified sequence and tiginal bait sequence.

Accession Blast N e value Accession  Blast X e value
HvBP1
Sloop
3 No Results EAWS80031 isoform CRA_b 0.23
4 AY692477.1 Triticum alpha-expansion EXPA3 8.00E* AAS48878.1 expansion EXPA (Triticum) 3.00E-14
5 No Results ABB90545.1 Lipid transfer protein (Triticum) 4.7
NP_181959.1 Xylogen-like protein (Arabidopsis) 1.90E-01
Hypothetical protein Os) 022518
EAZ39035.1 (Oryza) 5.00E-05
Putative senescence-associated
9 AK248318.1  Hordeum clone: FLbaf52b15 1.00E” BAB33421.1 protein 3.00E-96
Probable cytochrome P450
T02955 monooxygenase 5.00E-76
GPl-anchor transamidase
11 AK252409.1  Hordeum clone: FLbaf152a06 4.00E™ NP_563825.1 (Aradidopsis) 4.00E-14
HvBP1
Alexis
Barley mRNA for alpha- Alpha-amylase/subtilisin inhibitor
2 X16276.1 amylase/subtilisin 8.00E-25 P07596 (BASI) 1.00E-110
8 X01777.1 Barley mRNA for B3-hordein 0
Hordeum clone Hn6 B hordein
DQ148297.1 gene 5.00E-157 P06471 B3-hordein 4.00E-38
Barley mRNA for alpha- NAC transcription factor (Hordeum)
9 X16276.1 amylase/subtilisin 5.00E-27 CAM57979.2 1.00E-13

Table 5.8 cont.
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(BASI)
Hordeum mRNA NAC transcription

AM500855.1  factor 2.00E-16
(Nac 1)
Accession Blast N e value Accession  Blast X e value
HvPrx7
Sloop
Cytosolic heat shock protein 90 Cytosolic heat shock protein 90
1 (Hordeum) 100% AAP87284 (Hordeum) 2.00E-42
PREDICTED:similar to SAM and SH3
4 No Results domain
Dipeptide ABC transporter, permease
13 Hordeum Mla locus 8.00E-81 protein
Hordeum vrs1 locus, and Hox1
EF067844 gene 1.00E-79 DppC (Aeropyrum)
HvPrx7
Alexis
Cytosolic heat shock protein 90
1 No Results AAP87284 (Hordeum) 2.00E-42
Endoplasmic homolog precursor
P36183 (Hordeum) 1.00E-06
11 No Results NP_001058100 0s06g0622700 (Oryza) 2.00E-05
Basic-leucine zipper (bZIP)
transcription factor
domain containing protein
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5.3.4 Further characterisation of positive clones

One positive interaction (418 bp) was identifiednntheHvPrx7 promoter region isolated,
shown to bind in both parents, Sloop and Alexisngshe Basic Local Alignment Search
Tool (tBLASTx and tBLASTN; http://blast.ncbi.nimmgov/Blast.cgi, NCBI-GenBank
Flat File Release 172.0, August 2008) the clone Wwather analysed. Thén silico
sequence identified in rice allowed sequencing iarldy HvbZIP) and further
characterisation through northern analysis, chramas location and confirmation of

binding specificity by a gel shift assay.

5.3.4.1In silico sequence search and identification of full lengthegjuence

The positive interaction identified fddvPrx7 resulted in a sequence of 418 bp (Figure
5.9). A BLASTx search indicated no results. A BLAS3earch identified a rice candidate
0s069062270, a basic-leucine zipper (bZIP) trapson factor domain containing
protein. Primer design to the rice sequence (Talfgresulted in successful amplification

of 909 bp in barleyHvbZIP (Figure 5.10).

5GGGGGAGAGCCGAAAGAGATCTCGCAATGGTAGCCGGAAAGCCAAGCAGBGATCA
ACCAGAGACCTTGGAGCTTCTACTCCATGGAAGACGCTGGAGGGGCACAAGGAGAG
GATCAAGCTAGATATTCTGCCGTTGCGTGCAGCTGCTGCTTGCTAGACTABGEACAGC
TTATTCGCAAGTTTCCAGTATGTAGTGTAGTTATGTGTGTTCTCTTGCTGBACCGTGG
ATTTATCCATGAGTACCTTTCTTCTCTCTCCGTCCCCTCTTGTTTTATGACTTCTAATC
AGATGCTAGTTTTGAAATCTGGCATTCCGTGTTACTTTATGTCTCTGGCGAAGTTCGG
GCACCCTCTGGGTTTATGTAACTATGTGAATCCTGTTTTGCCAATGCCAGATGACGTT
GATGTCAAATT 3

Figure 5.9HVPrx7 prey sequence that was found to bind the selectedgion of theHvPrx7
promoter.
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Table 5.9 Nucleotide blast of the full length barlg sequence (Figure 5.10)A) nucleotide Blast
results ofHordeumpredicted protein identified (AK369957.1) (B) Bias results ofHordeum
predicted protein identified (AK369957.1). Accessimumber and e value are represented.

