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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. 3-carotene, c-carotene and (3-cryptoxanthin 1,2. Vitamin a deficiency
(VAD) affect millions especially children under the age of five. 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

i
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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 identified cold,
drought and heat to influence carotenoid gene expression and has led to the identification 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 findings 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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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 1hr
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 12hrs
shoot expression at time point 12hrs
root expression at time point 24hrs
shoot expression at time point 24hrs

The Arabidopsis Information Resource
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TFBS
TFBM
VAD
VA

PSY
PDS
CRTISO
LCYB
LCYe
LUTS5
LUTI1
ZDS
[3OHasel

3OHase2

alpha

Beta

Gamma

Delta

Epsilon

Zeta

transcription factor binding site
Transcription factor binding motif
Vitamin A deficiency

Vitamin A

Phytoene Synthase

Phytoene desaturase

carotene cis trans isomerase
Lycopene beta cyclase
lycopene epsilon cyclase
lutein-deficient 5
lutein-deficient 1

Zeta carotene desaturase
beta-carotene hydroxylase 1

beta-carotene hydroxylase 2
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G

GO

CBP

GGPP
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bp

DB
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%CG
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Guanine

Gene ontology

Carotenoid biosynthetic pathway
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Arabidopsis co-expression tool

Arabidopsis thaliana expression network analyses
Nottingham Arabidopsis Stock Centre

Search tool for the retrieval if interacting genes/proteins
number
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Database
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number of genes in genome with bound promoter

fold change
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A. thaliana Arabidopsis thaliana

3D three dimensional

2D two dimensional

HSP heat shock protein

MRE metal response

DNA Deoxyribose nucleic acid

RNA Ribonucleic acid

mRNA messenger Ribonucleic acid

A Adenine

T Thymine

#CG number of carotenoid genes with bound promoter
% in GG percentage of promoters bound in genome

#GG number of genes in genome with bound promoter
ABA Abscisic acid

cDNA Complementary Deoxyribose nucleic acid

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



Contents

1 Literature Review and Introduction
1.1 Carotenoids | i i i il - - - - - - - - -
1.2 Carotenoid biosynthetic pathway and the production of carotenes . . . . . . . ..
1.3 Generegulationf §¢ - - TRE- - 040 - - Y04 - ‘004 - 40F - - - .. ..
1.4 Regulation of gene expression in plants in response to abiotic stress . . . . . . .
1.5 Gene expression profiling using microarrays . . . . . . . . . . ... ...
1.6 Co-expression and correlation . . . . ... ... ... ... . ...
1.7 Promoter content analyses . . . . . . ... ... ...

1.8 Rationaleandfocus . . . . . . . . . . . ...

2 Methodology
2.1 Putative condition identification . . . . . . . . . . . ...

2.2 Co-expression and co-correlation analyses . . . . . .. . ... ... .. .....

Xi

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

12

15

16

20

22

24

27



CONTENTS xii

2.3 Promoter contentanalyses . . . . ... ... o L oo oo 33
3 Results 39
3.1 Identification of putative conditions affecting carotenoid gene expression . . . . . 40
3.2 Co-expression and correlation analyses of carotenoid and co-expressed genes . . 58
3.3 Promoter content analyses, fuctional annotation and de novo motif discovery . . . 6l
4 Discussion 70
4.1 Identification of putative conditions affecting carotenoid gene expression . . . . . 70
4.2 Co-expression and correlation analyses . . . . . . ... . ... ... .. ... .. 74
4.3 Promoter content analyses, fuctional annotation and de novo motif discovery . . . 77
5 Conclusion and future work 81
5.1 Research contributions and limitations . . . . . . .. . 0L L 81
52 Futurework AT 17 & YT DI AT - F - AT - - - - - - - . 84
Appendix 86
A Supplementary material for Chapter 2 86
B Supplementary material for Chapter 3 96
References 104

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



List of Figures

1.1

1.2

1.3

1.4

1.5

1.6

2.1

22

3.1

w
W

34

Structure formula for carotenes. ..o e Lo Lo Lo 2
Carotenoid biosynthetic pathwayinplants. .. 0. o000 L. 4
Pre-initiation cE RN TN T . . . 7
Human heat shock protein . . . . . . ... .. ... ... L. 8
Microarray procedure . - oo o T e e e e e e 13
A diagram of methodologies used in the thesis. . . . . . . . . ... ... ... 23
Practical prot@ebls I+ & . §- 8¢ & . . @ A B L. .. ... ... 29
De novomotif prediction . . . . . . ... ... L e 36
Heat map expression profiles of CBP genes undercold stress. . . . . . . . .. .. 45
Heat maps expression profiles of CBP genes under drought stress. . . . . . . .. 46
Heat maps expression profiles of CBP genes under heat stress. . . . . . . .. .. 47
Heat maps expression profiles of CBP genes under osmotic stress. . . . . . . .. 48

X1

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



LIST OF FIGURES xiv

3.5 Expression profiles for Drought . . . . . . . . ... ... ... ... ... 50
3.6 ExpressionprofilesforCold . . . .. ... ... . ... .. ... .. ... ... 52
3.7 ExpressionprofilesforHeat . .. ... ..... ... ... ....... ... 54
3.8 Expression profiles for Osmotic . . . . . . . ... .. ... ... ... ..., 56
39 Correlationanalyses. . . . . . . . . . ... 59
3.10 Listof co-expressed genes . . . . . . . . . . . ... ... 60
3.11 Biological processes GO term enrichment . . . ..o o v vw 0L 62
3.12 Cellular components GO term enrichment . . . . . . .. ... ... ....... 62
3.13 Molecular Function GO termenrichment . . . . . . .. . ... ... ....... 63
3.14 TFBMlegend ARJ . . R0R. - R4 - - RRN - -R43. - 401 ... ....... 64
3.15 Enrichedanalyses . . . . . . .. ... ... . ... 65
3.16 Motif Overview: ! i et e mmn L W mi e ra e .. 67
3.17 Motifalignment . . . . . ... 68
3.18 Motifalignment . . . . . ... ... 69
B.1 Expression profiles for Oxidative . . . . . .. ... ...... I 97
B.2 Expression profilesforSalt . . . . . . ... ... ... ... ... .. .. ... 98
B.3 Expression profiles forwounding . . . . . .. ... ... .. oL 99
B.4 Venndiagrams of LUT1 & LUTS . . ... ... ... ... ... ........ 100

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



LIST OF FIGURES XV
B.5 Venn diagrams of 3OHasel, fOHase2, CRTISO& ZDS . ... ... ... ... 101
B.6 Venndiagrams of LCYe, LCYB,PSY&PDS . . . .. ... ... ... .. ... 102

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



List of Tables

3.1 List of known carotenoid biosynthetic pathway genes . . . . . . . ... ... ..

3.2 Heatmap SUmM B e g e

A.l Predicted TFBMic| [ | feus | Py | pem——" | poss—s v 0 . . . .. ... ..

XVl

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



Chapter 1

Literature Review and Introduction

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 1.1). The double carbon-carbon bonds interact with each
other in a process called conjugation (Marrs, 1996). 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 al., 1999). They participate in the energy-transfer process and also protect the reac-
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1.1 Carotenoids 2

I '
p-Carolene
w-Carotene
W/\)VWW
Lycopene
HO- :‘ B-Cryploxanthin
HO «a-Cryploxanthin
OH
|
HO Zoeaanthin
DH
HO- : : Luteln
l
HO~ f : 2", 3"-Anhydrolutein

Figure 1.1: Structural formulae of common Carotenes and Xanthophylls of carotenoids (Cunningham et al.,
1996). B 3-rings are shown in the structure of B-carotene. Single {3 ring is present in x-carotene structure. Xantho-

phylls contains a hydroxyl (OH) group 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 x-carotene, [3-carotene and lycopene

are known as carotenes (Olson er al., 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 al., 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 al., 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 et al., 2002). The first
two steps in the pathway are performed by PDS and the latter two steps are performed by ZDS
(Li et al., 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 et al., 2002; Park et al., 2002).

Bifurcation of the CBP pathway leads to either (i) the synthesis of x-carotene involving two
different cyclases or (ii) j3-carotene production catalysed by (3-carotene cyclase (LCYf3) in two
consecutive cyclization reactions (Cunningham ez al., 1996; Cunningham, 2002). Knockout mu-

tants in the e-ring cyclization step (LUT2) results in the accumulation of higher levels of {3-

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



1.3 Gene regulation 4

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

and [3-carotene is the position of a double bond in one of the end rings (Figure 1.2) (Park et al.,

2002).
GGPP
: PSY
: PDS
: Z2-1SO
v ZDS/CRISTO
lycopene
LCYE/ \LCYB
5-carotene y-carotene
LCYB | | Lcys
a-caroiene B-carotene
HYD 1 1 HYD
zeinoxanthin 3-cryptoxanthin
HYD | | HvD
lutein zeaxanthin
¢
ABA

Figure 1.2: A simplified version of the carotenoid biosynthetic pathway in plants.Enzymatic reactions are repre-

sented by arrows, dashed lines represent multiple 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:

the developmental stage,

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

location of the cell, and

cell type (root cells are different from shoot cells, different from stem cells, and so forth).

