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Abstract

Carotenoids are tetraprenoid (C40) molecules synthesized in plants, fungi, bacteria and algae, via

the carotenoid biosynthetic pathway (CBP). Some carotenoids are readily converted to vitamin

A (VA) in humans, e.g. 13-carotene, c(-carotene and B-cryptoxanthin 1,2. Vitamin a deficiency

(VAD) affect millions especially children under the age of flve. The CBP in plants is a key

source of pro-vitamin A and is vital to the biofortification of staple crops such as maize, rice

and sorghum, could alleviate the global VAD problem. However the incomplete understanding

of regulation of the pathway is a limiting factor to predictably control carotenoid content at the

systems level. Previous studies have shown that growth conditions, such as light, play a major

role in the biosynthesis of carotenoids. A systems biology approach was therefore used to analyse

microarray data sets derived from A. thaliana grown under various conditions and treated with

different stimuli.

Thirty two genes have previously been identified as being involved in the CBP. These genes

were found to be highly differentially expressed depending on stress type. All stimuli including

drought, cold, heat, osmotic, oxidative and salt but wounding had a significant influence on the

CBP genes. Gene expression induced by abiotic stress occured 30 min after exposure. These

findings are indicative that an immediate systemic signal is sent to the rest of the plant in re-

sponse to stress. A correlation analyses revealed strongly positive correlation between PSY and
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its co-expressed genes, suggesting they share a common regulatory mechanism. Promoter con-

tent analyses identified 20 enriched TFBMs among carotenoid genes. The most prevalent TFBMs

found in the promoter regions of the CBP genes show a 1.25-3 fold increase in prevalence with

a p-value < 0.05. Similar GO terms are enriched for CBP genes and their co-expressed genes.

These findings indicate that carotenoid biosynthetic pathway genes and their co-expressed genes

are involved in similar metabolic pathways and functional processes. This study identilied cold,

drought and heat to influence carotenoid gene expression and has led to the identilication of

molecular switches that can be modulated to control the biosynthetic pathway.

Four motifs without any GO annotation and no specific known motif in plant databases were

identified using MEME suite. In this study I propose that these predictions might be novel motifs

and could be specific to carotenoid genes, and may be directly involved in the regulation of

carotenoid biosynthesis.

These lindings may lead to a better understanding of the underlying regulatory mechanisms

involved in the biosynthesis of carotenoids. Furthermore, these findings may assist in establish-

ing ways of enhancing the production of carotenoids, especially pro-vitamin A, in Arabidopsis

thaliana.

Keywords: Vitamin A, Pro-vitamin A,carotenoid biosynthetic pathway, Arabidopsis thaliana,

transcription factor binding motif, promoter, gene expression, correlation, abiotic stress, microar-

ray, regulatory networks, clustering.
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Acronyms

hrs

rthf

shhf

rtl

shl

rt3

sh3

rt6

sh6

rtl2

sh l2

rt24

sh24

TAIR

hours

roots expression at time point 0.5hrs

shoots expression at time point 0.5hrs

roots expression at time point lhr

shoots expression at time point lhr

root expression at time point 3hrs

shoot expression at time point 3hrs

root expression at time point 6hrs

shoot expression at time point 6hrs

root expression at time point l2hrs

shoot expression at time point l2hrs

root expression at time point 24hrs

shoot expression at time point 24hrs

The Arabidopsis Information Resource
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vut

x

t3

v

6

alpha

€

(-

Beta

Gamma

Delta

Epsilon

Zeta

TFBS transcription factor binding site

TFBM Transcription factor binding motif

VAD Vtamin A deficiency

VA Vitamin A

PSY Phytoene Synthase

PDS Phytoene desaturase

CRTISO carotene cls trans isomerase

LCY13 Lycopene beta cyclase

LCYe lycopene epsilon cyclase

LUT5 lutein-deficient 5

LUTI lutein-deficient I

ZDS Zeta car otene desaturase

BOHasel beta-carotene hydroxylase 1

[3OHase2 beta-carotene hydroxylase 2
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tx

C

G

Cytosine

Guanine

Gene ontology

CBP Carotenoid biosynthetic pathway

GGPP Geranyl geranyl phosphate pathway

ACT Arabidopsi s co-expressi on tool

ATHENA Arabidopsis thaliana expression network analyses

NASCarray NottinghamArabidopsisStockCentre

STRING Search tool for the retrieval if interacting genes/proteins

number

base pairs

DB Database

ToPBS percentage of promoters bound in the subset

#of GS number of genes present in subset with bound promoters

ToPBG percentage of promoters bound in the genome

#GG number of genes in genome with bound promoter

fold change

VoCG percentage of promoters bound in Carotenoid genes

GO

n

bp

FC
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x

2D

3D

HSP

MRE

DNA

RNA

MRNA

A. thaliana Arabidopsis thaliarur

three dimensional

two dimensional

heat shock protein

metal response

Deoxyribose nucleic acid

Ribonucleic acid

messenger Ribonucleic acid

Adenine

Thymine

number of carotenoid genes with bound promoter

Vo inGG percentage of promoters bound in genome

#GG number of genes in genome with bound promoter

ABA Abscisic acid

cDNA Complementary Deoxyribose nucleic acid

A

T

#CG
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Chapter 1

Literature Review and lntroduction

1.1 Carotenoids

Carotenoids are organic fat soluble pigments produced mainly but not exclusively in photo-

synthetic organisms (Armstrong and Hearstt, 1996). There are more than 600 known natural

carotenoids and all have only been synthesized in plants (Olson, 1996). Arguably the most well-

known carotenoid is the one that gives this group its name, carotene, found in carrots and re-

sponsible for their bright orange colour. The colour of carotenoids is directly linked to their

structure in that carotenoids are characterized by a large (35-40 carbon atoms) polyene chain,

sometimes terminated by rings (Figure I .l ). The double carbon-carbon bonds interact with each

other in a process called conjugation (Marrs, I 996). As the number of double bonds increases, the

wavelength of the absorbed light increases, giving the compound an increasingly red appearance

(Armstrong and Hearstt , 1996:. Park et al. , 2002).

In photosynthetic organisms, carotenoids play a vital role in the photosynthetic reaction cen-

tre (Mayer et a\.,1999). They participate in the energy-transfer process and also protect the reac-

I
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1.1 Carotenoids
.,
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Figure l. I : Structural formulae of common Carotenes and Xanthophylls of carotenoids (Cunningham e/ aL,

1996). BB-rings are shown in the structure of [3-carotene. Single [3 ring is present in q-carotene structure. Xantho-

phylls contains a hydroxyl (OH) gloup at either one end or both ends of the chemical structure

tion centre from auto-oxidation. In non-photosynthetic organisms, carotenoids have been linked

to oxidation-preventing mechanisms (Armstrong and Hearstt, 1996; Olson, 1996). Carotenoids

where some of the double bonds have been oxidized, such as lutein and zeaxanthin, are known as

xanthophylls; whereas the un-oxidized carotenoids such as c(-carotene, B-carotene and lycopene

are known as carotenes (Olson et a\..1993).
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1.2 Carotenoid biosynthetic pathway and the production of carotenes 3

1.2 Carotenoid biosynthetic pathway and the production of

carotenes

In the initial stage of the carotenoid biosynthetic pathway, geranylgeranyl pyrophosphate (GGPP)

is converted to phytoene using the enzyme phytoene syntase (PSY) (Isaacson et a\.,2002). Two

units of the C20 compound GGPP are aggregated together by the use of PSY to form the C40

compound phytoene (Armstrong and Hearstt, 1996).It is this enzymatic step that is known to be

rate limiting in tissues and developmental stages of various plant species (Park et a|.,2002).

Phytoene which is unable to absorb light at visible wavelengths is not a true pigment in

the sense that it undergoes four consecutive desaturation steps (Isaacson e/ a\.,2002). The first

two steps in the pathway are perfbrmed by PDS and the latter two steps are performed by ZDS

(Li et o1.,2009). The red pigment lycopene is produced from this reaction, which is the main

pigment in red tomatoes (Armstrong and Hearstt, 1996). Lycopene is also produced in cyanobac-

teria and in plants by these desaturase reactions, and it is known as pro-lycopene (Bartley et al.,

1999). A further enzymatic step is necessary to produce the all-trans-lycopene. The enzyme

carotene isomerase (CRTISO) converts lycopene from cis-trans lycopene, which is thus the main

substrate for downstream reactions such as the bifurcation of the CBP pathway (Cunningham,

2002:Isaacson e/ al.,2002,Park et a|.,2002).

Bifurcation of the CBP pathway leads to either (i) the synthesis of a.-carotene involving two

different cyclases or (ii) iJ-carotene production catalysed by B-carotene cyclase (LCY13) in two

consecutive cyclization reactions (Cunningham et al., 1996; Cunningham, 2002). Knockout mu-

tants in the e -ring cyclization step (LUT2) results in the accumulation of higher levels of B-

http://etd.uwc.ac.za/



1.3 Gene regulation

carotene and violaxanthin (Villamor and Fawzi, 2005). The only difference between d-carotene

and B-carotene is the position of a double bond in one of the end rings (Figure 1.21(Parket al.,

2002).

Figure 1 .2: A simplified version of the carotenoid biosynthetic pathway in plants.Enzymatic reactions are repre-

sented by arrows, dashed lines represent nrultiple enzymatic steps (Matthews and Wurtzel, 2007).

1.3 Gene regulation

Gene expression of all genes may vary according to one or more of the following:

o the developmental stage,

o external stimuli such as heat, drought, cold, wounding, oxidation and osmosis,

o location of the cell, and

4
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1.3.1 Transcriptional regulation

Regulation of gene expression occurs at a multitude of levels within a cell and is therefore

important for the transcription of DNA (Dillon and Festenstein, 2002). DNA is said to be tran-

scribed within the nucleus of the cell into mRNA, which is then spliced in higher organisms

(Chow et al., 1977; Arabidopsis and Initiative, 2000). Splicing occures to remove introns and

bring exons together. Thereafter translation of mRNA into protein sequences occur in the cyto-

plasm and the protein is then folded into a functional 3D structure (Mayer et al., 1999; Meyer,

2000; Meier et a|.,2008).

1.3.1 Tfanscriptionalregulation

Transcription is the first leading step leading to gene expression (Koch, 1996;Kane et a\.,2000).

When a cell recieves an external stimulus, a protein signalling cascade transmits the message

from a surface receptor to the neucleus of the cell(Logem ann et al. , 1995: Melhus et al., 1998).

Within the nucleus, the chromatin unwinds in order for the regulator proteins to attach to the

chromatin and as a result more or less transcription of the gene will occur. (Cold et al.,2OOO). The

transcribed mRNA molecule, which is a copy of the specific gene, is exported to the cytoplasm

where translation and folding of proteins occur (Mayer et a1.,1999; Seki et al.,2OO2).

Li et al., (2009) has shown that the transcription process is integral to the level of gene

expression. From empirical evidence by Struhl (1995), transcription is seen to be one of the

strongest and most versatile stages of regulation of expression levels. The way transcription oc-

curs is by the attachment of transcription factors onto the DNA. Once these factors are attached,

they either block, enhance or initiate the transcription of a gene in the vicinity (Rao et a\.,2000,

Tabata et aI,,2000). The transcription factors usually bind to locations in the DNA that are char-

5
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1.3.2 Regulation in the promoter region 6

acterised by the presence of short motifs known as the TFBS (Wilhelm and Thomashow, 1993;

Molina and Grotewold, 2005)

Upstream of a gene close to the transcription start site there is a core promoter. In plants, it

is roughly live to fifteen base pairs long. Core promotff motifs such as the TATA-box (3-6 base

pairs long) are well conserved between different species suggesting that their sequence is crucial

to the regulation of genes (Shahmuradov et a\.,2005; Molina and Grotewold, 2005)

1.3.2 Regulation in the promoter region

Upstream of the core promoter, is the general promoter region, which contains regulatory infor-

mation important for determining when and where these genes are to be transcribed (Li et al.,

2009). There are many other DNA and protein elements present such as enhancers, activators,

sigma factors and transcription factors, that are crucial to the regulation of promoters and tran-

scription (Figure 1.3) (Hegde er al.,20OO).

In general, the core promoter is necessary to start transcription (Molina and Grotewold, 2005).

The enhancers are not always necessary, however, it may be utilized during the exposure to as-

pecific stimuli (Dillon and Festenstein,2OO2). Therefore, at the location of regulatory elements,

specific transcription factors are bound based on the "lock and key" mechanism because they

encompass a complementary component that fits well into the DNA structure of nucleotides

(Cold er a\.,2000). RNA polymerase then binds to the DNA and starts transcribing, resulting

in an mRNA copy of the gene, which is produced linearly from 5' to 3'. New proteins such as

heat shock proteins (HSP) are then formed which controls the expression level of different genes

(Rao e/ a1.,2000).

http://etd.uwc.ac.za/



1.3.2 Regulation in the promoter region 7

ranscr iption
--)

Figure 1.3: Diagram of the pre-initiation complex present at the time of transcription. This image shows the

pre-initiation complex. RNA polymerase II is only able to start transcription by binding to the pre-initiation complex.

RNA polymerase II is bound to a group of proteins that assemble around the starl point of transcription, the proteins

plovide a base for the binding of polymerase II. The enhancer proteins and promoter proteins, as shown in the ligure,

help to stabilize the pre-initiation complex long enough for RNA polymerase II to bind. Without these enhancer

proteins and promoter proteins, it is less likely that tlanscription will occur (Rao er n/., 2000).

Heat shock proteins (HSP) are a class of functionally related proteins involved in the folding

and unfolding of other proteins. HSPs are found in virtually all living organisms, from bacteria to

humans. Their expression is increased when cells are exposed to elevated temperatures or other

stress (De Maio, 1999). This increase in expression is transcriptionally regulated. The dramatic

up regulation of the heat shock proteins is a key part of the heat shock response and is induced

primarily by heat shock factor (HSF) (Wu, 1995).
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1.4 Regulation of gene expression in plants in response to abiotic stress 9

1.4 Regulation of gene expression in plants in response to abi-

otic stress

Gene expression proliling is the measurement of the expression of thousands of genes at once, to

create a global picture of cellular function. These profiles can, for example, distinguish between

cells that are actively dividing, or show how the cells react to a particular stimuli. Many exper-

iments of this sort measure the expression from an entire genome simultaneously, that is, every

gene transcript present in a particular cell.

Monitoring the genome-wide expression levels of thousands of genes concurrently under dif-

ferent conditions requires robust, large-scale experimental tools. DNA Microarray technology

captures genome-wide gene expression profiles, informing us about the differential expression of

genes under certain environmental conditions. Microarray technology enables monitoring of cell-

, tissue- and developmental stage-specific gene expression profiles and simultaneous quantitative

analyses of expression levels of genes (DeRisi et al., 1996; Baldwin et al., 1999; Van Hal et al.,

2000; Ye et aI.,2002), which could aid in the understanding of the involvement of multiple genes

in the particular biological processes or signalling pathways.

Microarray technology has been used in the plant research field for gene studies in recent

years (Wisman and Ohlrogge,2000). Schena et al.(1995) studied the expression of 45 Arabidop-

sis genes printed on an array and detected low expression levels of these genes in response to

abiotic stress. Reymond et al. (2000) analyzed 150 wounded and insect-related genes of Ara-

bidopsis, which are genes that are up regulated during wounding as a result of insect feeding.

Grike et.ctl. (2000) analyzed genes related to seed development in Arabidopsis. Grike et. al.

http://etd.uwc.ac.za/



1.4 Regulation of gene expression in plants in response to abiotic stress 10

(2000) found that 25Vo and l07o of the genes tested showed a 2 and l0 times increase in ex-

pression respectively during Arabidopsis seed development. All these results suggest that cDNA

microarrays are useful in identifying new genes, as well as in the study of expression profiling of

the tissue-specific or environment responsive genes.

Kilian and others (2007) observed large differences between the expression levels of differ-

entially expressed genes in response to abiotic stress, where the number of genes up regulated

genes exceeded the number of genes down regulated genes. Fewer genes ellicited a response

after exposure to drought stress, this led to the conclusion that plants recovered relatively fast

from drought. Cold and osmotic stress displayed similar responses as observed for drought albeit

at a lower expression level. The rest of the stimili including oxidative stress, salt and wounding

caused only transient changes. Furthermore, Kilian et al. (2007) looked at the transcription fac-

tors that were at play during the exposure of the above mentioned stresses. Four of the 9 genes

that were up regulated afier only 30min exposure to cold, drought and UVB collectively,were

bonafide transcriptional regulators and included compliment signalling components such as Ca2+

(Kilian et aI.,2007)

A recent paper by Meier et al., (2011) observed a numberof genes expression being highly

correlated with PSY expression, the driver gene of the carotenoid biosynthetic pathway. The

top 50 co-expressed genes had r'-values ranging between 0.84 and 0.91. Where the r'-value is

the expression correlation coefficient. PSY was fbund to be co-expressed with genes encoding

proteins that have critical functional roles in photosynthetic machinary. Similarly co-expression

analyses revealed that expression of all nuclear genes that are known or predicted to function

at each of the individual steps in the CBP are highly comelated to PSY. The high degree of

http://etd.uwc.ac.za/



1.4 Regulation of gene expression in plants in response to abiotic stress 11

co-expression between the MEP pathway, phytochrome pathway and ALA biosynthesis strongly

suggests that transcription of these pathways are regulated by a common mechanism (Meier et al.,

201r).

Heat maps revealed that the transcription of PSY and its co-expressed genes is modulated in a

uniform manner in response to various environmental conditions. Meier et al.,(201l) found this

to be consistent with the high expression values of the co-expressed genes in roots. Functional

annotation of the co-expressed genes revealed a number of significantly enriched GO terms. For

the catagory "biological processes", terms such as "photosynthesis", "plastid organisation" and

"biogenesis" were enriched. For the catagory molecular function, terms such as "tetraprenoid

ntetabolic process" and "carotenoid biosynthesis" were enriched and fbr cellular components

"choroplasts", "thylakoid parts" and "plastid parts" were enriched. Additionally Meier et al.

(201l) looked at carotenoid gene expression under osmotic stress and found that a more im-

mediate response was ellicited in roots where the stress was applied, than in shoots. Specific

genes such as ZDS, BOHase l, pOHase 2, ABAI, VDE and NCED3 had an early and sustained

increase in expression in response to osmotic stress . In addition the researchers showed a re-

duction in expression of carotenoid genes in shoot tissue between 3 and 6 hours and they show a

continued decrease for the entire 24hr period. They also observed a strong and transient induc-

tion in BOHase 2 andZDS, two known core carotenoid genes, between 3-12hrs in shoot tissue.