A

Accession Nucleotide Blast e value
Hordeum vulgare subsp. vulgare mRNA for predicted

AK369957.1 protein 0
Hordeum vulgare subsp. vulgare mRNA for predicted

AK369957.1 protein 0
Hordeum vulgare subsp. vulgare mRNA for predicted

AK365505.1 protein 0

B

Accession Blast X

BAJ99768.1 Predicted protein [Hordeum vulgare subsp. Vulgare] 2.00E-69

BAJ96708.1 Predicted protein [Hordeum vulgare subsp. Vulgare] 4.00E-68

ACR36817.1 unknown [Zea mays] 2.00E-40
Hypothetical protein SORBIDRAFT_10g024430

XP002437297.1 [Sorghum bicolour] 3.00E-38
Hypothetical protein Osl_23742 [Oryza sativa Indica

EEC80996.1 Group] 7.00E-38
0s06g0622700 bZIP transcription factor-like [Oryza

NP001058100.1 sativa Japonica Group 7.00E-38
LOC100280864 bZIP transcription factor protein [Zea

NP001147256.1 mays] 4.00E-35
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Figure 5.10 Full length uncharacterisedHvbZIP transcription factor in barley (1) alignment
with Hordeum predicted protein (2) and rice bZIP transcription factor domain containing
protein (3) (Os069062270(Table 5.9, full length nucleotide blast of barssgquence).

The identification of rice candidate 0Os06g062270, basic-leucine zipper (bZIP)
transcription factor domain containing protein aia successful amplification in barley
(Figure 5.10). A recent BLASTn has revealed 100d¥ntity to aHordeum predicted
protein (Table 5.9, Figure 5.10), with the idew@fion of conserved domains indicating
similarity with a bZIP transcription factor. An BLSUx of theHordeumclone resulted in
hits not only to the original rice candidate OsO&@®70, a basic-leucine zipper (bZIP)
transcription factor domain containing protein bthter bZIP transcription factor proteins

(Table 5.9).

5.3.4.2Northern analysis and chromosomal location

HvbZIP expression was apparent in the early stages af §ha observing expression in
the milk, soft dough and hard dough stages of ntgt(fFigure 5.11). Expression appears
greater in the susceptible cultivar Sloop through soft dough and hard dough stages of
grain development (Figure 5.11). No expression whaserved at maturity in Sloop or
Alexis. Chromosomal location using barley:wheatitold lines resulted in amplification
on all chromosomes (data not shown). The origiital candidate, Os069g062270, mapped

to chromosome 6 (Yat al.2005).
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Sloop Alexis

12341 2 3 4

Figure 5.11 Northern blot analysis ofHVPrx7 (bZip). Sloop and Alexiggene expression across
developmental stages: 1=Milk, 2=Soft Dough, 3=H&dugh and 4=Maturity (Zadokst al.
1974). The lower panel represents ethidium brorstded ribosomal RNA (rRNA) bands as a
loading control. This is a representative blot (n=2

5.3.4.3Protein expression

The theoretical MW andIpvalues of bZIP were determined to be 72.3 kDa &Y
respectively. Heterologous expression of the Hvb@ii®tein resulted in bands present in
the induced sample at approximately 30, 23 and[28 (Figure 5.12). A more prevalent
band was present in the induced sample closeret@tédicted MW of 72 kDa (Figure

5.12), suggesting some degradation of HvbZIP dunetgrologous expression.
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Figure 5.12bZIP (uncharacterised barley protein) protein expressionin induced and non-
induced cell cultures.A strong product band is apparent at approximad@ly23 and 20 kDa in
the induced culture (represented by arrow). A gfeoriband is present in the induced sample closer
to the predicted size of 72 kDa. BIO-RAD Precisikins Dual Colour Protein Ladder used, not all
sizes shown. To determine the theoretical MW ahggtues the computel /MW tool was used
(http://lwww.expasy.org/tools/pi_tool.html).

5.3.4.4Gel shift assay

A DNA binding assay was performed with increasimgeentrations of the recombinant

promoter region, the size of the band increaseaticating binding of the protein with the

promoter sequence (Figure 5.13).
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L 02 08 5 10

Figure 5.13 DNA Binding Assay.HvPrx7 Promoter bait (ssDNA) (section 5.2.2.1.1) was
incubated with uncharacterised bZIP (sectoB.2.4.3.3 induced protein. Increasing amounts of
protein were incubated ranging from 0.2\ (represented at top of figure). (L)=1Kb plus ladd

