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1.1. INTRODUCTION

Plants are autotrophs; they synthesize complexcutde by reducing carbon, nitrogen and
sulphur from simple molecules, and have also evbtissues that specialize in production,

utilization and storage of their product.

In plants, sucrose (glucose + fructose) is the magmslocatable product of photosynthesis
and is simultaneously a source of carbon skeletdreaergy for plant organs unable to
photosynthesize. The selection of sucrose as arrmajesport sugar in plants has been related to its
metabolically inactive nature (i.e. it's non-recug) thereby making it a perfect compound for long
distance transport or long-term storage withoutpttadblem of metabolism easily encountered with
glucose (Sauer, 2007). Sucrose is synthesizedebgdtion of sucrose 6-phosphate synthase (SPS;
EC 2.3.1.14) which transfers the glucosyl moiepyrfrUDP-glucose to fructose-6-phosphate to
produce sucrose-6-phosphate which is in turn degitwglated by a sucrose-6-phosphate
phosphatase (SPP; EC 3.1.3.00) yielding sucroigedal product.

Plant organs are generally divided into two categor‘sources and sinks”. A source organ
such as mature green leaves export photoassimigitée sink organs such as roots and flowers
import photoassimilates. In plants, phloem tissalEsv long-distance transport of photoassimilates
from source to sink (Sauer, 2007). In sink tisssasrose may be used directly for metabolism or

may be temporarily stored for use at a later stddgke plant's development.

In plants, sucrose is transported actively ovema ldistance in the phloem sap and this
flow occurs in a specialized network of cells cdltee sieve elements. Sieve elements lose their
nucleus and many organelles during differentiatimrt,stay connected to companion cells (cells
with high metabolic activity). Sieve elements ankéd together to form sieve tubes that offer very
little resistance to sap flow (Lemoine, 2000). lngihcrop plants the sieve element/companion cell
complex (SE-CC) is symplasmically isolated from skerounding cells (Gottwarld, et a2000).

The high solute concentration in phloem sap (uerase, amino acid and ions among other
compounds) and high osmotic pressure (30 bars;x118 Pa) of the sieve element/ companion
cell complex compared to mesophyll cells (13 bar$3 x 18 Pa), has led to the concept of phloem
loading (Lemoine, 2000).

According to this idea, the high osmotic pressarhe sieve element/companion cell
complex is due to an active loading of solute (dyasmcrose) in those cells. Conversely, this idea

may not be general, because in some species, ute soincentration difference exists between the



sieve element/companion cell complex and the sadimg cells (Lalonde et al., 2003).

Furthermore, the relatively low viscosity of suaasay also allow its high translocation rate.

The movement of sap in the phloem occurs througssrfiaw, driven by the movement of
sucrose and water from the sieve tubes in the samgan to the sieve tubes in the sink organs, and
this flow is maintained by the continuous unloadifigucrose and water (Lalonde et al., 2003).
Transmembrane transport events are, therefore rtergdor the control of long distance transport
of assimilates.

Active accumulation of sucrose in the sieve tuleegiires the presence of sucrose
transporters to drive it, pointing to the importartd a carrier system for the translocation of &su
from source to sink organs (Figure 1.1). Plasma brane sucrose transporters allow the cells to
fulfill part of their nutritive requirements, anddy indirectly participate in the control of long
distance transport and in the control of gene esgioa via the metabolic status of the cell.

The first sucrose carrier system that was spefdfisucrose and responsible for its entry
into the phloem was postulated in late 1970 (PaQirQ; Giaquinta, 1983). The energy for this
transport is derived from proton gradient estaklishy an F¥ ATPase located in the plasma
membrane. Unequivocal evidence came from theiélesttification of a cDNA coding a sucrose
carrier (SoSUT1) after several decades of physicéd@nd biochemical experiments (Riesmeier et
al., 1992). After these experiments, it was realized the concept of a single higher plant sucrose
transporter gene was incorrect and that plants haleast two sucrose carrier genes. The
completion of theArabidopsis and other plants genome&r ébidopsis Genome Initiative, 2000; Yu
et al, 2002) subsequently showed a larger number of sadransport genes.

In relation to its importance as the prime carbod energy source in plants, sucrose has
acquired important regulatory function that corgretllular metabolism, growth, development and
environmental stress resistance (Smeekens, 2008y 8807). Source activities like photosynthesis
and nutrient allocation to cells are usually updtaged by low sucrose concentration, whereas sink

activities like cell growth, development and st@age up-regulated by abundance of sucrose.

Sucrose synthesized in mesophyll cells of leavésnigporarily stored in the vacuole, and its
transport is determined by the pool of sucroselabk for export. Sucrose leaves the mesophyll
cells and from the apoplasm enters the phloem.adisravel the long distance pathway, several
ways are possible as different situations are emeoed among plants i.e. sucrose might be loaded

into phloem sieve element/companion cell compler@gstically via plasmodesmata and/or
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Figure 1.1: The path of sucrose from source tk.sin

The upper left image shows a minor vein from aseleaf, the main site of sucrose loading into
the phloem.The image on the right side shows thie gfasucrose from a mesophyll cell into the
sieve element — companion cell (SE-CC) complexasgmplastic and an apoplastic sink. Sucrose
transporters of different cells and membranes laog/s as closed circle —L."“]; arrows indicate
the direction of sucrose transport. (Adapted frames$, 2007)

apoplastically (Lalonde, 2003). Similarly sucrosgoading from sieve element - companion cell
complex into sink cells may occur symplasticallg plasmodesmata or apoplastically. All
apoplastic loading or unloading of sucrose is dattd to occur via a proton sucrose symporter
(Williams, 2000). In sink cells, sucrose can bexetr by enzyme invertase to hexose and used for
sink growth or development (i.e. metabolically @etsink) or can be stored as sucrose in vacuoles

of sink cells (i.e. storage sink).

Owing to the fact that sucrose has to pass thrauggmsiderable number of membranes i.e.
from sites of primary assimilation (source tissteejmport dependent tissue and organs (sinks) the
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membrane transport of sucrose has been consideediajor determinant of whole plant

productivity and yield, and therefore needs totoeied extensively.
1.2. STRUCTURAL ANALYSIS

The number of isolated and cloned sucrose transgof8UT) also called sucrose carriers
(SUC) in some published reports, is rapidly inciegsSo far sucrose transporter gene families
have been found in major plants analysed, andlieéyng to the major facilitator super family of
transport proteins (Marger and Saier, 1993). FiduPe shows the phylogenic tree calculated for 48

plant sucrose transporters for which full lengtbtpin sequences are available in a public data base

Generally these transporters are encoded by muitigamilies that specificially function in
sucrose transport; however they may differ by thellular localization and by the regulation of
their expression. As an example, nine putativeaagctransporters were identified in the
Arabidopsis thaliana genome sequencing, while five sucrose transpadngare been identified in
rice Oryza sativa (Aoki et al, 1999).

GROUP 1

Five proteins have been functionally characteregeducrose transporters from this group
[Hordeum vulgare sucrose transporter land 2(HvSBIVEUT?2), Oryza sativa sucrose transporter
1(OsSUT1), Saccharum hybridum sucrose transpof813UT1), Zea mays sucrose transporter 1
(ZmSUT1) Sauer, 2007]. OsSUT1 has been reported expressed in companion cells (CCs) and
both OsSUT1 and ZmSUT1 are considered to be indadilvgphloem loading (Aoki et al1999;
Scofield, 2007a). Additional function such as sseromport into developing grains was proposed
for groupl members (Aoki et.all999). This group thus represents plasma memboaatéized

monocot sucrose transporters that catalyze latgelyptake of sucrose into phloem and sink cells.
GROUP 2

They are plasma membrane-localized sucrose traiespdrom dicots (Sauer, 2007). They
are involved in phloem loading or sucrose impatt idifferent sink tissues; just as group 1. Gene
duplication seems to increase the number of groups2veral plant specieArabidopss, common
plantain, grapevine, rap8rassica napusL.) and tobacco contain two or more of group 2 genes
This multiple gene copy permits possible adaptatioparameters, such as transcriptional
regulation of genes, pH-dependence apd/&lues of the proteins to the specific requirersent

sucrose transport into phloem of companion celkspecific sink tissues.
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Figure 1.2: Phylogenetic tree for 48 confirmed egertransporter protein sequences from publiclgsgible databases.



Accession numbers of presented sucrose transpaderences are: AgSUT1 (Apium graveolens;
AAC99332, AgSUT2A (Apium graveolen#yAD45390), AgSUT3 (Apium graveolens;
ABB89051), AtSUC1 @Arabidopsisthaliana; At1g71880, AtSUC2 @rabidopsisthaliana;
At1g22710, AtSUT2 Arabidopsis thaliana; NP178389, AtSUT4 (Arabidopsis thaliana;
AAGO0919]), AtSUT5 Arabidopsis thaliana; At1g71890, AtSUC7 @rabidopsis thaliana;
At1g6657(Q, AtSUC8 @rabidopsis thaliana; At2g14670Q, AtSUC9@rabidopsis thaliana;
At5g06170, BoSUT1 Bambusa oldhamii; AAY43226), CsSUTL1 Citrus sinensis; AAM29150),
CsSUT?2 Citrus sinensis;, AAM29153), DgSUT4 Datisca glomerata; CAG70683,DcSUT1
(Daucus carota; BAA89458), DcSUT2 Paucus carota; CAA76369, HbSUT1 Hevea
brasiliensis;, ABJ51933, HbSUT2A Hevea brasiliensis, ABJ51934, HbSUT2B H. brasiliensis,
ABJ51933, HbSUT2C H. brasiliensis; CAM33449, HbSUT4 H. brasiliensis; ABK60191),
HbSUTS5 {H. brasiliensis; ABK60189), HvSUT1 Hordeum vulgare;CAB75882), JrSUT1 Juglans
regia; AAU11810), LeSUT2 [ycopersicum esculentum; AAG12987), LeSUT4 (.
esculentum;AAG09270, MeSUT2 Manihot esculenta; ABA08445), MeSUT4 M. esculenta;
ABA08443), NtSUT 1a Nicotiana tabacum; X82279, OsSUT1 QOryza sativa;AAF90187),
OsSUT4 Qryza sativa; BAC67164, OsSUTS5 QOryza sativa; BAC67169, OsSUT1 QOryza
sativa;AAF90181), OsSUT2 QOryza sativa;BAC67163, OsSUT3 QOryza sativa;BAB68368),
PmSUC2 Plantago major; X75764), PmSUT3 Plantago major; CAD58887, PsSUT1 Risum
sativum; AAD41024), PsSUT4 Pisum sativum; ABB30162),,SdSUT2 Eolanum demissum;
AAT40489), ShSUT1 Gaccharum hybridum; AAV41028), StSUT1 Solanum tuberosum;
CAA48915, TaSUT1A {riticum aestivum; AAM13408), TaSUT1B T. aestivum;
AAM13409),TaSUT1D T. aestivum; AAM13410), VvSUC11 V. vinifera; AAF08329),
VVSUC12 . vinifera; AAF08330, ZmSUT1 Zea mays, BAA83501), ZmSUT2 Zea mays;
AAS91375.

Protein sequences were aligned and trees werdat@dwsing the program Constrainst Based
Protein Multiple Alignment Tool (COBALT;
http:www.ncbi.nIm.nih.gov/tools/cobalt/cobalt.cgifik_loc=BlastHomeLink). Bars indicate the
evolutionary distance. In this phylogenic tree séguences fall into 4 clearly separable groups:

Group 1, Group 2. Group 3. and Group 4 which asewdised in the text.