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



1.3.1 Transcriptional regulation 5

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 al., 2008).

1.3.1 Transcriptional regulation

Transcription is the first leading step leading to gene expression (Koch, 1996; Kane et al., 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(Logemann ef 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., 2000). 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 er al., 1999; Seki et al., 2002).

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 al., 2000;

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

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



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 five to fifteen base pairs long. Core promoter 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 al., 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 et al., 2000).

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, 2002). 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 et al., 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 et al., 2000).

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



1.3.2 Regulation in the promoter region 7

ranscription
>

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 start point of transcription, the proteins
provide a base for the binding of polymerase II. The enhancer proteins and promoter proteins, as shown in the figure,
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 transcription will occur (Rao et al., 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 profiling 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 er al., 1996; Baldwin er al., 1999; Van Hal et al.,
2000; Ye et al., 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.al. (2000) analyzed genes related to seed development in Arabidopsis. Grike er. al.

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



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

(2000) found that 25% and 10% of the genes tested showed a 2 and 10 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 er 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 after only 30min exposure to cold, drought and UVB collectively,were

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

(Kilian et al., 2007)

A recent paper by Meier et al., (2011) observed a number of 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 found 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 correlated 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.,

2011).

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.,(2011) 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
metabolic process” and “carotenoid biosynthesis’; were enriched and for cellular components
“choroplasts™, “thylakoid parts” and “plastid parts” were enriched. Additionally Meier et al.
(201T1) 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, 3OHase 1, fOHase 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 3OHase 2 and ZDS, 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.
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1.5 Gene expression profiling using microarrays 12

1.5 Gene expression profiling using microarrays

Gene expression profiling 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 specific 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 for 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 al., 2000).
Using this tool, scientists are able to determine the expression levels of thousands of genes within

a cell (Kane et al., 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 al., 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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an increased likelihood of functional relation as a result of the guilt by association principle

(Mayer et al., 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 negatively affected by the low dynamic range of existing mi-
croarray 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 profiling 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 ef al., 2010). Gene co-expression, can imply the presence of a
functional linkage between genes (Meier et al., 2011).  Co-expression analysis has uncovered
gene regulatory mechanisms in model organisms such as Escherichia coli and yeast. Recently,
accumulation of Arabidopsis microarray data has facilitated a genome-wide inspection of gene
co-expression profiles in this model plant. In this study Manfield er. al., (2006) used a network
analyses approach that provided an intuitive way to represent complex co-expression patterns
between many genes (Manfield ef al., 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 al., 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 cis-
regulatory element composition, however, are the initial checkpoints for transcriptional gene ac-
tivities and define the potential spatiotemporal expression of a gene (Howell et al., 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 er al., 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.al 2011 to be co-regulated and upstream
sequences of these genes are likely to share common DNA motifs (Sandve and Drablg s, 2006).
Presumed upstream regulatory regions of arbitrary length can be selected to identify candidate
DNA motifs (Sharma et al., 2011). 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 ez al., 2007). With a broader spectrum of knowledge, more in depth studies

can be undertaken 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 profiling, 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/index.jsp.)
(Huala et al., 2001) and the Nottingham Arabidopsis Stock Centre’s (NASCarray) (Craigon er 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 information includes metabolic data, genome maps, genetic and physical maps, gene ex-
pression, publications as well as information about the Arabidopsis research community (Huala e al.,

2001).

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 for the system-level understanding of cellular processes. Such networks
can be used for filtering 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 interrogating 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-1I database

ATTED-II (http://atted.jp) 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 al., 2007, 2009). ATTED-II

provides a resource for expression networks offering the following functionality:

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

genes more accurately,

e It contains click-able maps for all gene networks in order to enhance step-by-step naviga-
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tion,
e It includes information about protein-protein interactions,
o It identifies conserved patterns of co-expression, and

e 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 al., 2006).

ATHENA database

ATHENA (http://www.bioinformatics2.wsu.edu/cgi-bin/Athena/cgi/home.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

In 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 esmotic 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 al., 2007).

A systems biology approach has successfully been used in predicting regulatory mechanisms
in eukaryotes (Meier et al., 2008). Meier ef 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.,
2011)). 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 particular relevance to food crops.

However, investigations by Kilian et a/.,(2007) and more recently Meier et al., (2011), 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.,(2011) focused on the effect of osmotic
stress on ABA, GA and carotenoid biosynthesis. Kilian, et al., (2007), however, looked at the

global effect 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. (2011). 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:

1. To compile a list of known carotenoid genes with a direct involvement in (3 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

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



1.9 Structure of the thesis 22

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 3 I 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 study 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.
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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 profiles 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 for 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-

pression

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 A in Arabidopsis thaliana(Li et al., 2009).

2.1.2 Identification 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 er 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 er al., 2001; Craigon et al., 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 information pertaining to the known

carotenoid genes using a perl script (col.pl in appendix A) and this information was stored as a tab

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



2.1.3 Data processing 26

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), AT4G14210 (PDS), AT1G06820 (CRTISO), AT1G10230 (LCY),
AT4G25700 (BOHasel), AT5G52570 (pOHase2), AT1G31800 (LUTS),

AT3G53130 (LUT1), AT3G04870 (ZDS) and AT5G57030 (LCY¢€) 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 from 0.5-24hrs. 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, 1, 3, 6, 12 and 24hrs for the whole genome. The average p-value for the replicates
was also calculated and placed in the tab delimited file along with the mean expression value for

the whole genome. Information 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=137.

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, 1, 3, 6, 12, 24hrs) in two tissue types (roots and shoots) for 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
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co-expression databases are visualised. A second guide gene is selected and a similar process 1s
followed thereafter the results from 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 STRING database. This tool was used

to generate gene networks of the protein-protein interactions between co-expressed genes and
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Figure 2.1: 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 approach, in which the

modular structure is extracted from the entire network according to the topology of the links.

each of the 10 core carotenoid biosynthetic genes (Snel ez al., 2000). 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 ATTED-II (http://atted.jp) 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 coefficient.

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/act/index.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 ATH1-22K arrays, limiting the output to
the top 50 genes co-expressed with core carotenoid genes and finally 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 for each of the core carotenoid

genes. These lists of co-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 10 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 50% 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 -1 to 1. The closer the correlation is
to & 1, the closer to a perfect linear relationship. The association between two variables can be

described using the following indicators:

e -1.0to -0.7: strong negative association.
e -0.7 to -0.3: weak negative association.

e -0.3 to +0.3: little or no association.

e +0.3 to +0.7: weak positive association.

e +0.7 to +1.0: strong positive association.
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Both positive and negative correlation are of biological significance. According to the formula
below 2.1, it indicates that the Pearson correlation coefficient, r( X, V'), 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).

LY = = 2.1

where

e X, Y are variables,
e X, Y are averages for X and Y respectively,

e 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 1000bp 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 ATHENA. The promoter regions of all 32 carotenoid genes were visualized using
ATHENA visualization tools. Predicted transcription factor binding motifs were identified and
represented by coloured lines visible in the promoter regions of the carotenoid genes. ATHENA

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 1000bp 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 -dra indicating that the sequences
used were in DNA alphabet, -nmotifs were set to 10 motifs to be identified and -0 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 meme_results and served as an

input for the rest of the analyses.

The MEME results contained a .html file for visualization for the user, .xml file and a .txt file.
Each of these files contained exactly the same information, however the different 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 Figure 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 [options)
<query file> <target file>> 4. where the options were the parameters, the query file was the
.txt file from meme and the target file 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 1 and | 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 defined 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 .cism/ 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 .xm/ 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 file 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 significantly associated with target genes of the
motif, sorted by ¢-value (minimum false discovery rate). Gene Ontology provides a controlled
vocabulary to describe gene and gene product attributes in any organism. The commar.1d format
for analyses in GOMO was as follows: gomo [options]| <go-map file> <scoring file> 4, where
options represent the parameters, the go map file 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 .cisml file generated by AMA previously. All the parameters for this analysis

were set to default.
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2.TOMTOM
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Figure 2.2: Graphical representation of the work flow for de novo motif prediction.
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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 p-value cut-off of 10=*isused and is corrected according to the Bonferroni
correction method for errors. For further information 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:

% present in subset

FC =, :
o present 1n 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 et 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
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in the promoters of the carotenoid genes. The results are represented by compact views of the
promoter regions extracted from ATHENA. 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 identification of novel motifs,

3.1 Identification of putative conditions affecting carotenoid

gene expression

3.1.1 Identification 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 3.1: 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.