5.4 Discussion

Peroxidases were previously established as camedgkates for black point susceptibility
given their differential expression between susbéptand tolerant varieties. Two
peroxidase gene$jvBP1 and HvPrx7, were identified as candidates. eQTL were then
identified for these two genes using expressiom @aross the Sloop/Alexis population
(Chapter 4). Given the identified areas and candgdaontributing to gene regulation this
research aimed to determine if susceptibility isredated with differences in regulatory
elements by analysing the promoter regions of catdigenes in the susceptible variety

Sloop and tolerant variety Alexis. Secondly, theegech presented in this chapter aimed to
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identify transcription factors that might regulagene expression ¢tvBP1landHvPrx7 by
using Y1H screening. Isolation of the promoter oagiof the peroxidase gendgBPland
HvPrx7 allowed the identification of a number of the riegory regions possibly
controlling peroxidase gene expression and thezelitack point formation (Table 5.7).
However, in the regions of the promoter analysedP<$ appeared to have no effect on
gene regulation between susceptible and tolerardtiess. The only interactor found was a
bZIP for theHvPrx7 promoter which bound regardless of which variéty promoter was

isolated from.

For each of the peroxidase promoters identified,628p were isolated fadvBP1 and
1569 bp forHvPrx7. Four SNPs were identified for each promoter betw&boop
(susceptible) and Alexis (tolerant) varieties. SMRsthe main source of DNA variation in
most plant and animal genomes (Garcés-Clavat.2007). There is a good understanding
of how mutations in coding regions affect the amaéwad composition of proteins and in
some cases how these lead to differences in phamobut the effect of variation at the
DNA level on transcript abundance remains elusi@la@l et al. 2008). Identifing
regulatory regions in the genome and predicting polymorphisms in regulatory regions
affect gene expression levels temporally or sggtles been shown to be difficult (Wray
2007).In-silico analysis of the promoter regions tdvBP1andHvPrx7 identified a large
number of transcription factor binding domains. SNWithin the transcription factor
binding sites of the promoters of these genes itepaarieties that differ in black point
susceptibility may therefore be responsible forfedénces not only observed in gene

expression but black point too. Elements in the Ydddeening sequences were further

220



Chapter 5. Promoter analysis fordvBP1and HvPrx7 and identification of a
potential regulator aflvPrx7 expression

investigated based on any relationship to the péase pathway,

environmental stress, wounding or links to germora{Table 5.10).

Table 5.10 Elements and Function included in prometr regions chosen for Y1H screening.
Element and Function are represented for the selgmomoter regions dfivBP1 and HvPrx?7.
Highlighted elements indicate an extra elemenh@tolerant variety Alexis.

Element Function

HvBP1

-300ELEMENT Differential gene expression in the developing ®@adndosperm

AACACOREOSGLUB1 Endosperm-specific gene expression

ARE1 Antioxidant response element of NAD(P)H:quiagaductase
genes

CBFHV Binding site of barley (H.v.) CBF1, and also oflegr
CBF2,dehydration-responsive element (DRE) bindiraegins
(DREBS)

DOFCOREZM Core site required for binding of Dof proteins imize
PBF is an endosperm specific Dof protein

DPBFCOREDCDC3 A novel class of bZIP transcription factors, integravith ABA-
responsive and embryo-specification elements

MYBCORE Involved in regulation of genes that are respongiwsater stress
in Arabidopsis

MYCCONSENSUSAT Function as transcriptional activators in abscsiitl signalling.

PYRIMIDINEBOXOSRAMY1A

Found in the promoter of bast alpha-amylase (Amy2/32b) gene
which is induced in the aleurone layers in respaasgA

WBOXATNPR1 Recognized specifically by salicylic acid (SA)-irwhd WRKY
DNA binding proteins. Response to environmentassir

WRKY710S A transcriptional repressor of the
gibberellin signalling pathway

HvPrx7

-300ELEMENT As above

ABRELATERD1 Transcriptional regulation of ABI3- and ABA-resparesgenes
including RD29B and RD29A in seeds, germinating grab, and
seedlings of Arabidopsis.

ARFAT RF (auxin response factor) binding site found im phomoters of
primary/early auxin response genes of Arabidopeifana

CANBNNAPA Embryo- and endosperm-specific transcription ofimggtorage
protein) gene, napA; seed specificity; activatal egpressor