Promoter content analyses revealed 2 cis-elements (GBOX and AuxRE) to be enriched in the the

promoters of the co-expressed genes and were proposed as candidate regulatory elements that aid

in the regulation of their transcription of the co-expressed genes.

http://etd.uwc.ac.za/



1.5 Gene expression profiling using microarrays t2

1.5 Gene expression profiling using microarrays

Gene expression proliling is a means of measuring the expression of thousands of genes at once

to get a global understanding of cellular function. Studying these profiles may lead to the de-

tection of genes that are differentially regulated in response to a specilic treatment or cells that

are actively dividing. Expression profiling studies report genes that are differentially regulated

and that shows statistically significant differences in gene expression under defined experimental

conditions.

Microarrays are tools used fbr analysing gene expression, consisting of glass slides or tiny

membranes, probes and multiple numbers of genes arranged in an ordered manner

(Ramaswamy and Golub,2002). Microarray technology exploits the capability of a given cDNA

molecule to specifically hybridize to the template from which it has originated (Lee et aI.,2000).

Using this tool, scientists are able to determine the expression levels of thousands of genes within

a cell (Kane et a\.,2000).

1.5.1 The Importance of Microarrays

Microarrays are useful when one wants to survey a large number of genes quickly or when the

sample that needs to be analysed is small (Churchill, 2002). This technology can be used to assay

gene expression in a single sample or to compare the gene expression in two different cell types or

tissue samples such as healthy or diseased tissue (Hegde et a\.,2000). Because a microarray can

be used to examine the expression of hundreds or thousands of genes, it promises to revolutionize

the way scientists examine gene expression (Ramaswamy and Golub, 2002).
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1.5.2 Future prospects of microarrays t4

an increased likelihood of functional relation as a result of the guilt by association principle

(Mayer et a\.,1999)

1.5.2 Future prospects of microarrays

As more and more information accumulates, scientists will be able to use microarrays to answer

more complex questions and perform more challenging experiments. With these new advances,

researchers will be able to functionally categorise genes based on similarities in expression pat-

terns in comparison to patterns of known genes. this is mainly due to the fact that genes that

share similar expression profiles tend to share simliar functional annotations. Ultimately, such

advanced studies promise reveal new patterns of gene expression and to expand the sizes of cur-

rent existing gene families. Furthermore, since gene products interact with an array of other gene

products our limited understanding of these gene interactions will become much more clearer

through this type of analyses. Microarrays may also enable scientists to examine much larger

datasets rapidly and thus decrease the time needed for identification of key genes involved in

various biological processes.

Microarray based expression profiling has been remarkably successful at elucidating the

spatio-temporal patterns of mRNA transcripts within cells and tissues, however there are a num-

ber of shortcomings to the existing technology. Both sensitivity and specificity can be low with

microarrays. Accuracy can also be negatitely affected by the low dynamic range of existing mi-

croalray technology. Perhaps more importantly, microarrays restrict the expression profiling data

to specific annotations and content.

Digital expression profiling usingnext generation sequencing (NGS) promises to reduce or in
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some cases eliminate these weaknesses. NGS has enabled sequencing of DNA at unprecedented

speed and thereby has revolutionised genomics. Next-Gen technologies facilitate whole genome

and transcriptome sequencing and targeted resequencing, and are applicable to a wide variety of

scientific investigations. NGS offers extremely high sensitivity and accuracy which is in contrast

with that seen from microarrays. NGS is thus seen as the way forward for expression proliling in

the near future.

1.6 Co-expression and correlation analyses of carotenoid genes

and their co-expressed genes

Genes are seen to be co-expressed when they share a similar expression profile under a specific

stimulus or when they are expressed at the same time in the same model organism as determined

by multiple experiments (Chen et al.,2Ol0). Gene co-expression, can imply the presence of a

functional linkage between genes (Meier et aI.,2011). Co-expression analysis has uncovered

gene regulatory mechanisms in model organisms such as Escherichia coliand yeast. Recently,

accumulation of Arabidopsis microaray data has facilitated a genome-wide inspection of gene

co-expression profiles in this model plant. In this study Manfield et. al., (2006) used a network

analyses approach that provided an intuitive way to represent complex co-expression patterns

between many genes (Manfield et a1.,2006). Co-expression network analysis is a powerful ap-

proach for data-driven hypothesis construction and gene prioritization, and provides novel in-

sights into the system-level understanding of plant cellular processes (Obayashi et aI.,2007).
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1.7 Promoter content analyses and functional enrichment

In higher eukaryotes, gene transcription is controlled by a variety of mechanisms such as chro-

matin modifications or degradation via complementary miRNAs. Gene promoters and their ci,s-

regulatory element composition, however, are the initial checkpoints for transcriptional gene ac-

tivities and define the potential spatiotemporal expression of a gene (Howell et a1.,2009). Iden-

tifying and characterising transcription factor binding sites is a prerequisite to understanding

regulation of individual genes and their functions within regulatory networks. To overcome ex-

perimental limitations, computational methods have been developed as time- and cost-effective

complements for large-scale motif discovery. These include mapping of known motifs and the

identification of de novo motifs(Wang et a1.,2009).

Transcription factors interact with specific DNA elements, protein elements and other factors

and the basal transcriptional machinery to regulate the expression of target genes. In plants,

transcriptional regulation is mediated by more than 1500 transcriptional factors; each of these

factors controls the expression of tens or even thousands of target genes in complex signalling

networks (Li and Tompa, 2006).

Microarray gene expression data can help to identify groups of co-expressed genes. Clusters

of such co- expressed genes are assumed by Meier et.al20l I to be co-regulated and upstream

sequences of these genes are likely to share common DNA motif.s (Sandve and DrablO s, 2006).

Presumed upstream regulatory regions of arbitrary length can be selected to identify candidate

DNA motifs (Sharma et al.,2Oll). Because of their importance we studied motifs that were

over represented amongst the promoters of carotenoid genes and their co-expressed genes to
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get a global understanding of the regulatory modules involved in the regulation of carotenoid

biosynthetic pathway. As a result of the incomplete understanding of regulation it is clear that

novel discoveries should be a priority, as a result de novo motif prediction will add value to

the basic knowledge available to fully understand the regulatory modules that exist in complex

organisms(Ettwiller et al., 2007 ). With a broader spectrum of knowledge, more in depth studies

can be underlaken and more complex questions can be answered

1.7.1 Available computational tools for expression profiling and promoter

content analyses

There are many online tools available for research in the area of gene expression prolilinS, co-

expression analyses, correlation analyses and promoter content analyses. Databases housing

microarray data for Arabidopsis thaliana under the influence of various environmental stimuli

include the Information Arabidopsis Resource (TAIR) (http://www.arabidopsis.org/indexjsp.)

(Huala et a\.,2001) and the Nottingham Arabidopsis Stock Centre's (NASCarray) (Craigon et al.,

2004).

TAIR is a database containing genetic and molecular information about Arabidopsis thaliana,

including complete genome sequences, gene product information as well as gene structures.

Other infonnation includes metabolic data, genome maps, genetic and physical maps, gene ex-

pression, publications as well as information about the Arabidopsis research community (Huala et al.,

200r).

NASCarray (http://affymetrix.arabidopsis.info/narrays/experimentbrowse.pl) is a database con-

taining over 400 arrays of Arabidopsis thaliana experimental data under various biotic and abiotic
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stimuli. The website contains pre-calculated values for the expression of genes of interest under

various experimental conditions. Either multiple or single experiments can be viewed by the user

depending on the biological question

STRING database

STRING (http://string-db.org/) the online database for the identification of protein-protein inter-

actions focuses on functional protein association. Protein-protein interaction networks are an

important ingredient fbr the system-level understanding of cellular processes. Such networks

can be used for Iiltering and assessing functional genomics data and for providing an intuitive

platform for annotating structural, functional and evolutionary properties of proteins, all this is

possible by intemogating the protein protein interactions between genes. Exploring the predicted

interaction networks can suggest new directions for future experimental research and provide

cross-species predictions for efficient interaction mapping

ATTED-II database

ATTED-II (http://attedjp) is a database of gene co-expression in Arabidopsis that can be used

to prioritize genes and to infer functionality of genes for studies targeted at understanding the

underlying regulatory modules of co-expressed genes (Obayashi et aI.,2007, 2009). AITED-II

provides a resource for expression networks offering the following functionality

o It has a new measure for gene co-expression, to enable the retrieval of functionally related

genes more accurately,

o It contains click-able maps for all gene networks in order to enhance step-by-step naviga-
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tlon,

o It includes information about protein-protein interactions,

o It identifies conserved patterns of co-expression, and

o It shows and connects Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway in-

formation to identify functional modules(Obayashi et al., 2007, 2009)

ACT database

ACT (http://www.arabidopsis.leeds.ac.uk/act/index.php./) uses large microarray datasets from

the Nottingham Arabidopsis Stock Centre. This database stores pre-calculated co-expression

results for 22,800 genes based on data from over 400 arrays. It allows for the identification

of gene co-expression patterns across single or multiple arrays depending on the user's needs

(Manfield et aI.,2006).

ATHENA database

ATHENA (http://www.bioinformatics2.wsu.edu/cgi-bin/Athena/cgilhome.pl) is an online web tool

that aids in the understanding of the regulatory networks that control plant gene expression. It

enables one to visualize the promoter regulatory sequences in Arabidopsis thaliana. Athena con-

tains over 30000 predicted promoter sequences. The visualisation tool enables the inspection of

key regulatory elements in multiple sequences (?).
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1.8 Rationale and focus

ln 2007 a study by Kilian and others observed large differences in expression levels between

differentially regulated genes. From the studies done on drought stress it was found that very few

genes indicated a reaction to drought and this led them to the conclusion that plants recovered

relatively fast from drought as an increase in expression profiles were observed. They also found

that majority of the up and down regulated genes were specific for drought, cold and UVB stress

Similarly these genes were also responsive to salt wounding and osmotic stress and up regulated

genes were shared to a high degree amongst the stresses in both roots and shoots. Furthermore,

Kilian et. al. (2007) looked at the transcription factors that were active during the exposure to

these stresses. They found that 4 of the 9 genes that were up regulated after only 30min under

cold, drought and UVB were well characterised transcriptional regulators. These four factors

identified were found to complement signalling components such as Ca2+ (Kilian et aI.,2007)

A systems biology approach has successfully been used in predicting regulatory mechanisms

in eukaryotes (Meier et al., 2008). Meier et al. have shown that when sets of genes are co-

expressed under various stimuli, it is likely that they share common regulatory mechanisms. par-

ticularly common transcription factor binding sites and specific motifs (=6-8 bases) (Meier et al.,

201 l)). Therefore, the identification of common promoter signatures encoding carotenoid genes

and their co-expressed genes in the CBP can be used to build putative gene networks that are

predicted to play a key role in elevating carotenoid levels with panicular relevance to food crops

However, investigations by Kilian et al.,(2007 ) and more recently Meier et al., (201I ), looked

at overall gene expression in Arabidopsis. The gene expression in the carotenoid pathway was
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not studied in isolation. Similarly, regarding regulatory modules, Kilian et al., (2007) and Meier

et al., (2011) looked at global regulators involved in stress tolerance and isoprenoid production

respectively. As regards to stress factors, Meier et al.,(201l) focused on the effect of osmotic

stress on ABA, GA and carotenoid biosynthesis. Kilian, et al., (2001), however, looked at the

global efl'ect of cold, drought, UV-B, salt, wounding and osmotic stresses in Arabidopsis

During the preparation of this thesis a similar albeit slightly different approach was published

by Meier et al. (201 l). In this study I investigate the transcriptional effects of environmental

factors influencing carotenoid biosynthesis, as well as the underlying transcriptional regulatory

mechanism involved in carotenoid synthesis in Arabidopsis thaliana. In Meier et al,very broad

conclusions were made regarding the development of Arabidopsis thaliana and its underlying

regulatory mechanisms without investigating the carotenoid biosynthetic pathway and its associ-

ated genes in isolation. Not much is known, therefore, about carotenoid biosynthesis and which

genes are directly involved in the biosynthetic pathway of carotenoids

The aims of this study are:

I . To compile a list of known carotenoid genes with a direct involvement in B carotene pro-

duction,

2. To identify genes that are co-expressed and have correlated differential expression with

known carotenoid genes, across various conditions and stresses

3. To discover putative cis-elements and transcription factors with a key role in the transcrip-

tion regulation pathway of carotenoid biosynthetic genes

4. To use a systems biology approach to mine microarray data to identify conditions affecting
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carotenoid gene expression

1.9 Structure of the thesis

The rest of the thesis is organised as follows. Chapter 2 details the methods used to study the

regulatory attributes of the carotenoid biosynthetic pathway in Arabidopsis thaliana under abiotic

stress. A flow chart representing the flow of information and the various tools used is shown in

Figure 1.6.

In Chapter 3I present the results obtained from analyses tools and provide detailed descrip-

tions of the findings.

In Chapter 4 I discuss the relevance and significance of results obtained, and draw conclu-

sions from the results which contribute to a better understanding of the underlying regulatory

mechanism of the carotenoid biosynthetic pathway.

In Chapter 5 I summarise the key findings and main conclusions from this str-ldy and propose

future avenues to enhance and extend this research.
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Figure 1.6: A diagram of methodologies used in the thesis.

a

http://etd.uwc.ac.za/



Chapter 2

Methodology

In this Chapter we aim to describe the methodologies employed throughout this thesis. The chap-

ter is devided into three sections and various subsections, section one covers the methodologies

used to identify putative conditions affecting carotenoid gene expression. The second section

addresses different methods for comparing expression proliles of carotenoid genes under various

abiotic stresses as well as a method for clustering genes with similar expression profiles. The

final section describes the methods used fbr the promoter content analyses section of this thesis.

Details on the perameters that are used are also included in this chapter.

2.1 Identification of conditions affecting carotenoid gene ex-

presslon

2.1.1 Extraction of data using literature

A list of 32 experimentally verified carotenoid genes was compiled using of literature. These

genes include those previously identified as being potentially linked to the carotenoid biosyn-

24
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thetic pathway (CBP) and genes that are carotenoid producing. Genes from the non-menavolate

pathway (MEP), menavolate, geranylgeranyl phosphate pathway (GGPP) and flavournoid path-

way were also included in the list. As they have previously been shown to be interlinking path-

ways that are involved in carotenoid biosynthesis process. These pathways are also known for

their involvement in the production of pro-vitamin Ain Arabidopsis thaliana(Li et a\.,2009)

2.1.2 ldentification of environmental stimuli that affect carotenoid gene ex-

pression

Literature was skillfully mined to determine which of the stresses were most highly influential

in the survival of the Arabidopsis thaliana species and critical to carotenoid biosynthesis. From

the extensive experiments done by investigators such as Kilian et al. (2007) and Meier et al,

(2008) it was clear that drought, cold and UVB stress affecting Arabidopsis thaliana, had a

greater effect on the gene expression and were directly involved in carotenoid biosynthesis. To

investigate the gene expression profiles of core carotenoid genes, expression data derived from

microarray experiments were retrieved from NASCarray Files -137, 138, 139, 140, 141,145

and 146, containing the expression of the whole genome under various abiotic stresses, were

retrieved from the Arabidopsis information resource (TAIR) and NASC- array (the Nottingham

Arabidopsis Stock Centre's microarray database) (Huala et aI.,2001;Craigon et a\.,2004). The

stresses include: cold, heat, osmotic, oxidative, drought,light, wounding, and salt stress and were

a larger dataset compared to that used by Meier et al.(2011)

The retrieved files were text-mined to extract the relevant infbrmation pertaining to the known

carotenoid genes using a perl script (col.pl in appendix A) and this information was stored as a tab
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delimited file. These files then became the dataset for further analysis. The complete genome files

were used as our background datasets. The following ten core carotenoid genes with TAIR id's

(alias), AT5G17230 (PSY), Nl4Gl4210 (PDS), ATlG06820 (CRTISO), ATlGl0230 (LCYl3),

Nl 4C257 00 ( [3 OHase I ), AI5G52570 ( 
13 OHase2), AI I G3 I 800 (LUT5 ),

AT3G53l30 (LUTI), AT3G04870 (ZDS) and AT5G57030 (LCYc) were selected from the list

of 32 genes. These genes were selected because they are genes that are serially represented in

the carotenoid biosynthetic pathway. PSY, one of the core carotenoid genes, is the driver gene

of the carotenoid biosynthetic pathway and thus influences carotenoid gene expression directly.

This is therefore the primary reason for selecting these genes for analyses in this section. The

above mentioned genes will be used as a reference to investigate the effect of various stimuli on

carotenoid gene expression at different time points ranging between 0.5hrs- 24hrs.

2.1.3 Data processing

The data downloaded from TAIR was then formatted using a perl script (extract.pl in appendix

A). New tab delimited text files were created for the whole genome. This file contained relevant

columns of the original data sheet including gene ids, p-values and expression values for each of

the time points varying fromO.5-24hrs. The relevant tab delimited files were then imported into

a MySQL database. This was done by running another script on the data (ave.pl in appendix A).

This script calculated the mean value for the replicates of each gene at 6 different time points

namely 0.5, I , 3, 6, I 2 and 24hrs for the whole genome. The average p-value for the replicates

was also calculated and placed in the tab delimited lile along with the mean expression value for

the whole genome. Infbrmation for the 32 known carotenoid genes were extracted and placed in
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new tab delimited files for further analyses

2.1.4 Expression profiling

An expression fold change value was calculated for the core carotenoid genes under various stress

conditions as mentioned in section 2.2.3,with respect to the control samples from NASCarray-

137 in two tissue types(root and shoot).

A fold change is a ratio of the measured value for an experiment sample to the value of a

control sample.

The file for the control samples is available at

http://affy.arabidopsis.info/narrays/experimentpage.pl?experimentid= I 37

The fold change values were calculated by deviding the expression of the core carotenoid

gene devide by the expression value of those genes in the control sample. An R-script (foldchange

appendix A) was used to plot graphs of the fold change expression values at different time points

(0.5, I , 3, 6, 1 2,24hrs) in two tissue types (roots and shoots) fbr all the above mentioned abiotic

stress treatments.

2.2 Co-expression and co-correlation analyses

There are two methods of undertaking a co-expression analysis, namely a guide-gene approach

and a non-targeted approach (Figure 2.1)

In a guide-gene approach a single gene is used as a driver gene at any given time. Publicly

available databases are mined using the driver gene as a guide. Results obtained from mining the

http://etd.uwc.ac.za/



2.2.1 Co-expression analyses 28

co-expression databases are visualised. A second guide gene is selected and a similar process is

followed thereafter the results frorn both guide genes are compared and evaluated with regard to

the hypothesis

In a non-targeted approach a list of genes i.e. test dataset, is used as the driver of the experi-

ment. Multiple genes are taken into consideration. Co-expression databases are mined to identify

genes that are co-expressed with the entire test dataset instead of a single guide-gene at a time as

in the guide-gene approach. The results obtained are then visualised and evaluated based on the

hypothesis

For the purpose of our co-expression analysis a combination of the two approaches were used

to identify genes that were co-expressed and co-correlated with carotenoid biosynthetic pathway

genes. This can be compared to the guide gene approach used by Meier et al..(2011)

2.2.1 Co-expression analyses using STRING, ATTEDII and ACT co- ex-

pression databases

In this section, the methodologies employed for the co-expression analyses of carotenoid biosyn-

thetic pathway genes using three publicly available databases will be reported.