ATSG11380  1-deoxy-D-xylulose 5-phosphate 'DXPS3 MEP Non-mevalonate pathway
AT4G15560  1-deoxyxylulose 5—phosphate synthase DXPS2 MEP Non-mevalonate pathway
AT5G62790  1-deoxy-D-xylulose 5-phosphate reductoisomerase DXR MEP Non-mevalonate pathway

AT2G26930  4-(cytidine-5'-phospho)-2-C-methyl-D-erithritol kinase ATCDPMEK ‘{MEP Non-mevalonate pathway
AT1G63870 EZC-metbyI-D-erydu'lml 24-cyclodiphosphate synthase = MECPS 'MEP Non-mevalonate pathway

ATSGS0600 _ Hydroxy-2-mmethyl 1-2{E)-butenyl 4-diphosphate synthase  HDS  MEP Non-mevalonate pathway
|AT4G34350 | Isoprenoid diphosphate reductase ISPH MEP Non-mevalonate pathway
AT3G02780 Isopentenyl diphosphate isomerase 2 1PP2 ‘Mevalonate pathway
ATAG38460  Geranylgeranyl reductase GGR GGPPS )
AT2G23800 ' Geranylgeranyl pyrophosphate synthase 2 GGPS2 GGPPS

AT2G26170 MORE AUXILLARY BRANCHING 1 MAX1 Flavanoid pathway
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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, $OHase2 and ZEP are strongly up
regulated, while HDS, ISPF, DXS2 and CCD4 are strongly down regulated. Carotenoid genes
such as LCY 3, ZDS, PNPase, and ISPH are moderately up regulated, while MAXI, IPP2, ZISO,
PDS, CCD1, VDE, LCYe, LUTS, 30Hasel 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, LUTS, VDE, LCYf3,
LCYe, DXS2, LUT1 and CCD4 are strongly down regulated. Some carotenoid genes including
PNPase, DXR, GGPS1, 30OHase2 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 LCY[3 are strongly up regulated while most of the genes except 3OHase2 and LUT1 are
moderately up regulated. MAX1 however is moderately down regulated under the influence of
heat stress. The rest of the carotenoid genes show no real effect under the influence of heat stress,

(Figure 3.3 and Table 3.2).

During osmotic stress NCED3 and 30Hase! are strongly up regulated while LUT| and ISPE
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are strongly down regulated. Carotenoid genes such as PSY, ZEP, VDE, 30Hase2 and LCY(
are moderately up regulated while LUT5, GGPS1, DXS2. PNPase, DXR, LCY{3 and LCY€ 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
NCED?3 is strongly up regulated whereas MAXI1 is strongly down regulated. The rest of the
carotenoid genes show no effect during the exposure to salt stress. However when carotenoid
genes are placed under wounding stress all of the carotenoid genes except CCD4 and 30OHase2
show no effect under wounding stress. CCD4 and 3OHase2 are moderately down regulated,

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

drought, heat, osmotic, oxidative, salt and wounding.

Condition Expression
-
Up-reguiated Down-regulated Expression status
Cold NCED3, pfOHase2, | HDS. ISPF. CLAI/DXS2 | Strongly expressed
treatment and ZEP and CCD4
B-L.CY, 7ZDS, MAXIL, IPP2, Z-180), Moderately expressed
PNPase and ISPH | PDS. CCDI1 VDE. LCYe,
LUTS, pOHasel and PSY
Heat CCD4 and LCYP | No clear pattern Strongly expressed
treatment
Almost all genes MAXI Moderately expressed
except pOHase2
NCEDS & LUT!
Osmotic NCED3. & B LUTI & ISPE Strongly expressed
stress POHasel
PSY, ZEP, LUTS, VDE, E-LCY, Moderately expressed
pOHasc2 VDE, LCYB. DXS2, PNPase,
LCYe, DXR & GGPSI
Salt stress NCED3 MAXI Strongly expressed
Wounding N/A N/A Strongly expressed
pr—————
N/A CCD4 & BOHase2 Moderately expressed
Drought NCED3 PSY.LUTS. VDE, LCYg | Strongly expressed
stress LCYR. CLAL LUTI,
CcCD4
N/A PNPase. DXR. GGPS1, Moderately expressed
$OHase2, ESPE

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
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Figure 3.1: 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 map and their location in the respective clusters. Genes that are affected 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 atfected 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 map and their location in the respective clusters. Genes that are affected 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 profiles 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 affected in the same 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 points 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). OHase2, the gene responsible for converting (3 carotene to zeaxanthin via
cryptoxanthin shows a 2-3 fold change in expression during time points 0.5hrs-3hrs. Thereafter
a steep decline in fold change expression is observed and a fold change of less than 1 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 LCY 3 only shows an increase in fold change
expression after 12hrs and continues to increase as time of exposure increases. In root tissue
there is a completely different expression profile, only LCYe, LCY3 and ZDS shows a 2-fold
change in expression across time points. LUTS shows a constant insignificant 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).
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Expression fold change of Core Carotenoid Genes in Shoots at Different time Points under Drought stress
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Figure 3.5: Expression profiles of core carotenoid genes under drought stress. Six time points 24hrs, 12hrs, 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 bar 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 $OHase2 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 insignificant fold change at 3hrs as shown in Figure
3.6 (red bar graph). LCYe 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 1 for the rest of
the time points. The Lutein deficient gene LUTI again shows an insignificant fold change in
expression throughout the time points. The rest of the core carotenoid genes show a 1-fold change
in expression under cold stress as shown in Figure 3.6 (red bar graph). In root tissue, LCY3 and
LCYe show a 2-fold change in expression across time points. 3OHase2 shows a 7-fold change
in expression after 24 hrs. The rest of the genes show a 1-fold change in expression throughout

the time points as shown in Figure 3.6 (blue bar graph).
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Figure 3.6: Expression profiles of core carotenoid genes under cold stress. Six time points 24hrs, 12hrs, 6hrs,
3hrs, Thrs, 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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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 3OHase2 show
a 2-4 fold change in expression across time points. LCY 3 and LCY e show a 2-fold change in
expression from 12hrs onwards. At 24hrs 3OHasel and 3OHase2 show an insignificant fold
change in expression. The rest of the carotenoid genes show a 1-fold change in expression across
all time points as shown in Figure 3.7 (red bar graph). In root tissue LCY and LCYe show
a 2 or more fold change in expression across time points. ZDS shows a 2-fold change across
time points. 3OHase2 shows a 2-fold change in expression at 1, 3, 6 and 12 hrs. Thereafter a
fold change below 0.5 is observed for OHase2. 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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Figure 3.7: Expression profiles of core carotenoid genes under heat stress. Six time points 24hrs, 12hrs, 6hrs,
3hrs, thrs, 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.

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



3.1.3 Expression profiling of core carotenoid genes 55

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, 12hrs and 24hrs respectively. CRTISO
and 3OHase2 have a 2-fold change in expression at all time points except time points Thr and
12hrs, where an increase of 3-fold is observed. After 12hrs of exposure CRTISO has a 3-fold
change in expression and 3OHase2 has an insignificant fold change in the expression. The lutein
deficient gene LUT1 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 LCY3, LCYe€, PSY and ZDS has a 2
or more fold change in expression. At 0.5hrs-1hr the lowest fold change in expression is observed
and it increases at time point 3hrs. 3OHasel and 3OHase2 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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Figure 3.8: Expression profiles of core carotenoid genes under osmotic stress. Six time points 24hrs, 12hrs, 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 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.1, B.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. OHase2 shows a 2 and 3-fold change in
expression at 0.5hrs and 24hrs respectively. After 6hrs of exposure to oxidative stress OHase2
show a decrease in fold change, after 6 hrs- 12hrs an insignificant fold change prevails. LCYf3
and LCY e show a 2-3 fold change in expression after 12hrs and 24hrs of exposure to oxidative
stress. The lutein deficient gene remains insignificant throughout the time points except at time
point 12hrs where an increase in expression to the value of 2-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 1-fold across time points during
the exposure of oxidative stress, (Figure B.1, B.2, B.3 appendix B) (red bar graph). In root tissue
LCY3, LCYe and ZDS shows an increase in expression of 2 or more fold under oxidative stress.
PSY shows an increase of 2-fold after 12hr and 24hrs. fOHase2 shows an increase in expression
to the value of 2-fold after 24hrs, the rest of the core carotenoid genes show a 1-fold increase
across the time points and under the exposure of oxidative stress (Appendix figure B.lin, B.2,

B.3B) (blue bar graph).