DOFCOREZM As above

MYCCONSENSUSAT As above

MYBCORE As above

POLASIG1 Poly A signal found in legA gene of pea, rice alamaylase

WBOXATNPR1 As above

WRKY710S As above

PYRIMIDINEBOXHVEPB1

Required for GA induction
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Promoter Y1H screening sequences of 196 bpHidP1and of 393 bp foHVPrx7 were
chosen, including SNPs which lead to different elata being present and therefore
potentially the presence of different transcriptif@ctors or repressors. Typically Y1H
screening uses tandem repeats of the binding dorterigeting a specific transcription
factor. However, in this study a greater length whssen to screen, including other
elements in the vicinity with any relationship toet peroxidase pathway, response to
environmental stress, wounding or links to germamatOther studies in rice (Zhet al.
2003) and barley (Mdilleet al. 2000; Ogoet al. 2007) have successfully identified
regulatory factors using longer bait sequencess Bhreen focused on the effect of the
SNP in the promoter regions, resulting in an eXtzdP (embryo specific) element in
HvBP1(DPBFCOREDCDC3) and an extra WRKY elemenHvPrx7 (WBOXATNPR1),
with known links to environmental stress (Table().1However these interactions were
not identified suggesting that the identified SNi#Ps having no effect on the presence or
absence of a transcription factor or repressorckBfointed grain has been shown to have
started germination and to have increased alphdaamyevels (Hadaway and Able,
unpublished dafa As a result elements associated with germingooriGA/ABA) or with
links to germination were included in the screeal€ 5.10). WRKY binding sites were
also identified foHvBP1, given the have shown enhanced DNA binding anelpression
following induction by pathogens, defence signald aounding (Eulgenet al. 2000). A
MYB element was also identified fadivBP1 promoter, becauselvGAMYB has been
isolated from a barley aleurone cDNA library and gene product has been shown to be

upregulated byi-amylase and to respond to GA (Gubderl. 1995; Gubleet al. 1997).
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Screening forHvPrx7 identified a positive interaction with an unchdessed bZIP
transcription factor in barley HvbZIP) The interaction was confirmed by co-
transformation in Sloop and Alexis, further confingy binding specificity by a gel shift
assay (Figure 5.13). The gel shift assay revealémmation about the protein bound,
however we could still be observing multiple conxgle and this assay does not allow

localisation of the binding site.

In Chapter 3HvPrx7 expression was significantly greater in Sloop thraAlexis for the
milk, hard dough and mature stages. Expressioheantature stage of development for
Sloop was greater than any other stage (Figure W®iff) expression increasing with grain
maturity. Expression of the proposed bZIP transienipfactor was evident in the early
stages of grain development (milk, soft dough aat ldough stages of maturity) (Figure
5.11) in both Sloop and Alexis. However expressidbZIP was higher in the susceptible
variety Sloop and expression does not appear etecelwith HVYPrx7 expression as
determined by northern analysis. bZIP expressiacoulshtherefore be investigated by
gPCR in future research to make correlations witPrx7 and confirm the northern

analysis.

The bZIP transcription factor family is one of tlaegest families in plants, having diverse
roles in plant stress responses and hormone trati@duUno et al. 2000; Jakobyet al.
2002; Rodriguez-Uribe and O'Connell 2006). For eplanthe bZIP transcription, OsABF2
in rice, regulates expression of abiotic stresparsive genes through an ABA dependant
pathway (Hossairet al. 2010); and HvBL22 (from barley) activates seedagje protein

genes (Ofateet al. 1999). The super family identified was further ftoned by

223



Chapter 5. Promoter analysis fordvBP1and HvPrx7 and identification of a
potential regulator aflvPrx7 expression

chromosomal location, resulting in amplification alh chromosomes (Section 5.4.3.2).
Given these results we cannot be certain that eaair detecting other copies of the gene
through northern analysis (Figure 5.12).The literatindicates that the gene resides on rice

chromosome 6 (Yt al.2005), which is syntenous with barley chromosome 7

There is only limited information regarding the rhanisms by which plants regulate
specific expression of peroxidase genes (Yosleidal. 2003). To activate downstream
gene expression, the bZIP transcription factorsraut with ABA-responsive elements
(ABRES). Indeed, the element was present in thenpter ofHvPrx7 for both Sloop and
Alexis and we observed binding in both varietiesve@ that ABA is known to be
associated with the control of germination (Kim 2p@nd black pointed grain has been
shown to have started germination and to have ase alpha-amylase levels (Hadaway
and Able,unpublished data then the bZIP transcription factor and ABA mayitmportant

in controlling black point formation. However, thremains to be confirmed as does
whether bZIP regulates expressiontbfPrx7. ABA is more likely to play a role in the
tolerant variety Alexis where grain is unlikely bave started germination and therefore
ABA would be probably at higher levels. bZIP magréfore bind to the ABA responsive
element to repress expressiorHyPrx7in the presence of ABA. TaABF1, a seed specific
bZIP transcription factor involved in ABA signalatrsduction of developing wheat has
been proposed to play a role in the regulationeafdsdormancy and ABA sensitivity in
wheat (Rikiishiet al. 2010). TaABF1has been proposed to influence pre harvest spoputi
as resistance to pre-harvest sprouting requireghalével of seed dormancy (Gubler al.

1997).
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Similarly in Arabidopsis thabi5 mutant, (bZIP) has shown decreased sensitiviiBA
inhibition of seed germination and an altered AB#ulated gene expression, indicating a
link between ABA signal transduction and seed dmegene expression (Finkelstein and

Lynch 2000).