GROUP 3

These group members are easily distinguishabie bther sucrose transporters:

(1) They have a total length of approximately 600 anaoigls. All members (frequently named

SUCS3 or SUT2- type transporters, based on the nairiée first characterized transporters



of this group e.g AtSUC3 and LeSUT2) have abou2@% amino acid more than all other
sucrose transporters.
(2) Compared to other sucrose transporter groups tteg higher Ig value for sucrose uptake.
(3) In several plant species, they are localized teibee element (SE) and in sink tissues;
particularly in sink-leaf SE (Sauer, 2007).They suggested as potential efflux carriers that
might be involved in phloem unloading into the apsp(Barth, 2003). However, they were
initially published as sensors with no transpotivity (Barker, 2000) but this no longer

seems valid as experiments have verify that theyraty transporters (Stefan et,&000).

GROUP 4

This group was initially characterized as plasneairane localized sucrose transporters
but lately they have been classified as represgrguolar sucrose transporters that are primarily

expressed in sink tissues (Sauer, 2007).

Sucrose transporter sequences are highly conseflleslicrose transporter proteins are
indicated to be transmembrane proteins with 1Xtreambrane helices of which N- and C-
terminals are located in the cytoplasmic side effglasma membrane as determined by hydropathy
analyses (Riesmeier et,@992; Sauer and Stolz, 1994) and immunolocalinadtadies with site-
specific antibody (Stolz et.all999) and are proposed to have a molecular maggpobximately
55kDa. The regions most conserved are the memispar@ing domains, whereas major
differences are located in the N-terminal sequgmeeeding the first potential membrane-spanning

domain and the large hydrophilic loop in the cewfréhe protein.

The alignment of plant sucrose transporter seggefiom the four groups and alignment of
the first and second halves of these protein semsewith the sequence of 4dugar symporter (a

member of “Major Facilitator Super Family”) respeety, supports:

(1) Plant sucrose transporters as a member of “Majoititeéior Super Family”
(2) The hypothesis that the members of this super yaeviblved by gene duplication and
fusion from one or more ancestral transporters witly six transmembrane helices (Marger
and Saier, 1993).
This information was used to draw and compare timeedsional models of sucrose
transporters from the four different groups (Figlir8). The most obvious differences were
detected in the N-terminal and C-terminal domainthe transporters and the loops connecting the

predicted transmembrane helices VI and VII (there¢ieytoplasmic loop) or VII and VIII



(predicted to face the extracellular space in pasmembrane-localized transporters and the
vacuolar lumen in transporters of the tonoplagte T5-20% higher number of amino acids of
group 3 transporters can be attributed almost cetalyl to an elongated N-terminus (about 20
amino acids) and to an elongated cytoplasmic labpt 60 amino acids). Moreover the C-
terminal of these group 3 transporters is slightgrter than those of group 1 or group 2
transporters. The predicted vacuolar transpodigsoup 4 have the shortest C-terminal ends and a
very short linker sequence between the transmerabiralices VII and VIlI, therefore they have the
shortest peptide sequence of all sucrose transgansly members of a given plant
species.Although some motifs are conserved bettveeN- and C-terminal halves of the protein
(e.g., the R-X—-G-R-K-R motif between helices 2 3naihd helices 8 and 9, in the sucrose
transporter), the homology found when aligningkheand C-terminal halves of the transporters are
limited, which may be due to gene duplication odogrearly during evolution. Furthermore the
motif Q—F—-G-W-A-L-Q-L was found to be conservethim £ helix of most sucrose transporters
(Marger and Saier, 1993; Sauer, 2007). Motif R—FR&R (found in the hydrophobic loop 3) and
motif K-L-C—K—K (found in the hydrophobic loop %eaalso generally conservered in most

sucrose transporters (Marger and Saier, 1993).

Biochemical investigations showed that a diethybpgrbonate (DEPC)-sensitive histidine
residue is conformationally linked to the substtaiteding site or translocation site of sucrose
transporters. The DEPC-dependent inactivation ofcae transporters is as a result of accessibility
of this inhibitor to the outer surface of the plasmembrane of sucrose transporters, leading to the
chemical modification of histidine residues locaitedhe region that is exposed to the extracellular
solution (Bush, 1993). Among the proton-sucrose@ymers cloned to date, only the histidine
residue at position 65 of AtSUC1 is conserved acspecies of sucrose transporters genes (Lu and
Bush, 1998). His-65 is located in th&éxtracellular loop near the second transmembraneih
of the protein. This is consistent with the biocleahanalysis that shows that DEPC-sensitive

residue is accessible from the extracellular fddd@plasma membrane (Bush, 1993).

Lu and Bush, (1998), used site directed mutagenesisplore the role of His-65 in sucrose
transporters. A series of single amino acid suldstits at His-65 were generated which included:
Cys, Asp, Gly, Lys, Leu, Asn, GIn, Arg, Ser and .T{o investigate the impact of these
substitutions on transport activity, each mutantnfef SUC1 was ligated into a yeast expression
vector and used to transform DBY2615; a yeast niwteficient in cell wall invertase, which also

lacks sucrose transport activity (Kaiser and BotstE986).
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Figure 1.3: Two dimensional models of sucrose parters for the different subgroups.

The ' model represents group 1-type (dicot) and grotyp2-(monocot) sucrose transporters of
plasma membranes.

The 29 model represents the predicted two dimensionatstres for group 3-type sucrose
transporters of plasma membranes.

The 3¥ model represents tonoplast sucrose transporteéfe afroup 4-type.

For plasma membrane-localized transporters, N atet@inals were shown to be on the
cytoplasmic side; for tonoplast transporters thisrily predicted. The main difference between the
sucrose transporters of the different groups atsideithe predicted membrane spanning regions.
(Adapted from Sauer, 2007)

A sucrose limiting medium (1mM sucrose as the sal®on source) was established where

yeast cells expressing wild-type SUC1 grow slowlyt insert-free vector control does not. Several
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patterns of growth were observed in DBY2615 cedssformed with the mutant SUCL. Cells
expressing SUC1 mutants with Arg or Lys substingigrew faster than cells with the wild-type
SUC1. Mutants with Asn and GIn substitution allovggdwth at about the same rate as wild type;
while Gly, Ser and Tyr substituted mutants growjo Leu and Asp substituted mutants gave
slower growth than the wild-type, and Cys subsiutnutant did not grow at all. These results fully

support the proposition that His-65 is an essenggitiue in sucrose transporters.

Lu and Bush, (1998) also examined the DEPC-depemadactivation of AtSUCL1.
Transgenic yeast cells expressing the GIn-65, Argi6Ser-65 form of SUC1 were insensitive to
DEPC inactivation as compared to the wild-type gparter. This result shows that His-65 is the
inhibitor-sensitive histidine in AtSUC1, and thaid the only histidine residue whose chemical
modification affects the sucrose transporter atgtiiihus His-65 was suggested to play an
important role in defining translocation pathwawsl participating in the reaction mechanism of the

sucrose transporters.

1.3 EXPRESSIONAL ANALYSIS

RNA in situ hybridization shows that sucrose transportereapeessed specifically in the
phloem, more precisely at high levels in the sieleenents, where the labelling is associated with
the branched plasmodesmata connecting the sieeeatubthe companion cell and at lower levels
in the companion cells [Lalonde, et al., 2003]. &atisense expression of sucrose transporter clone
resulted in a stunted plant phenotype that is stersi with a block in assimilate partitioning (Kyhn
1996).

In solanaceous species localization of SUT1 pratesieve elements and SUT1 mRNA at
the orifices of plasmodesmata interconnecting carngpecells and sieve elements indicates that
trafficking of mMRNA or protein occurs from companioells into enucleate sieve elements by way
of plasmodesmata (Kuhn et al., 1997). Antisensaiesun solanaceous species have shown SUT1
is indeed essential for phloem loading and lontpdise transport (Riesmeier et al., 1994; Kuhn et
al., 1997; Burkle et al., 1998). This was confirmedobacco, where strong antisense plant had a
dwarf phenotype and sugar export from leaves wasdrastically impaired. SUT1 was reported to
serve as a high-affinity transporter for sucrosg {KLmM; Riesmeier et al., 1994) whereas SUT4
has a K, of ~ 11mM; therefore was reported as a low-affinityrese transporter (Weise et al.,
2000). Also in solanaceous plants, SUT3 was foorteetinvolved in pollen nutrition, whereas

SUT2 was a putative sucrose sensor (Lemoine €it389).

Sucrose transporters were initially expressed asythat was engineered to replace
invertase with sucrose synthase [Riesmeier.e1892]. This avoided extracellular hydrolysis of
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sucrose, and allowed the yeast to metabolize sei@fber its uptake. Since yeast normally
possesses very low sucrose transport activity, thrdycells complemented with a plant sucrose
transporter would grow on a sucrose medium. Funtbeg, plant sucrose transporters have also
been expressed in wild type yeast strains, in thegmnce of glucose as the sole source of carbon.
Under this condition the secretion of invertase vegsessed (Gahrtz et al., 1994). Use of
protonophores, and the sensitivity of sucrose ptakasured in yeast was taken as an argument to
conclude that th&JT/SUC transporters were proton—sucrose transport syssemilar to the ones
expected from physiological experiments on plaftsther evidence for proton— sucrose symport
was obtained by heterologous expression of theosadransporters denopus oocytes and the
reconstitution of the proton-dependent sucrosespart activity into proteoliposomes containing
His-tagged SUC2 (Zhou et al., 1997; Stolz et &195).

1.4 MECHANISM OF ACTION

Among other functions, the plasma membrane of mals$ acts as a selective permeability
barrier for extracellular mineral and organic commpds such as: ions, sugars, amino acids, peptides
and xenobiotics. The selective permeability redudts the properties of the lipidic bilayer and
from the activity of many transporters and channelsch are tightly regulated by developmental

and environmental factors.

In general active and passive mechanisms havedssmibed for sucrose transporters,
although active processes have been charactenzgnificantly more detail (Bush, 1993). Long
distance transport of sucrose in a bulk flow ofisoh propelled through the plant phloem is
catalyzed by series of partial reactions rangiognfdiffusion between mesophyll cells in the leaf,
to active transport of sucrose into the sieve tedr@panion cell complex by osmotically generated
hydrostatic pressure difference between sourcenfiteient exporter) and sink (net nutrient import)
ends of phloem path (Lalonde 2003). Evidence foaraier-mediated step in phloem loading of
sucrose came from the use of respiratory inhibibbwsking the process of sucrose transporters
(Buckhout, 1994; Sanders, 1986).

The transport mechanism is selective; it only losutsose and it allows for apoplastic (i.e
from protoplast to wall to protoplast) or symplagfrom protoplast to protoplast via
plasmodesmata) transport. In some species sucersport is symplastic (from mesophyll
protoplast to CC-SE protoplast via plasmodesméiajthers, sucrose loading into the CC-SE
complex involves an apoplastic step (mesophyllgpiaist to apoplast to CC-SE protoplast)
(Lalonde et al., 2003).
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Influx of sucrose involves co transport of sucrest protons, whereas efflux is predicted
to involve antiport or facilitated diffusion. Lalde et al. (2003) provided evidence that apoplastic
and symplastic modes of phloem loading occur inamuein networks and that they may co-exist.
For example SE-CC complexes in the same minorhaie been found to exhibit plasmodesmata
connectivity consistent with apoplastic and symiddeading routes (van Bel et al., 1992). A
parallel behavior was found to occur in stems, wheroading appears to switch between

apoplastic and symplastic routes depending uposdhece/sink ratio (Patrick and Offler, 1996).