Protein sequences for the ten core carotenoid genes were retrieved using the Ensembl plants

database

(http://plants.ensembl.org/index.html). Protein coding sequences of the ten core carotenoid genes

were used as a query to search for known and putative protein-protein interactions between core

carotenoid genes and their co-expressed genes using the STzuNG database. This tool was used

to generate gene networks of the protein-protein interactions between co-expressed genes and
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Approach
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Figure 2. l: Practical protocols of co-expression analysis. Left: guide-gene approach, in which co-expression

profiles between and within selected guide genes are first investigated. Right: non-targeted apptoach, in which the

modular structure is exttacted flonr the entire network according to the topology of the links.

each of the l0 core carotenoid biosynthetic genes (Snel er al.,2OO0). The core carotenoid genes

were used as driver genes to produce expression networks. To produce each of the expression
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networks, parameters were judiciously chosen as a follows: (i) a confidence level of 0.7, (ii) a

network depth of 4 and (iii) restricting to show only the top 50 interactions between the core

carotenoid genes and their co-expressed genes. These networks showed the association between

the known genes and possible new uncharacterised genes present in the expression networks

(Mering,2003).

Gene ids were used as a query in AITED-II (http://attedjp) to identify genes that were co-

expressed with the core carotenoid genes. All the parameters for this search were maintained

at default. default setting are sufficient as co-expression is based on mutual rank (MR), that is

calculated as the geometric mean of the correlation rank of gene A to gene B and of gene B

to gene A. Lists of coexpressed genes based on MR values are provided along with a weighted

Pearson's correlation coefficient (PCC) for each gene pair. Expression networks were produced

showing the level of co-expression with reference to the correlation coeflicient.

Gene ids of the ten core carotenoid genes were used to extract probe ids using ACT the

Arabidopsis co-expression tool ( http://www.arabidopsis.leeds. ac.uk/actlindex.php.). The probe

ids were used as a query to identify genes that were co-expressed with core carotenoid genes.

The parameters used for this search included, selecting NfHl-22K arrays, limiting the output to

the top 50 genes co-expressed with core carotenoid genes and Iinally ranking them in descending

(positively correlated) order with regard to the r-value coefficient.

Each of the databases produced a list of co-expressed genes fbr each of the core carotenoid

genes. These lists ofco-expressed genes were used for further analyses.

Each of the co-expressed gene lists produced from the three databases for each of the core

carotenoid genes were scanned using a statistical program, R-script, to identity which genes were
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commonly co-expressed for each gene across web tools. Venn diagrams were plotted to represent

the amount of co-expressed genes shared between the various web tool. Only the genes that

were common for at least two web tools were considered as being truly co-expressed. We now

possessed a co-expressed gene list for each of the core carotenoid genes. These lists were then

scanned using another R-script which then searched across the l0 gene lists for genes that were

enriched across the lists. Each gene was allocated a score that ranged from 0-10, indicating the

amount of gene lists that a specific gene occurs in. Only genes with an occurrence score of more

than 50o/o were added to the final co-expressed gene list. A list of 86 potentially co-expressed

genes were generated and these were used for further analyses

2,2.2 Co-correlation analyses using Pearson correlation measure

The correlation analyses is based on Pearson correlation which measures the strength and direc-

tion of a linear relationship between the variables X and Y. The measure indicates whether there

is negative or positive correlation and usually ranges from -l to l. The closer the correlation is

to * I, the closer to a perfect linear relationship. The association between two variables can be

described using the following indicators:

o -1.0 to -0.7: strong negative association

o -0.7 to -0.3: weak negative association

o -0.3 to +0.3: little or no association

o +0.3 to +0.7: weak positive association

o +0.7 to +l.0: strong positive association
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Both positive and negative correlation are of biological significance. According to the formula

below 2.l,itindicates that the Pearson correlation coefficient, r(X,Y), effectively normalizes the

magnitude of the expression vector. This equation was used to calculate the correlation coefficient

in the online web tool ACT. That is, for genes which have a relatively moderate expression

pattern, even if the expression levels are dramatically different, they will be identified as having

a similar expression response (the Pearson correlation coefficient is close to one).

32

!{x, x)(Y -Y)
r(X. Y) : i:1

\,1x, - x)' Dru -Y)'
i: t i: t

(2.t )

where

o X, Y are variables,

. *,1are averages for X and Y respectively,

o X; and Y, are elements in X and Y respectively
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2.3 Promoter content analyses, functional enrichment and de

novo motif prediction

2.3.1 Promoter extraction of carotenoid genes and their co-expressed genes

The promoter sequences of l000bp upstream and 200bp down stream from the transcription start

site for all 32 carotenoid genes and their co-expressed genes were extracted using ATHENA

(Arabidopsis thaliana expression network analyses). TAIR gene ids were used as an input for

analyses with AIHENA. The promoter regions of all32 carotenoid genes were visualized using

AIHENA visualization tools. Predicted transcription factor binding motifs were identified and

represented by coloured lines visible in the promoter regions of the carotenoid genes. AIHENA

identified CpG islands as well and these are represented by the aqua boxes in the compact view

(?).

2.3.2 De novo motif discovery using MEME Suite

Promoter regions l000bp upstream and 200bp down stream were extracted from TAIR for all

the carotenoid genes. Using a perl script (UTR.pl in appendix A) the promoter proximal regions

were extracted and saved in FASTA format. The list of promoter proximal regions were now the

unaligned sequences as indicated in Figure 2.2. The file with the unaligned sequences was used as

an input for MEME (multiple Em for motif elicitation). To submit a job to meme the following

command needs to be used in the command line: meme <dataset> [optional arguments]. For

the purpose of our analyses the following parameters were used, the <dataset> file containing
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sequences in FASTA format. The optional arguments included -dna indicating that the sequences

used were in DNA alphabet, -runotifs were set to l0 motifs to be identified and -o indicating

the location to which the results need to be written. The rest of the parameters of the software

remained at default. The output of the job from meme was called memelesults and served as an

input for the rest of the analyses.

The MEME results contained a.html file fbr visualization for the user, .xml file and a.txt file.

Each of these files contained exactly the same information, howeverthe dift'erent file formats were

needed as input for Average Motif Affinity (AMA,3), Gene Ontology for Motifs (GOMO,4) and

Motif comparison tool (TOMTOM,2) programs respectively. The flow of information in depicted

in Figtre 2.2.

Identified enriched de novo motifs were next analyzed by TOMTOM in the MEME suite

for comparison against a database of known motifs. TOMTOM uses a list of motifs created

by meme and compares it against known nucleotide databases using Pearson correlation. The

format of the command needed for analyses in TOMTOM was as follows: tomtom foptions]

<query file> <target file> 1. where the options were the parameters, the query file was the

.trt file from meme and the target tile was the database of reference which in this case was the

JASPAR-CORE-DATABASE. All the parameters used for the TOMTOM analyses were set to

default except the threshold and verbosity which was set to I and I respectively.

The program scores a set of DNA sequences given a DNA-binding motif, treating each po-

sition in the sequence as a possible binding event. The score is calculated by averaging the

likelihood ratio scores for all feasible binding events to the given sequence and to its reverse

strand. The binding strength at each potential site is delined as the likelihood ratio of the site
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under the motif versus under a zero-order background model provided by the user. The format

of the command used to create the .cisml file needed for analyses in GOMO is as follows: ama

[options] (motif file> <sequence file> [<background file>], where options indicate the param-

eters, motif file represents the .xml file from the meme analyses, the sequence file is .na file in the

GOMO database repository and the background file is represented by the .na.bile Iile found in

the GOMO database folder. All the parameters for this analysis were set to the programs default

settings.

The purpose of GOMO is to identify possible roles (Gene Ontology terms) for DNA binding

motifs. GOMO returns a list of GO-terms that are signilicantly associated with target genes of the

motif, sorted by q-value (minimum false discovery rate). Gene Ontology provides a controlled

vocabulary to describe gene and gene product attributes in any organism. The command format

for analyses in GOMO was as follows: gomo [options] <go-map file> <scoring file> *, where

options represent the parameters, the go map flle represents the Path to the optional Gene Ontol-

ogy DAG to be used for highlighting the specific terms in the gomo .xml output and the scoring

file represents the .cisrrl file generated by AMA previously. All the parameters for this analysis

were set to default.
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2.3.3 Identification and enrichment analyses of transcription factor bind-

ing motifs

Predicted transcription factor binding motifs (TFBMs) were identified for both the known 32

carotenoid genes and their 86 co-expressed genes. A list of potential TFBMs along with the

frequency of the TFBMs present within in the test set (known carotenoid genes) and the en-

tire genome are available in appendix A. The p-value indicating the significance of each of the

TFBMs are also present in the in appendix A. P-values are calculated according to the hypergeo-

metric distribution. A 7.r-value cut-off of 10-4 is used and is comected according to the Bonferroni

correction method for errors. For further infbrmation on the Bonferroni correction method visit

the following url (http://en.wikipedia.org/wiki/Bonferroni-correction).

The list of predicted TFBMs were scanned for potential TFBMs that were significantly en-

riched within our subset in comparison to the entire Arabidopsis thaliana genome. A percentage

fold change enrichment value was calculated using the following equation:

FC_ % present in subset

% present in the genome
(2.2)

2.3.4 GO term enrichment and Functional annotation

The goal of the GO term enrichment analyses was to identify dynamic controlled vocabularies

that can be used to describe the roles of genes and gene products in all organisms. The three orga-

nizing principles of GO are molecular function, biological process and cellular component.(Swarbreck e/ al.,

2008).
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GO terms are used as attributes of gene products in order to facilitate uniform queries across

various databases. The controlled vocabularies of terms are structured to allow both attribution

and querying to be at different levels of granularity. GO annotations identified through TAIR, are

annotations that have been manually curated by curators of TAIR and TIGRs arabidopsis annota-

tion. The annotations made by TAIR are made using a combination of manual and computational

methods (Consortium, 2006).
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Chapter 3

Results

In this chapter we will be describing the cluster analyses of carotenoid genes under various en-

vironmental conditions. The chapter is divided into three sections. In the first section the results

will be displayed as heat maps. This analyses are represented using heat maps as shown in

Figures 2.2A-D. The heat maps describe the behaviour of carotenoid genes under various en-

vironmental stimuli namely, cold, drought, heat, osmotic, oxidative, salt and wounding. The

carotenoid genes are shown on the x-axis while different experiments from each stress is on the

y-axis. Differential expression is measured by the heat maps, up regulation is shown by red

blocks, down regulation is shown by green blocks and genes that show little or no effect under

the influence of the applied stress is shown in black. The second section provides a detailed list

of the results obtained from various computational tools and gives insight in the type of genes

that are co-expressed and co-correlated with carotenoid biosynthetic genes. The final section we

will be describing the results obtained from the Arabidopsis thaliana network analyses tool and

MEME suite. This section is further subdivided into four subsections. Subsection one covers the

overall representation of the promoter region and the identification of predicted TFBM's present

39

http://etd.uwc.ac.za/



3.1 Identification of putative conditions affecting carotenoid gene expression 40

in the promoters of the carotenoid genes. The results are represented by compact views of the

promoter regions extracted from AIHENA. Subsection two cover the identification of enriched

TFBMs, within promoters of carotenoid biosynthetic pathway genes. Subsection three focuses

on GO term enrichment amongst carotenoid genes and their co-expressed genes. The findings

are represented by Pie charts of the three GO term categories, Biological processes, molecular

function and cellular components. The final subsection demonstrates the results for the promoter

content analyses and the identilication of novel motifs.

3.1. Identification of putative conditions affecting carotenoid

gene expressron

3.1.1 ldentification of known carotenoid genes

A total of 32 known carotenoid biosynthetic genes were identified through a literature search. The

gene identifiers, gene descriptions, their aliases and five prospective biosynthetic pathways are

summarized in Table 3.1 These pathways include the MEP (non mevalonate), mevalonate, GGPP,

carotenoid biosynthetic and flavonoid pathways. The CBP genes are split into two groups (Table

3.1). The group highlighted in green are the core carotenoid biosynthetic genes. These genes

were selected because they are genes that are linearly represented in the carotenoid biosynthetic

pathway. The group in blue, contains a group of degradative enzymes involved in carotenoid

biosynthesis.
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Table 3. l: 32 known carotenoid biosynthetic pathway genes derived from literature. Yellow blocks represent

genes involved in MEP, GGPP and Mevalonate pathways. Green blocks represent the core carotenoid genes. The

blue blocks are carotenoid genes that act as degradative enzymes.
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3.1.2 Cluster analyses of carotenoid genes under various environmental

conditions

The behaviour of carotenoid genes under various environmental stimuli namely cold, drought,

heat, osmotic, oxidative, salt and wounding were represented as heat maps. The data represented

in the heat maps are summarized in table 3.2.

From the heat maps it is clear that stimuli differ with regard to their effect on the differential

expression of carotenoid genes. Under cold stress NCED3, BOHase2 and ZEP are strongly up

regulated, while HDS, ISPF, DXS2 and CCD4 are strongly down regulated. Carotenoid genes

such as LCY13, ZDS, PNPase, and ISPH are moderately up regulated, while MAXI ,IPPZ, ZISO,

PDS, CCD1, VDE, LCYe, LUT5, BOHasel and PSY are moderately down regulated. The rest

of the carotenoid genes show no effect under the influence of cold stress (Figure 3.1 and Table

3.2). During drought stress, NCED3 is strongly up regulated and PSY, LUT5, VDE, LCY[3,

LCYc , DXS2, LUTI and CCD4 are strongly down regulated. Some carotenoid genes including

PNPase, DXR, GGPS1, BOHase2 and ESPE are moderately down regulated under the influence

of drought stress (Figure 3.2 and Table 3.2).

When plants are subjected to heat stress, an array of responses prevail. The genes CCD4

and LCYB are strongly up regulated while most of the genes except BOHase2 and LUTI are

moderately up regulated. MAXI however is moderately down regulated under the influence of

heat stress. The rest ofthe carotenoid genes show no real effect under the influence ofheat stress,

(Figure 3.3 and Table 3.2).

During osmotic stress NCED3 and BOHasel are strongly up regulated while LUTI and ISPE
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are strongly down regulated. Carotenoid genes such as PSY ZEP, VDE, [3oHase2 and LCY13

are moderately up regulated while LUT5, GGPSI, DXS2. PNPase, DXR, LCYJ3 and LCYe are

moderately down regulated. The rest of the carotenoid genes show no effect under the influence

of osmotic stress (Figure 3.4) and Table 3.2. When carotenoid genes are exposed to salt stress

NCED3 is strongly up regulated whereas MAXI is strongly down regulated. The rest of the

carotenoid genes show no effect during the exposure to salt sffess. However when carotenoid

genes are placed under wounding stress all of the carotenoid genes except CCD4 and BOHase2

show no effect under wounding stress. CCD4 and BOHase2 are moderately down regulated,

(Figure 3.4 and Thble 3.2).
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Table 3.2: Overview of the differentially expressed carotenoid genes under different conditions namely, cold,

heat, ox salt and

The expression status of carotenoid genes are indicated in the last column and is taken from

the heat maps. Specific targeted genes are mentioned under either the up or down regulated

columns

Condition Exprecrion
Up-rcgulatcd Down-reguloted Exprcrrlon ilohrc

Cold
trcatment

NC:8D3, flOHasc2.
and ZEP

HDS.ISPF. CI,AI/DXS2
and Cl('D4

Strongll' erprcssed

BI,C\'. ZDS.
PNPase and ISPH

\tAx l. lPP2. 7.-lso.
PDS. C.C.DI vDE. t,(:\'S.
LL T5. poHnsel and PS\

I\lodera tcll' crp ressctl

Heat
treatment

C(rD4 and LC\'l.l \o clear pattern Stronglv expressed

Alnrost all genes
except pOIlase2
\-c'EDs & Lt_'Tl

ItA\l l\todera teh' erpressed

Ocmotlc
ctretc

NC'ED-1. & B
pOHesel

LI-'TI & ISPE Stronglv erpressed

PS\" ZEP.
pOHase2 \'DE.
LCl',c.

Lr. T5. \'DE. [-Lcl',.
LC'\'p. DXs2. PNPasc.
DXR & GCPSI

[Iodera telv ex;rressed

Srlt rtrcm }*CED3 \tAxl Stronglp' exprcssed

Woundlng :i/A \/A Stronglv expressed

)i/A (:CD.t & pOHase2 Ntoderateh'erpressed

Drought
f,trcic

NC:ED.1 PS\. Lr_rTs. !'DE. t,CYr.
r,cYfr.cr.Ar. LtrTr.
C'CD{

Stronglp' expressed

N/A PNPase. DXR. CGPSI.
BOHnse2. ESPE

[Iodera tell' expressed
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Figure 3.l: Heat map expression profiles of CBP genes across multiple experiments under cold stress.

Up regulation is shown in red, down regulation in green and no change is shown in black. The Figure shows

clustering profiles under multiple cold stress. Asterix(*) indicate the core carotenoid genes and their position on the

heat nrap and their location in the respective clusters. Genes that are afTected in the same manner under each of the

stresses are clustered together.
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Figure 3.2: Heat maps expression profiles of CBP genes across multiple experiments under drought stress.

Up regulation is shown in red, down regulation in green and no change is shown in black. The Figure shows

clustering profiles under drought stress. Asterix (*) indicate the core carotenoid genes and their position on the

heat map and their location in the respective clusters. Genes that are atTected in the same manner under each of the

stresses are clustered together.
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Figure 3.3: Heat maps expression profiles of CBP genes across multiple experiments under heat stress.

Up regulation is shown in red, down regulation in green and no change is shown in black. The figure shows

clustering profiles of CBP genes under multiple heat stress studies. Asterix (*) indicate the core carotenoid genes

and their position on the heat nrap and their location in the respective clusters. Genes that are atTected in the same

manner under each of the stresses are clustered together'.
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Figure 3.4: Heat maps expression profiles of CBP genes across multiple experiments under osmotic, oxidative,

salt and wounding stress. Up regulation is shown in red, down regulation in green and no change is shown

in black. The figure shows clustering proflles of CBP genes under osmotic, salt, oxidative and wounding stress.

Asterix (*) indicate the core carotenoid genes and their position on the heat map and their location in the respective

clusters. Genes that are afTected in the sanre manner under each of the stresses are clustered together.
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3.1.3 Expression profiling of core carotenoid genes

Expression profiles were generated for core carotenoid genes under various stimuli i.e. drought,

cold, heat, osmotic, oxidative, salt and wounding stress at different time poinis ranging from

0.5hrs-24hrs in both roots and shoots.