A general trend indicates that CRTISO, ZDS and 30Hase2 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 B.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 ATTED-II. The list generated from
STRING does not share any genes with the lists from both ACT and ATTED-II. 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 ATTEDII 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 LCY 3 against the entire Arabidopsis thaliana
genome was plotted as shown by Figure 3.9. In the figure 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 LCY 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 x-axis and LCY is shown on the y-axis which represents LCY3. To show a
co-correlation of co-expressed genes, the Pearson correlation coefficient is taken into consid-
eration. The correlation coefficient ranges from -1 to 1, 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 coefficient of 0.7 and above. Therefore, the the
co-expressed genes show a strong positive correlation to PSY, 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.

< > PSY ]
' o e CLEY )
< [

Co-expressed
_drgenes |

PSY

~-1.0 . . 1.0

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

DXPS2(0.86)
DXR(0.85)
MCT(0.84)
MEK(0.83)

MECPS(0.82)
HDS(0.81)
HDR(0.88)

DMAPP+ PP

| <

GGPPS1(0.89)

GGPP+GGPP

CCD1(0.89)
ABA

Figure 3.10: 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
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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-

299799 LE I 2]

b k4
sponse to biotic and abiotic stimulus”, response to stress”, ’developmental processes”, “’trans

LA 3

port”,

33 %

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 3.11, 3.12 and 3.13
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Functional Categorization by annotation for : GO Biological Process

other metabolic processes: 31.157% ( raw vaiue = 105 )

other cellular processes; 29.08% ( raw value = 98 )

protein metabolism: 7.715% ( raw value = 26 )

response to abiotic or biotic stimulus: 7.122% ( raw value = 24 )
response to stress: 4.451% ( raw value = 15)

unknown biological processes: 4.451% ( raw value = 15)

cell organization and biogenesis. 4.451% ( raw value = 15 )
electron transport or energy pathways: 3.561% ( raw value = 12)
transpott: 2.967% ( raw value = 10)

developmental processes; 2.374% ( raw value = 8 )

other biological processes: 1.78% (rawvalue =6 )

signal transduction: 0.89% ( raw value = 3)

Figure 3.11: Pie chart representation of GO terms enriched for co-expressed genes in comparison to the entire

Arabidopsis thaliana genome under the category biological processes.

Functional Categorization by annotation for : GO Cellular Component

chlaroplast 27.934% ( raw value = 1589)

other intracellular components: 22.81% ( raw value = 138 )
other cytaplasmic componants: 18.512% ( raw vaius = 112)
plastid: 17.521% { raw value = 106 )

other membranes: 8.099% ( raw value = 48 )

extracellular; 1.853% ( raw value = 10 )

nucleus: 0.826% (rawvalue =6)

mitochandria: 0.8626% ( raw value =5 )

ribosome: 0.496% { raw value = 3)

cellwall 0.331% ( rawvalue = 2)

piasma membrane; 0.331% ( rawvalue=2)

other celiular components: 0.331% ( raw value =2)
cytosol: 0.165% (rawvalue = 1)

Golgi apparatus; 0.166% ( raw value = 1 )

Figure 3.12: 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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Functional Categorization by annotation for : GO Molecular Function

other enzyme activity: 23.881% ( raw value = 32 )
other binding: 15.672% { raw value = 21}

hydrolase activity: 14.178% { raw value = 18)
unknown malecular functions; 14.178% ( raw value = 19 )
DNA or RNA binding: 8.208% ( raw value = 11)
protein binding: 5.97% ( raw value =8)

nucleotide binding: 5.224% (raw value = 7 )
transferase activity. 2.985% (rawvalue =4 )

other molecular functions: 2.985% ( raw value =4)
kinase activity: 2.239% ( raw value = 3)

structural malecule activity; 2.239% ( raw value = 3)
transporter activity; 1.493% ( raw value = 2)
receptor binding or activity; 0.746% ( raw value = 1)

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

Arabidopsis thaliana genome under the category Molecular function.

3.3.2 Identification of TFBMs present in promoters of carotenoid genes

Significance 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 significance of motifs. Column two represents the motif name. Column
three and four represents the number of 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

carotenoid biosynthetic pathway.

From the enrichment analyses a definite pattern emerges namely, the GBOXLERBCS, ATHBI,
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 ATHB6, ABF’s, ATHB5SATCORE and ABRE show a 2 to 2.25 fold increase. The
rest of the transcription factor binding motifs have an increase of 1.2 to 1.7 fold increase in com-

parison to the A. thaliana genome.

capownaT NS
careaT (D
wye3 T
car-pox NGNS
LTRE
z-sox (N
AccaoxnrcLs I
ABREsike (NN
carc (NN
ACGTARREMOTIFAzosEM (N D
ATHDE (s i
LR e e ™
ATHBSATCORE EEET—m ey
CrEgE WEE WIE EIN mITE W
cATA BN SETEpee T T s e I T
GBF ¥/2/3 06 i A0H1 TN e
AGL2ATCONCGNGYS ([— T — ) — — ) p— Y
acarconesnsus I W NN INN TEE N
aps O INN WEN TN 0NV WmN e
coontenoos (N W NN TN " WEW NN e

0 0.3 1 1.3 2 2.9 3 3

Binding Motif

Figure 3.15: Enrichment analyses of miotifs bound in promoters of core carotenoid genes. Transcription factor
binding motifs for 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 F-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-

9% 9

scription”, ”positive regulation of transcription and translation” (Figure 3.18)
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Figure 3.16: List of identified motifs shared amongst carotenoid genes, and not identified in carotenoid genes
in any other plant TFBM database queried. Where column | contains the motit name, column2 contains the E-
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 | contains the motife number, 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 1 contains the motif name, column 2 contains the total number of GO tems predicted and column 3 contains

the top 5 GO terms predicted.

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



Chapter 4

Discussion

4.1 Identification of putative conditions affecting carotenoid

gene expression

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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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 profiles 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 profile 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 of carotenoid genes and their co-expressed genes.
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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 15-cis phytoene to all trans-lycopene (Lee et al., 2007). Its
expression is also seen as tissue specific as it is more highly expressed in shoots than in roots
according to Cazzonelli 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 defining 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 profiling 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 of core 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. (2011)
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 24hrs. 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-expression analyses

Three online web tools namely, STRING, ATTED-II and ACT were used to identify genes that
were co-expressed with known carotenoid genes. The core carotenoid genes AT5G17230 (PSY),
AT4G14210 (PDS), AT1G06820 (CRTISO), AT1G10230 (LCYf3),

AT4G25700 (BOHasel), AT5G52570 (3OHase2), AT1G31800 (LUTS), AT3G53130 (LUT1),
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 ATTED-II. The list from STRING however, does not share any genes with either
of the other two lists (ACT and ATTED-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 correlation 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
thaliana genome for expression (transcript levels) averaged across 400 stimuli conditions and
developmental stages making our study more robust than Meier et al., (2011) which only focused
on 320 stimuli. LCY[ 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
LCYf3 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 ez
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

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



4.2.2 Correlation analyses

76

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 ATHENA 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 Enrichment analyses

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, GATA, ABF’s) ABA (ABRE-like, ACGT ABRE
Motif A20SEM, Z-BOX, ABF’s) and were found to be development responsive. Other factors
include GA (GAREAT and GADONAT ) 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 findings from Meier et al., (2011), 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
finding 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 < 1) 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 10 motifs namely 1,10, 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 significant 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 cis elements and were found to be structurally similar but not
identical with an off set of 2-7bp to known motifs namely, IRF1, IRF2, TBFI, HAP2, NDT&O0,
FKH]1, SPT23, FOXF2, brZ3 and ct. This finding further suggests that these 4 motifs are novel
(Tanaka et al., 1993; Pozner et al., 2000; Noh et al., 2004; Lin et al., 2005; Hollingsworth, 2008;

Cui et al., 2009). The known motifs mentioned above are all involved in the transcription process
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Conclusion and future work

5.1 Research contributions and limitations

Throughout this thesis a number of topics were discussed and researched in chapter 1. 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 Expression profiling