The mechanism of sucrose transport across the na@mlmvolves a sucrose/proton co-
transport system. Sucrose transporters are cotedalo plasma membrane of SE-CC complex
with H*- ATPase that generates the required proton métiee (PMF) to drive the transport of
sucrose. According to this model, protons are puhme of the sieve cells into the apoplast by the
membrane-bound H ATPase. Proton concentration increases in apblglading to a decrease in
the pH, while K is brought into the sieve cells to balance thegalhe proton gradient provides
the driving force for transporting sucrose againgtadient, sucrose and protons bind to a carrier
protein in the membrane and are released in the sikbe member. This model was supported by
the high pH value of the sieve tubes, moreover vdpoplast pH was increased, there was no
sucrose uptake. Inhibition by para-chloromercuritegre sulfonic acid (PCMBS); an inhibitor of
membrane proteins further proves that a membramsporter is involved in sucrose transport into
the apoplast (Riesmeier, et al., 1994). Furthermaptake studies based on radiolabelled
compounds showed that proton fluxes across thenglasembrane were accompanied by sucrose

uptake (Marger and Saier, 1993).

This simple pH dependence has been taken as afprdaf-co-transport mechanism;
however the external pH may also modify the glabairge of the membrane. The data obtained
often yielded complex kinetics and their interptietacould be clouded by several side effects such
as diffusion across the cell wall, metabolism, arichcellular and intercellular compartmentation
of the solutes absorbed. However, the use of pdriflasma membrane vesicles energized by an

artificial proton motive force circumvented mosttbé problems.
The PMF of any transporter will depend on:

(a) the number and the activity of th€4ATPase in the cell, which generates the two
components of the PMF that are used by the tratespae. the pH gradiemipH) and

electrical gradienty)],

(b) the relative part played by these chemical andrtat componentsApH andAwy),

-13 -



(c) the concurrent and partial dissipation of theseligres by other transporters and channels

present in the same cell,

(d) the external and internal concentrations of theemail and organic substrate(s) of the

transporter

Early physiological experiments indicated that sseruptake into discs from mature leaves
was mediated by at least two saturable carriersrsuposed by a linear, non-saturable component
(Delrot and Bonnemain, 1981; Maynard and Lucas2)19Bnhe same situation was described for
protoplasts derived from soybean cotyledons (Sdhehal., 1984). The high affinity component
(Kn=2.6 mM) was shown to be a proton—sucrose sympawtale the low affinity component
(Kn=35mM) was less dependent on the proton gradiegitdD 1981; Delrot and Bonnemain,
1981).

Sucrose transport was also suggested to be thfaaiitated membrane transport as a
result of estimates of sucrose efflux derived fromasures of cell surface area and known rates of
sucrose export (Giaquinta, 1983). This fact wapetted by observation of sucrose efflux from
leaf discs, protoplast and plasma membrane vediGliesjuinta, 1983).The mechanism of
symplastic transport involves intracellular cytagtac streaming arranged in series with passive

diffusion through interconnecting plasmodesmataddihde et al, 2003).

Sucrose is unloaded into the apoplast in someetss@ig ovules) and into the symplast of
others (growing/respiring tissues like young leavesaristem). Apoplastic unloading can occur via
hydrolysis of sucrose by acid invertase to gluarse fructose upon reaching the sink. This helps in
maintaining the gradient for the transport, whilecgse and fructose are taken up by the sink cells
and stored. However for most sinks, phloem unlagéiiows symplastic routes as illustrated by
movement of green fluorescent protein (GFP) (Patd®97). At sinks, photoassimilates move
from SE-CC complex to sites of utilization/storagus this process involves transfer across the
SE-CC complex boundary (i.e. sieve element unlaggdanranged in series with cell-to-cell
transport to sites of photoassimilate utilizatipogt-sieve element transport). Nevertheless, iresom
cases symplastic transport is interrupted by aplagtc step in the post-sieve element pathway
which occurs where photoassimilate transport takase in sinks accumulating osmotical high

concentration (Patrick, 1997).

1.5 SUBSTRATE SPECIFICITY

All sucrose transporters display an affinity focsase in the range 0.3-1.5 mM (Lemoine,
2000), although a little higher affinity for suceowas noted for AQSUT1 (sucrose transporter in
celery). These minor differences in substrate $ioégimay reflect slight variations in their prane
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structures. Nevertheless, all,ideterminations were not made with the same yé@shs and
uptake conditions might have been slightly différéinerefore one considers that thesevdlues

are remarkably similar as shown in Table 1.1.

All results in Table 1.1 are obtained by expressingrose transporter cDNASs in yeast. They
are in perfect agreement with the already describegacteristics of sucrose transporters in plants
(Hitz, et al., 1986; Hecht, et al., 1992; LemoiB@0Q0; Sauer, 2007). They demonstrated that the
heterologous expression in yeast cells does notgehthese major characteristics such as
dependence on a proton gradient or sensitivitplidoitors. They also indicate that the plant

sucrose carriers are able to function properly d@ifferent lipid environment (Lemoine, 2000).

Much data have been accumulated on the speciti€itiye sucrose carrier towards other
substrates (Natural / synthetic). These data haee hised to construct a model for the interaction
of sucrose molecule with its own carrier. Accordinghis model, the substrate recognition by
sucrose carriers occurs through hydrophobic intemaevith the fructosyl moiety whereas the
hydroxyl group at position C-3, C-4 and C-6 of ghecopyranosyl moiety confer the specificity for
sucrose recognition (Hitz et al., 1986; Hecht,|etl®92) This was confirmed from the fact that the
apparent Kfor phenyl- and benzyl-D-glucopyranoside and phenyl- and benzyl-
thioglucopyranosides (analogues for sucrose) wgrefisantly less than the apparent, Kor
sucrose itself. Alteration on the glucose portibpleenyl-glucopyranosides resulted in decreased
substrate recognition. Variability at C-4, i.e. dedty and 4-fluoro derivatives of phenylb-
thioglucopyranoside, had; Kalues similar to the Kfor sucrose (Hecht et al., 1992). Changing the
stereochemistry at C-3 resulted in a moleculeitifabited sucrose uptake but with an apparent K
significantly greater than thefor sucrose. Other stereochemical derivatives-at C-2, or C-5

were without inhibitory activity (Hecht et al., 189

Sucrose transporters are much more substrate isgbein the hexose transporters and they
are encoded by a much smaller number of geneghiedmexose transporters (Delrot et al., 2001,
Sauer, 2007).The substrate specificity of sucnesesporters, as assessed in leaf discs, is rather
narrow, witha-phenyl glucoside, maltose and phlorizin beingdhly competitors of sucrose
uptake. Several dissacharides were tested on i difasteric constraints out of which only
maltose (a dimer of glucose linkeddrl— 4) inhibited sucrose uptake, whereas its anomer
isomaltose had no effect. None of the trisaccharidsted (raffinose and melezitose) were
inhibitory to sucrose uptake (Lemoine, 2000). Theéeta are in perfect agreement with the sucrose

specificity of sucrose transporters in plant.
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Table 1.1: Sucrose transporters affinity for sueros

Name Species  Length of Accession Functional Reference
Amino Acid Number Expression in
yeast/Kn,
AtSUC1  Arabidopsis 513 481132 Yes/0.45mM Sauer et
al.,1994
AtSUC2  Arabidopsis 512 407092 Yes/0.53mM Sauer et
al., 1994
DcSUT1la/b Carrot 501 2969889, Yes/0.5mM Shakya and
2969887 Sturm, 1998
DcSUT1la/b Carrot 515 2969884 Yes/0.7mM Shakya ant
Sturm, 1998
NtSUT1 Tobacco 507 575351 No Burkle et
al.,1998
NtSUT3 Tobacco 520 149981 No Lemoine et al.,
1999
OsSUT1 Rice 537 2723471 Yes/ND Hirose et al.,
1997
PmSUC1 Plantago 510 1086253 Yes/0.3mM Gabhrtz et
al., 1996
PmSuUC2 Plantago 510 415988 Yes/ImM Gahrtzet
al.,1994
SoSUT1 Spinach 525 549000 Yes/1.5mM Riesmeielet
al., 1992
StSUT1 Potato 516 542087 Yes/lmM Riesmeier et
al., 1993
VISUT1 Vicia faba 523 Z93774 Yes/1.4mM Weber et
al., 1997

Furthermore, the use of inhibitors, such as phimid a specific inhibitor of animal

Na'/glucose co-transport, shown to inhibit sucrosegpart in plants (Lemoine, 2000)) amd

phenyl glucoside (a substrate used to demonstrateytdrophobic interaction between the fructosyl
moiety of sucrose with its transporter, a very pdulenhibitor of sucrose uptake) confirm that the
properties described for sucrose transport a@with plants are the same as the one of sucrose

transporters expressed in yeast. However, as thigyfaf sucrose transporters increases, it will be
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very interesting to see whether all carriers agvadent as far as kinetic properties and affiray

sucrose are concerned.
1.6 REGULATION OF ACTION

Maintainance of nutrient and energy homeostasisiwitells and tissues is of vital
importance in all multicellular organisms, and regsi the constant regulation of metabolic
pathways in response to available nutrients. Intplanaintenance of energy homeostasis involves
refined and flexible regulatory mechanisms to aatdor the physiological and developmental
activities. These mechanisms have provided infaonads related to nutrient distribution between

different plant organs and also source-sink nuttiemsition (Smeekens, 2000).

Membrane transport activities are of major impac&in multicellular organisms, since
they invest about 12% of their genomic informatim®encoding transport proteins (Tanner and
Caspari, 1996). Membrane transporters have a doatibn in providing part of the nutrients
necessary for cell development and in transduaiwiy@nmental and endogenous signals. One
may, therefore, expect that these activities angroted in a tight and complex way. Sucrose
transport and metabolism in plants is an activegse and its concentrations change in relation to
development and environmental signals. Solublersugach as sucrose, have been shown to affect
timing of flowering, senescence and organ developreech as larger or thicker leaves, increased
number of tubers and adventitious roots (Paul aiihy? 2003).

The transcription of sucrose transporters occuctimpanion cells, thus it will be important
to determine the signals and mechanism that adved in the transfer of their transcripts and/or
proteins to their final destination. Moreover, thaltiple roles of plant sucrose transporters and
especially the central role of sucrose loading theophloem from source to sink, suggest that
sucrose transport may be tightly regulated. Oneg Have been transcribed, translated and targeted
to the membrane, the activity of these transportétdshen depend on the thermodynamic
environment across the membrane and on post-tteomearegulation by various processes

including phosphorylation/ dephosphorylation, redegulation and allosteric control.

Transcriptional and post transcriptional regulation

Physiological studies (Lalonde et al., 1999) hahvas that plant sugar transport and
metabolism are highly regulated by sugar at thestaptional and post transcriptional level, which
include mRNA stability, protein targeting and machttion. This implies that various levels of
control are implemented that allow plant cellsé¢guiate the fluxes of sugar across the plasma

membrane during normal growth and development,edsas when their natural environment is
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perturbed. Sugars were reported to repress thegsipn of photosynthetic genes and to induce the
transcription of sink specific enzymes that areolagd in sucrose breakdown (Koch, 1996, Godt
and Roitsch, 1997). Thus transcriptional regulatbenzymes involved in sucrose and starch

biosynthesis may be linked to the expression mafilsucrose transporters (Riesmeier, 1994).