Drought Stress

The expression fold change of core carotenoid genes in shoots and roots at different time points

under drought stress are shown in Figure 3.5. CRTISO and ZDS display an approximate 4-

fold change in the expression of the shoot tissue throughout the time points in comparison to

the expression of core carotenoid genes in control sample of Arabidopsis thaliana (Figure 3.5)

(red bar graph). f3OHase2, the gene responsible for converting B carotene to zeaxanthin via

cryptoxanthin shows a 2-3 fold change in expression during time points O.5hrs-3hrs. Thereafter

a steep decline in fold change expression is observed and a fold change of less than I is prevalent

from 6hrs-24hrs in the shoot tissue. LUTI, the lutein deficient gene in Arabidopsis shows an

insignificant fold change throughout the time points except at time point 24hrs, where a fold

change of 2 is noted in shoot tissue. LCYe and LCYB only shows an increase in fold change

expression after l2hrs and continues to increase as time of exposure increases. In root tissue

there is a completely different expression profile, only LCYe, LCY[3 and ZDS shows a Z-fold

change in expression across time points. LUT5 shows a constant insignilicant fold change across

time points and the rest of the core carotenoid genes show a fold change of 1 throughout the time

points (Figure 3.5) (blue bar graph).

http://etd.uwc.ac.za/



3.1.3 Expression profiling of core carotenoid genes 50

Figure 3.5: Expression profiles of core carotenoid genes under drought stress. S ix time points 24hrs, I 2hrs, 6hrs,

3hrs, lhrs, 0.5hrs were taken into consideration as well as two tissue types: Shoots shown by red bar graphs and

roots shown by blue bal graphs.
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Cold Stress

The expression profile of core carotenoid genes in shoots and roots at different time points under

cold stress are shown in Figure 3.6. In shoot tissue, CRTISO, ZDS and BOHase2 show a fold

change in expression of higher than 2 across time points. At 3hrs ZDS shows a 9-fold change

in expression whereas CRTISO shows an insignilicant fold change at 3hrs as shown in Figure

3.6 (red bar graph). LCYc shows a 2-3 fold change in expression but this is only prevalent

after 12 hrs. PSY and PDS shows a 3-fold change at 3hrs and then drops to I for the rest of

the time points. The Lutein delicient gene LUTI again shows an insignilicant fold change in

expression throughout the time points. The rest of the core carotenoid genes show a l-fold change

in expression under cold stress as shown in Figure 3.6 (red bar graph). In root tissue, LCYB and

LCYc show a 2-fold change in expression across time points. l3OHase2 shows a 7-fold change

in expression after 24 hrs. The rest of the genes show a l-fold change in expression throughout

the time points as shown in Figure 3.6 (blue bar graph).
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Heat Stress

The expression fold change of core carotenoid genes in shoots and roots at different time points

under heat stress are shown in Figure 3.7. In shoot tissue, CRTISO, ZDS and BOHase2 show

a 2-4 fold change in expression across time points. LCY(3 and LCYe show a 2-fold change in

expression from l2hrs onwards. At 24hrs BOHasel and BOHase2 show an insignificant fold

change in expression. The rest of the carotenoid genes show a I -fold change in expression across

all time points as shown in Figure 3.7 (red bar graph). In root tissue LCYB and LCYe show

a2 or more fold change in expression across time points. ZDS shows a2-fold change across

time points. BOHase2 shows a 2-fold change in expression at l, 3,6 and l2 hrs. Thereafter a

fold change below 0.5 is observed for l3OHase2. The rest of the core carotenoid genes show an

insignificant fold change in expression across time point as shown in Figure 3.7 (blue bar graph)
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Osmotic Stress

The expression fold change of core carotenoid genes in shoots and roots at different time

points under osmotic stress are shown in Figure 3.8. In shoot tissue ZDS has a 5, 4,3, 4, 5 and

6-fold change in expression at 0.5hrs, lhr, 3hrs,6hrs, l2hrs and 24hrs respectively. CRTISO

and BOHase2have a2-fold change in expression at all time points except time points lhr and

l2hrs, where an increase of 3-fold is observed. After l2hrs of exposure CRTISO has a 3-fold

change in expression and BOHase2 has an insignificant fold change in the expression. The lutein

deficient gene LUTI has an insignificant fold change in expression across all time points. The

rest of the core carotenoid genes show a 1-fold change in expression across time points under

osmotic stress, (Figure 3.8) (red bar graph). In root tissue LCY13, LCYe, PSY and ZDS has a 2

or more fold change in expression. At 0.5hrs-lhr the lowest fold change in expression is observed

and it increases at time point 3hrs. [3OHase1 and BOHase2 has a 2-fold change but after 6hrs it

increases to a 3-fold change and continues to increase as the time of exposure increases. CRTISO

shows an insignificant fold change in expression across time points under osmotic stress which

is completely different to the reaction in shoots. The rest of the core carotenoid genes show an

insignificant fold change in expression as shown in Figure 3.8 (blue bar graph).
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roots shown by blue bar graphs.
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Oxidative, Salt and Wounding Stress

The expression fold change of core carotenoid genes in shoots and roots at different time points

under oxidative, salt and wounding stress are shown in Figure B.l,8.2, B.3 in A. CRTISO and

ZDS show a 2-3 fold change in expression, except at 24hrs where ZDS shows an increase in

expression to the value of 4-fold under oxidative stress. BOHase2 shows a2 and 3-fold change in

expression at 0.5hrs and 24hrs respectively. After 6hrs of exposure to oxidative stress BOHase2

show a decrease in fold change, after 6 hrs- l2hrs an insignificant fold change prevails. LCY13

and LCYe show a 2-3 fold change in expression after l2hrs and 24hrs of exposure to oxidative

stress. The lutein delicient gene remains insignificant throughout the time points except at time

point l2hrs where an increase in expression to the value of Z-fold, prevails. PSY and PDS shows

an increase in expression to the value of 2-fold, although the change is only prevalent after 24hrs.

The rest of the carotenoid genes show an increase to the value of I -fold across time points during

the exposure of oxidative stress, (Figure B.l , B.2, B.3 appendix B) (red bar graph). In root tissue

LCY13, LCYe and ZDS shows an increase in expression of 2 or more fbld under oxidative stress.

PSY shows an increase of 2-fold after lZhr and24lvs. BOHase2 shows an increase in expression

to the value of 2-fold after 24hrs, the rest of the core carotenoid genes show a l-fold increase

across the time points and under the exposure of oxidative stress (Appendix figure B.1in, B.2,

B.3B) (blue bar graph).

A general trend indicates that CRTISO, ZDS and BOHase2 showed similar expresion patterns

across all stimuli. ZDS had the highest fold change in expression, ranging 2-9 fold across stimuli

and time points, both in roots and shoots.Shoot expression intensities were higher than that of

roots.
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3.2 Co-expression and correlation analyses of carotenoid and

co-expressed genes

3.2.1 Co-expression analyses of core carotenoid genes

The co-expression analyses for the ten core carotenoid genes are represented by Venn diagrams

as shown in Figure B.4, B.5, and 8.6 in the Venn diagram section in B in appendix. From

the Venn diagrams, it is clear that certain gene lists share genes. Between 30 and 200 genes

are shared amongst the gene lists extracted from ACT and AITED-II. The list generated from

STRING does not share any genes with the lists from both ACT and ATTED-IL CRTISO has

the least number of genes shared equating to only 39 genes. However, PSY, the driver gene of

the carotenoid biosynthetic pathway, shares 96 genes between the two lists generated from the

online tools ACT and AITEDII and contains almost all the genes from the co-expressed gene list

(Figure B.6) in appendix B). A list of co-expressed genes can be found in appendix B.

3.2.2 Co-correlation analyses of carotenoid genes and their co-expressed

genes

A scatter plot showing the Pearson correlation (r-values) points of the co-expressed genes in

relation to two core carotenoid genes, PSY and LCY13 against the entire Arabidopsis thaliana

genome was plotted as shown by Figure 3.9. In the ligure red dots indicate the position of the

co-expressed genes associated with the core carotenoid biosynthetic pathway genes.

Co-expressed genes are positively co-correlated with PSY and LCYI3 and these genes are
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indicated by the red dots on the scatter plot and are labelled PSY and LCY respectively. The

co-expressed genes are localized in the top right hand corner of the graph (Figure 3.9). PSY

is shown on the z;-axis and LCY is shown on the g-axis which represents LCYJ3. To show a

co-corelation of co-expressed genes, the Pearson correlation coefficient is taken into consid-

eration. The correlation coeflicient ranges from - I to I , therefore, as the coefficient tends to

I the closer the co-expressed genes are correlated to the core carotenoid genes PSY and LCY.

All the co-expressed genes have a correlation coeflicient of 0.7 and above. Therefore, the the

co-expressed genes show a strong positive correlation to PSN which is the driver gene of the

carotenoid biosynthetic pathway. A detailed layout of the interaction between core carotenoid

genes and their co-expressed genes in CBP is represented in Figure 3.10 where correlation values

are indicated in brackets.

Co-expressed

PSY

-1.o -o.5 o.5 1,cl

!

a

o

LCY

1.o

o.6

0.6

o.4

-0.6

-o.B

-1.o

fPsr-l
T-L-Cn

Figure 3.9: Scatter plot shows expression correlation (r-value) of all Arabidopsis genes relative to PSY and

LCY (LCYB). Red dots are co-expressed genes associated with the carotenoid biosynthetic pathway genes. Co-

expressed genes show a strong positive correlation to PSY the driver gene of the carotenoid biosynthetic pathway
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Pyruvate+G3P

MEK(0.83)
MECPS(o.82)

HDS(o.81)
HDR(0.88)

DMAPP+ IPP

DxP52(0.86)
DxR(o.85)
MCr(o.84)

GGPP+GGPP

GGPPSl(0.89)

ccDl (0.89)

ABA

Figure 3. l0: Diagram of the CBP detailing the level of co-expression between core carotenoid genes and their

co-expressed genes.The pathways represented include the MEP pathway in the top most block in yellow, the GGPP

pathway in the middle yellow block and the carotenoid pathway in the light blue block. Reaction substrates and

products are represented in bold blue. Genes co-expressed with each of the core carotenoid genes are indicated in

red next to bold black arrows which indicate the direction of the enzymatic reactions. The numbers in parentheses

next to each of the co-expressed genes represent the expression correlation or the correlation coefficient (r'-value).

All r-values > 0.7 are listed in the figure. A list of all 86 co-expressed genes are available in B

,tir; r r-;rttJt:'
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3.3 Promoter content analyses, fuctional annotation and de

novo motif discovery

3.3.1 GO term enrichment and functional annotation of carotenoid genes

and their co-expressed genes

GO term enrichment was done in order to identify which functional annotations could be iden-

tified for both carotenoid genes and their co-expressed genes. By determining which GO terms

were enriched for the two groups of genes, a link could be made to identify involvement in biolog-

ical processes, molecular functions or cellular processes. This will thus give a clear understanding

of the functional relatedness of carotenoid genes and their co-expressed genes.

GO annotations were extracted for three categories namely, biological processes, molecular

function and cellular components. Under the category "biological processes" six GO terms were

enriched for both the carotenoid genes and their co-expressed genes. These GO terms include "re-

sponse to biotic and abiotic stimulus", "response to stress", "developmental processes", "trans-

port", "cell organization" and "biogenesis" "an electron transport" or "energy pathways". For the

category "cellular components" GO terms "chloroplasts", "plastids", "cytosol", "mitochondria"

and "plasma membrane" were enriched for both carotenoid genes and their co-expressed genes.

For the category "molecular function" only three GO terms were enriched for both sets of genes

these included "transferase activity", "protein binding" and "kinase activity". These results are

available in Figures 3.1 l, 3.12 and 3.l3
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Functlonrl Crtrgorlzrtlon by annot.tlon for : OO Blologlcal Proccrr

other metabolic processes: 31,157% ( raw value = 105 )

other cellular processes: 29,080h ( raw value = gB 
)

protein metabolism: 7 ,71 5% ( raw value = 26 )

response to abiotic or biotic stimulus: 7 .1220h ( raw value = 24 )

response to stress: 4 .451oh ( raw value = 15 )

unknorvn biological processes: 4 .4510/o ( ravv value = 1 5 )
cellor0anization and blogenesis:4.451% (rawvalue: l5 )

electron transport or energy pathways: 3,561 0/t ( raru valuc = I 2 )

transport 2.g67oh (rawvalue = l0 )
developmental processes: 2.9740h ( raw value = I )

other biological processes: 1 .780h ( raw value = 6 )
signal transduction: 0,80% ( raw value = 3 )

I
I
I

Figure 3. I I : Pie chart representation of GO terms enriched for co-expressed genes in comparison to the entire

Arabidopsis thalianct genome under the category biological processes.

lunctonel Cetrgorlzrtlon by lnnotltlon for : OO Crllulrr Componrnt

chloroplast 27,934% lrawvalue = lBB )

ofier lnracellular components', 22,81V0 ( raw value = 138 )
othcr eytoplasmic componants: 18.512% ( raruvaluc = 1121
plastid: 17.521% ( raru value = 106 )
otrer membranes: 8.099% [ raw value = 49 ]
extacellular; I 853% ( raw value = 10 )

nucleus: 0,826% ( rawvalue = 6 I
mihchondna: 0 826% ( ra,\6luc = 5 )

ribosomc: 0 496% ( rE$rvalua = 3 )
cell wall; 0,331% ( raw value = 2 )

plasma mambrane: 0.331% ( ratflvalue = 2 )

othcr callular compon.nb: 0.331% ( ra^/ valuc = 2 )
cytosol; 0.165% ( ra ,value = I )

Golgi apparails: 0.185% ( ra$/value = I )

t
I

Figure 3.l2: Pie chart representation of GO terms enriched for co-expressed genes in comparison to the entire

Arabidopsis thaliana genome under the category cellular components.
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Functlonal Catcgorlzatlon by rnnotatlon for : OO Molecular Functlon

other enzyme activity: 23,881 % ( raw value = 32 )

other binding: 15.6720h ( raw value = 21 )
hydrolase activity: 14.179oh (rawvalue = 10 )

unknown molecular functions: 14 ,179% ( raw value = 1 I )

DNA or RNA binding: I 209% ( raw value = 1 I )

protein binding: 5,070h ( raw value = I )

nucleotide blndlng: 5,224% (rawvalue = 7 )
transferase activity: 2,g85oh ( raw value = 4 I
other molecular functions: 2,g85oh ( raw valuc = 4 )
kinasc activity 2.23goh (rawvalue = 31

structural molecule activity: 2.239% ( raru value = 3 )

tranEporter activity: 1 A930h ( raw valua = 2 I
rcceptor binding or activity 0.7460h ( raw valua = I I

t
II

!
Figure 3.13: Pie chart representation of GO terms enriched for co-expressed genes in comparison to the entire

Arabido1tsis thaliana genome under the category Molecular function.

3.3.2 Identification of TFBMs present in promoters of carotenoid genes

Signilicance of transcription factor binding motifs were calculated using a hypo-geometric dis-

tribution and binding motifs with a p-value of <0.05 were selected. ATHENA the online web

tool for expression and network analyses allows for the visualisation of promoter regions in one

of two ways, compact or cartoon displays. Both displays visualize transcription factor (TF) bind-

ing sites, transcription start sites and predicted CpG islands. The compact display provides a

simple and intuitive view of the promoter sequences, while the cartoon display includes more

detail about the fine structure of the promoter and does improve the illustration of displaying

overlapping TF binding sites. For this section a compact visualization was used

An enrichment analyses was done to determine which TFBMs were enriched within promot-

ers of carotenoid genes in comparison to the entire Arabidopsis thaLiana genome. TFBMs and
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Figure 3.14: List of all the motifs identified in promoters of the 10 core carotenoid genes. Where column one

contains the p-values associated with the signiflcance of motifs. Column two represents the motif name. Column

three and four represents the number oi genes containing the motif where # gs is the amount of genes in the subset

and # gg is the number of genes in the genome.

their frequency of occurrence within the promoter regions of the carotenoid biosynthetic genes

are displayed in appendix A. The p-value associated with the prediction is also present within

in the table. In this study twenty key TFBMs have been identified as being specific to promot-

ers of carotenoid genes. These TFBMs have been shown to play a role in the regulation of the

carotenoi d biosynthetic pathway.

From the enrichment analyses a deflnite pattern emerges namely, the GBOXLERBCS, ATHB l,

AGATCONSENSUS, GATA and GBF transcription factor binding motifs show a 3-fold increase

in prevalence amongst carotenoid genes in comparison to the entire Arabidopsis thaliana genome.
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Motifs such as AIHB6, ABF's, ATHB5ATCORE and ABRE show a 2to2.25 fold increase. The

rest of the transcription factor binding motifs have an increase of I .2 to 1.7 fold increase in com-

parison to the A. thaLiana genome.
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Figure 3. l5: Enrichment analyses of miotifs bound in promoters of core carotenoid genes. Transcription factor

binding motifs fbr CBP genes relative to all the genes in Arabidopsis thaliana genomey On the x-axis is the motif

name and on the y-axis is the value of enrichment

3.3.3 de novo Motif Discovery

MEME motifs are represented by position-specific probability matrices that specify the probabil-

ity of each possible letter appearing at each possible position in an occurrence of the motif. These

are displayed as "sequence LOGOS", containing stacks of letters at each position in the motif.

The total height of the stack is the "information content" of that position in the motif in bits.

The height of the individual letters in a stack is the probability of the letter at that position multi-
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plied by the total information content of the stack. Ten motifs were identified as being significant

amongst carotenoid genes as shown in Figure 3.16. The first column in the figure contains the

motif identifier and the second column contains the E-value. The two motif logo present for each

motif represent the sequence of the motif and the reverse complement of the motif.

Identified motifs were scanned against known databases to determine the similarity of the

predicted motifs to known motifs that were previously identified. Column one illustrates the

motif number, column two includes the motif logos that represents the specific motif and column

three contains the genes that have been found to encompass these motifs.