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

81
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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. NCED?3 expression contributes to ABA biosynthesis and stress tolerance . Other
important up-regulated carotenoid genes include fOhase2 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 identified. 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
A20SEM, Z-BOX, ABF’s are involved in the ABA process. Other important factors include GA
(GAREAT and GADOWNAT), 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-
bidopsis 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 identified 10 motifs present in the UTRs of carotenoid genes. The associated E-value for

each motif is very low £ < 1 indicating that these motif predictions are highly accurate . Six
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of the 10 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 finding 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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Supplementary material for Chapter 2

Chapter Perl scripts

col.pl

#!/usr/bin/perl #
ifsssas i EE LT ITEREELLLSEETI LSS LRSS E S ESEL RS EEEEEEED S

#Author: Firdous Khan

#Christoffels lab

#South African National Bioinformatics Institute
#University van wes-kaapland

FHEEHE AR R A R R R A R R R R R
# #
#Generates a tab delimited file of microarray data signals and gene name #
FHERHHFHHHHBHEH SR A HA R A R HH R F R A A H R H SR A S AR F R RS S R R

$ o e e 3

use strict;
use warnings;

#check if a file input exit for sanity purposes

if (GARGV !=1)

{
print STDERR "perl column.pl <filename>\n";
exit (1) ;

}

#Assigns file to a variable
my $infile = SARGVI0];

#Assoclates a file handle to file and opens file
open (IF, $infile) || die "cannot open $infile:$!";

#Takes each line in file as and array
my @line = <IF>;

open (OF, ">signal.csv");

86
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#Closes files so that is can be accessed by other program
close IF;

#loops over each line in file

foreach my $line (@line)

{

#Removes the new line character at the end of each line
chomp $line;

#Slits each line into an array using tab meta-character
my @col = split(/\t/, $line);

#print the following lines by the indices

print OF $col[0]."\t".$col[1l]."\t".Scol[1l4]."\t"

LScol[18]."\t".Scol[22]."\t".Scol[26]."\t".Scol[30]."\t"
.5col[341."\t".S$col([38]."\t".5col[42]."\t".Scol[46]."\t"
.$col[50]."\t".Scol[54]."\t".5col[58]."\t".Scol[62]

JANET L Scol [66]1."\E" . Scol [70]."\t".$col[74]."\t".Scol[78]
AL 5col (82 "\t . Scol[86])."\t".5col [90]."\t"
.Scol[94]."\t".5col[98])."\t".$col[102]."\t".Scol[106]."\t"."\n";

close OF;

ave.pl

#!/usr/bin/perl #
ias s E AT ELSITETTIL SIS LIZT LS EES SIS SIS EE SR
#

#Author: Firdous Khan

#Christoffels lab

#South African National Bioinformatics Institute
#University van wes-kaapland

FHEH A H AR R A A R A R R R R S 8
# #
#Generates a tab delimited file of microarray data signals and gene name #
FHAH A A AR A AR R A A A A A A 4
use strict;

use warnings;

e

#check if a file input exit for sanity purposes
if (GARGV !'=1)
{
print STDERR "perl ave.pl <filename>\n";
exit (1);
}

#Assigns file to a variable
my $infile = $ARGVI[0];

#Assoclates a file handle to file and opens file
open (IF, $infile) || die "cannot open $infile:$!'";
open (OF, ">signal.csv");

#loops over each line in file
while (<IF>) {
my $line = $_;
#print "....S$line....\n";

#Remones the new line character at the end of each line

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



Supplementary material for Chapter 2

chomp $line;

#Splits each line into an array using tab meta-character

my Qcol = split(/\t/, $line);
next unless ($col[2] ="/AT/);
#print the following lines by the indices

#prints gene name
my Sgname = ($col[2]);

#ave replicates for shoots 0.5h
my $ave_sh_0_5 = ($colll ]+$col[ ])/
my $pval_sh_0_5 = ($col[l6]+Scol([20])
#ave replicates for roots 0.5h
my Save_rt_0_5 = ($col[22]+5col[26])/
my Spval_rt_0_5 = ($col[24]+Scol[28])

2;
/2;
2;
/2;

#ave replicates for shoots 1h
my Save_sh_1 = ($col[30]+S%col([34])/
my Spval_sh_1 = ($col[32]+Scol[36])
#ave replicates for roots 1lh

23
I

my S$ave_rt_1 = ($col[38]1+Scol[42]))/2;
my $pval_rt_1 = ($5col[40]1+Scol[44]))/2;
#ave replicates for shoots 3h

my $ave_sh_3 = ($Scol[46]+Scol[50])/2;
my S$pval_sh_3 = ($col[48)1+Scol(52])/2;
#ave replicates for roots 3h

my Save_rt_3 = ($col[5 ]+$col[58])/2
my $pval_rt_3 = ($col[56]+Scol[60]))/2;
#ave replicates for shoots 6h

my Save_sh_6 = (Scol[6 ]+$col[66] / A
my S$pval_sh_6 = (Scol[64]+Scol[68])/2;
#ave replicates for roots 6h

my S$ave_rt_6 = ($col{70]1+Scol([74])/2;
my S$pval_rt_6 = (Scol[72]+Scol[76])/2;

#ave replicates for shoots 12h
my $ave_sh_12 = ($col[78]+Scol[8 ])
my Spval_sh_12 = (Scol[80]+Scol[84)
#ave replicates for roots 12h

/2
)/

I

my $ave_rt_12 = ($col[86]1+5co0l[901)/2;
my S$pval_rt_12 = ($col[88]1+5¢c0l[92)]))/2;
#ave replicates for shoots 24h

my $Save_sh_24 = ($col[94]}+Scol[9 ])/2;
my Spval_sh_24 = ($c0l[96]1+S$Scol[100]1)/2;

#ave replicates for roots 24h
my Save_rt_24 = ($co0l[102)+S$col[106])/
1)

2;
my Spval_rt_24 = ($col[104]+5c0l[108])/2;

print OF S$gname."\t". $ave_sh_0_5."\t".$pval_sh_0_5.
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Save_rt_0_5."\t". Spval_rt_0_5."\t". $Save_sh_1."\t"
Spval_sh_1."\t". Save_rt_1."\t".$pval_rt_1."\t".
Save_sh_3."\t". Spval_sh_3."\t". Save_rt_3."\t"
.Spval_rt_3."\t". Save_sh_6."\t". S$pval_sh_6."\t".
Save_rt_6."\t". Spval_rt_6."\t". Save_sh_12."\t"
.Spval_sh_12."\t". Save_rt_12."\t". S$pval_rt_12."\t"
Save_sh_24."\t". Spval_sh_24."\t"
.Save_rt_24."\t". S$pval_rt_24."\n";
1

close OF;

extract.pl

#!/usr/bin/perl #
FHAA AR AR AR AR R A A SR R R R R R i
#

#Author: Firdous Khan

#Christoffels lab

#South African National Bioinformatics Institute

#University van wes-kaapland

FEE R R A A B R AR R AR AR A R S S
# #
# Generates a tab delimited file of mean signals in roots and shoots #
# for coex genes #
FHAR AR R H AR A A R H R R AR A R S R

H Sk Sk 3 3

##reading in file and removing the "".

##also sending it to a new file called coex id

cat new_genes.csv | sed 's/"//g’ > coex.id.txt

### Reads in the coex.id.txt file and searches the carvl db in cold
###table for all ids in the coex.id.txt file

./mysglfetch.sh coex.id.txt cold carvl > coex_cold.txt

###takes the output file and oonly select lines starting with "AT" and
###places it in a new file called coex_cold.?2

grep AT’ coex_cold.txt > coex_cold.2.txt

####the same can be done for all stimuli

R script

Fold_change.r

FREFFRRARRER RS S HH R EEEFFF R R F R R AR SHSESS RS RS SS 4

#Author: Firdous Khan #
#Christoffels lab #
#South African National Bioinformatics Institute #
#University van wes-kaapland #

SRRt Rt R RS EETEEEE TR LR
FRFFEAAEAAHERRAEAR SRR H SRR

# #
# Plots the Fold change bar graphs #
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# #
BRI

##converting csv-txt and removing unnecessary delimiters

sed 's/"//g’ firdous_foldchange_cold_shoots.csv > firdous_foldchange_cold_shoots.txt
rm firdous_cold_time_shoots.csv

library(lattice)

7getwd

getwd ()

input=read.table(file=file.choose (), header=T, sep="\t")
/home/firdous/firdous_R_plots_work/firdous_foldchange_cold_shoots.txt

attach (input)

barchart (Gene.Name ~ FC | Time, data=input, col = "blue",
main="Expression of Core Carotencoid Genes under Cold
Stress at different time points", ylab="Carotenoid Gene",
xlab="FC")

barchart (FC ~ Gene.Name | Time, data=input, col="red", horizontal=FALSE,
scales=list (x=list (rot=90)), main="Expression fold change of Core
Carotencid Genes in shoots at different time points under Cold stress