There are many examples of transcriptional regutadif sucrose transporters, such as
changes in expression pattern in young leaves goohgr sink to source to transition during seed
development or during pollen maturation and gertiona\Weber et al., 1997). Other evidences has
also shown that biotic and abiotic factors suchashanical wounding/treatment, light, water and
salt stresses, phytohormones and pathogen attaekefff@cts on the transcriptional expression of
certain sucrose transporters (Sark et al. 199% &aal., 1997; Ritte et al., 1999; Delrot et 2000;
Williams, 2000; Meyer et al., 2004; Kempema et2007; Sauer, 2007).

Regulation by phosphorylation and variations insulfur/disulfide bonds

Sucrose transporter activity was shown to be reégdlay phosphorylation with the
phosphorylated form being less active than the agphorylated one (Roblin et al., 1998). Roblin
et al. (1998) showed that sucrose uptake in tHedieas fromBeta vulgaris can be inhibited by
application of okadaic acid (OA); an inhibitor abpein phosphatase 1 and 2. These observations
were comfirmed by measuring direct uptake into Pp¥pared from leaves infiltrated with OA to
exclude possible secondary effects by OA.ATPase activity was unaffected by OA treatment,
and the amount of transporter protein did not desgeas shown by specific antibodies. It was
suggested that OA acts directly on the activityhef sucrose transporters by maintaining them in a
phosphorylated form, thus inactivating them. Protenase activities, which might be responsible
for the phosphorylation of sucrose transportersene-elements, have long been detected in the
phloem sap (Nakamura et al., 1993). Lalonde e{X899), therefore proposed that a proton-
coupled sucrose transporter may be regulated imtajor ways:-

(1) indirectly by regulating FFATPase activity,

(2) directly by controlling the expression of sucrasmsporters at the transcriptional levels and

phosphorylation at post- transcriptional levels.

Other factors also known to regulate ATPase agtauitd /or transcription include:
fusicoccin, salicylic acid and anaerobiosis; thegbably act at the level of ATP supply for th&-H
ATPase. Sucrose was found to induce accumulatitwaplasma membrane ATPases’; LHA4 and

LHAZ2 (Mito et al., 1996). This induction is depemd®n sucrose uptake and metabolism, thus the
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induction of expression of HATPase gene by metabolizable sugars may be parteheralized

cellular response to promote cell growth in thespreee of abundant carbon source.

Another potential regulation mechanism is viaatons in sulfur/disulfide bonds. This
type of regulation is generally mentioned for vasdransporters, and lines of evidence suggest that
it may also play a role in the regulation of suertsinsporters (Sakr et al., 1994). In purified
plasma membrane vesicles, sucrose transport gaind sensitivity to thiol reagents strongly
depends on temperature, which may affect the cordtion of proteins (Sakr et al., 1994). Four
highly conserved Cys residues are present in vauisaarose transporter sequences, including one
in the intracellular loop connecting helices 2 &xdnd two in the extracellular loop connecting
helices 5 and 6 (Lemoine, 2000).

Sucrose as signaling molecule

Sugars not only stimulate cellular carbon and gnergtabolism, but also participate as
signaling molecules. Various sugar signals aretedey photosynthesis and carbon metabolism in
plant source and sink tissues in response to graletrelopment and environmental stress
conditions (Smeekens, 2000). However the use cfty@saa model system has paved the way for
the discovery of multiple sugar sensor and sigggbhathways. In yeast, it was shown that
membrane- bound receptors closely related to gaittasisporters (i.e. SNF3 and RGT2), are used
to sense external glucose concentrations and &tivsignal transduction pathway leading to the
regulation of transporter gene expression andtioseror degradation of proteins at the plasma
membrane (Lalonde, et al., 1999). This allows y&astspond to a rapidly changing external
environment. The glucose sensors: SNF3 (senseglimuse levels) and RGT2 (senses high
glucose levels) are homologous to yeast and planbge transporters, but do not mediate
significant glucose transport. Their large C-terahimand membrane-spanning domain are important
for glucose recognition and transmission of glucsigaal. However, there is no direct evidence for
a role of plant glucose/sucrose transporters ansos. Nevertheless, the finding that several
members of the plant glucose/sucrose transpomatiés have unusual cytoplasmic extensions, has
initiated many studies in relation to the possiole of these proteins in sugar sensing (Sauer,
2007).

Developmental regulation

Expression of sucrose transporters involved in@hnldoading was shown to be
developmentally regulated by Wright et al. (2008)vas shown that young sink leaves of
transgenic tobacco plant expressing green fluorégretein (GFP) of the AtSUC2 promoter gave

little expression of sucrose transporter gene, adestrong expression was seen in vascular

-19-



bundles of mature source leaves (Wright et al. 320During this transition from sink to source,
expression of sucrose transporter gene was irtdtat¢he tip and proceeds towards the base of the
developing leaf. The partial shading of the transg&bacco plant leaves resulted in an almost
complete lack of sucrose transporter gene expmressithe minor veins of shaded areas, although
these regions were structurally and fully develo@&fight et al., 2003). Furthermore, light or one
of several product of photosynthetic £fxation was also shown to play an important rfolethe
expression oLycopersicum esculentum SUT1 (LeSUT1) and solanum tuberosum SUT1 (StSUT1),
which show reduced expression and reduced prateeld in the dark (Kuhn et al., 1997). It could
be said that light-induced increase of SUT1 traps based on a circadian regulation of these

transporters.

Hormonal regulation

Hormones such as auxins and cytokinin are knownd@ase the rate of phloem assimilates
transport (Lalonde et al., 1999). Fusicoccin andrawere found to rapidly promote sucrose uptake
whereas abscisic acid acts as an inhibitor (Lalatdg., 1999). Gibberellin was reported to dingctl
promote assimilate export in broad bean (Alonglgt1986), however phloem loading in isolated
bundles of celery was directly affected by gibhareland auxin (Lalonde et al., 1999). The direct
connection between hormonal action and sucrosepaater gene expression has not been fully

elucidated.

Therefore, in order to comprehend source-sink eggu fully and to be in a position to
manipulate the complex interactions for agricultirenefit, it is vital that the underlying membrane
transport processes are thoroughly characterizeesd include determining precisely the range of
sucrose transporters that are involved in sucrasesport from source to sink, their structure-

function relationship and defining their cellulardatemporal expression pattern.
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2.1 INTRODUCTION

Plants are constantly exposed to a variety of advenvironmental conditions such as
temperature extremes, UV light, salt, insect hemlyivand pathogen attacks. The natural resistance
of plants to these different environmental stresisesefore depends on the modulation and
expression of a large number of inducible but dpegenes, for example increase in activity of
hydrolytic enzymes (chitinase, protease, e.t.cgumulation of cell wall structural proteins
(hydroxyproline-rich glycoproteins, glycine-richqteins, lignin); accumulation of solutes (sucrose,
glucose, oligosaccharides, glycine, proline, orgamis) and production of anti-microbial
compounds (phytoalexins), to mention a few (Shikbaad Yamaguchi-Shinozaki, 2000; Chen,
2008).

2.2 PROBLEM STATEMENTS
2.2.1 Drought and Salinity

Drought and salt stress conditions on plants chygerionic and hyperosmotic effect
resulting in the retardation of plant growth ande&rease in crop productivity. Plants respond to
these stresses in a variety of mechanisms at thecoiar, cellular and physiological levels in order
to regulate the production of and access to sugatke urgent and increasing metabolic need of
stress tissues. Various genes are induced by stresses and their gene products are thought to
function not only in stress tolerance but alsdi tegulation of gene expression and signal

transduction of the response (Hasegawa et al.,; Z&lliozaki and Yamaguchi-Shinozaki, 2000).

Drought and high salt stress adversely affect glamttions by lowering the osmotic water
potential of plants, leading to great water lossuiting to dehydration and ultimately to plant
death. Plants tend to overcome these stressegustiag the osmotic and ionic potential through
the accumulation of organic solutes such as sucghseose, glycine and proline (Rontein et al.,
2002). Water moves from high water potential to lwater potential, and accumulation of these
osmolytes make the water potential lower insidepiat cell thereby preventing the intracellular

water loss, helping the cells to maintain theirriayeld state thus preventing cellular dehydration.
2.2.2 Aphid Infestation

Aphids, the largest group of phloem feeders (Pa)l&73), penetrate plant tissue by
probing intercellullarly through the epidermal andsophyll cell layer with their stylet, ejecting
their saliva into these cells and subsequentlyifigedn the exuberant supply of photoassimilates
translocating in the phloem sieve element(Matsiind Botha, 2002, Will and van Bel, 2006).It is
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assumed that the saliva is responsible for thet@igesponses, and that it contains peroxidgses,
glucosidases and other potential signal-generatmzgmes (Miles, 1999). Signals arising from
aphid phloem-feeding are also capable of alteifvegeixpression of inducible plant physiological

gene factors similar to those involved in defergarast pathogens (Inbar et,dl999).

Numerous reports have shown that Aphids generallge reduction in plant height and
shoot weight, longitudinal leaf chlorosis and ledfing, and possibly long-term damage to cell and
tissues; as a result of callose deposition in Hmated functional phloem, caused by feeding-

related pressure loss.

How then can a single cell cope with these sudtanges in the cellular metabolism and
additional metabolism task caused by increasedygraerd carbon requirements that result from
enhanced respiratory activities of wounded tissliesPorage organs, this may be accommodated
by an increased breakdown of carbohydrate, howiavather tissues with little or no carbohydrate
reserves (leaves, stem), this additional energycanabn utilization can only be met by an

increased utilization of exogenously supplied chytvate in the form of sucrose.

2.3 HYPOTHESES

Sucrose transporters will participate in:

(1) Sucrose transport from source tissues to siteilafatton in order to maintain high osmotic

potential in plant tissues during drought and siglistresses,

(2) Sucrose transport from the neighboring apoplaselis to meet the metabolic need of the

adjacent injured cells during aphid infestation,

(3) A defense action for effective reduction and/ariegal of leaked photoassimilates in the

apoplast back into the phloem.

2.4 AIM

Investigation of the spatial and temporal expressiodifferentially regulated sucrose
transporters in ricedfrzya sativa L. cv Nipponbare) cultivar, exposed to droughtirsal and rusty

plum aphids lysteroneura setariae; Thomas).

2.5 SPECIFIC OBJECTIVES

(1) Comparativén-silico analysis oftis-acting regulatory elements in promoter regionsuafrose

transporter gene families in rice aadhbidopsis thaliana.

(a) Identification of the untranslated (UTR) region of sucrose transporteege
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(b) Analysis of thecis-acting regulatory elements present in thenfranslated (UTR)

(2) Cultivation of rice Qrzya sativa L. cv Nipponbare) at optimum conditions and expef

plants to drought, salinity and aphid infestation.
(a) Cultivation of rice Qrzya sativa L. cv Nipponbare) cultivar at optimum conditions

(b) Maintenance of rusty plum aphidsy&teroneura setariae; Thomas) colonies for plant

treatment

(c) Exposure of rice plants to drought, salinitgl ansty plum aphidsHysteroneura setariae;

Thomas) infestation

(3) Analysis of differentially expressed sucrasmsporter during drought, salinity and aphid

infestation
(a) Isolation of total RNA from control and treatece

(b) Amplification of sucrose transporter (SUT) gety reverse transcriptase polymerase chain
reaction (RT-PCR)

(c) Relative quantification of amplified SUT gertasReal-Time PCR
(d) Isolation of total proteins from control anddted rice plants

(e) Monitoring the protein expressional levelsh## tip-regulated SUT gene by western blot

analysis and also the relative quantification @ grotein

(4) Determination of spatial location of the uguated SUT gene during rusty plum aphids

(Hysteroneura setariae; Thomas) infestation bf-glucuronidaseGUS) activity.