Gene ids of the respective genes containing a specific motif are available in Figure 3.17 along

with the motif logo, number of matches and the motif identifier. The name (or number) iden-

tifying the motif in the input files is present in column one. The number of term predictions is

presented in column two and the top 5 specific GO annotation predictions for the motifs identified

in MEME are displayed in the third column. The GO terms associated with the respective motifs

are located in column three and are accompanied by the relevant functional category i.e. Bio-

logical process, molecular function and cellular component. Five of the six motifs that had GO

terms attached to them contained the GO term "transcription factor activity". Common GO terms

for the category "cellular components" include "chloroplast", "plasma membrane", "chloroplast

stroma". For the category "biological processes" common GO terms include, "regulation of tran-

scription", "positive regulation of transcription and translation" (Figure 3.1 8)
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Figure 3.16: List of identified motifs shared amongst carotenoid genes, and not identffied in carotenoid genes

in any other plant TFBM database queried. Where column I contains the motif name, column2 contains the .A-

value associated with the motif prediction, column 3 contains the motif logo and column 4 contains the logo for the

reverse compliment of the motif.
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Figure 3.17: Overview of gene identifiers containing the respective motifs identified through MEME. Where

column I contains the motife nurnber, column 2 contains the motif logo and column 3 contains the gene ids of genes

containing the motif.
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Figure 3.18: Overview of gene identifiers containing the respective motifs identified through MEME. Where

column I contains the nrotif name, column 2 contains the total number of GO tems predicted and column 3 contains

the top 5 GO terms predicted.
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Chapter 4

Discussion

4.1 Identification of putative conditions affecting carotenoid

gene expressron

The basic underlying mechanisms involved in the synthesis and accumulation of vital miner-

als may be understood by studying the complex biochemical pathways of a plant such as the

carotenoid biosynthetic pathway. The synthesis of minerals such as pro-vitamin A can be aided

by setting up a comprehensive knowledge base from biofortification studies. This knowledge

base can be useful in the process of increasing valuable nutrients in crops and in turn will be of

great value to the developing world. This is especially true for countries in Africa as their staple

diets are what they solely rely on for their nutrient intake. The identified genes of interest and

the information gained can be used to make informed decisions when aiming to biofortify crops.

The new found wealth of knowledge will also lead to the identification of tissues specific to de-

velopment of plants and will maximise the production of valuable nutrients such as pro-vitamin

A under harsh environmental conditions.

70
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4.1 Identification of putative conditions affecting carotenoid gene expression 7l

A list of 32 known carotenoid genes were identified as being genes involved in the carotenoid

biosynthetic pathway (CBP). These genes were identified from literature and only genes that were

experimentally validated as being involved in CBP and the synthesis of carotenoids were taken

into consideration.

The heat maps represent the expression proliles of all the known carotenoid genes. Differ-

ential expression of these genes are presented under the treatment of various abiotic and biotic

stresses. These stresses include, but are not limited to, cold, drought, heat, osmotic, oxidative,

salt and wounding. Most of the carotenoid genes are down regulated under the influence of the

above mentioned stresses. This indicates that carotenoid biosynthesis is switched off at the onset

of stress and therefore if these genes can be altered to become resistant to a particular stress then a

definite increase in carotenoid content may be achieved. From the heat maps, it is clear that genes

that have similar differential expression proflle are clustered together. This was evident under all

the above mentioned stress factors. Genes such as LCYe and ZDS are clustered together share

similar expression profiles with core carotenoid genes under the selected environmental stresses.

An important point to note is that at the onset of stress, PSY, the driver gene of the carotenoid

biosynthetic pathway was completely switched off. It was neither up nor down regulated and this

indicated that the carotenoid biosynthesis is halted at the onset of stress. NCED3, a carotenoid

gene as well as a gene implicated in drought tolerance, is highly up regulated across stimuli. This

suggests a strong link between neighbouring pathways and the carotenoid biosynthetic pathway.

A recent study by Meier et al., (2011) showed strong links between the carotenoid pathway,

ABA pathway, phytochrome pathway and the photosynthetic pathway, when looking at the co-

expression and promoter content ofcarotenoid genes and their co-expressed genes.

http://etd.uwc.ac.za/



4.1 ldentification of putative conditions affecting carotenoid gene expression 72

CRTISO was found to be highly expressed in shoot tissue in comparison to root tissue by

Cazzonelli et al. (2010). This gene was identified as being a giberellin associated responsive

element as well as a light responsive element. By being a light responsive element many processes

and interactions come into play. For example, CRTISO is unique to carotenoid biosynthesis and

is responsible for the desaturation of l5-cis phytoene to all trans-lycopene (Lee et a\.,2007). Its

expression is also seen as tissue specific as it is more highly expressed in shoots than in roots

according toCazzonelli et al. (2010), and this is evident in our study as well . CRTISO is more

highly expressed in tissue that is rapidly dividing and growing i.e. tissue such as shoots. This

gene is also highly expressed in photosynthetic and floral male reproductive tissues. As a result of

shoots being a photosynthetic tissue, it is therefore, more likely that expression levels of CRTISO

are found to be higher in shoots than in roots throughout our study. This suggests that CRTISO

is therefore essential for delining plant development and architecture.

Gene expression profiling was carried out to see the effect of various stimuli on carotenoid

biosynthetic pathway genes. The initial aim of the gene expression prof,ling experiment was to

determine which of the stimuli were most affecting carotenoid biosynthetic genes. A method

of ranking these genes was determined, that is using fold change. The calculated fold change

expression values were plotted in order to determine a ranking order for abiotic stress factors

affecting carotenoid biosynthesis.

From these analyses, it is clear that certain stimuli have a larger effect on carotenoid genes

than others. Drought and cold stress exposure for a period of 24hrs shows a continuous up

regulation ofcore carotenoid genes in both root and shoot tissue. In the shoot tissue, a increase of

4-fold was observed for drought stress, while for roots a 3 fold expression was observed. Similar
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patterns were seen in cold stress, however it is important to note that a 9 and 7-fold increase

was seen in shoots and roots respectively which is much higher than the fold change expression

for drought stress. These findings are concurrent with those found by Kilian et al. (2007). It

is however important to note that Kilian and others investigated the overall gene expression for

arabidopsis and did not investigate carotenoid biosynthesis directly.

An increase in expression was also observed amongst the other abiotic stress factors heat,

osmotic, oxidative, salt and wounding, although it was not to the degree that was observed for

cold and drought stress. Under heat, oxidative and wounding stress the expression levels observed

in the roots was nearly insignificant, indicating an almost identical expression pattern to that of

the control samples. This finding is different to the finding by Kilian and others (2007) as they

found a significant increase in expression for all stimuli including wounding. Here we show that

wounding does not have significant effect on carotenoid biosynthetic gene expression, suggesting

that wounding does not significantly affect the expression of carotenoid genes. Meier et al. (2Ol l)

showed a significant effect in genes exposed to osmotic stress, whereas our finding indicated

otherwise. This could be due to the fact that that I looked at only the core carotenoid genes and a

global picture was not established in this study.

In general, gene expression induced as a result of abiotic stress occurs at a rapid pace. The

first changes in expression was observed only 0.5hrs after stress was applied across all conditions.

These immediate changes were seen in both roots and shoot tissue. This observation leads to the

idea that an immediate systemic signal from the roots and shoots is transferred to the rest of the

plant organs.

The overall gene expression varies considerably when looking at all the stimuli. A striking
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example is the elevated levels of gene expression under the continuous application of drought

and salt stress for 24trs. It is clear that the plant is capable of coping with high salt conditions

and dehydration for a long period of time. These findings are indicative that the plant is able to

identify ionic stressors and responds accordingly at a global gene expression level.

4.2 Co-expression and correlation analyses of carotenoid genes

and their co-expressed genes

4.2.1 Co-expressionanalyses

Three online web tools namely, STRING, AITED-II and ACT were used to identify genes that

were co-expressed with known carotenoid genes. The core carotenoid genes Nl5Gl7230 (PSY),

Nt4Gt4ztO (pDS), AT1G06820 (CRTTSO), AT1c10230 (LCy[3),

N14G25700 (BOHasel), AI5G52570 (BOHase2), ATlG31800 (LUT5), AI3G53l30 (LUTI),

AT3G04870 (ZDS) and AT5G57030 (LCYe) were used as driver genes in each of the instances.

Eighty six co-expressed genes were identified based on their correlation r-values and protein

protein interactions. From the three gene lists obtained from each of the online tools, it is clear

that for all the core carotenoid genes, between 50-300 genes were shared between the lists derived

from ACT and AITED-II. The list from STRING however, does not share any genes with either

of the other two lists (ACT and AITED-II). This finding is the complete opposite of what we had

hoped for.

The reason for this can be explained in three parts. Firstly, STRING (version 8) is based pri-

marily on protein-protein interaction between genes. Secondly, STRING takes the protein-protein
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interactions between core carotenoid genes and their co-expressed genes into consideration rather

than the comelation coefficient, which ACT and ATTED-II uses. Thirdly, after further investiga-

tion it was found that this version of STRING used did not contain any co-expression data for

the carotenoid biosynthetic pathway genes. Therefore, the co-expressed gene lists retrieved for

the core carotenoid genes were based on the involvement in secondary pathways that are more

effectively characterized in comparison to the carotenoid pathway. The identified lists were com-

pared to determine which genes were co-expressed in common to all of the core carotenoid genes.

A list of 86 genes were identified, common to the gene lists. This list formed the catalogue of

co-expressed genes for core carotenoid biosynthetic pathway genes.

4.2.2 Correlation analyses

PSY was used as a driver gene in expression correlation analyses against the entire Arabidopsis

thaltana genome for expression (transcript levels) averaged across 400 stimuli conditions and

developmental stages making our study more robust than Meier et al., (201 1) which only focused

on 320 stimuli. LCYp was identified as being the top ranked correlated carotenoid pathway

gene. The correlation r-values for the entire Arabidopsis genome were plotted against PSY and

LCY13 as shown in Figure 3.9. A group of 86 co-expressed genes shown in this figure illustrates

a strong positive correlation between PSY the driver gene of the carotenoid biosynthetic path-

way and co-expressed genes indicated by red dots. These results suggest the presence of global

transcriptional regulators that control co-expression. A similar study was carried out by Meier er

al.,(2011), where they observed a list of 50 genes co-expressed with only PSY the driver gene of

the carotenoid biosynthetic pathway correlation analyses. The rest of the core carotenoid genes
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were not tested in their study.
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4.3 Promoter content analyses, fuctional annotation and de

novo motif discovery

This section is divided into three subsections. Subsection one and two will cover promoter con-

tent and functional enrichment analyses where the 32 known carotenoid gene ids were used as

the input for AIHENA and TAIR. Subsection three focusses on de novo motif discovery and uses

the sequences of the promoter proximal regions as input for MEME suite.

4.3.1 Enrichmentanalyses

The promoter visualisation tool allowed for identification of the specific location of predicted

transcription factors. The significance of each of the transcription factors was calculated using

a hyper-geometric distribution and this selected only those transcription factors which were en-

riched within the test dataset to be identified. Among the identified TFBMs 20 were significantly

(ATHENA p-value <0.05) enriched amongst the carotenoid biosynthetic pathway genes. These

factors were thus seen as candidate regulatory elements that may co-ordinate carotenoid biosyn-

thesis

The most prevalent transcription factors present in promoters of carotenoid genes are in-

volved in light (GAPBOX, GBOX, ABRE, GAIA, ABF's) ABA (ABRE-like, ACGT ABRE

Motif A2OSEM, Z-BOX, ABF's) and were found to be development responsive. Other factors

include GA (GAREAI and GADONAI ) cold, hypoxia and hormone response and are in agree-

ment with the heat maps. The transcription factors identified through the enrichment analyses

identified specific stimuli that were involved in carotenoid biosynthesis. Light stress is one of
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the stimuli that was tagged as having a significant effect on carotenoid biosynthesis. Light is an

important factor with regard to photosynthesis and it is one of the key elements for this process

as it aids in the production of various end products within the plant. The G-boxlerbcs is the

most highly enriched TFBM within the carotenoid subset and found upstream of all light induced

carotenoid genes, and is specifically induced under the stimulation of light stress. This finding

is consistant with lindings from Meier et al., (201I ), where a GBOX was identified as being en-

riched amongst the promoters of co-expressed genes. These finding indicate that the G-boxlerbcs

is key to the regulation of both carotenoid genes as well as their co-expressed genes, however, it is

important to note that the GBOX is not the only motif with the capability of regulating carotenoid

biosynthesis.

4.3.2 GO annotation and functional enrichment

GO annotation and functional enrichment revealed that both carotenoid genes and co-expressed

genes share commonly enriched terms throughout the three categories namely biological pro-

cesses, molecular function and cellular components. Terms such as response to abiotic or biotic

stimulus and development processes suggest that these genes may share an underlying regulatory

mechanism as genes in both carotenoid and co-expressed groups have similar GO terms enriched

This finding shows that carotenoid genes and their co-expressed genes are tightly co-expressed

and validates our previous finding from correlation analyses above. Under the category of cellular

components, GO annotations such as chloroplasts, cytosol and plastids were most prevalent. This

Iinding is to be expected as carotenoid biosynthesis is localised to the regions of the plastid and

cytosol. Plastidal and cytosolic activity is of high importance for the biosynthesis of carotenoids.
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These results also suggest that genes involved in the carotenoid biosynthetic pathway are chloro-

phyll dependent

4.3.3 de novo motif discovery

A total of 10 motifs were identified amongst the promoter proximal regions of the carotenoid

genes.The associated E-value for each motif is statistically significant (E-value < l) indicating

that these motif predictions are highly accurate. These predicted motifs were aligned against

known motifs from various databases and were found to be structurally similar with an offset of

2-7bp. To further determine if our motifs were valid predictions and to identify de novo predic-

tions we scanned the motifs against the plant database in GOMO of the MEME suite to identify

GO terms associated with each motif. Six of the l0 motifs namely 7,10,2,3,4 and 5 had GO an-

notations such as transcription factor activity, transcriptional regulation and chloroplasts attached

to them, suggesting that the motifs identified were involved in similar regulatory processes and

that they share biological function. The rest of the significant GO terms associated with these

six motifs are present in Figure 3.18. The 4 remaining motifs had no signilicant GO term at-

tached to them after being scanned against the plant database in GOMO. This suggests that these

predictions might be de novo motifs. The 4 remaining motifs were also scanned against the

JASPAR core database of known cl.s elements and were found to be structurally similar but not

identical with an off set of 2-7bp to known motifs namely, IRF I , IRF2, TBF I , HAPZ, NDT80,

FKHI, SPT23, FOXF2, brZ3 and ct. This linding further suggests that these 4 motifs are novel

(Tanaka et a1.,1993; Pozner et aI.,2000; Noh er a1.,2004 Lin et a1.,2005 Hollingsworth, 2008;

Cui et a\.,2009). The known motifs mentioned above are all involved in the transcription process
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Chapter 5

Conclusion and future work

5.1 Research contributions and limitations

Throughout this thesis a number of topics were discussed and researched in chapter I . A com-

prehensive compilation of literature was done on the area of carotenoid research. Chapter two

covered the analyses of microarray data with regards to carotenoid gene expression to identify

environmental stimuli and genes that were key to carotenoid gene expression and carotenoid

biosynthesis. Chapter three covered an encompassing co-expression analysis and co-correlation

analyses to identify genes that were co-expressed and correlated with carotenoid genes. Chapter

4 covered a promoter content analyses of carotenoid genes as well as their co-expressed genes to

identify putative elements affecting carotenoid gene expression.

5.1.1 Expressionprofiling

Thirty two genes have been identified as being involved in the carotenoid biosynthetic pathway.

Some of the genes involved in the carotenoid biosynthetic pathway are also involved in three
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other pathways namely, MEP, GGPP and mevalonate pathway. Genes from these pathways have

been implicated in the carotenoid biosynthetic process.

Carotenoid genes are strongly differentially expressed depending on the stress type. NCED3

was the most strongly stress-inducible gene in almost all stress conditions except heat and wound-

ing treatments. NCED3 expression contributes to ABA biosynthesis and stress tolerance . Other

important up-regulated carotenoid genes include [3Ohase2 and ZEP. PSY, LUT5, VDE, LCYe

and ISPE are mostly down-regulated genes during stress. All of the conditions except wounding

stress induces a significant influence on the carotenoid biosynthetic pathway genes.

Gene expression induced by abiotic stress occurs at a rapid pace. The first changes in the gene

expression were seen on 0.5hrs after the application of stress. Elevated expression levels were

prevalent in both root and shoot tissue. These findings are indicative that an immediate systemic

signal is sent to the rest of the plant in the form of stress. These signals thus allow the plant to

respond accordingly at a global gene expression level.

5.1,.2 Correlation and co-expression analyses

Genes co-expressed with core carotenoid genes were identified from three publicly available

databases. A list of eighty six genes were identified to be co-expressed with carotenoid genes.

A co-correlation between two core carotenoid genes and the list of 86 co-expressed genes re-

veals a tightly positive correlation to PSY the driver gene of the carotenoid biosynthetic pathway.

These results suggest that core carotenoid genes and their co-expressed genes share common

regulatory elements.
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5.1.3 Promoter content analyses and functional enrichment

Promoter content analyses of carotenoid genes and their co-expressed genes allowed for an ar-

ray of transcription factor binding motifs (TFBM) prevalent in promoters of carotenoid genes

to be identilied. The most enriched TFBMs found in the promoter regions of the carotenoid

biosynthetic pathway genes show a 1.25-3 fold increase in prevalence with a p-value of < 0.05.

these TFBM are involved in a number of responses. For example the motifs GAPBOX, GBOX,

ABRE, GATA and ABF's are involved in light responsiveness, ABRE-like, ACGT ABRE Motif

A2OSEM, Z-BOX, ABF's are involved in the ABA process. Other important factors include GA

(GAREAT and GADOWNAI), cold, hypoxia and hormone treatments, which is in agreement

with the heat map results.

GO annotation was done to determine if there were any underlying functions that were shared

between carotenoid genes and their co-expressed genes. Similar GO terms were found to be en-

riched for carotenoid biosynthetic pathway genes and their co-expressed genes, using the Ara-

bidop.sis thaliana genome as a background. These findings are consistent across all three cate-

gories namely, biological processes, molecular function and cellular components. These results

indicate that carotenoid biosynthetic pathway genes and their co-expressed genes are involved in

similar functions. These findings are also in accordance with the enrichment analyses.

5.1.4 de novo motif discovery

Meme identilied l0 motifs present in the UTRs of carotenoid genes. The associated .E-value for

each motif is very low E < 1 indicating that these motif predictions are highly accurate . Six
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of the l0 motifs had GO annotations such as "transcription factor activity", "transcriptional reg-

ulation" and "chloroplasts" attached to them, suggesting that the motifs identified were involved

in similar regulatory processes and that they share biological function. The 4 remaining motifs

had no significant GO term attached to them after being searched against the plant database in

GOMO. This suggests that these predictions might be novel motifs. The known motifs are in-

volved in transcription and because our predicted motifs are structurally similar it could suggest

that our motifs are implicated in the same biological processes. A further suggestion could be

made that these 4 predicted motifs are specific to carotenoid genes and are directly involved in

the regulation of carotenoid biosynthesis.