", xlab="Carotenoid Gene", ylab="EC")

barchart (FC ~ Gene.Name | Time, data=input, col="blue",
horizontal=FALSE, scales=list(x=list(rot=90)), main="Expression fold
change of Core Carotenoid Genes in roots at different time points
under Cold stress ", xlab="Carotenoid Gene", ylab="FC")

barchart (Gene.Name 7 FC | Time, data=input, col="purple", layout
=c(6,1), main="Expression of Core Carotenoid Genes under Cold Stress
at Different Time points", ylab="Gene", xlab="FC")

barchart (FC ~ Gene.Name | Time, data=input, col="green",

horizontal=FALSE, scales=list (x=list (rot=90)), layout=c(1l,6),

main="Expression fold change of Core Carotenoid Genes under Cold

Stress at different Time points in shoots"™, xlab="Carotenoid Gene", ylab="FC")

barchart (Gene.Name ~ Expression | Time, data=input, col="purple",
layout =c(6,1), main="Expression of Core Carotenocid Genes under Cold
Stress at Different Time points", ylab="Gene", xlab="FC")

rm(input)

FH A A R R R R R AR 4 H
#

#Author: Firdous Khan

#Christoffels lab

#South African National Bioinformatics Institute
#University van wes-kaapland

FHAAA AR AR RS R R R B R R R R R

S o 3 o
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BREHHAHHHHFFH AR AR AR R R R R R R S

# #
# Plots the Fold change bar graphs #
# #

HHEH AR AR H SR H A AR R A

##converting csv-txt and removing unnecessary delimiters

####Shoots
sed "s/"//g’" firdous_foldchange_cold_shoots.csv > firdous_foldchange_cold_shoots.txt

sed "s/,/\t/g’ firdous_foldchange_cold_shoots.txt > firdous_foldchange_cold_shoots

###4Roots
sed "s/"//g’ firdous_foldchange_cold_roots.csv > firdous_foldchange_cold _roots.txt

sed "s/,/\t/g’ firdous_foldchange cold roots.txt » firdous foldchange_cold_roots

##Initialize R
R

library (lattice)

### Make sure you are in the directory where the files are ##

input=read.table(file=file.choose (), header=T, sep="\t")

##file name shoots

firdous_foldchange_cold_shoots

###file name roots
firdous_foldchange_cold_roots
/home/firdous/firdous_R_plots_work/

attach (input)

### Plotting the graph for shoots
barchart (FC ~ Gene.Name | Time, data=input, col="red",
horizontal=FALSE, scales=list (x=list(rot=90)), main="Expression fold

change of Core Carotenoid Genes in shoots at different time points
under Cold stress ", xlab="Carotenoid Gene", ylab="Fold Change")

### Plotting the graph for roots
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barchart (FC = Gene.Name | Time, data=input, col="blue",
horizontal=FALSE, scales=list (x=1list(rot=90)), main="Expression fold
change of Core Carotenoid Genes in roots at different time points
under Cold stress ", xlab="Carotenoid Gene", ylab="Fold Change")

rm(input)

promoter content analyses
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Table A.1: Predicted TFBMs present amongst the carotenoid gene list in comparison to the entire A.
thaliana genome. Abbreviations used in the table are as follows%PBS-percentage of promoters bound
in the subset, # of GS-number of genes present in subset with bound promoters, %PBG- percentage of
promoters bound in the genome, #GG-number of genes in genome with bound promoter.

Motif Name % PBS #of GS % PRG #GG p-value

MY B4 hinding site motit’ T9% 23 73%: 21988 0.302

TATA-box Matif FALE 22 By 24133 0.8

GAREAT 63% 19 9% 17796 0.3t

W-box promoter notif 63% 19 68T 20552 0.707

MYBIAT 637 19 79% 24041 .98

CARGCWSEGAT 584 17 64% 19288 0.794

Thox promater motif 340 13 43% 13187 0.529

BoxIl promoter motif’ 414 12 47% 14399 0312

ABRE-like hinding site motif’ 4% 12 244 7326 0032

AtMYC2 BS inRD22 34% 10 0% 12278 0K

ACGTABREMOTIFA20SEM REVS 10 174, 3199 0019

MYCATERDI M 10 A 12278 0811

ARF hindiny site motit’ 4% 10 414 122347 0.817

MYB2AT 3% 9 330 9978 0.664

CCAL binding sitc motil KN 9 K 97177 0.635

MY B binding sitc promoter 3% 9 KEY A 10009 0.68

DRE core motif RAL:2 9 254 7742 0.32

T-box promoter motif 274 8 37% 17350 0.999

SV40 core promoter motil 244, 7 2% 6734 0.491

CACGTGMOTIF 20%: 6 18% 5513 0.444

ATHB2 binding site motif V7% 5 15%: 4 0457

GADOWNAT b7 5 104 0.191

MYBILEPR 3% 4 21% 0.892

ABRE hinding site motif 137 4 St 0.073

L [-box promoter motil 13% 4 0.86

RAVI-B binding site motif 13% 4 1).563

Hexamer promoter motif’ 13% 4 0.39

CArG promoter motif 10% 3 0492

AtMYB2 BS in RD22 10 3 0.825

LTRE promoter motif L0224 3 0.274

GBOXLERBCS 105 3 0.058

LEAFYATAG 0% 3 378 0715

Gap-hox Motif 10 3 3985 0.758

ABFs binding site motit 10% 3 1152 0.098

ABREATRD22 L3 2 895 0.213

GBF1/2/3 BS in ADH1 [ 2 351 0098

MY B3 binding sitc motil’ (3 2 2086 0.607

DREB1A/CBF3 6 2 2619 0.732

TELO-box promoter motil’ k1 1 3379 0968

ATHBSATCORE 3% 1 1289 0.719

GCC-box promoter mxtif 3 1 2224 0.392

AGATCONSENSUS 34 1 1% 4835 0.376

TGA1 binding site motif 3% I 3% 1117 0.666

ACE promoter motif 3% L 07 44 004t

ATHBI binding site molit 3 1 24, 885 579

AGCBOXNPGLB 3 1 2 758 (1523

MY Bt binding site motit 3% 1 7% 2197 (1.889

Z-box promoter motif k3 1 3% 1047 1,642

RY-repeat promoter moul RS 1 4% 1474 1767

ATHB6 binding site molif’ k¥ 1 5% 1622 0.799

UPRMOTIFIAT 3% 1 3 1117 01666
UTR.pl
#!/usr/bin/perl 4
R AR A R AR R

#

#Author: Firdous Khan #
#Christoffels lab #
#South African National Bioinformatics Institute #
#University van wes-kaapland #
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FEHFHES R A H AR RS AR A AR R AR R A R R A R
# #
#Generates a tab delimited file of microarray data signals and gene name #
FHAR AR AR R R AR A A R R S H AR R R R R S

use strict;
use warnings;

open (IN, "SARGV[0]");
open (OUT, ">", "SARGV[Q]_out"):;

LINE:

while (<IN>) {
my $line = $_;
chemp ($line);

if ($line =" /7 (\>)/) {
print OUT $line.’_5UTR’."\n";
next LINE;

}

else {
$line =7 s/7(.{2000})//;
print OUT $line.”"\n";

mean_1.pl

#!/usr/bin/perl #
FRAR R R R R A R R R R R b 4 4
# #

#Author: Firdous Khan

#Christoffels lab

#South African National Bioinformatics Institute
#University van wes-kaapland

FH A S R R R R 4
# #
#Generates a tab delimited file of mean signals and spot id and probename #
stz R 2R SRR SIS EEEEEEEEEE TS
use strict;

use warnings;

B

#Absolute path of infile2
my $infile2 = "/home/user/signal.csv";

open (IF2, $infil2) ||
open (OF2, ">mean.csv");
my @line2 = <IF2>;
foreach my $1ine2(@line2)
{

die "cannot open $infile2:$!";
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#Remones the new line character at the end of each line
chomp $linez;

#Slits each line into an array using tab meta-character
my @col2 = split(/\t/, $linel);

my $spotid = shift@col2;

my $probename = shift@col2;

my $len =scalar@col2;

my S$total = 0;

while (my $num = shift@col2)

{

Stotal += $num ;

}

my S$mean = S$Stotal/S$len;

print OF2 $spotid."\t".$probename."\t".Smean."\n";

}

close QF2

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



Appendix B

Supplementary material for Chapter 3

Fold change graphs

96

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



Supplementary material for Chapter 3

97

Expression foid change of Core Carotenoid Genes in Shoots at Different ime Points under Oxidative stress
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Figure B.I: Expression profiles of core carotenoid genes under oxidative stress. Six time points 24hrs, 12hrs,
6hrs, 3hrs, Thrs, 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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Expression foki change of Core Carotenoid Genes in Shoots at Different time Points under Sait stress
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Figure B.2: Expression profiles of core carotenoid genes under salt stress. Six time points 24hrs, 12hrs, 6hrs,
3hrs, 1hrs, 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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Expression fold change of Core Carotenoid Genes in Shoots at Different time Points under Wounding stress
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Figure B.3: Expression profiles of core carotenoid genes under wounding stress. Six time points 24hrs, 12hrs,
6hrs, 3hrs, Thrs, 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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Figure B.4: Venn diagrams of LUT1, LUTS5 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 1 (dark blue) co-expressed genes produced by STRING. Overlapping of circle show the

number of genes shared between

respective lists.
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list1 list2 list1 list2
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Figure B.5: Venn diagrams of $OHasel, fOHase2, CRTISO, ZDS 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 | (dark blue) co-expressed genes produced by STRING.
Overlapping of circle show the number of genes shared between respective lists.