2.6 SIGNIFICANCE OF RESEARCH

Many studies have reported on the regulation abuarenzymes and pathogen related
proteins (Moran and Thompson, 2001; van de Veh e2@00; Kehr, 2006; Thompson and Goggin
2006; Will et al., 2007; Chen, 2008; Walling, 200@)wever little is known about the action/role

of transporters during environmental or phloem fiegdtress responses.

Although research on sucrose transporters is sixiey reported the in the literature, data
on monocotyledons sucrose transporters are sddm®cotyledon seeds of rice, maize, wheat,
barley, oat, sorghum, millet etc. are of great agmic significance, since they represent the main

source of carbohydrates for humans. Therefore, stateding the role/function of sucrose
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transporter in the distribution of post phloem iassimilates and the accumulation of
carbohydrates would be of major economic importaaspecially during abiotic (drought and
salinity) and biotic (aphid infestation) stress dibions, which plants are often subjected to during

commercial cultivation.

This study putative will help to identify thas-acting regulatory elements and the prediction
of the transcription factors involved in the exiea and regulation of the rice sucrose
transporters; the differential expression and r&guh of each sucrose transporter and their
localization during environmental abiotic and liddiresses. Moreover, it will be intriguing to
speculate on specific functions that these proteiight exhibit in addition to, or instead of, the
simple catalysis of transmembrane sucrose trandpduture this information may aid in breeding
programmes for the development of new tolerable varieties to drought, salinity and aphid

infestation, and other environmental plant stresses
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Chapter 3

A comparativein-silico Analysis of
Cis-Acting Regulatory Elements in
Promoter Regions of Sucrose

Transporter Gene
(Oryza sativa Ja

—Families In Rice
ponica) And

Arabidopsis Thaliana
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3.1 INTRODUCTION

The formation of diverse cell types from an unchagget of genes is governed by
biochemical and molecular biological processeshgilate gene activity. The selective expression
of this set of genes directs plant developmentlegldifferentiation and responses to
environmental stimuli (Franklin and Cande, 1999anEcription which is the central step to gene
expression is the most widely studied processlirmoel molecular biology (Wyeth and Albin,

2004). Gene specific regulation of transcriptionfisSundamental importance for virtually every

aspect of cellular functions.

Much of the regulatory portion of plant genes salied primarily 1000 base pairs upstream
of the transcriptional start site and this is gaitgreferred to as the gene promoter region (Dean
and Schmidt, 1995). The promoter region consisgpetific DNA sequences and response
elements that function in the recruitment of pnoteictors that facilitate transcription of the
protein-coding region of the gene. These regulaseguence elements located on the same strand
as the coding region of the gene are calleditracting regulatory elements or the transcription
factor binding sites (TFBs), and they may deterntireetemporal and spatial expression of the
gene. Thesis-acting regulatory elements are specific short D8¢éuence motifs of approximately
5 — 25 base pairs (Rani, 2007). The promoter resggoa presented as a proximal promoter to -100
bp upstream of the TATA box and a distal promofetai2 kb. The proximal sequence upstream of
the gene tends to contain primary regulatory elésavhile the distal sequence upstream may
contain additional regulatory elements, but oftéth\a weaker influence than the proximal

promoter sequence.

Regulation of gene transcription is crucial for thection and development of all
organisms. Each cell is the product of complex leguy gene expression programs involving the
transcription of thousands of genes. DNA-bindiranscription factors (TFs) are one of the
important components of this network. Transcripi®shaped by the interaction between
transcription factors (TFs) that usually bind te ¢rs-acting regulatory elements in the gene with
some additional co-factors to activate or repr&sgegranscription in response to change in the
environment, as well as during development. A grigF seldom controls the expression of a gene;
rather evidence has shown that specific combingatafiTFs are necessary in order to achieve
expression of genes in higher organisms (Lloyd.e2801). This occurs by arrangement of
multiple TFBs into modules in the promoters of egehe, usually a few hundred base pairs close
to the transcription start site [(TSS); Qui, 20d3gnce, the knowledge of tlees-acting regulatory
region bound by TFs encoded in a genome can givabk information essential to construct
transcriptional regulatory networks (Qui, 2003).
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Computational methods for the identificationcof-acting regulatory element sequences
associated with genes have long been sought irfithe strenuous laboratory procedures required
to identify them (Jeffery et al., 2007). Integratiof computer science with biology has expedited
molecular bioinformatics, processing of large sckdta inputs such as microarrays, analysis of

genomes, transcriptomes and proteomes (Qui, 2@e@f@ry et al., 2007).

Over the past several years, high-throughput tdoggdias accelerated the sequencing of a
large variety of genomegi(abidopsis, rice, human, rat, etc.). Furthermore, gene espas
profiling technology such as microarrays and seellysis of the expression (SAGE) has provided
a rapid and parallel analysis of the expressioaltesf hundreds of thousands of genes. As a
consequence, global analysis of a gene regulatiwyark for understanding cell function has

become feasible.

A major challenge of the post-sequencing era isterstand gene regulation on a global
scale and to assign function to thousands of geéntegyrative approaches such as computational
analysis of gene regulatory regions, their expogsprofiling and functional characterization are

therefore required for gene discovery and pathviagidation.

Organisms have devoted a significant fraction eftBNA to encryptis-acting regulatory
programmes that control and coordinate gene expreasthe level of transcription. The output(s)
of thecis-acting regulatory programmes depends on the eeltaintext and extracellular inputs.
Typically an external stimulus activates a signahsduction pathway which leads to modification
of the activities of several TFs, which in turngirenhancers/regulatory regions of certain genes,

effecting their expression.

3.2 PROMOTER PREDICTION

The first step towards the identification of a sarptional network is to find the promoter
region of a gene. Once the promoter region is ddfiit will be possible to search for ttis-acting
regulatory elements by screening the genomic seguien their presence (Jolly et al., 2005).
Although promoter regions are important for gengression, the progress made so far in
identifying them is generally less advanced thaidémtifying gene coding regions. This is as a
result that gene promoter regions are widely deeasid even highly recognized motifs are not
always conserved in all promoters. These problenpsamoter prediction occur because the
interaction between the TFs proteins and DNA sece®are complex; the various elements
involved are highly degenerate, so recognitionhafracteristic sequences within the promoter

element is difficult. Most TFs bind to short degexte sequence motifs occurring in the genome.
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Algorithms that use the occurrence of particulatifeavithin the sequence and those based
on position weight matrix (PWM) is thus frequentised to quantitatively represent the specificity
of those sites (Martin et al., 2002). The usefunassimple examples such as TATA is limited,
because it assume independence between adjacestdrabdo not allow for the presence of

multiple promoter elements, insertions, deletiongariable spacing between elements (Qiu, 2003).

Computational detection of regulatory sites isrgrnidate task in eukaryotes as the sequence
where TFs bind are usually much shorter and gdgezalive in both orientations (van Helden et
al., 1998; Caselle et al., 2002).

Many computational methods for promoters’ preditti@ve been developed over the last
several years. In general, this can be categonedwo groups. First is the signal-based apprpach
which depends on the recognition of conserved $garad spacing among patterns such as the
TATA-box, CAAT-box, CCAAT-box and TFBs using neuragtwork, genetic algorithm (Promoter
2.0; Knudsen, 1999) or using weight matrix basgut@gch (ProScan; Prestridge, 1995). Second is
the context-based approach, which differentiatespter sequence from non-promoter sequence
based on differences in sequence content suclpket trase-pair preferences around transcription
start site (TSS) or hexamer frequencies in consec@00-bp up-stream region, using linear
discriminant function (TSSG, TSSW; Solovyev andaBadv, 1997) or quadratic discriminant
analysis (Core promoter; Zhang, 1998). Yet, whilese programmes predicted about 13-54% of

the promoters correctly, each programme also piedlie number of false positive promoters.

Promoter Inspector system, which was recently a@gesl based on context feature
extracted from training sequences by an unsupehiesening technique (Scherf et al., 2000) was
shown to greatly reduce level of false positiveogggtion. The true positive to false positive ratio
of 2.3 was obtained, as compared to 0.6 reported3&G (Scherf et al., 2000).

With the increase of well-annotated genes, mangiessthave predicted promoter sequences
by aligning full-length mRNA with the correspondiggnomic sequences. This approach achieved
over 80% accuracy in promoter localization (Trimklet al., 2003). However, due to the lack of
full-length transcripts, a matching approach emetbipy Liu and States, (2002) was the use of
expressed sequence tags (ESTs) to anchor thegposita gene, and then gene prediction software
was used to identify the missing éxons of the genes.Thé &Epstream region of the most predicted
exon is then searched by another promoter-predietigorithm for a candidate promoter. They

claim that this method (CONPRO) can identify proemstwith very high confidence.
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3.3 CORE PROMOTER ELEMENTS

Within the proximal promoter region are core eletaeuch as TATA, CAAT, CCAAT and
InR and each represent distinct functional entitgf are responsible for basal promoter activity. The
core promoter encompasses a DNA region of apprdrign80 to 100 base pair from position -40
to +40 or -50 to +50, relative to the transcriptstart site (+1), and can be operationally defiagd
the minimal stretch of DNA that is sufficient taelit basal levels of accurate transcription
initiation in vitro. Core promoter structure haghehown to affect the amplitude by which genes
respond to various activators and repressors wapplear to play a crucial role in the specific
communication between enhancers and their targetsg€€omputational analysis of the core
promoter of plants (Shahmuradov et al., 2003) ssiggéat core promoters are quite heterogeneous

in composition for different conserveis-acting regulatory elements.

The most basicis-acting regulatory element is the TATA-box, whistfound in most
eukaryotic genes located around position —30 (3emtides upstream from the transcription start
site which corresponds to the first nucleotidehef RNA). The TATA-box is often juxtaposed to
other elements; the CAAT-box and CCAAT-box. Eadmsnt is named on the basis of its
nucleotide sequence. The TATA-box is responsibledoruiting the essential RNA polymerase |l
(RNA pol. I1) correctly to the transcription staite (TSS) initiating transcription (Dean and
Schmidt, 1995).

Accurate initiation of mMRNA synthesis in eukaryatells requires basal transcriptional
machinery which includes RNA polymerase Il and gahiganscription factors (TF): TFIl A, B, D,
E, F and H into an initiation-competent nucleopirmtomplex (Pre-Initiation Complex; PIC) at the
core promoter region (Brunelle and Chua, 1993; 8raatl Kadonaga, 2003). TFIID consists of the
TATA binding protein (TBP) and TBP-associated fastlr AFs). The universal feature of
transcription is binding of TBP to DNA at a speciflistance from transcription start site regardless
of the presence/absence of the TATA box (Tsai agi&iS 2000).