5.2 Future work

Future prospects of this project encompasses many areas some of which include: experimen-

tally validating the linding from the in-silico studies, in particular detecting mutants of the 4

novel motifs. Although much work has been covered within the realms of this study a lot still

needs to be done to fully understand the mechanism by which genes are regulated within the

carotenoid biosynthetic pathway. Furthermore promoter motif analyses of the 86 co-expressed

genes will lead to a more comprehensive understanding of the underlying mechanisms involved

in controlling the CBP and will allow for the further characterisation of the carotenoid biosyn-

thetic pathway. Another aspect of expanding this project would include biofortification of staple

crops (maize and sorghum) within Africa, in order to increase carotenoid content. Biofortification

along with advances in plant science such as biotechnology can provide novel traits for breeding

that are not currently available. It is for this reason that biofortification can be directly attributed
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to an expansion in nutrigenomics and thus exemplifies the power and potential benefits of this

process. By doing this, production and conversion of vitamins will increase and therefore the

global problem of vitamin deficiencies such as VAD may be addressed.
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Appendix A

Supplementary material for Chapter 2

Chapter Perl scripts

col.pl

# ! /usr/bin /perl #
+#######+#####+######++###########+########+################+##############

#Author: Firdous Khan
#Christoffels lab
#South African National Bloinformatics Instltute
#University van wes-kaapland
+#######+############+#####+######+#####+#################++##########+###+
##
#Generates a tab delimited file of microarray data signals and gene name #
+#######+###########++#++++#######+####+####+##+###########+#############++

use stricti
use warningsl

#check if a file lnput exit for sanity purposes
if (GARGV I:1)
{

print STDERR "peTI coIumn.pI <filename>\n";
exit (1);

)

#Assigns flle to a variable
my $infile: $ARGv[0];

#Associates a file handle to file and opens file
open (IF, $infile) | | die "cannot open $infile: $ ! ";

#Takes each line in fil-e as and array
my Gline: <IF>;

#
#
#
#
#

open (OF, ">signa1. csv" ) I
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#Closes files so
close IE;

that ls can be accessed by other program

#loops over each llne in flle
foreach my $Iine (Gline)
{

#Removes the new fine character at the end of each line
chomp $11ne;
#Slits each line into an array using tab meta-character
my GcoI : split (/\L/, $11ne),
#print the following Iines by the indices
print oF $co1[0] ."\t".$cof [1] ."\t".$coL[14] .'\t'

. $cof [18] . *\t" . $col 122) ." \t". $cof 126l ." \t". $cof [30] . "\t"

.$col [34] .'\t".Scol [38] .'\t".$col l42l ."\t".$col [46] . "\t'

. $col- [50] . "\t" . $col [54 ] .'\t" . $cof [5B] .'\t" . $co] [ 62 ]

."\tu.$col [66] ."\t".$col [70] .'\t".$col l14) ."\t".$co] [78]

. "\t'.$col [82) ."\t".$col [86] .'\t".$col [90] . "\tu

. $col [ 94 ] .'\t" . $cof [ 98] . "\t" . $col Ll02l ."\t" . $col t106l . u \t" . "\n" ;
]

close OF,'

ave.pl

# !,/usr/bin/per1 +

###+####+#+####+++++######++#############++++#++############++####++####+###+
#Author: Firdous Khan +
#Chrlstoffels 1ab +

#South African National Bioinformatlcs Institute #
#Universlty van wes-kaapland #
########+##+###+++#+#+####+########+++###+++##++############++##++#+#########
#Generates a tab deflmited flfe of microarray data signals and gene name +

#+######+########+########++#########+####++##++#####+##########++++#######
* i ^r .uJg JLra!L,

use warnings;

#check if a file input exit for sanity purposes
if (LQARGV !:1)
{

prlnt STDERR "per1 ave.pI (fifename>\n";
exit(1);

)

#Assigns frle to a variable
my $infile : $ARGV[0];

#Assoclates a fife handfe to fil-e and opens file
open (IF, $infile) I I die "cannot open ginf1le: $ l ";
open (OF, ">signaL. csv" ) ;

#1oops over each Iine in fil-e
while (<IF>) {

my $line : $_;
#prlnt u....$llne.. .\n";
#Remones the new fine character at the end of each Iine
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chomp $line;
#Splits each line into an array using tab meta-character
my Gcol : split (/\L/, $tine);
next unless ($col[2] :-/AT/);
#print the following lines by the indices

#prints gene name
my $gname : ($col [2] );

#ave replicates for shoots 0.5h
my $ave_sh_0_5 : ($col [14] +Scol tl9l) /2;
my $pval_sh_0_5 : ($co:- [16] +gco1 t20ll /2;
#ave replicates for roots 0.5h
my $ave_rt_O_5 : ($col l22l+$cott26l) /2;
my $pval_rt_O_5 : ($col [24] +$cot l2?l) /2;

#ave replicates for shoots th
my $ave_sh_1 - ($co1 [30] +$6q1 l31l) /2;
my $pval_sh_1 : ($co1;321 +$col 136)) /2;
#ave replicates for roots th
my $ave-rt_1 : ($co] [38] +$cot la2)) /2;
my $pval_rt_1 : ($col [40] +$col laa)l /2;

#ave replicates for shoots 3h
my $ave_sh_3 : ($coI [46] +gcoI l50l) /2;
my $pva1_sh_3 : ($co1 1481+$coLl52)\ /2.
#ave repllcates for roots 3h
my $ave_rt_3 - ($coI [54] +9661 l5B)) /2;
my $pva1_rt_3 : ($cor 1561 +$s61 160)l /2;

#ave replicates for shoots 6h
my $ave_sh_5 : ($col 1521+$col166ll /2;
my $pva1-sh_5 : ($co1 1641+$coI 168l) /2;
#ave replicates for roots 6h
my $ave_rt_6 - ( $co1 [ 70 ] +gcol l1 Al ) / 2;
my $pval_rt_5 = ($col [72] +gcol t]6)) /2;

#ave replicates for shoots 12h
my $ave-sh_72 : ($cor J78l +$col l]2l) /2'
my $pval_sh_l2 : ($co][80]+$cot 184)) /2.
#ave replicates for roots 12h
my $ave_rL_12 : ($co] [86] +$col l9a)\ /2;
my $pval_rL_L2 : ($co1 [BB] +Scot t92)) /2;

#ave replicates for shoots 24h
my $ave-sh_24 : ($co1 [94] +$col 198)\ /2;
my $pva1-sln_24 : ($col[96]+$coL tl]0l\ /2;
#ave replicates for roots 24h
my $ave_rt_24 : ($co1;1021 +$col tl]6)l /2;
my $pva1_rL_24 - ($col[104]+$coI tlABll /2;

print OF $gname. "\tu. $ave_sh_O_S. "\t". $pval_sh_0_5. "\t"
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close OF;

$ave-rt-0-5."\t'. $pvaI-rt-0-5. "\t". $ave-sh-1. "\t"
. $pval_sh_1.'\tu . $ave_rt_1."\t". $pval-rt-1. "\t".
$ave-sh-3. "\t". $pval-sh-3. "\t'. $ave-rt-3. "\t"

. $pva1-rt-3. "\t". $ave-sh-6. "\t". $pvaI-sh-5. "\t".
$ave-rt-5."\tu . Spval-rt-5. "\t'. $ave-sh-12. u\tu
. $pval-sh-12. "\t". $ave-rt-12. "\t". $pva1-rt-l2. "\t"
. $ave-sh-24. "\t'. $pval-sh-24. "\t"
. $ave-rt-24. "\t". $pva1-rt-24. "\n"i

##+######+###+########+##########+#####+##############++#4#
# Plots the Fold change bar graphs +

extract.pl

#t /:usr /brnlperl #
###+++##+######+##+################+#####++++##+######+#++#######++#####+##
##
#Author: Eirdous Khan #
#Christoffels fab #

#South African National Bioinformatics Institute #
#University van wes-kaaptand #
+##############+#++################++####++++##+####+####+##++##++#####++#+
#
#

#
Generates a tab delimlted fife of mean signals in roots and shoots
for coex genes

####the same can be done for alL stimull

#
#
+

+##+#+##+######+#++######################++++##+######+#+###+####+#########

##reading in file and removing the "".
##afso sending it to a new fife caIled coex id
cat. new_genes.csv I sed's/"//g' > coex.id.txt

### Reads in the coex.id.txt file and searches the carvl db in cold
###table for aII ids in the coex.id.txt file
./mysqlfetch.sh coex.ld.txt cold carvl > coex_col-d.txt

###takes the output file and oonly select fines starting with "AT" and
###places it in a new file called coex_cofd.2
grep 'AT' coex_coId.txt > coex_cofd.2.LxL

R script

Fold-change.r

########+######+++#+#############+#+#+###+++++++###+++#####
#Author: Firdous Khan +
#Chrlstoffels lab #
#South African Nationaf Bioinformatics Institute #
#University van wes-kaapland #
##+###+#+#######++#########+#######+++###++#+#++####+##+##+
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##
####+++######+######+############+######+########++###+##

##converting csv-txt and removing unnecessary delimlters

sed ' s/" / /g' firdous_foldchange_cold_shoots. csv > firdous-foldchange-cold-shoots.txt
rm f irdous_cold_time_shoots . csv

library ( Iattice)

? g etwd

getwd ( )

input:read.table (fi1e:file.choose O, header:T, sep:n\trt)

/home/ firdous/flrdous_R_plots_work/firdous_foldchange_cofd_shoots.txt

attach (input)

barchart(Gene.Name - EC I Time, data:input, coI : "blue",
main:"Expression of Core Carotenoid Genes under CoId
Stress at different time points", ylab:"Carotenoid Gene",
., 1 -H-nc^tr \xldu- IU ,/

barchart(EC - Gene.Name i Tj-me, data:input, col:"red", horizontal:EALSE,
scales:list (x:Ilst(rot=90) ), main:"Expression fold change of Core
Carotenoid Genes in shoots at different time points under Cofd stress
" , xlab:r'Carotenoid Gene", ylab:r'FCtr)

barchart(EC - Gene.Name I Time, data:input, col:"blue",
horizontaf:FALSE, scal-es:fist(x:l1st (rot:90) ), main:"Expresslon fofd
change of Core Carotenoid Genes in roots at different time points
under Col-d stress ", x1ab:"Carotenoid Gene", ylab:"FC" )

barchart(Gene.Name " FC I Time, data:lnput, sel:'rpurplerr, layout
:c(6,1), main:'rExpression of Core Carotenoid Genes under Cofd Stress
at Different Time points", ylab:r'Gene", xfab:"EC")

barchart (FC - Gene.Name I Time, data:input, ssl:rrgree Drrr
horizontal:FALSE, scales:l-ist (x:Iist (rot:90) ) , fayout:c (L,6) ,
main:"Expression fold change of Core Carotenold Genes under Cofd
Stress at different Time points in shoots", xfab-"Carotenoid Gene", ylab-"EC")

barchart.(Gene.Name " Expression I Time, data:input, col-"purple",
layout :c(6,1), main:"Expression of Core Carotenoid Genes under Cold
Stress at Different Time poj-nts", ylab="Gene", xlab:"EC")

rm ( lnput )

#########+########++######++#####+#+++###+#+###+####+########+###+++#######
##
#Author: Flrdous Khan #
#Chrlstoffefs fab #

#South African National Bioinformatics Institute #
#University van wes-kaapland #
###+######+####+#+++#############+#+####+++++##+####++######+####+###+#####
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+#########+###++########+#####+++++###+####++####+####+++
##
# Pfots the Fold change bar graphs ##+
+#############++########+#####+++#####+++########+####+++

##converting csv-txt and removing unnecessary dellmiters

####Shoots

sed 's/" / /q' firdous-foldchange_cofd_shoots.csv > firdous-foldchange-cold-shoots.txt

sed 'sl, /\L/g' firdous_foldchange_cold_shoots.txt > firdous_foldchange-cofd-shoots

## # #Root s

sed 's/" / /g' firdous-foldchange_coId_roots.csv > flrdous_foldchange_cofd-roots.txt

sed 'sl , /\t/g' firdous_foldchange_cold_roots.txt > firdous_foldchange-co1d-roots

##Initialize R

R

Iibrary (Iattice)

### Make sure you are in the directory where the files are ##

input:read.table (f1le:fite.choose (), header:T, sep:tr\t")

##file name shoots

fi rdous_fo1 dchange_co Id_shoot s

###file name roots

fi rdou s_fo Idchange_col d_root s

/home / f i rdou s / f i rdous_R_plot s_work /

attach ( input )

+## Plotting the graph for shoots

barchart(EC - Gene.Name I Time, data:input, coI="red",
horizontaI:EALSE, scaLes:list (x:list (rot:90) ), main:"Expression fold
change of Core Carotenoid Genes in shoots at different time points
under Cold stress ", xl-ab:"Carotenoid Gene", ylab:"FoId Change")

### Plotting the graph for roots
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barchart(EC - Gene.Name I Time, data:input, cof:"blue",
horizontaf:FALSE, scales-fist (x:1ist (rot:90) ), main="Expression fofd
change of Core Carotenoid Genes in roots at different time points
under CoId stress ", xfab:"Carotenoid Gene", ylab:"FoId Change")

rm ( lnput )

promoter content analyses
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Table A. l: Predicted TFBMs present amongst the carotenoid gene list in comparison to the entire A.

rhaliana genome. Abbreviations used in the table are as fbllowsToPBS-percentage of promoters bound

in the subset, # of GS-number of genes present in subset with bound promoters, TaPBG- percentage of
promoters bound in the genome, #GG-number of genes in genome with bound promoter.
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# I /usr/bin/per1 #

#++++###+#+#####+++#################++###+++++++########++#+#+#####+#######

#Author: Firdous Khan
#Christoffels lab
#South African Nationaf Bioinformatics Instltute
#University van wes-kaapland

#

#

#

+

#

MYB{ hrtrJrnA srle n{rl
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+##+####+#+##++#####+++++#########+##########+##+##+######++#######+#####+#
++
#Generates a tab delimited file of microarray data signals and gene name #

+####+#############+###+#+##+##++#+###+######+###########+######++#+######+

use strict;
use warnings;

94

open
open

(rN, "$ARGV[0]");
(OUT, rt>tt, "$ARGV[0]_out") ;

LINE:
while (<IN>) {

my $Iine : $_;
chomp ($l-ine);

if ($line :- /^ (\>) /) {

print OUT $line.'_5UTR' . "\n";
next LINE,'

)

efse {

$fine -- s/^ (.{20a0}) / / ;
prlnt OUT $Jine."\n";

)

mean-1.pI

# I /usr/bin/perl #

###+###########+++#####++++#+###++##+++##+++##++#####+###+###########++++#+
##
#Author: Firdous Khan #

#Christoffels fab #

#South African Nationaf Bioinformatics Institute +

#University van wes-kaapland #
#+#++###+#++#####+#+#############+#######+#+++#+#######+####++#####+#######
##
#Generates a tab dellmlted flle of mean signals and spot ld and probename #
####+######+###++#########################+#+#############+##+#####+#######
use strict;
use warnings;

#Absofute path of infile2
my $infile2 = n /home/user,/signal. csv";

open (IF2, $infil2) l l die "cannot open $infile2:$!";
open (OE2, tt>mean. csvtt) I
my Gline2 : <IE2>i
foreach my $Iine2 (Gline2)
{
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#Remones the new line character at the end of each Iine
chomp $1ine2;
#Slits each line into an array using tab meta-character
my Gco12 : split (/\L/, $llne2);
my Sspotid : sh i lLGcoI2;
my $probename : shiftGcol2;
my $Ien :scaIarGcol2;
my $total - 0;
while (my $num - shrftGcol2)
t

$total +: $num ;

)

my $mean : $tota],/$len;
print OE2 $spotid.'\t". $probename. "\t". gmean. "\n";
)

close OE2
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Figure B.l: Expression profiles of core carotenoid genes under oxidative stress. Six time points 24hrs, l2hrs,

6hrs, 3hrs, I hrs, 0.-5hrs were taken into consideration as well as two tissue types Shoots shown by red bar graphs and

roots shown by blue bar graphs.
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Figure B.2: Expression profiles of core carotenoid genes under salt stress. Six time points 24hrs, l2hrs,6hrs,

3hrs, I hls, 0.5hrs were taken into consideration as well as two tissue types Shoots shown by led bar graphs and roots

shown by blue bar graphs.
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Figure B.3: Expression profiles of core carotenoid genes under wounding stress. Six time points 24hrs, 12hrs,

6hrs, 3hrs, I hrs, 0.5hrs were taken into consideration as well as two tissue types Shoots shown by red bar graphs and

roots shown by blue bar graphs.
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Venn diagrams
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list3 996

(a) LUTI (b) LUT5

Figure B.4: Venn diagrams of LUTI, LUT5 and their co-expressed genes. Each of the coloured circles represent

a co-expressed gene list 3 (yellow) co-expressed genes produced using ACI list 2 (light blue) co-expressed list

produced by ATTED-II list I (dark blue) co-expressed genes produced by STRING. Overlapping of circle show the

number of genes shared between respective lists.
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listl llst2
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list3 905

(a) [3OHase I
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Figure B.5: Venn diagrams of BOHasel, [3OHase2, CRTISO, ZDS and their co-expressed genes. Each oi
the coloured circles represent a co-expressed gene list 3 (yellow) co-expressed genes produced using ACI list 2

(light blue) co-expressed list produced by ATTED-II list I (dark blue) co-expressed genes produced by STRING.