Due to multiple complexes often involved with geagulation, an interacting partner with
HvbZIP may also be contributing tavPrx7 expressionTRABlandHvVABI5 in rice and
barley AtABI5S homologs) have been shown to physically interattt their corresponding
AtABI3 homologs,OsVP1and HVWP], and regulate seed maturation and dormancy by
activating ABA-responsive genes (Hobbal. 1999; Nakamurat al. 2001; Casaretto and
Ho 2003). Although HvbZIP appears to interact vilte promoter oHvPrx7 this remains

to be confirmed as does whether differences inesgmon are due to multiple complexes

and contribute to black point.

No interacting partners were identified felvBP1 Expanding the promoter region and
investigation into other regulatory elements isre¢f@re required. Screening areas of the
HvBP1 promoter containing the same domains as inHwerx7 promoter could confirm

the involvement of bZIP transcription factors irethegulation of expression of other

peroxidase genes.

There is a possible link with germination and tbgulation ofHvPrx7, however this more
than likely involves other interacting partners.n@omation of gene expression in the later
stages of grain development in the tolerant cultikexis would confirm a link with the

regulation of the peroxidase geRePrx7 by the proposed bZIP transcription factor and
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ABA. Research in this chapter has successfullyatedl the promotetdvBP1andHvPrx7
and identified a large number of regulatory elermemeast-one hybrid screening has
indicated that HvbZIP may be part of a large commé events regulatingdvPrx7 and

contributing to black point formation.
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Chapter Six. General Discussion

6.1 Introduction

The results of this study have established the ributing weather conditions and
characterised several candidate genes which mightribute to black point. Where
weather conditions are appropriate black point loara serious but intermittent problem,
downgrading malt barley, used for beer and foodlpection, to feed grade. The causes of
black point have often been contradictory, withgesied causes including fungal infection
(Reeset al. 1984, Waldron 1934; Machecek and Greany 1938th9all et al 1980),
environmental conditions (Waldron 1934; Re¢sl. 1984; Conneet al. 1992; Fernandez
et al. 1994) and potential biochemical changes (Walk&81%hitaker and Chang 1996).
Fungal infection has been excluded (Conner and Ku#888; Maloy and Specht 1988;
Conneret al. 1996; Elliset al. 1996; Williamson 1997b; Desjardies al. 2007), and the
trait is likely to result from the enzymatic oxidat of phenolic compounds to quinones
and the transformation of those oxidation prodtctsrown or black pigments during low
temperature and high humidity. However the majobpem faced is consistent replication
of the environmental conditions deemed necessaiydiace symptoms, resulting in large

variations in phenotypic screening between years.

Previous studies have identified QTL associatedh wolerance to discolouration of the
embryo end of the grain on chromosome 2H (Hadavi®2R Similarly, using measures
of grain brightness, redness and yellowness tosass#erance to kernel discoloration,
QTLs have been detected on chromosomes 2H, 3HhEtand 7H (Liet al,2003). In this

study the symptoms of black point and kernel disg@dtion were clearly differentiated

(Chapter 2, Walkeet al. (2008)). March and colleagues have identified saveaindidate
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genes underlying the QTL for black point susceptjbon chromosome 2H, narrowing the
QTL size to 10 cM (Marclet al 2008). This study also identified QTL on 1H, Z3# and
5H by screening for black point formation in a miagppopulation across a number of
sites and years. Association of weather conditamrsss years with black point formation
also occurred. Genes were then targeted basecearatididates identified by QTL studies
as well as the observation that peroxidases aetylito be involved (Williamson 2002;
Hadawayet al. 2003; March 2003). Differential gene expressiontludse candidates
between susceptible and tolerant varieties was thamacterised. ldentifying candidate
genes in black point formation may allow breedinggoams to screen for tolerant

varieties.

This study investigated alternative methods to tifierareas of the genome and or
mechanisms that had an effect on the candidatesgamelved in black point formation.
Given the environmental triggers identified, rediola of the candidate genes may be
influential in black point formation. Candidates reretherefore further studied by
identifying areas of the genome (eQTL) and genesribwuting to their regulation by
comparative mapping. The promoter regions of pelase geneslvBP1andHvPrx7 were
analysed and SNPs identified in susceptible arerdot cultivars; however these had no
effect on binding of regulatory factors. Althougb Ink can be made directly with black
point, bZIP transcription factors were identified a candidate regulatingvPrx7 gene
expressionHvPrx7 gene expression therefore appears to be partcofrgplex series of
regulatory events. Through comparative mappingistud number of candidate genes
potentially regulatingdvBP1 gene expression were also identified. Y1H studidssing
other regions of the promoter will allow confirnati of regulatory factors. Understanding

what regulates these genes may provide the linlwdeat differential peroxidase gene
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expression and the environment which leads to hp@ahkt formation. Future research with
the simulation of the necessary environmental dond will allow focus on the
candidates identified in the QTL regions proposedreégulate HvBP1 Furthermore
studyingbZIP gene expression in induced and non-induced enwieoms or the use of

bZIP mutants could determine if there is an effect laclhpoint formation.