In the absence of the TATA box or a promoter \aitiered TATA-box, TAFs bind to DNA
and to other TFs in order to involve TBP in prdiation. Consequently, a gene may still be able to
recruit RNA polymerase Il to a promoter with absenc altered TATA-box, but the efficiency of
transcription initiation may be greatly compromig€bodrich et al., 1996; Tsai and Sigler, 2000).
Therefore, it is easy to comprehend why TATA boriltates as a core promoter element having
the ability to govern transcription initiation akrthe rest of the core elements usually work in
cooperation with others. Examining the effects atations on in vitro transcription, a duplicated

TATA sequence in the TATA-box was reported to emeatmanscription (Mukumoto, et al., 1993).
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These studies established the importance of theAFAdx in the correct selection of a transcription

initiation site.

The initiator element (InR) is a conserved sequeavitidn the proximal promoter region
and function to direct accurate transcription atitin in conjunction with TATA in the absence of
other core promoter elements (Smale and Baltink889). The InR was originally identified as a
discrete core promoter element essential for agtofithe TATA-less murine terminal
deoxynucleotidyl transferase (mTdT) gene promd#ar(inez et al., 1994). TATA and InR
function together dramatically to increase the bpsamoter activity, as compared with the
presence of either TATA or InR alone (Smale andiBalre, 1989; Martinez, et al., 1994; Zhu, et
al., 1995).

Inducible genes always contain a TATA-box and astéwo othecis-acting elements that
play a role in the final stages of environmentghai transduction. Housekeeping genes on the
other hand have less diversity in thgs-acting regulatory elements and may not even corai
recognizable TATA-box (Dean and Schmidt, 1995).

3.4 IDENTIFICATION OF CIS-ACTING REGULATORY
ELEMENTS AND COMPOSITE TRANSCRIPTION FACTOR
MODULES

After promoter regions are identified, searchdaracting regulatory elements
computationally by screening for the presence @9 motifs that have already been identified is
then possible. Most TFs bind to short (5-25 basespaequence motifs that occur regularly in the
genome. A position weight matrix (PWM) is usualked to quantitatively represent the binding
specificity of these TFs. Consensus sequence emes by IUPAC string or PWM can be used to
search genome for known TF binding-site elementsgi@mmes have been developed to perform
these searches based on PMW and IUPAC, and thieylen¢(SIGNAL SCAN, MATRIX
SEARCH, Plant CARE, PLACE, Genomatix Matinspectmfessional, TFSearch etc. Transfac is a
data base that collects TFs, TFBs and TFBs sequentites (IUPAC or PWM) generated from the
published literatures (Matys, 2003).

3.5 STRESS INDUCED/REGULATED GENES

The stress responses of plants are regulated Hiphawdignaling pathways, and there is
significant overlap between the patterns of gengeassion that are induced in plants in response to
different stresses. For example, the gene expregsafiles observed during an incompatible plant

fungal interaction overlap with those derived framunding (Durrant et al., 2000). Stress
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associated genes occur primarily at the levelasfgcription, and regulating the temporal and
spatial expression patterns of specific stressgenan important part of the plant stress response
(Rushton and Somssich, 1998). Often, several glosédted transcription factors have potential to
activate or repress genes throwigiacting regulatory sequences that respond to spetiéss.
Plants have been attested to devote a large patitheir genome capacity to transcription, with

the Arabidopsis genome coding in excess of 1500 transcriptiorofadRiechmann et al., 2000).

Plant hormones such as ethylene, salicylic acid,(B&monic acid (JA) and abscisic acid
(ABA) are important regulators of stress responpiathways. Ethylene and JA are commonly
associated with defence pathways activated by gathfection and wounding (Zimmerli et al.,
2004), while ABA is well known to regulate resporeeabiotic factors such as salinity and drought
(Zhu, 2002). Recently, ABA has been implicatedhia éstablishment of compatible interactions
between fungal pathogens and host plants (MohiCatnill, 2003). Exogenous applications of
ethylene (Jacobs et al., 1999), JA (Zimmerli et2004) and ABA (Finkelstein et al., 2002) have

been reported to elicit aspects of the host resgptinstress stimuli.

Many stress associateid-acting regulatory elements that activate transomgn response
to salinity, drought, wounding and pathogen infacthave been identified in plants (Higo et al.,
1999; Singh et al., 2002; Rani, 2007). Web-bas¢abhdaes such as Plant CARE, PLACE and
Genomatix Matinspector professional have providedravenient way to search for these
previously identified promoter motifs in DNA seques. Plant CARE, PLACE and Genomatix
Matinspector professional are databases of miafgcting regulatory elements and provide access
tools forin silico analysis of promoter sequences. These databasascampilation of motifs
found in plantis-acting regulatory DNA elements, extracted fromieapublished reports, and
also from article reviews on the regulatory regiohsarious plant genes. The original reported
motifs, as well as their variations in other geaesther plant species in later reports, are also
incorporated (Higo et al., 1999; Lescot et al.,2@ani et al., 2007).

3.6 SPECIFIC OBJECTIVE

Sucrose transport is a process highly regulatéueatell level and the plant level. It must
respond to variations in the source/sink ratio Whicturn depend on many internal and external
parameters such as growth, development, photosyntwivity, light environment, water status,
phytopathogen attack, etc. This flexibility is mamessible by the presence of multigenic family

whose members are expressed in different cellgfateht times, and under different conditions.

Although various sucrose transporters have beeredlérom plant tissues (Sauer, 2007),
little is known so far about the expression andaittevities of these transporters to environmental
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stress. To date, no work has been published otrahscription factorstis-acting regulatory

elements that regulate the expression of sucrasspprter genes during stress.

Therefore the focus of this study was to use abkdlhioinformatic tools to reveal a
comprehensive and comparative descriptioa®fcting regulatory elements that are present
within the 5- untranslated region (2JTR) of the DNA sequences of sucrose transpogaeg
families in rice Qryza sativa Japonica cultivar - group) amdabidopsisthaliana; as a source of
potential useful promoters for the expression agtilation of these genes. This analysis is tis¢ fir
step towards uncovering transcription regulatotgractions of these genes during development or

under environmental stress conditions.

3.7 METHOD

3.7.1 Identification of the 5Utr of Sucrose Transporter Genes

The complete nucleotide sequence of the sucrosspioater gene family in rice as
registered in GenBank by Aoki et al. (2003), unttheraccession number: OsSUT1 (AF280050),
OsSUT2 (AB091672), OsSUT3 (AB071809), OsSUT4 (ABBIER), OsSUT5(AB0916674) were
obtained from National Center for Biotechnologydmhation (NCBI) internet database site

(www.ncbi.nih.nim.goy. Similarly, the nucleotide sequence of the suetesnsporter gene family

in Arabidopsisthaliana as registered in Genbank under the accession nuAtstJC1
(At1g71880), AtSUC?2 (At1g22710), AtSUC3/AtSUT2 (A2860), AtSUC4 (At1g09960),
AtSUCS5 (At1g71890), AtSUC6 (At5g43610), AtSUC7 (A86570), AtSUCS (At2g14670),
AtSUC9 (At5g06170); (Sauer, 2007) were also obthinem National Center for Biotechnology

Information (NCBI) internet database site.

Individual sequences of rice aAdabidopsis thaliana sucrose transporter gene families
were confirmed against tl@ryza sativa (Japonica cultivar-group) genome afdbidopsis
thaliana genome respectively, using the Basic Local Aligntrieool (BLASTN;
http://blast.ncbi.nim.nih.gov/Blast.ggiLocus link was used to identify a genomic segeeof 1.5

kbp extending 5from the translation start site of each sucrosesiporter gene to the next gene.

These sequences were used for the computationgbana

3.7.2 Cis-Acting Regulatory Elements Analysis

Using database associated search tools, 1.5 kigprefulatory region of each sucrose
transporter gene in rice aAdabidopsis thaliana were scanned for the presence of putatise
acting regulatory elements identical with or simtlathe motifs registered in Plant CARE
(http://bioinformatics.psb.ugent.be/webtools/plang¢cgi-bin/CallMat 1E55.htpl PLACE
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(http://www.dna.affrc.go.jp/PLACE/signalscan.hjrahd Genomatix Matinspector professional

(http://www.genomatix.de/cgi-bin/matinspector proét fam.pl

The sucrose transporter genes 1.5 kbp oédulatory region of the coding regions were

aligned using ClustalW (http://www.ebi.ac.uk/Toolsktalw2/index.htn)lto search for possible

sequence similarities between these regions. Resshuence similarities between the genes
coding sequences and protein sequences of tharri&r abidopsis thaliana sucrose transporter

genes; obtained from NCBI were also identified gstiustalWw.

3.8 RESULTS

The BLASTN result of the sucrose transporter gemege (Oryza sativa Japonica cultiva-group)
andArabidopsis thaliana genomes are tabulated in Table 3.1. Genomic segaein5kbp up-steam
from the translational start site of each gener(disated by the start of the coding region, CDS in
Table 3.2) were used in the promoter predictiotvgke to identify the presence of seveiat

acting regulatory elements known to be involvetramscription regulation of plant genes and
which could possibly be controlling the expressibthe SUT genes in ricé(yza sativa Japonica
cultivar-group) andirabidopsis thaliana. This region was used in this study as no intreese
indicated upstream of the translational startaitihe studied genes, as indicated by the presaince
the translational start site within the first exafrall the genes (Table 3. 2), and thus possible
regulatory information within the' bintranslated region (& TR) could also be identified. Several
functional significantis-acting regulatory elements that are associate plént development,
hormonal regulation and stress response were f@htipstream of the sucrose transporter gene
families in rice QOryza sativa Japonica cultivar- group) amdabidopsisthaliana (Figures 3.1 and
3.2). The names of the identifiets-acting elements and their predicted functiongabelated in
Table 3, and their frequencies of occurrence amnsarized in Figures 3.3 and 3.4. The selected
cis-acting regulatory elements were common for theonitgjof analyzed sucrose transporter gene
5’ regulatory regions .All sequences referred tonarabered from thelst base of the translational
start site(ATG).The location of the TATA, CAAT, C@A and InR maotifs closest to the

translational start site (ATG)are also indicated.
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Table 3.1: The BLASTN result of ric®©(yza sativa Japonica cultiva-group) arfdabidopsis sucrose transporter gene families.