Overlapping of circle show the number of genes shared between respective lists.
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Figure 8.6: Venn diagrams of LCYe, LCY|3, PSY, PDS and their co-expressed genes. Each of the coloured

circles represent a co-expressed gene list 3 (yellow) co-expressed genes produced using ACT, list 2 (light blue) co-

expressed list produced by ATTED-II list I (dark blue) co-expressed genes produced by STRING. Overlapping of
circle show the number of genes shared between respective lists.
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List of co-expressed genes

P!cbe aet alenelD annotaticn
261q10 er ATzG(]4!19 explessed !-roteln
462645 -rt AT1c62r1Lr elongation facroi Tu t.imily proterr .imllar t. elonirtton f.icLor G aP:E?{P11 [a1].in. m.1]: 1So!l)e-rnl I

2614P9 at !Tl1ll4l45 erFres3ed pioterr (o.tarns c.n-. transmedl^ne donrirn
256115 at iT16l63a0 urldIl!1!ra.sferase relired:1r1lar io IP]rterr PIII jrldylyLtra.sfirasi lPil urldtIIl t!an5tira."l

lUildyiyi rer,ovi.l en2]rer tUTas.) taF;Q!Ac5li IC.ulobact:r .res.ent!!l
25llql dt iTl'j55ll0 Fhcr.s:sr.. II r.i.ri.ri cirter P:b! l.ril; tr.t.rn.ontalns Pfam FL.trLe PF0Lr8!r PsbP
265arrl at ATld554aCr e:{Fres5ed rrotelr
263616_dt !11C091{.r e:iFLes-sed Frotel.
2!531--_at AT1G2s2:0 C(N-q r,-1ated rl a..et!'ll !anr;f.rase rGNAT) fanLrlv .r.l rr. Io, .rmrLarrt! r. SPlPll9453
Plbosomal pr(-.tFin-alanine acer-y1r-ri,L.rter:.F 1E( 2.).1.1:9) (E.r,herr(h1a t..Ir];
\ .ontaini Pf.1m f!of11e PF(r0551: acefyltrannferase, GNAT f.1mi1!.
25"d6:5 al aTlG{2o70 q1y.-.ra1d,.hy.1e I t'I.3phate d.,hydroqenas^ B, ..hlor.ai1a.t- IGtPB) / TJADP-d.F.rLd.-.r
qlvceraldeh,,,depho.rrhat. dehyd!oqeil.1.re sobunit F identical' r. 5P i P:!9!l
C1!ce!ild€h!d. 3 r)hosDhate dehldlcrenase 6, chloropl-rsL pre.rlrr.o! iEa L 2. I .11)
INADP d.Ferdert rl!ceraLdehyllepho.l)h-lte !l€h!droqena5e elbu.1t B) t;1!ibrdoF.is thaliilal
!51281 at .lilGlr( 9! evpressed Irrct,-irl
:6:118.1t A;:G!0120 thicrei.rin:i n:rr1r ldeDticai tc thioredozi. r'lE:UF15,o:i CI:651961i i!om lA!rb1CoPs1. th.iIl.liil
:62951 -it AllG.l.!! !!rbrsdoaln famrlr'Frctirn.rmllnr ro iP Pt0:-C FubL€i.xin lRd) lDetrilor,rbrlo latr.); ccDtiln: Pfah

Fr.f!I. PE 0!:i0l : arb.eC.xln
:a2{51 .1r ATiGI ra20 t!an.laarcn lnr.rr.ron f-r.tor IE :, .hlorop!r.., !-u:.:1!. srhal-rr ro a! !! r99 j IF2a Ps;tu
Tr-rns1.1t1on !rrlr-rt1on fa.Lor II 2, .hl.roFIast p!ec!!so! rP!IE:.F) {Phr.eoIus r!19.1r15)
:190!r -rr ar5c44550 eyplessed Frotein
:5llII -rt AT3G26!r! pho.phat. tr.uspo!ter f.rhily Frotein contdin. Pt.m Frofile: PFo138q pho.phdLe transp.rter i"im11y
215?01_.rt r\T5G04l4O clltamate s!nthase (G!01) / fe.redoxin dePennent rlutamare s!!tb"1se (Fi.jOGAT 1) ldentical
to ferredoxln-dependent glutim3te svnthf,re pr:ecursor IArabidopsis th3liann] GIr:869251
255540 at AT4G01800 FreFrctein tran3lo.rn.e secA subunit, putatrre rimilir to praprotein translocaie.je.A srb!nit,
.hLoroplast lFr:ec!rsorl !P:Q9S1I0 fr.m Iarabidopsjs thaliaraj, GA lto.or sf]ici r.i:e at e):cn 1

264394-ar ATIGI136! dFir.meth!ltrinsferas., !:rtatjv: sinrlar t. -rmjn.,methyltr.l.sferase, ritochondria1 Fr.cursor 9P:O49!1!
lron IFlale!ra a.ohdla]
245995 at ATIC45lr4 (:hlorcphyll r_e binJrnq Frotei., r.L,titr-,,e (1,H:i5r rd.ntical tc Lhr'.,-q !.r.r(-rr, IArabrd.p.i. th^i1ara]
a,I:tr41c4:; .rrr.arr. Pfam pr.!11.r: PFi(,!({ ('hirrr!.!y11 A-6 brnilnq al.rrrn; .rmr1ar.. lrqlit-l,rrr..!i ,
.cmqley !iro.err (i1:;:i52 frctr tP!nu. svlvr.trr.l
26:]ll-^tiT1Gr]110libu]c.ebt5Fho.pharr(nrbosv].se
putatlv. similir trr ribulo.,' br:9h..pharr c.rrbor\.1ai., oa:c.n
chlo!oFI.ist prr.ursor lPuBisCO a.Lierse, Plr iOryza rativei ililSa PPCr:P9l{11
261r61 --lt AT2ai2lll0 fluctose bisphoephate ildolaie, putative srrcng similaritt Lo pla.tidi.
f!u.tose .bisFhosDhate aldctase 1EC j. r ,2. r l) l!om Nicotiana pani.ulaLa

(IIPALLTPI) lGl:4E2?2511, Orrza saLiva, PIR2:T0205r tSP Ql06rrl
:11816 it nT5G!u2(0 expr.ssed r)rotern
24!i2O .it iT1G43750 expressed L)rotern
261188 ,t !T1cl 5990 erpre5sed protei.
258Q:5.at ATIGI?{40 D I Dhos!.hogl!'cerate (lehldroqenasi, Futative I FGDB, plrtative :=inrlar t.r !P:O0;I30
f.cm IArab,doF!!r thalia.il

ATi'113{:rC:rdrnr hldrogen antr!,crter, !rtatlre srril.r t., tiLi:r I-!rbrrc pa::haer,olttic!.1
gr,ll:l-:C dbr Pni25994; Ni+ H+ anltrr!er lfihrDl farLril neder, PrjIl:ll:CCt,il
255!09_dt AT1(ria l0C .-rF....:d prot,:rn
;6416! ar A1L(r-'1460 .iF.ess,;d prot:1n

arlGllr.l0 leu.an.-ii.'lL r.p.at fdnil: pr.teln.ontarrs l.:\'.rn.: r1.h rep.at ILRRr doniir.i
Pfam:PE00560, INTEPPFO:IPR00I5I1, .,.rrarn.3ifri1i.it! ro re.:.Ftor-lrL.- prot.ir,
ki.ase IURPKl IIIomo-n ni1] qilt4495542tqblAAal6559
2500r1 it IT5ri1 71l0 llrbredoxan fimrly rrrorein .ontairs Pfam F!crale pFo0l01: Rubledorrn
:5!0!a nt ATlai!4rn0 rrbose 5-Irhoslrhfte isomera5e related.fmflar 1-o Lalro.e 5 phosFh.rt--
isoher.rse CI : 18654llI r f rch I SL.iD-rci i cle!a.eal
:6i581 il ATtG0!140 neturane asso.iated zrDc netaLLo!.!otease, Fut-rtr!..rmr:.1r
to Ht'Fcthetrc"il :1nc netalloFrotea.e A11r9rl L3P:QtYQ6lr [.train Prr --1i01
{Anibie!.r.p,l; t1m11ar to S!necho.jstrs hlpocheticil p!otrrn 1rb !!Cq03);
.cntalrs Pfam PFC!595: llz domarn lnls.r ):ilo{n rs DHP or GIGF); ..rntdr!l
TIGRFiU Tl5P0005i: n,enbre.e-ass..rared zrnc metall.Frct.as./ t)!ratrr.
2505i1 at rT550St!Lr alP Lindlng r,r.!ein r-.pi, Furar1,,.,p
219!?5 at jT56;lL2C ph.r.s\sren i1 s:abillrIrassedl! f.cr.!, .Ll,roI,tdst tHaFl:16) iden!r..1 .,,
S! i O!:46! Photor.ist:h I1 stab11 1t!' a-.senbl y tactor HCE l l6, .hl,r.rPla1t
p!.c!r.or lArrbidopils thalra.al
26a.aA at Lllt-,1?110 q1!.1ne.r1.avaq..v.tem H Frotean, iito.lL.rLLnrral, Lrntarrye simrlar
io s! P:5955 GL\!ri.,! r.lravaqe.!stem 11 FL.reirL 1, mitodr.ldriil
pr!c!r.or lAribldori5is thalianal; ...tarn. Pfin profrle PE0L5ql: .t1i rr.
cleavaqe H-Lirol -ai.
:61051.it ATl601:21) t-,trrtra.oFEFtlile !eFe"1t (IPkr coit.rlnlnq Fr.tein 1oil 5ihi1.rr1t! to
S! P16825 lijna.lr lrqlL.hain (XLCr {Lo1i.c Dealerit; .cntai1.
Pf.im !-!ot1li !F(1515: TPB D.m3in
:55r1! at ATIail:l8O he$ran. Frotern, F!t.1t1v-r co.t-rrns 12 :rlnsmed)!.ne doma.s; .rmrlar to !.h( rGI:{059--l) lEs.herrchl6.olil
265115 -rr AT:G20, oO express.f FroEern
:56r55 -rt Ai3Gll95O Ublt prenjltran.f.rd.: IamrIy protern contarn. Pfan Frofile PEa101C: Ub:A FL.n,liransf.ras. f-lmrIy
2550?6 at r:l j.B06ar e:+ressed p.otein
251555 at AllG5!050 fr!.tc5e I,a bisphosilr,rc,ree, p!tati!e c fru.to!e 1,6 bisphcsphare
I FhosFhohydiolas., putitiae I FBP3s., t!tat i!e stro.q sirilarir! tc
fructos. 1, 6 bripL.sphatase IErassi.:] nar,fsl cI;!S936r, identiclrl tc
SP P25851 Fr:uctose-1,6-bisphosphatase, chlo)roplast precrrsor lEC l,l,l,IIi
(D-f !uctos.-1, 6-brsphosphate 1-phosphohy(trolasel {aBPns-a)
(arabldops!i tlrilian,ll; .ontains Pfam proflle PF00316: fructo.J.-1, b-birFLo!Lihar.r.e
259140 at ATIL:l()210 lt.iopene beta.rv.-la.e (LIC) identl.ial to 1v..F..,- b-ta c!,c1as.,.
ajI : 1 19919 I I 6B: AAB!llll [-{rabidop.r s thal rana]
26ltl0 at AT2Gl4860 cliapelona p!ot-;rn draJ-ielated cont.i!,s pfim pFCi6Si :

Dn.1J ce.tr-ri .lomarr (l !eF:atsl; .rhrlr! ro ahape!oxe p:or,.in
dn-rJ 1He-rt .ho.i p!ot.in 4Cl (5P:Q9UiR91 lueLhano.a:crn.i the!FoFhrlr )

26tll2_-lt ATIG:118!'l.cithinr.hole.terol -r.tiE!an.fe!3s€ iamit! arot.in ,qCT f"rm1l! p!orern
s1m1Li: to L!-AT 1rt-e ltsoFh3sFh.lapase (LLPL :Homo rapae.. Crrt5a!r--2C;
.ontaln! Pfdh proflle FF02450: Lecithin:.holesreiol acylt!an.li!...
iDho.NriLrd!lchoi1ne sterol .rc!lLrrnste!r.el
251113 at ATlG6l41! chlolcpli3t lnner +.y.LoFe rerbrane Frotein, tut.tlre 1A!.;1r slrliar
to SP P2J525 -lr ili,r inne! envelope ned!ane proL,pln/ chtoropta.r
Frecnrsor tE3r) lSlrina.ia cIe!aceali .ontains Pfam p!ofiIe PE0l!01':
methl!'t!.rnrter.rse, UbiE/CC!5 timilt
2560q! -rt rtTlG0l0I0 calcineurlf l1I-. FhosFhoeste!.1s. family p!.te1n .ontains Pfam plofilp: FF(i( 1!9 .elcineurin lik: pho.phoe.terace
259981 at ITLC--6{50 o.rlqen errl:i.o..mfl.x.c1nt:d SP:l9Sri0; ..,ftarr1 a PsbP domaii
219:lr at !T5,i{.'ll(r rent3tr1..!,eftide lPPR) reFe.t ccntarrlD! frotili) .c.td1.s Pfam Frofile PF!l5l5r PrR r?Fedt
2l5l5l at ir{GLr6(n 1il3 prctern rdeltl.jl to Lill FriteiF IirnLrJor].1! thalraral qj 111Lt66 rb tiD:3r30
:50563 at r15'j03C5.r e-a.ressed rrotei,, !,rrdlcreJ p,.tiin, :rabrd.r.rr:.r,.11i.n
:51:13-at rTl,16l3'a e:er..sed F.oteln hvliolheti.al pr.teli !]'ne.ho.!,"r1: sS. tstrarr FLILI 63Clr, FIFTST:899
:6::--3_at ATli:nlll! .xpre...d Fror.rn
:6:169_ar Arlarlr 10 .\pr,-ss:l frLrr,.1n

http://etd.uwc.ac.za/



Supplementary material for Chapter 3 104

:6 j2{ 
'| .rr J:2G-1olr0 -.rpressed prot!in

rcllr 1r ...:.:.lll(, "pre
.rl'ii rr At'i,.,.u1(
2560qq at ATlG:0310 rmuncphilin ,r FXBP t!!e peFtldil trolyl ri! tran- 1.om:rdsi ranill

Irl.ter. ldentical to Probable Fr:BP tlte p;ptldiI prolyl .i:r trai. i3.rmer.r3. ,
.rl'loropla.t Frecursor iPFi.lsei rFotam.l-e) (5FrQ9Ll4rl) [Arai,1,1o!]sj:: thrliJ'il; .r1m11ar
r. !! Pa51lC Er506 blnding protea. lPeptidvl pro1y1 ci:, r):Ars i.r.rLerar.l
lPPlasr) (80 5.:.1.qi (Potinisel {Nei.eeri,1 rrenrnqitidiel; .r.r t.ins Pff,m
Pr'00154: fi.Ftid!'1-pro1rl ci.-1-.an. tsNBP-tya.
25?11: ar A1l62.llC0 Sl RilA-binding dcmaln-.onLa1nrn. fr...iji..ntarn:i PfanL dorLarn/ pE005"5:

Sl RrrA bir)difg d.md1n
2!3:4: nt AT5G-q1530 "r1do1I:,-t,o redu.rta.i farLil!'!.rrr^in {..rl.rfs t,fa(L pr.l11.: PF00:43: oridoredu.rise,
aI.Ii'k-t. :FdLi. t.Lse r3ni1]
i:ll6; nt ATlc55a00 -.edo\eptulo.e-1,.'-bi5!.ho.pharar.,.L1.r.|1.1.1 ,.r.l.h-;pr!1..r-

br.t)bost)h.tase i.lentical to 5PiPl6:81 Sedoheptulo.e 1,7 l)rsDho.phdta.e,
chloroPl.rst PrecLrrsor iEa 1.1. l. lrr iedohePt!]c.e bis!-ho.Fhit.15el
i!BPA5E) (;ED(t, r)P2tSEr {;!abiicp.i. th,rl!.rDa1
::C6.3 -rt iT5C0-(l2a proline r1:h frniL !-rote1.
a{5ll3.it;rT:Gli66! thi.redcrln redu:tase/ Fntati!e liAD!H.l:pe.n!n: Lblc!edo:.r:: i..ilr.ta.e,

P!tatr\'. Ile lr:.t: e:i.n. e.ccde thirredcr:in. There 1j.n Er-,
ndtch l. e'.o.s 5 ?/ and the d1sta..e be.,.en -.:i.1. r1J,-rirn 3 r. rfl! 9aLr:. it
r-" !nlrl:.1r thr:. r: t{. :eFir3te !re..s, brt mc!e llLelt a l,itrr rJ I'r,r:.rrr

2::nlf at al{!0irl5i !illJ hea: shcck lr:ernlnal dcnar..ontarfr::,r frct.ir trm::ar t.
P Q{555: {-l,3Fero':e L-r.rer. dnaJ {Ba.,111uj .r.nr1rlLeitui!.hr1r,:l; ..nl a1n.
Pram !r.frlo Paaa::6: onsJ domain
:5319r at ATlC3l(r10 gL\.:in: dehjdEcq,-ndse Ide.]irbor,1irr..l, purail\,r !1:.rn. decarbcrila.e,
purat i!^ / !l\.cirip .L.3riqe stsrem P-prota1n, r.utati\e srrorLS .rc,rLarrrv t.
aP P{gr6l Cl!.::,e delLrdr.iqena3: tde.arbozylatrnrl A/ mir..lL.'Ldrirl pra.,ur..r
lEar 1.i.4.: i!1ru-rra r)ranslrr) Pfnh Lrrotrl. PF'a21rr:
,l1tcrn. .i-.avaJe s\,.t-pm P Frot--in
i50256 -rr iT!G1355() elonration fictc! f"rmil\'Drot-;in.ontar.r Ptrm Fr.tiles: !F00LrC)9
elongdLron fd.tor Ir GiP brndinl domain,PF006-,,r elons3rron
tlctor .l L- terminf5, PF0l144 elonf.tion f"lcror T! dofrain 2

:56015 at ATlGl9150.h1oroFhtt1 A B bindinl t1!otein, p!tativp,/ LHaI LiFe II, p!L.iL1re
rre,y rtron! sihilaraty to Psl ttpi 1l ch1orophil1.1/b hindira I)).te1n
Ilrca:^l GIr541565 from tArabidcFsi. thalinial; ..ntdin:, Fiam pr.filel
1F00504 chloroFhill I B binding p!oteii
?t12)04 at rIlca29lA tetratri.cl)el)tjde rifeat iTPR) contdrnrnq fr.te1n.-ontdi.i Pfanr

F!o!ile PF00515j TPts Domain
25lll9 at AT4Cl545n ankr'rin r.p.at far.iL protejn IFT frotein lAET) .oftains ankyrin
reDratj, Pf^r,:PF000:3; ldentical to.DNA \FT protern rAEll GI;11r8699
?5!liar at tTlGli06! FhosFh.iib!lrkinase iPRl:) !hes!hol)intohi.ase.e3rl! rd.ntacdL !o SF Pa569r
Pli.,5r,horib!lol:1na!e, chl.rotlnst pre.Lrrs.r (Ec :.r.1.19r
lPl)oePhcr,.ntcl:1nare) rPPrtgE j {PRt:) lArnbld.rr,sls tlral r rna )

2!8!!c at !TlG0:590 integrnl m:tr!ine famliy Frotern srtrrl.r t., P..H fr.rieln l.il:5q52:llir
li-nr.i.r11a irdiq.f.ral,1!d Pecil Froaer. i5P:Pl2lali IFjrNr]r1i rh!v.a.rhrnr1l
i4r6q{ af nT-qGcar'q0 riL.flayln brcsvnr,he.1. La!.t.ar / pL,t3rr.-. .rrr1.r r. :iP P50-c55
Plborlarrn bi..!,rrh..-1. Nr..i1. rrbA II..1ui..r i]Tp.!.lol,\'dr.i.1:r, I:
rEa r-5.{.;51; l,{ drhyd..I 2 brranc.e a !-hcsFl,-ite .!rr1,.1.. iDHaP .f.fha.:rl
Itrl ri.l)a.r11D:, t-.i.i:rctsr,.un.rriel; ..nt-a1.. Pt-.h qri fr1e., PFCf.21.
:.IP.!clohIdrc1i.. Il, !F!09:6:3,t dah:,dro:{t'2 b:)rin.n. I pho.phr.e s!.'hr..
;6lLl2 -lt ;TlG652l!,.xp.esseC lrroteln
l, ll22 .i ;.Tl:I.-1' -xpr-.. -. r!o -rn
iir i!li it AT:C1.r:5! .,rqar trinsForte: f-rm1tl. P!orer:r i!m:Iar '. c i{:.Irse H+ srmDorLe! l!on
!..tobi(!Ii!s bre-'r5 6I::395356, 5ulrr Forter famil! prorir. i
lAra.1Jor,s15 thalaanar cIill585?01; .cntaint Plar fr.irrle
PF0nnsl: malar ficllltator sLrFerfaril! rrotr1.
2jr-:C9 at AT5C64a90 oyo!lntarite.nelate tra.slocator/ Futativ-:_,rdilii ro atM PROT