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



Supplementary material for Chapter 3 102
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Figure B.6: Venn diagrams of LCYe, LCY3, 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 1 (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

Probe Set GeneID  Annotation
262410_at AT2G04039 expressed protein
262645 at AT1G62750 elongation factor Tu family protein similar to elongation factor G SE:FZ4211 [61
261488_at ATIGI4345 exp
RTIG16350 uridylyltransferase-related
removing enzymei (UTas2) :SP;QOACS3: [Caulobactar crescentus)

2 photosystem IT reaction c2rter PskP family protein contains Pfam protile PFGLITES: Pskp
expressed proteir

cine max (Sovbean:]

ssed protein contains one transmembrane domain
milar to (Protein-PIT) uridylyltransferace (PIT uridylyl- transferass

251789
265073 _at
263676_at ATIGC expressed proteir

245877_at ATIG26220 GCNS-related M-acetvltransferase (GNAT) family rrotein low similarity to SPIPO9453

Rib Jltransferase (EC 2.3.1.128) (Escherichia coli};

\ contains Pfam profile PFU0583: acstyltransferase, GNAT family

259625_at AT1642970 glyceraldehyde-3-phosphate dehydrogenase B, chloroplast (GRPB) / NADP-dependent
glyceraldehydephosphate dehydrogenase subunit B identical to SP{P25257

Glyceraldehyde 3-phosphate dehvdregenase B, chloroplast pracursor (EC 1.2.1.13)

(NADP-dependent zlyvceraldehydephosphate dehydrogenase subunit B) farabidopsis thaliana)

252283_at AT4G240G90 expressed protein

262418_at ATIGS0220 thioredoxin x n=arly identical to thioradowin x 5B:AAF1E95Z GI1:653961¢ trom (Arabidepsis thaliana)
262954 at ATIGE4900 rubrsdoxin family protein cimilar to ZPIP(U27C Rubredoxin {Rd! {Desulfovibrio g179as); contains Bfam
profile PEOOR Eubradoxin

262483 _at ATIGL220 translation initiartion factor IF-2, chloroplast, putative
Translation initiation factor IF-2, chloroplast precursor (PvIFZcp) {Phaseolus
249007 _at ATSG44650 expressed protein

257311 _at AT3G26%70 phocphate transporter family protein contains Pfam profile: PF01384 phosphate transporter family
245701 _at AT5G04140 glutamate synthase (GLUL) / ferredoxin-dependsnt glutamate synthase (Fd-GOGAT 1} identical

to ferredoxin-dependsnt glutamate synthase precursor (Arabidopsis thaliana) GI:3869251

255540_at AT4GO1800 preprotein tranzlocase sech subunit, putat similar to preprotein translocase sech subunit,
chloroplast [precursor] SP:Q98¥10 from [Arabidopsis thaliana); non-consensus GA donor splice site at exon 4

264394_at ATIG11860 aminomethyltransferase, putative similar to aminomethyltransferase, mitochondrial precursor SP:049949
from [Flaveria anomala

245806_at. AT1G45474 chlorophyll 2-B binding protein, putative (LHCAS) 1dentical to L

mal-protein-alanine ac

milar to SEIPLTIUTIIF2C_]

vulgaris)

SAVU

5 protein [Arabidopsis thaliana

51:4741942; contains Pfam profile: PEGOS04 chiorophyll A-8 binding protein; similar to light-harvesting
complex protein G1:22752 from [Pinua sylveatris
262377_at ATIGT3LID ribulose bisphosphate carbo se/0xy7enase Aclivass, putative / Ku 0 activ

putative similar to ribulose bischosphate

sarboxyvlasesoxyaenase activase,
chloroplast precursor (RuBisCO activase, BA) [Oryza sativai SWISS-PROT:P923§11
263761 _at AT2G21230 fructose-bisphosphate aldolase, putative strong similarity to plasticdic
fructose-bisphosphate aldolase (EC 4.1.2.13) from Nicotiana paniculata

(NPALDP1) [GI:45272511, Oryza sativa, PIR2:T02057 [SP[Q40677
247816_at ATHGH82G0 expressed protein
249120_at AT5G43750 expressed protein
261788 _at ATIGI5980 expressed protein
258025 at AT3G19480 D-3-phosphoglycerate de
from [Arabidopsis thaliana)

AT3I513490 sodium hvdrogen antiporter, putative similar tg Nhal
it 728 1db1IPAAZ5994; Kat H+ aniporter (NhaDd family member, PMID:1]13CC5
55803_at AT4G10300 expresssd protein
62362_at ATIGTING0D expressed protein

milay to CP:003130

rdrogenase, putative ¢ 3-PGPH, putative

bric parahaemolyticus!]
5

© v a

ATIG73070 leucine-rich repeat family protein contains leucins rich-repeat (LRR) domaing
Pfam:PFO0560, INTERPRO:IPROOLS11; contains similarity to receptor-like protein
kinase INRPK1 [Ipomoea nil] 9i}1d495542|gblAABaS5S
250073 _at AT5G17170 rubredoxin family protein contains Bfam profile PF00201: Rubredosin
259098_at AT3GUA790 ribose 5-phosphate isomerase-related similar to ribose S-phosphate
isomerase GI:18654317 from [Spinacia cleracea)
264584_at AT1G05140 membrane-associatad zinc metalloprotease, putative similar
to Hypothetical zinc metalloproteass all3971 ((SP:Q8YQ64) [ctrain PCC, 7120
{Apabaena cp.!; Zimilar to Synechocystis hypothetical protein (qb|DACH08);
contains Pfam PFCOS95: PRZ domain (Alsc known as DHE or GLGF); coptains
TIGRFAM TISRO005: membrane-assscciated zinc metalloprotsass, putative
250531 _at AT5308650 GTP-binding protein Lepd, putative
249875 _at ATEGRILZ0 photosystem 11 stability/assembly factor, chloroplast (HCF136) identical to
SPiOSZEE0 Photosystem II stabilitysassembly factor HCFL3G, chiocroplast
precursor [Arabidopsis thalianat
260704_at ATL1G32470 glveine
to SPIP2ESES Glycine cleavage system H protein 1, mitochondrial
precursor {Arabidopsis thalianal; contains Pfam profile PFOL597: Glycine
cleavage H-protein

‘leavage aystem H protein, mitochondrial, putative similar

261053_at AT1G01320 tetratricopeptids repeat (TPK)-containing protein low similarity to
SPIP46825 Kinesin light chain (KLC! {Loligo pealeii}; contains

pfam protile PFO0S515: IPR Domain

255719_at ATIG32080 membrans protein, putative contains 12 transmembrans domains; cimilar to yohK (6I:405872) [Escherichia coiil
265415_at ATIG20£90 sxpressed protein

258755_at AT3G11950 Ubia prenyltransferace family protein contains Pfam profile PFO1040: Ubia pr
256076_at AT13:8060 expressed protsin

251885_at AT3G54050 fructose-l,6-bisphosphatase, putative / D-fructose-l,G-bisphosphate
l-phosphohydrolase, putative / FBPase, putative strong similarity to

fructose-l, 6-bisphosphatase [Brassica napus] $1:289367; identical to

SP|P25851 Fructose-1,6-bisphosphatase, chloroplast precursor {(EC 3.1.3.10

(D-Eructose-1, 6-bisphosphate l-phosphohydrolase) (FBPase

(arabidopsis thaliana); contains Pfam profile PF00316: fructose-1,6-bisphosphatase