GENE ACCESSION| NUMBER CDS 5 UTR LOCATED ON | REFERENCE HOMOLOGY TO CHROMOSOME | POSITION ON
NUMBER OF BASE REGION | BEFORE | CHROMOSOME NUMBER THE TOTAL LENGTH | CHROMOSOME
PAIRS ATG CHROMOSOMAL
REGION
OsSUT1 AF280050 7717 1481 -73%8  1-148 3 NC_064839 99.8% 36192742 3787231 -
3779481
OsSUT2 AB091672 1869 76 - 1581 1-75 12 NC_008405%. 99.6% 27566993 27554242 -
2755027
OsSUT3 ABO071809 1713 85 - 1605 1-84 10 NC_008403. 100% 22685906 13263493 -
13269713
OsSUT4 AB091673 2158 40 - 1827 1-40 2 NC_00839%.1 99.9% 35954743 35567546 -
35571906
OsSUTS AB091674 1972 12 - 1619 1-11 2 NC_00839%.1 99.3% 35954743 22169450 -
22165819
AtSUC1 Atlg71880 1542 155 -1696 1-154 1 NC_003®7( 100% 30427671 27054180 -
27056341
AtSUC2 Atlg22710 1956 1-1539 None 1 NC_003070.9 100% 30427671 8030641 -
8033117
AtSUC3/| At2g02860 2138 160 - 1944 1-159 2 NC_003071(.7 100% 19698290 828352 -
AtSUT2 832455
AtSUC4 At1g09960 1974 46 - 157§ 1-45 1 NC_003970Q. 100% 30427671 3244258 -
3247200
AtSUC5 Atlg71890 1804 54 - 1592 1-53 1 NC_00307Q.9 100% 30427671 27058492 -
27060785
AtSUC6 At5g43610 1479 1-1479 None 5 NC_003076.8 100% 26975502 17519079 -
17521008
AtSUC7 At1g66570 1613 81 - 1554 1-80 1 NC_00307Q.9 100% 30427671 24835251-
24837322
AtSUCS8 At2g14670 1479 1-1479 None 2 NC_003071{.7 100% 19698290 6274606 -
6276317
AtSUC9 At5g06170 1476 1-1476 None 5 NC_003076.8 100% 26975502 1869791 -
1871719
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Table 3.2: Location of the mMRNA and CDS sequendek® (Oryza sativa Japonica cultiva-group) amdabidopsis thaliana sucrose transporter gene
families as they appear in the different chromosgrmaicating the positions of all exons and ingronPositional information was obtained

from the complete chromosome sequence corresponalitige Reference Number indicated in Table® This indicates the position of the

transcription start site (TSS)This indicates the position of the translationtssie (ATG).

Gene Chr| Reference Gene Gene MRNA Locatiori CDS Locatiofi
Numbe Locatior Referenc
OsSUTL| 3 | NC_008396.1 3779594- | Os03g0170900) Join (3779594, 3780012, 3780129..3780172, Join (3779839..3780012, 3780129..3780172,
3785919 3780256..3780319, 3780422..3780655, 3780765..3B3008780256..3780319, 3780422..3780655,
3781027..3781221, 3781447..3781522, 3781689..3B8178780765..3780908, 3781027..3781221.
3781955..3781988, 3782076..3782160, 3782226..318208781447..3781522, 3781689..3781788,
3782380..3782478, 3782810..3782875, 3785485, 3§50 B781955..3781988, 3782076..3782160.
3782226..3782290. 3782380..3782478,
3782810..3782875 ,3785485..3785721)
OsSUT2| 12| NC_008405]127550105] Os12g0641400 Join (27550105, 27550709, 27551473..27551516, Join (27550548..27550709, 27551473..27551516,
- 27554292 27551588..27551651, 27551733..27552463, 27551588..27551651, 27551733..27552463,
27553663..27553875, 27553895..27554222) 27553663..27553875, 27553895..>27554150)
OsSUT3| 10| NC_008403]113263493| Os10g0404500) Join (13263493, 13263732, 13265391..13265456, Join (13263577..13263732, 13265391..13265456,
- . 13265607..13265705, 13267020..13267084, 13265607..13265705, 13267020..13267084,
13269713 13267210..13267294, 13267389..13267422, 13267210..13267294, 13267389..13267422,
13267539..13267638, 13267811..13267886, 13267539..13267638, 13267811..13267886,
13268085..13268408, 13269090..13269713) 13268085..13268408, 13269090..13269605)
OsSUT4| 2 | NC_008395 1 35567546| Os02g0827200 Join (35567546..35567848, 35568303..35568365, Jdn (35567585..35567848, 35568303..35568368,
. 35568475..35568573, 35568652..35568716, 35568475..35568573, 35568652..35568716,
35568802..35568886, 35569028..35569061, 35568802..35568886, 35569028..35569061,
35571907 35569147..35569246, 35569738, 35569813, 35569147..35569246, 35569738..35569813.
35569974..35570315, 35570426..35570569, 35569974..35570315, 35570426..35570569,
35570840..35571073, 35571149..35571212, 35570840..35571073,
35571297..35571340, 35571431..35571907) 35571149..35571212, 35571297..35571340,
35571431..35571601)
0sSUT5| 2 | NC_008395[122165822 0s02g0576600 Join (22165822..22166318, 22166422..22166465, Join (22166148..22166318, 22166422..22166465,
99169540 22166563..22166626, 22166729..22167109, 22166563..22166626, 22166729..22167109,
22167296..22167475, 22167661..22167736, 22167296..22167475, 22167661..22167736,
22167844, 22167946, 22168060..22168093, 22167844, 22167946, 22168060..22168093,
22168216..22168300, 22168389..22168453, 22168216..22168300, 22168389..22168453,
22168592..22168690, 22168960..22169025, 22168592..22168690, 22168960..22169025,
22169200..22169540) 22169200..22169439)
ASUCL | 1 | NC 003070.9 27054180 AT1G71880 | Join (27054180..27055593, 27055680..27055743, Join (27054334..27055593, 27055680..27055743,
- i 27055883..27056341) 27055883..27056100)
27056341
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AtSUC?2 NC 003070.0 8030641 -] AT1G22700 | Join (8030641..8031084, 8031174..8031217, Join (8030911..8031084, 8031174..8031217,
- 8033117 8031505..8031568, 8031714..8033117) 8031505..8031568, 8031714..8032970)
AtSUC3/ NC 003071.7 828352 - | AT2G02860 | Join (828352..828713, 828830..828873, 828970..82903 Join (828546..828713, 828830..828873,
AtSUT2 - 832455 829125..829358, 829456..829599, 829728..830066, | 828970..829033, 829125..829358, 829456..829599,
830350..830425, 830531..830630, 830740..830773, | 829728..830066, 830350..830425, 830531..830630,
830866..830950, 831044..831083, 831210..831308, | 830740..830773, 830866..830950, 831044..831108,
831456..831521, 832030..832455) 831210..831308, 831456..831521, 832030..832296)
AtSUC4 NC 003070.9 3244258 -| AT1G09960 | Join (3244213..3244795, 3245159..3245886, Join (3244258..3244795, 3245159..3245886,
- 3247200 3246023..3246086, 3246215..3246258, 3246560..3246[78246023..3246086, 3246215..3246258,
3246828..3247200) 3246560..3246718)
AtSUC5 NC 003070.9 27058439| AT1G71890 | Join (27058439..27059748, 27059837..27059900, Join (27058492..27059748, 27059837..27059900,
- _ 27060356..27060785) 27060356..27060573)
27060785
AtSUC6 NC 003076.8 17519079| AT5G43610 | Join (17519079..17520323, 17520426..17520489, Join (17519079..17520323, 17520426..17520489,
- j 17520839..17521008) 17520839..17521008)
17521008
AtSUC7 NC 003070.924835251- AT1G66570 | Join (24835251..24835478, 24835837..24835900, Join (24835309..24835478, 24835837..24835900,
- 24837322 24836001..24837322) 24836001..24837242)
AtSUCS NC 003071.7 6274606 -| AT2G14670 | Join (6274606..6274775, 6274908..6274971, Join (6274606..6274775, 6274908..6274971,
- 6276317 6275073..6276317) 6275073..6276317)
AtSUC9 NC_003076.8 1869791 -| AT5G06170 | Join (1869791..1871032, 1871130..1871193, Join (1869791..1871032, 1871130..1871193,
1871719 1871550..1871719) 1871550..1871719)
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Figure 3.1 Map of the promoter regions of riG\za sativa Japonica cultiva-group) sucrose
transporter gene family. The 1.5 kb region upstre&the translational start site was
analyzed using PLACE, Plant CARE and Genomatix Mgoector professional
databases.The consensus sequences correspontliegrérious putativeis- acting
regulatory elements are described in Table 3.3tiBos are with respect to the first

base of the translation start site (ATG).
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Figure 3.2 Map of the promoter regionsfoébidopsis thaliana sucrose transporter gene family.
The 1.5 kb region upstream of the translationat site was analyzed using PLACE,
Plant CARE and Genomatix Matinspector professidashbases. The consensus
sequences corresponding to the various putats/acting regulatory elements are
described in Table 3.3. Positions are with respette first base of the translation start
site (ATG).
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Table 3.3: Putativeis-acting regulatory elements identified in the preanaegions of rice@ryza

sativa Japonica cultiva-group) amdabidopsis thaliana sucrose transporter gene

families. The 1.5 kb region upstream of the traimhal start site was analyzed using
PLACE, Plant CARE and Genomatix Matinspector prsifesal databases.

CISACTING SEQUENCE SYMBOL FUNCTION REFERENCE
ELEMENTS
DRE A/GCCGAC Salt/drought responsive Dubouzet, et al., 2003
element
ABRE (CIA)ACG(T/C)G(T/CIG) A Abscisic Acid Responsiv Kaplan, et al., 2006
Element; acis-acting
regulatory element involved in
abscisic acid responsiveness
A-box (G- TACGTA Sugar repression Toyofuku, et al., 1998
motif)
ARE TGGTTT Anti-oxidant Responsive Nguyen, et al., 2003
B Element; ais-acting
regulatory element essential
for anaerobic induction
MYC CATGTG; CACATG; Cis-acting regulatory element Shinozaki and Yamaguchit
CANNTG involved in early response to| Shinozaki, 2000; Abe, et
drought and abscisic acid al., 2003
induction
GARE TAACAA(G/A) Gibberellin Responsive Gubler and Jacobsen,
® Element; ecis-acting 1992; Ogawa, et al., 2003
regulatory element involved in
Gibberellin responsiveness
and also patrtially involved in
sugar repression
MYB WAACCA; TAACTG; Cis-acting regulatory element Shinozaki and Yamaguchit
CNGTTR; YAACKG; ﬂ involved in regulation of Shinozaki, 2000; Abe, et
GGATA; CAACTG drought inducible gene al., 2003
expression
TCA TCAGAAGAGG; I Cis-acting regulatory eleme! | Kim et al., 1993
TCATCTTCTT involved in salicylic acid Goldsbrough, et al., 1993
responsiveness
Box-4 ATTAAT o Part of a conserved DNA Lois, et al., 1989
module involved in light
responsiveness
W-box TTGAC; TGACT; Cis-acting regulatory element Maleck et al., 2000;
TGACY; TGAC A involved in direct fungal Eulgem, 2000; Chen, et al
elicitor stimulated 2002; Yamamoto, et
transcription of defense genesal.,2004; Zheng et al.,
and activation of genes 2006; Ross et al., 2007.
involved in response to
wounding
Me-JA motif | CGTCA; TGACG ‘ Cis-acting regulatory element Kim et al., 1993; Rouster,
involved in methyl jasmonateset al., 1997
responsiveness
G-box CACGTG 0 Cis-acting regulatory eleme! | Sess, et al., 1995; Lope-
involved in light Ochoa, et al., 2007
responsiveness
GAG GGAGATG - Part of light responsive Lois, et al., 1989
element
RY-motif CATGCATG Cis-acting regulatory elemel | Ezcurra, et al., 199¢
- involved in seed —specific Ezcurra et al., 2000
regulation
Erdl ACGT Cis-acting regulatory element Simpson, et al., 2003

required for early response tg

dehydration (etiolation —
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induced expression).