6.2 Simulating environmental conditions to induceygnptoms

Generally moist humid conditions during the gralinperiod has been previously shown to
lead to black point formation (Southwedt al. 1980; Reeset al. 1984; Conner 1987,
Moschini et al. 2006; Tahet al. 2010). This study identified that the occurrentdoav
vapour pressure deficit (high humidity and low temgture) is associated with the
formation of black point in susceptible varieti#fese environmental conditions probably
create a moist environment during grain developrsenthat the developing grain cannot
dry out. Stress, wounding or pre-germination of ¢énebryo caused by this environment
might then lead to black point formation. We nowdéadhe ability to simulate the high
humidity and associated low temperatures to allowremaccurate phenotypic screening

and analysis of material in studying the expressiotandidate genes in susceptible grains.

Experiments altering planting dates to accountifaturity differences between susceptible
and tolerant varieties indicated that the timindghefse environmental triggers is important
for severity of the trait, with the earlier matugivariety Sloop being most susceptible.
Simulation of the conditions identified will nowlalv a more comprehensive study to
identify the stage of grain fill where the greata@spact is observed. This will allow

farmers to plan their crop planting especially hgviater maturing varieties sown earlier
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to avoid the necessary environmental conditionkewise, use of the appropriate
conditions in a greenhouse environment will alldv@ tncorporation of quicker and more
detailed screens into breeding programs. Furtheeareh may involve developing

modelling software to enable early detection.

6.3 Candidate genes and areas of the genome contrilmg to black point

In plant genetics, the most common way to identiéydidates is to look for map co-
segregation between candidates and loci affechiegrait. The 2H black point QTL has
been confirmed across a large number of populafodssites. Environmental effects have
a profound influence on the expression of quamntgatraits. Replication across different
sites and a number of years has allowed furtheestgation into the environmental
influences and confirmation of the 2H black poifilQTo further define this region of the
genome and more accurately identify candidatesugfirocomparative mapping, fine
mapping and increasing the density of markersdgsired. Marker saturation would allow
differentiation and a more refined comparative magstudy to narrow and investigate

candidates.

Recent sequencing of the Brachypodium genome lolvaa more detailed analysis of the
candidate genes involved in black point formatioonf barley. A novel approach that
incorporated chromosome sorting, next-generatiaquesecing, array hybridisation, and
systematic exploitation of conserved synteny withdel grasses assigned ~86% of the
estimated ~32000 barlelA¢rdeum vulgarggenes to individual chromosome arms (Mayer

et al.2011). As a result of this study we now have thiétg to simulate the environmental
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conditions in growth chambers and utilise the Byaddium genome to investigate and

confirm candidates.

Peroxidase genddvBP1 and HvPrx7 as well asHvQR were found to be differentially
expressed between tolerant and susceptible varigtieng grain fill, implicating a role in
black point formation. The parental varieties Slaom Alexis differ in maturity and in
plant stature, with Sloop displaying a tall, edithywering phenotype compared with the
semi-dwarf, later flowering Alexis. They are knowendiffer at three developmental loci: a
photoperiod response gene (Ppd-H1) (Laetial. 1994), an earliness per se locus (eps2)
(Laurie et al. 1995), and a plant stature locgs\{]) (Baruaet al. 1993; Laurieet al. 1993;
Coventryet al.2003). Simulation of the identified environmentdluences would allow a
more detailed study on the effect of maturity oackl point formation and expression of

candidate genes at different maturities.

6.4 Regulation of peroxidase genes

Peroxidase genes have been confirmed to be diffallgrexpressed between tolerant and
susceptible varieties (Chapter 3). Hadawetyal. (2003) found that the activity of
peroxidase enzymes increased during grain developradditionally, peroxidases with a
higher isoelectric point have only been found iscgptible varieties to date (Hadawety
al. 2003) while HvBP1 is more abundant in black palngrains (Marchet al. 2007).
Peroxidases therefore appear to play an importaté m black point formation.
Peroxidases are part of a large gene family (Hietga. 2001) and individual peroxidase
types may have several copies within the genom#edd, this study appears to have

identified two copies of theHvBP1l gene in expression studies. Differential gene
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expression of the peroxidasétvBP1 and HvPrx7 between susceptible and tolerant
cultivars was confirmed by northern analysis an€gPFuthermordHvQR a candidate
identified through comparative mapping studies bgréhh and colleagues (2008) was

confirmed to be differentially expressed.