:(i41164, o:ro!lutdrate nalat: tra,sl..it.r, .hlororlast
fre.L,r5or. IsFjnr.h] tsFinaci^ oIer3.e,rl
21896: dt AT5G4568Q FK506 L)indiflq !.rctein 1 lFKBpl l) rdenticdl r., pr.rbable Er:Bp typ: FeFtidjl
-prolrI ( is-tr.rns i.roneris,. l, .hloroplaii Fre(i!rsor 1PIi,1.r.) (Roranre:rr)
(5r:Q9:l(lY:) / FK506 birdinq protei. I (Gr:r1515144) [ALiLbldot.rr.r rhallana];
.ontain! Plnm PFO0i54: !ieptadyl prol\'1.'rs tr"rr.r ii:on.:r.1jje, ttiaP Li!,.j
il5ll5l at AT3G63140 frRNA binding protr,;in, purdri-,e .rifrilir r.1-. mPNA br.dlnq prot.in
r,rF( ( !ij.L LGI:2615r155) [rv.op,ar.1con e.culentfto]
25501n -rt:1T4al!!650 ATP rynthas. de1ta.ha1n, ch1.roF1.1st., FUrarave H1+) r!inst)orting
tao secto! ATt'a.e, ilelta (OSC!) sLrbunit, plrtitixe.imiLar
to sPIFl2080 ATE'jynthaie delra chain, cblo!oplair pre.Lrr.or
iEll l-r,.l.l{l lNicoiiina tab:cunl; .onialns Pfan Fr.tiIe fFo(r211: iTp
s!nLh"r.e F1, deLt-r .ubrnir
2(i2413 at ATlG50a50 ce11 diri5io. L)rrteln ftsH honoloir L, chlorepliit TETEHI) rFl5H) identical
t. tPrQl9L0a (lelL diylsion prot:in ftsH homolo! l, .h1orlrF1a:r
fre.r!r5cr lEC Li-24.-r IArebid.r)!]s thalia.al
2c r. rr r-t,:)ro,

2iC,ll at lT5G0r:l4Lr calr,od!1i. bindrn! fanl)! Frotel..ontrin. Ffin l)r.file PF0ar6l2r Il calr,odulin-bindlnr mctlf
AT5G0--::C rhrdoid feniL!'frotean contalns PEIU J.rarn PFClri!1, Fhodcid f^mill

444116 at a7\r12.160 erFre..,.d protrln hiForhetr..l r-!.reir .lrll(: 5\,n..-h.cy.t,1. str , ptR::--5112
:{95,'{ ar A1-qcla!:0 L!drolas,a, aipha.b,.ra fcld f3n11r fr.r.irL li:,. .rrjllarrr \ t. i:drola.e
ITr!r alrar t.r :ip- DEFa-11 CI. M94240; .cntarnj Pf:m lir.f iL. tst( ( -cal :

hY.l!.1a:-, rlFIi.1,ber. a.1i tanrl!
:b1l0a at Ar1GL2a00 r-l RUA blndlilq,1.rarn-.-.nra)n:nr lrr.r.rr :.nra1.r. efam domarn, pECC5'.-q: Sl RN: blnJr.q dom.r.
:56512 -lt AT1Ct255O expressed LrroEeln

http://etd.uwc.ac.za/



References

Arabidopsis, T. and [nitiative, G. (2000). Analysis of the genome sequence of the flowering plant

Arabidopsis thaliana. Nature, 408(68 I 4):796-81 5.

Armstrong, G. A. and Hearstt, J. E. (1996). Serial review carotenoids 2. Plant Cell, l0(February).

Baldwin, D., Crane, V., and Rice, D. (1999). A comparison of gel-based, nylon filter and mi-

croarray techniques to detect differential rna expression in plants. Current Opinion in Plant

Biology,2(2):96-103.

Bartley, G. 8., Scolnik, P. a., and Beyer, P. ( 1999). Two Arabidopsis thaliana carotene desaturases,

phytoene desaturase and zeta-carotene desaturase, expressed in Escherichia coli, catalyze a

poly-cis pathway to yield pro-lycopene. European journal of biochemistry / FEBS,259(l-

2):396403.

Braam, J., Sistrunk, M. L., Polisensky, D. H., Xu, W., Purugganan, M. M., Antosiewicz, D. M.,

Campbell, P., andJohnson, K. a. (1997). Plant responses to environmental stress: regulation

and functions of the Arabidopsis TCH genes . Planta,203 Suppl:S3541.

Chen, W.-H., de Meaux, J., and Lercher, M. J. (2010). Co-expression of neighbouring genes in

Arabidopsis: separating chromatin effects fiom direct interactions. BMC genomics, I I :178.

105

http://etd.uwc.ac.za/



REFERENCES 106

Chow, L. C., Gelinas, R. E., Broker, T. R., and Roberts, R. J. (1977). An amazing sequence

arrangement at the 5 ends of adenovirus 2 messenger rna. 1977. Reviews in Medical Virology,

lO(6):362-37 I ; discussion 355-356.

Churchill, G. a. (2002). Fundamentals of experimental design for cDNA microarrays. Nature

genet ic s, 32 Suppl(december):490-5.

Cold, T., Harbor, S., Mccombie, W. R., Bastide, M. D., Habermann, K., Parnell, L., and Dedhia,

N. et.al. (2000). The complete sequence of a heterochromatic island from a higher eukaryote.

The Cold Spring Harbor I aboratory, Washington University Genome Sequencing Center, and

PE Biosystems Arabidopsis Sequencing Consortium. Cell, 100(3):317 -86.

Consortium, G. O. (2006). The Gene Ontology (GO) project in 2006. Nucleic acids research,

34(Database issue) :D322-6.

Craigon, D. J., James, N., Okyere, J., Higgins, J., Jotham, J., and May, S. (2004). NASCArrays:

a repository for microarray data generated by NASC's transcriptomics service. Nucleic acid,s

re search, 32(Database issue):D575-7.

Cui, H.-Y., Lestradet, M., Bruey-Sedano, N., Charles, J.-P., and Riddiford, L. M. (2009). Elu-

cidation of the regulation of an adult cuticle gene Acp65A by the transcription factor Broad.

Ins e ct mo I ec ular b iolo gy, 1 8(4):421 -9.

Cunningham, F. X. (2002). Regulation of carotenoid synthesis and accumulation in plants. Pure

and Applied Chemistry, 7 4(8):l 409-1 417 .

Cunningham, F. X., Pogson, B., Sun, 2., McDonald, K. A., DellaPenna, D., and Gantt, E.

( 1996). Functional Analysis of the [beta] and [epsilon] Lycopene Cyclase Enzymes of Ara-

http://etd.uwc.ac.za/



REFERENCES 107

bidopsis Reveals a Mechanism for Control of Cyclic Carotenoid Formation. Plant Cell,

S(September): I 6 I 3-1626.

De Maio, A. (1999). Heat shock proteins: facts, thoughts, and dreams. Shock(Augusta, Ga.),

I I ( l):l-12.

DeRisi, J. L., Penland, L., Brown, P. O., Bittner, M. L., Meltzer, P. S., Ray, M., Chen, Y., Su,

Y. A., and Trent, J. M. (1996). Use of a cdna microarray to analyze gene. Nature Genetics,

(14):457460.

Dillon, N. and Festenstein, R. (2002). Unravelling heterochromatin: competition between posi-

tive and negative factors regulates accessibility. Trends in genetics : TIG,18(5):252-8.

Ettwiller, L., Paten, B., Ramialison, M., Birney, E., and Wittbrodt, J. (2007). Trawler: de

novo regulatory motif discovery pipeline for chromatin immunoprecipitation . Nature Methods,

I l(June):2-4.

Hegde, P., Qi, R., Abernathy, K., Gay, C., Gaspard, R., Hughes, J. E., Snesrud, E., Lee, N.,

and Quackenbush, J. (2000). BioFeature A Concise Guide to cDNA Microarray Analysis

BioFeature. B iotechnique s, 29(3).

Hollingsworth, N. M. (2008). Deconstructing meiosis one kinase at a time: polo pushes past

pachytene. G e ne s & dev el op ment, 22(l 9) :259 6-600.

Howell, K. a., Narsai, R., Carroll, A., Ivanova, A., Lohse, M., Usadel, B., Millar, a. H., and

Whelan, J. (2009). Mapping metabolic and transcript temporal switches during germination in

rice highlights specific transcription factors and the role of RNA instability in the germination

process. P lant phys iolo g1,, I 49(2):961 -80.

http://etd.uwc.ac.za/



REFERENCES 108

Huala, E., Dickerman, a. W., Garcia-Hernandez, M., Weems, D., Reiser, L., LaFond, F., Hanley,

D., Kiphart, D., Zhuang, M., and Huang,W. et. al. (2001). The Arabidopsis Information

Resource (TAIR): a comprehensive database and web-based information retrieval, analysis,

and visualization system for a model plant. Nucleic acids research,29(1):102-5

Isaacson, T., Ronen, G.,Zamir, D., and Hirschberg, J. (2002). Cloning of tangerine from tomato

reveals a carotenoid isomerase essential for the production of beta-carotene and xanthophylls

in plants. The Plant Cell,14(2):333-342

Kane, M. D., Jatkoe, T. a., Stumpl C. R., Lu, J., Thomas, J. D., and Madore, S. J. (2000).

Assessment of the sensitivity and specificity of oligonucleotide (50mer) microarrays. Nucleic

ac id s re s e a rc h, 28(22) : 45 52-7

Kilian, J., Whitehead, D., Horak, J., Wanke, D., Weinl, S., Batistic, O., DAngelo, C., Bornberg-

Bauer, E., Kudla, J., and Harter, K. (2007). The atgenexpress global stress expression data set:

protocols, evaluation and model data analysis of uv-b light, drought and cold stress responses.

The Plant Journal, 50(2):347 -363.

Koch, K. E. (1996). Carbohydrate-Modulated Gene Expression in Plants. Annual review of plant

p hy s io I o gy and p lant mol e c ula r b i o I o gy, 47 :509 -5 40

Lee, M. L., Kuo, F. C., Whitmore, G. a., and Sklar, J. (2000). Importance of replication in mi-

croarray gene expression studies: statistical methods and evidence from repetitive cDNA hy-

bridizations. Proceedings of the National Academy of Sciences of tlze United States of America,

97(l 8):9834-9

http://etd.uwc.ac.za/



REFERENCES 109

Li, F., Tsfadia, O., and Wurtzel, E. T. (2009). The phytoene synthase gene family in the Grasses.

4(3):208-2t1.

Li, N. and Tompa, M. (2006). Analysis of computational approaches for motif discovery. Algo-

rithmsfor molecular biology : AMB,I:8.

Lin, L.-H., Lee, H.-C., Li, W.-H., and Chen, B.-S. (2005). Dynamic modeling of cis-regulatory

circuits and gene expression prediction via cross-gene identification. BMC bioinformatics,

6:258.

Logemann, E., Parniske, M., and Hahlbrock, K. (1995). Modes of expression and common

structural features of the complete phenylalanine ammonia-lyase gene family in parsley. Pro-

ceedings of the National Academy of Sciences of the Unrted States of America,92( l3):5905-9.

Manfield, I. W., Jen, C.-h., Pinney, J. W., Michalopoulos, I., Bradford, J. R., Gilmartin, P. M.,

and Westhead, D. R. (2006). Arabidopsis Co-expression Tool ( ACT ): web server tools for

microarray-based gene expression analysi s. S e arch, 34 :504-509.

Marrs, K. a. (1996). the Functions and Regulation of Glutathione S-Transferases in Plants. An-

nual review of plant phtsiology and plant molecular biology,4T:127-158.

Matthews, P. D. and Wurtzel, E.T. (2007). Biotechnology of food colorant production In Food

Colorants. CRC Press.

Mayer, K., Schiiller, C., Wambutt, R., Murphy, G., Volckaert, G., Pohl, T., Diisterhdft, a.,

Stiekema, W., Entian, K. D., and Terryn, N. et. al. (1999). Sequence and analysis of chro-

mosome 4 of the plant Arabidopsis thaliana. Nature,402(6763):769-77.

http://etd.uwc.ac.za/



REFERENCES 110

Meier, S., Gehring, C., MacPherson, C. R., Kaur, M., Maqungo, M., Reuben, S., Muyanga, S.,

Shih, M.-D., Wei, F.-J., and Wanchana, S. et. al.. (2008). The promoter signatures in rice lea

genes can be used to build a co-expressing lea gene network. Rice,l(2):177-187.

Meier, S., Tzfadia, O., Vallabhaneni, R., Gehring, C., and Wurtzel, E. T. (201 I ). A transcriptional

analysis of carotenoid, chlorophyll and plastidial isoprenoid biosynthesis genes during devel-

opment and osmotic stress responses in arabidopsis thaliana. BMC systems biology,5(1):77 .

Melhus, H., Michaelsson, K., Kindmark, A., and Bergstrom, R. (1998). Excessive Dietary Intake

of Mtamin A Is Associated with Reduced Bone Mineral Density and Increased Risk for Hip

Fracture Methods Bone Mineral Density Study. Europe.

Mering, C. V. (2003). STRING: a database of predicted functional associations between proteins.

Nuc le ic Ac ids Re s e a rch, 3 I (l):258-261 .

Meyer, P. (2000). Transcriptional transgene silencing and chromatin components. Plant molecu-

la r b iolo gy, 43 (2-3):221 -34.

Molina, C. and Grotewold, E. (2005). Genome wide analysis of Arabidopsis core promoters.

BMC genornics,6:25.

Noh, B., Lee, S.-h., Kim, H.-j., Yi, G., and Shin, E.-a. et. al. (2004). Divergent Roles of a Pair of

Homologous Jumonji I Zinc-Finger Class Transcription Factor Proteins in the Regulation of

Arabi dopsi s Fl oweri n g Ti me. O c t ob e r, I 6(October) :2601 -261 3 .

Obayashi, T., Hayashi, S., Saeki, M., Ohta, H., and Kinoshita, K. (2009). ATTED-II provides co-

expressed gene networks for Arabidopsis. Nucleic acids research,3T(Database issue):D987-

91.

http://etd.uwc.ac.za/



REFERENCES 111

obayashi, T., Kinoshita, K., Nakai, K., shibaokn, M.,Hayashi, S., Saeki, M.' Shibata, D" Saito'

K.. and Ohta, H. (2007). AITED-[|: a database of co-expressed genes and cis elements for

identifying co-regulated gene groups in Arabidopsis' Nucleic acids research' 35(Database

issue):D863-9.

Olson, J. A. (1996). Symposium : Prooxidant Effects of Antioxidant Vitamins Benefits and

Liabilities of Vitarnin A and Carotenoid s7 ' 2. Biochetnistry, pages 1208-1212'

Olson, J. A., Olin, W., and Atwater, T. (1993). Special Article 1992 Atwater Lecture ' The

irresistible carotenoids and vitamin Al4 fascination of. Clinical Nutrition'

park, H., Kreunen, S. S., Cuttriss, A. J., Dellapenna, D., and Pogson, B. J. (2002)' Identification

of the Carotenoid Isomerase Provides Insight into Carotenoid Biosynthesis , Prolamellar Body

Formation, and Photomorphogenesis. socier.y, I 4(Februa ry):321 -332.

Pozner, A., Goldenberg, D., Negreanu, V., Le, S'-y', Elroy-stein' O'' Levanon' D'' and Groner' Y'

(2000). Transcription-Coupled Translation Control of AMLI / RUNXI Is Mediated by Cap-

and [nternal Ribosome Entry Site-Dependent Mechanism s. SocieQ,20(7):2297-2307 '

Ramaswamy, B. S. and Golub, T. R. (2002). BIOLOGY OF NEOPLASIA DNA Microarrays in

Clinical Oncology. Society, 20(7):1932-1941'

Rao. M. V., Lee, H., Creelman' R' a., Mullet, J. 8., and Davis, K' R. (2000)' Jasmonic acid

signaling modulates ozone-induced hypersensitive cell death. The Plant cell, 12(9):163346'

Sandve. G. K. and Drablp s, F. (2006). A survey of motif discovery methods in an integrated

framework. BiologY direct, l:l l.

http://etd.uwc.ac.za/



REFERENCES 113

Regulatory Factor I ( IRF- I ) and IRF-2 , Regulators of Cell Growth and the Interferon System.

I 3(8):453 l-4538.

Van Hal, N. L., Vorst, O., Van Houwelingen, A. M., Kok, E. J., Peijnenburg, A., Aharoni, A.,

Van Tunen, A. J., and Keijer, J. (2000). The application of dna microarrays in gene expression

anal ysi s. J o u mal of B io t e chnol o gy, 7 8 (3) :27 I -280.

Villamor, E. and Fawzi, W. W. (2005). Effects of Vitamin A Supplementation on Immune Re-

sponses and Correlation with Clinical Outcomes. Socie ty, 1 8(3):446464.

Wang, X., Haberer, G., and Mayer, K. F. X. (2009). Discovery of cis-elements between sorghum

and rice using co-expression and evolutionary conservation. BMC genomics, 10:284.

Wilhelm, K. S. and Thomashow, M. F. ( 1993). Arabidopsis thaliana corl5b, an apparent homo-

logue of corl5a, is strongly responsive to cold and ABA, but not drought. Plant molecular

biolo g\, 23(5): l07 3-7 .

Wisman, E. and Ohlrogge, J. (2000). Resources and Opportunities Arabidopsis Microarray Ser-

vice Facilities 1 . Society^, l}4(December): 1468-1471.

Wu, C. ( I 995). Heat shock transcription factors: structure and regulation. Annual Review of Cell

and Developmental Biologv, I I :441 469.

Ye, S. Q., Lavoie, T., Usher, D. C., andZhang,L. Q. Q002). Microarray, sage and their applica-

tions to cardiovascular diseases . CeLl Research, 12(2):105-l 15.

http://etd.uwc.ac.za/


	Title
	Abstract
	Keywords
	Contents
	Chapter 1: Literature Review and Introduction
	Chapter 2: Methodology
	Chapter 3: Results
	Chapter 4: Discussion
	Chapter 5: Conclusion and Future work
	Appendices
	References