259140_at AT3G10230 lycopene beta cyclase (LYC) identical to lycopene beta cyclase
$I:1399182)6B:ARBG3337 [Arabidopsis thaliana

267430_at AT2G34860 chaperone protein dnad-related contains Pfam PFO
DnaJ central domain {4 repeatsl; similar to Chaperone protein

dnad {Heat chock protein 40 {SP:C9UXR9! ({Methanosarcina thermophilal

264442 at ATIGI7480 lecithin:cholesterol acyltransferase family protein / LACT family protein

similar to LCAT: like lysophospholipase (LLPL) Homo sapiens’ 51:4589720

contains Ffam profils FFO2450: Lecithin:cholesterol acyltransferass

iphosphatidylcholine-sterol acyltransterase

251118 _at AT}G63410 chloroplast inner #nvelope membrane protein, putative [APGl) similar

to SPiP23525 37 kDa inner envelope membrane protein, chloroplast

precursor [E37) {Spinacia oleracea}; contains Pfam profile PFOL20%

ransferase, UbiE/COQS family

256049 at AT1G07010 calcineurin-like phosphoesterase family protein contains Pfam profile: PFOG149 calcineurin-like phoscphossterase
259981 _at ATIG76450 onygen—evolving complex-related SP:Q9S720; contains a FsbP domain

249247_at ATS5342310 pentatricopeptide (PPR) repeat-containing protein contains Pfam profile PFOI535: PPR rspeat

245354_at AT4G17600 1i13 protein identical to Lil? protein [(Arabidopsis thalianal ai!4?4136617hiAsD23780

ATSG02C50 enpressed protein predicted protsin, arabidog
ATI361870 e
ATIGA4770 &
ATIGT4720 expr

~ransferace family

thaliana

5860

ed protein hypotherical protein - Synecho
d pretain
ssad protein

PCC 63C3), PIR

i3 sp.
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267247 _at ATIG30170 expressed protein

243449 at ATSG51110 expressed

281 at AT3GS5010 svpressed protein

256088 at ATIG20810 immunophilin / FKBP-tvpe peptidyl-prolyl cis-trans isomerases family
protein identical to Probable FEEP-type peptidyl-prolyl cis-tra
chloroplast precursor (Ppiase) (Rotamase) (SP:Q9LM71) (Arabidops
to SPIP2SL38 FKS06-binding protein (Peptidyl-prolyl cis-tran
(PP1ase) (EC 5.2.1.8) (Rotamase; {Neisseria meningitidis}; contains Pfam

PFO0254: peptidyl-prolyl cia-trana isomerase, FKRP-type

257172_at AT3G23700 £1 RNA-binding demain-containina protein contains Pfam domain, PFO0575
51 ENA binding domain
24%242_at ATS5G53580 aldo/k
aldo/keto reduc
251742_at AT3G55800 sedoheptulose-1,T-bisphosphatase, chloroplast ¢ sedoheptuloas-
bisphosphatase identical to SPiP46282 Sedoheptulose-l,7-bisphocphatase

chloroplast precursor (EC 2.1.2.37) :Zedoheptulose-bisphosphatase

{SBPASE) (GED (1, ")P2ASE) {Arabidopsis thalianal

protein

izomera:

to reducta, oxidoreductase,

family protein contains Pfam profilec PF0024

ase family

S0668 at ATS607020 proline-rich family protein

45118 _at AT2641680 thioredoxin reductass, putative . NADPH deperdent thicredos

last 2 exons encede thior There is an ELT

5-7, and the distar : . 8 only 90bp. it
g hybrid pro

putative The

match to
unlikely t =
233%49_at ATIGIR080C expressed pretein
235088 at AT4302350 DNAJ heat sheck N-terminal domain-containy
PIQ45562 Chaperone protein dnad {Bacillus stearsthermophilus);
Pfam profile PFO0226: DraJ domain

253387_at AT4G33010 glycina dehydrogsnase [de
putative ¢ gl

two

g protein similar to

cntaing

ine decarbo:

rboxylatingl, putative / aly
tem P-protein, putative strong similarity tc
SPIP49161 Glycine dehydrogenase [decarboxylating] A, mitochondrial precurser
(EC 1.4.4.203 averia pringlsi}; contains Pfam profile PEO2347:

Glycine cieavage system P-protsin

sine cle

ags

250256 at ATSGL13650 elongation factor family protein contain
zlongation factor Tu GTP binding domain, PFO0679 elongation
tactor i C-terminus, PF03144 elongation factor Tu domain 2
256015, at AT1G19150 chlorophyll A-B bindina protein, putative / LHCI type II, putative

wery strong similarity to PSI typs II chlorophyll a/b-hindina protein

TheaZsa) GT1:541565 from [Arabidopsis thalianal; contains Bfam profile:

PF00504 chlovophvll A-B hinding protein

262104_at RTIGO2910 tetratricopeptide rapeat (TPR)-containing protzin contains Pfam

protile PFOGLL5: TPR Domain

253139_at AT4G35450 ankyrin repeat family protein / AFT protein (AET) contains ankyrin
Pfam:PFO00Z3; identical to cDNA AFT protein (AFT} GI:3478G69¢

255720_at ATIG22060 phosphoribulokinase (PKK) / phosphopentokinase nearly idzntical to SP|P256%7
Phosphoribulokinase, chloroplast precurser (EC 2.7.1.19)

{Phosphepentokinase) [(PRKASE) (PRE) {arabidopsis thaliana)

258495 at AT3G02690 integral
{voae

Pfam pratiles: PFOO0Q0S

repeat

embrane family protein similar to PecM protein
»11a indigofera) and PecM protein (SP:P421684% [Erwinia chrysanthemi]
2476949_at ATSGS9750 riboflavin bicsynthesin protein, putar similar e SFPS09SS
Eiboflavain bissyn protein riba [Includes: GTP oyelohvdrolass 12

{EC 2.5.4.25); 3, d-dihydrosy-2-butancne d-phosphate syt -« {DHBP syntha
{Act bac SUICPLEIMS 3 centains Pfam profiles PEQOAZS:
5TP cyclohydiclase 11, PFC0926: 3, i-dihydroe anons 4 phosphate
262142 at AT1G65230 expressed protein

261422 at ATIGLS730 expressed protein

247700 _at ATSGS9250 cugar transporter family protein similar to C
Lactobaciblus brevis GI:229535€, suqar-porter family protein 2
(Aracidopsis thalianal GI1:14585701; centains Pfam profile
PFOGGE3: major facilitator superfamily protein

237299 _at ATSG64290 oxcglutarate malate translocator, putative aimilar to SWIS
41364 2-oxoqlutaratesmalate translocator, chloroplast

precursor. [Spinach]{Spinacia oleracea}

248962 _at AT5G45680 FKS06-binding protein | (FKBP13}) identical to Probable FERP—typs peptidyl
-prolyl cis-trans isomerase 3, chloroplast precursor (Ppiase} (Rotamase

(5P:Q98CY2) / FK506 binding protein 1 (GI1:21535744) [(Arabidopsis thalianal;

contains Pfam PFO0Z54: peptidyl-prolyl cis-trans isomerase, FEBRP-Lypa

251157 _at AT3G63140 mRNA-binding protein, putative similar te mENA binding protein

o1 1GI:26453355) [Lycoperaicon asculentum]

6 _at AT4GOY650 ATP synthase delta chain, chloroplast, putative Hi+) -transporting

ctor ATPase, delta ([OSCP) subunit, putative similar

PIP32%980 ATP synthase delta chain, chloroplast precursor

3.6.3.14) (Nicotiana tabacum}; contains Pfam protile PFOG213: ATP

swnthase Fl, delta subunit

473 _at RTIG50250 cell division protein ftesH homolog 1, chloroplast (FTSH.) (FTSH) identical
39102 Cell division protsin ftsH homolog 1, chloroplast

precurscr (EC 2,4.24.-) [Arabidopsis thaliana)

25320%_at AT4G34220 expressed protein

25C€13_at ATSG07240 calmodulin-binding family protein contains Pfam profile PFOO6IZ: IQ
rhomboid family protsin contains PFAM domain PFGL5%4, Rhomboid fami
246716 _at expressed protein othetical protein o
249524_at ATSG38520 hydrolass, alpha‘beta f family prorein lew similarity
{Terrabacter sp. DBFS3] GI:14195240; contains Pfam profile PEUOSE]:
nydrolase, alphasbeta fold family

ZE120A_at ATIGL2800 ¢1 RNA-binding doemain-containina protein contains Pfam domain, BEC
256542 _at AT1G42E550 expressed protein

se-H+ symporter from

precur
25504

I

r1702 - Synechoc
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