This study only looked at a specific set of cantiidaidentified through comparative
mapping and previous knowledge of peroxidase ireolent. Given that we can now
simulate the environmental conditions necessarypfack point formation, future research
should investigate all genes that are differentiakpressed during black point formation
rather than the targeted approach used in thisyst@dnome-wide expression profiling
through microarray technology offers the opportyrid screen the entire genome and
regions identified through QTL studies. This candoeomplished using a closed format
hybridization technology such as cDNA microarraySchienaet al. 1995) or an

oligonucleotide GeneChip (Lockhaet al. 1996). The ~8,000 gene array used by Hasten
al. (2003) and Chen and Chen (2002) was used to @réfihbidopsis transcriptional

response to wounding stress (Cheatgal. 2002). Applying this technology to plants
grown in the simulated environmental conditions idoprovide a more detailed and

comprehensive analysis of the genes involved.

Differentially expressed genes elsewhere in theogenmight share pathways with genes
in the QTL region and reflect downstream effects tbE QTL (or regulation).
Consequently, this study focused on identifyingaar@f the genome contributing to
regulation and utilised Y1H technolog@is-eQTLs (identified forHvPrx7 and HVQR
represent a polymorphism physically located near dbne itself, or identification of a

promoter polymorphismlranseQTLs identified foHvBP1(Chapter 4) are the result of a
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polymorphism at a location in the genome other tha@nactual position of the gene whose
transcript is being measured, or a polymorphisrthatphysical position of a regulatory
factor elsewhere in the genome (Hansdnal. 2008). Comparative mapping between
barley, wheat and rice identified potential cantkdafor regulation, thereby providing a
data set of genes to be further investigated throexgpression studies. A number of
transcription factors involved in stress responsese identified, including DRE-related

binding factors, leucine zipper DNA-binding protgirputative zinc finger proteins, MYB

proteins, bZIP/HD-ZIPs, and AP2/EREBP (Sekil.2001; Cheret al.2002).

SNPs were identified within thO®RF of peroxidase genddvBP1 and HvPrx7 between
susceptible and tolerant varieties, resulting iraleration in the amino acid sequence of
the encoded protein and therefore affecting protiinction directly/indirectly or
interactions in a multi-protein complex by increagdecreasing the activity (Uzwet al.
2007). As observed by March and colleagu##BP1 was identified as present in black
pointed grain and not healthy grain of the susbéptiariety. SNPs within th®RF could
therefore be a contributing factor in protein swysis and the symptoms observed.
However, whetheHvBP1 is present in the black pointed grains of the raoie variety

would need to be investigated to confirm this hiests.

Mutant and over-expression transgenic plants ase akry useful in revealing gene
interactions within complex transcriptional pathwagHazenet al. 2003). To further
evaluate the effects of candidate genes in blagkt f@rmation and to assign functions, it
would be useful to have a gene ‘knock-out’ systé&m.example of this is the approach
used to manipulate the mechanistic end-point eksttolerance such as over expression of

superoxide dismutase in order to detoxify oxygewlicas produced under stress
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(McKersie et al. 1996; Roxaset al. 1997). Transgenic plants designed to synthesigle hi
levels of osmoprotectants show elevated levelstress tolerance, but often suffer from
deleterious pleiotropic effects such as dwarfingr€Eynskiet al. 1993; Romeroet al.
1997). Gene knockout studies in the environmermaditions known to induce black point
(low temperature/high humidity) would allow a ditdimk to black point formation to be
concluded. Furthermore gene knockouts of the trgptsn factors identified through
comparative mapping studies and the bZIP identibgdY1H would lead to a greater

understanding of the regulatory pathways involved.

6.5 Conclusions

This study has successfully identified the envirental conditions that can be simulated
to induce symptoms (Walkaat al. 2008), solving a problem faced by researchersim t
field. Candidate genes have been identified afterfioning the black point QTL on
chromosome 2H. Furthermore, candidates have beentified in the regulation of
peroxidase genes. Black point probably occurs dugntenvironmental trigger involving
low vapour pressure deficit, high humidity and Itemperatures, resulting in a reaction

involving germination in symptomatic grain.

A likely model is that phenolic compounds are ozétl by peroxidases and transformed to
quinones resulting in black point formation. Caradélperoxidase genes are differentially
expressed between susceptible and tolerant varietiglicating a role in response to stress

and enzymatic browning. The observation that higte®R expression was observed in
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the healthy grains of the susceptible variety Slaoiggests that gene expression may have
been induced in response to quinone formation meadd its removal througiivQR
Furthermore a number of stress related transcnipfactors have been identified in
regulatingHvBP1 gene expression and a bZIP transcription facttikesy to be part of a

complex series of events regulatidgPrx7 gene expression.

Black point research has advanced to a point wihereecessary environmental conditions
can be induced, thus allowing larger genomic scand investigation into current

candidate genes to be undertaken. Understandirig cardidates and the regulatory role
they play will enable modelling scenarios to beluded into breeding programs of the

future to breed for tolerant varieties.
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Appendix

1. Comparisons on weather data from Hatherleigh, MoGeatmbier and Robe
(Chapter 2).

2. Candidate genes within the eQTL tdvBP1(Chapter 4)

3. Full list of regulatory DNA elements identified feivBP1andHvPrx7 (Chapter 5)
using PLACE database.

4. Publications from the research presented in thasish
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Appendix 1. Representative weather data for Hatherleigh in syedtere the on site
weather station was absent, through correlatiotis thie Mount Gambier aero and Robe

weather stations.

Table Al.1 Correlations between the Hatherleigh tal site, Mount Gambier Aero and
Robe weather stations9 am and 3 pm temperature and humidity as weti@gmum and
minimum humidity and temperature correlations aklows for the 04/05 season.
Maximum and minimum humidity and temperature arewsh for the 05/06 season. *
represents where data not available

04/05 Season (correlation value)

05/06 Season (correlation
value)

HUMIDITY 9am 3pm Maximum Minimum 9am 3pm Maximum Minimum
Mount Gambier 0.81 0.82 0.55 0.78 * * 0.38 0.92
Robe 0.72 0.46 0.11 0.49 * * -0.05 0.52
TEMPERATURE

Mount Gambier 0.92 0.95 0.96 0.87 * * 0.95 0.64
Robe 0.9 0.89 0.92 0.8 * * 0.91 0.65
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Figure Al.1 Comparison of maximum (A) and minimum humidity (B) the Mount
Gambier aero and Robe weather stations (2004/268%08). The months of November
through to January are represented. Mount Gamdliemfs the trend of the on site station.
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Figure A1.2 Comparison of 3 pm (A) and 9 am (B) humidity foe tMount Gambier aero
and Robe weather stations (2004/2005 season). Tdrehs of November through to
January are represented. Mount Gambier followstréred of the on site station, though
daily extremes reached are not represented whepareahto Al.1.
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Figure A1.3 Comparison of maximum (A) and minimum temperat{B} for the Mount
Gambier aero and Robe weather stations (2004/268%08). The months of November
through to January are represented. Mount Gambilemfs the trend of the on site station
and to some extent with the lower temperaturesrgbdeat the trial site (Hatherleigh).
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Temperature 3pm 04-05 —&— Robe

Temperature 9am 04-05

Figure Al.4 Comparison of 3 pm (A) and 9 am (B) temperaturetfie Mount Gambier
aero and Robe weather stations (2004/2005 seaBo@)months of November through to
January are represented. Mount Gambier and Robewfatends of the on site station,
though daily extremes reached are not represented sompared to A1.3.
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Figure A1.5 Comparison of maximum (A) and minimum humidity (B) the Mount
Gambier aero and Robe weather stations (2005/28@¢08). The months of November
through to January are represented. Mount Gamdliemfs the trend of the on site station.
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Figure A1.6 Comparison of maximum (A) and minimum temperat{B}¥ for the Mount
Gambier aero and Robe weather stations (2005/28@¢08). The months of November
through to January are represented. Mount Gambilemfs the trend of the on site station
and to some extent with the lower temperaturesrgbdeat the trial site (Hatherleigh).
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Appendix 2. Candidate genes for the eQTL fivBP1 (Chapter 4) in the regions of
Rice Chromosomes syntenous to barley identifieduiin comparative mapping. Regions
of Rice Chromosome 4 and 7, which were found tcsyrgenous to barley 2H (Figure
4.11). Regions of Rice Chromosome 9 and 3, whictevi@und to be syntenous to barley
5H (Figure 4.12).

Please refer to attached file:in the CD on the lwasler of the thesis.

Candidate genes in the regions of Rice Chromososyaesenous to barley identified
through comparative mapping.xIs
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Appendix 3. Regulatory DNA elements identified fadvBP1 and HvPrx7 promoter

regions (Chapter 5). Analayis was undertaken uBIDCE database analysis (Higt al.
1999)

Please refer to attached files:in the CD on thé lcawer of the thesis.

1. BP1 Place database analysis
2. Prx7 Place database analysis
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Appendix 4.

Peer-reviewed publications

K. Ryan Walker, Jason A. Able, Diane E. Mather, Anthnda J. Able
Black point formation in barley: environmental infl uences

and quantitative trait loci

Australian Journal of Agricultural Research008,59, 1021-1029

Conference Proceedings

Walker, K.R., Able, J.A., Mather, E.D., Able A.JO@8)
Investigating the expression and regulation of tw@eroxidase genes in barley
10" International Barley Genetics Symposium, BibliatheAlexandrina, Alexandria,

Egypt.

Ryan Walker, Jason A. Able, Diane E. Mather, Amahdable (2007)
Differential gene expression associated with BladRoint formation in barley
13th Australian Barley Technical Symposium, FreetteaiVestern Australia.
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