EIRE TTCGACC Elicitor Responsive Element; Rushton , 1996-ukuda,
q*p acis-acting regulatory 1997
element essential for elicitors
responsiveness
GCC-box GCCGCC Core of GCC-box found in | Sessa et al., 1995Brown,
I many pathogen- responsive | et al., 2003
genes such as PDF1.2, Thi2/1
and PR4. Also found to
function as ethylene-
responsive element.
GT-1 GAAAAA; GGTTAA Cis-acting regulatory element Park, et al., 2004
‘ required for rapid response tg
pathogen attack, salinity and
salicylic acid inducible gene
expression
I-box GATAA Light box Element; ais- Hiratsuka and Chua,
A acting regulatory element 1997;Lo6pez-Ochoa, et al.,
conserved in sequence 2007
upstream of light-regulated
genes
GATA GATA Cis-acting regulatory element Lam and Chua, 1989;
X required for high level light
regulated and tissue specific
expression
CAT GCCACT A Cis-acting regulatory element Manevski, et al., 2000
related to meristem
(mesophyll) expression
ERE A(AIT)TTCAAA <o Ethylene responsive elem Itzhaki, et al., 1994Lin, et
al., 2007
CuRE GTAC Copper responsive eleme Quinn, et al 200
- and also involved in oxygen
response
Pyrimidine TTTTTTCC; CCTTTT Partially involved in sugar | Washio, K. ,2003
box @ repression. It requires
Gibberellin for its induction
SuRE GAGAC I Sulphur responsive elem Maruyami-Nakashita, e
al., 2005
GAP ATGA I:I Light responsive element Park, 1996
Sucrose box NNAATCA Cis-acting regulatory element Fillion, et al., 1999 Chen,
I required for sugar responsive et al., 2002
gene expression
HSE CNNGAANNTTCNNG Heat Stress Elementcis- Gag, et al., 200¢
acting regulatory element Larkindale and Vierling,
involved in Heat Stress 2008
responsiveness
GA-motif AAGGAAGA Cis-acting regulatory elemei | LopezOchoa, et al., 20(
< involved in light
responsiveness
LTRE ACCGACA; CCGAAA; Low Temperature Response| Nordin, 1993; Brown, et
GTCGAC - Element; acis-acting al.,2001; Dunn, et al., 199
regulatory element required in
cold inducible gene
expression
ARF (AuRE) | GGTCCAT; TGTCTC * Cis-acting regulatory element Ulmasov, et al., 1999,
involved in Auxin Hagen, G. and Guilfoyle,
responsiveness T. 2002
GCNA4 CAAGCCA Cis-acting regulatory elemel | Wu et al.,1998; Washid;

involved in endosperm

expression

et al., 1999
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Figure 3.3: lllustration of the frequencies of thieacting regulatory elements identified in the
promoter sequences of rid@rf/za sativa Japonica cultiva-group) sucrose transporter
gene family.
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In rice Oryza sativa Japonica cultiva-group) sucrose transporter gamely, the core
elements: TATA, CAAT and CCAAT motifs which are stst to the translational start site (ATG)
were found to be very close to one another. HowmR was found at the distal part of the 5
regulatory region in all of the genes. Converseljiabidopsis thaliana sucrose transporter gene
family; TATA, CAAT, CCAAT and InR motifs closest tile translational start site (ATG) were
found to be very close to one another in severti®fenes (AtSUC1, AtSUC5, AtSUCS,
AtSUCS), while in the rest (AtSUC2, AtSUC3, AtSUCXSUC7 and AtSUC9); the InR motifs

were found at the distal part of ther&gulatory region.

Localization of the putativeis-acting regulatory elements indicate that; OsSUfd a
OsSUTS5 gene expression may be well regulated atigt@l region, whilst OsSUT3 gene
expression at the proximal region. However OsSUT@ @sSUT4 have thes-acting regulatory
elements evenly spread across the 1.5 Kibpdulatory region. In the case Afabidopsis thaliana;
AtSUC2, AtSUCS5 and AtSUC9 may be well regulatethatproximal region, whilst the
localization of putativeis-acting regulatory elements in the rest of Anabidopsis sucrose
transporter genes are evenly spread across thd.3 regulatory region. Table 3.4 summarises
the organization of theis-acting regulatory elements per 300 base pairgegst of the start codon
in each sucrose transporter gene in terms of:laelllevelopment, hormonal regulation and stress
response associaterd-acting regulatory elements. OsSUT2, OsSUT4, OsSBISUCL,

AtSUC2, AtSUC6 and AtSUC9 have high numbecisfacting regulatory elements that are
associated to cellular development as comparetketother sucrose transporters. Low numbers of
hormonal regulation associateid-acting regulatory elements were found for the miyj@f rice
andArabidopsis sucrose transporter genes; however significanuaitsavere found upstream of
the coding region for the OsSUT2, AtSUC6 and AtSUefies. Stress associateslacting
regulatory elements were present in appreciableuatrio all the rice andrabidopsis sucrose

transporters regulatory regions.

CuRE, GATA, GT-1 and MYB motifs were found to bedespread at varying frequencies
in all the regulatory regions of both rice afvabidopsis sucrose transporter gene families, whereas
otherscis-acting regulatory elements were found in only safnihe regulatory regions of the
sucrose transporter families. The W-box motif wadaspread at varying frequencies in all the
regulatory regions of the sucrose transporter gemédies, except OsSUT3 gene, whereas the CAT
motif was found in all the regulatory regions of tfucrose transporter gene families at varying
frequencies, except AtSUC4 and AtSUC5 genes.

The ABRE motif was found to be distributed withiretregulatory regions of all the rice and
Arabidopsis sucrose transporter genes, except OsSUT3, AtSBAJC6 and AtSUC7 genes. The
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Me-JA motif was found to be distributed within tlegyulatory regions of all the rice sucrose
transporter genes, except OsSUT3, whereas it wgdaamd in the regulatory region of AtSUCA4.
GARE was found in OsSUT1, OsSUT3 and OsSUT4 gdnés)ot in OsSUT2 and OsSUT5
genes, whereas it was found in all the sucrossp@ter genes iArabidopsis, except AtSUC5
gene. ERE motif‘'s were found in OsSUT2, OsSUT3,UES, AtSUC6, AtSUC7, AtSUCS8 and
AtSUC9 genes, whereas the TCA motif was only presetne OsSUT1, OsSUT2, AtSUC2,
AtSUC4, AtSUC7, AtSUCS8 and AtSUC9 genes and the ARIKRE) motif only in the OsSUT3,
OsSUT4, AtSUC1, AtSUC5, AtSUC6 and AtSUC9 genes.

Light responsiveis-acting regulatory elements such as Box-4, |-bok;r@otif, GATA,
GAP and G-box, were located at various frequenaiedl the 3 regulatory region of the sucrose
transporter genes, with the GATA-motif and I-boxngethe most prominent among them.

Motifs associated with sugar responsive or sugaression gene expression such as:
Sucrose-box, Pyrimidine-box and A-box and thoselved in seed-specific regulation such as
CAT, GCN4 and RY-motif were located on all therégulatory regions of the sucrose transporter

gene families at different frequencies (Figure&hd Figure 3.4).

The drought associatets-acting regulatory elements Erd 1, MYB and MYC; &inel
temperature associate-acting regulatory elements LTRE and HSE; were pfesent at varying
frequencies in all the sucrose transporter gendiéniFigure 3.3 and Figure 3.4).

Thecis-acting regulatory elements associated with woumdgticitor and pathogen attack;
EIRE, GT-1 motifs and GCC-box; were found in thguiatory region of all the sucrose transporter
gene families, as were the ARE (Anti-oxidant Respon Element), CURE (Copper responsive

element) and SURE (Sulphur responsive element¥snoti

Analysis of the 5regulatory regions of rice arfdabidopsis sucrose transporter genes,
revealed a high divergence in these regions (2 -itle#tity, Table 3.5)The coding regions of the
rice sucrose transporter genes appear to be poamserved (4 - 55% identity; Table 3.5), whereas
the coding region for tharabidopsis sucrose transporter genes appear to be more vedsds8-
93% identity; Table 3.5). The analysis of the pirose=quences of the rice aAdabidopsis sucrose
transporters revealed higher conservation in theesgces. A 40-71% identity was obtained for the
rice protein sequences (Table 3.6) while 42-96%titdewas obtained foArabidopsis (Table 3.7).
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Table 3.4: Percentage compositiortistacting regulatory elements per 300 base pair tgasst of 5 UTR of
rice (Oryza Sativa) andArabidopsis thaliana sucrose transporter genes

Region +1 to -300 Region -301 to -600 Region -601 890 Region -901 to -1200 Region -1201 to -1500
Gene Total No of | A B Cc Total No of | A B C Total No of | A B Cc Total No of | A B Cc Total No of | A B Cc

Cis-element Cis-element Cis-element Cis-element Cis-element

(%) | (%) | (%) (%) | (%) | (%) (%) | (%) | (%) (%) | (%) | (%) (%) | (%) | (%)

OsSUT1 5 40 20 40 11 9.1 0 90.9 10 20 10 70 11 18.Q 81.8 19 5.3 21| 737
OsSUT2 17 177 23%5 588 16 25 6(3 68.7 18 222 [1&I1 18 22.2 0 77.8 11 27(3 a 72.7
OsSUT3 16 18.§ 0 81.p 13 154 @ 84.6 11 D.1 0.1 818 11 27.3 0 72.7 7 0 0 100
OsSUT4 11 0 18.2 81.8 17 235 118 o64.7 11 27.3 0 .72 12 33.3] 83| 584 14 357 0 64.3
OsSUT5 10 20 10 70 14 2114 0 78.6 12 P5 0 75 13 3. 76.9 19 15§ 10% 73)
AtSUC1 14 36 14 50 17 176 59 765 12 §.4 0 91.6 18| 5.6 | 11.1| 833 11 278 9.1 63|6
AtSUC2 13 46.2 0 53.§ 21 19 48 74.2 13 154 y.7 769 15 0 13.3| 86.7 5 20 2( 6(
AtSUC3 15 133 133 734 14 0 0 100 12 a0.7 0 58.3 21| 4.8 9.5 | 85.7 7 14. 1483 7114
AtSUC4 12 84| 333 583 9 0 0 140 18 111 111 778 0 1 10 0 90 12 8.3] 83 834
AtSUC5 15 20 6.7| 73.3 19 105 0 89.5 16 15 6.3 2]!1.2 11 9.1| 91| 818 3 338 0 667
AtSUC6 12 16.7| 8.3 75 16 313 63 624 12 8.3 8.3 483. 15 13.3] 133 734 11 364 91 545
AtSUCY7 9 33.5| 11.1 | 55.¢ 10 10 0 9C 10 10 20 70 1¢ 15.6| 5.2 | 78.¢ 11 0 182 | 81.¢
AtSUC8 12 8.3 0 91.7 10 20 1( 70 18 111 111 47.8 14| 143| 7.1 | 78.9 11 9.1 0 909
AtSUC9 15 133 133 734 24 2018 20.8 584 11 27.3 a2.7 14 35.7] 214 429 9 22(2 @ 71.8

As refer in the table:

A is cellular development associatgd-acting regulatory elements (A-box, RY, CAT, Pyrifime-box, Sucrose-box and GCN4)

B is hormonal regulation associat@dacting regulatory elements (ABRE, ARF, ERE, GAREA, and Me-JA)

C is stress response associatiseacting regulatory elements (ARE, BOX-4, CURE, DEEJ-1, EIRE, GA-motif, GAG, GAP, GATA, G-box, GClisx, GT-1, HSE, I-box,
LTRE, MYB, MYC, SuRE and W-box)
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Table 3.5: The clustal-W multiple sequence aligninoémice Oryza sativa Japonica cultiva-group) amtabidopsis thaliana sucrose transporter
gene families.

% Homology of Non- Coding Regions

% Homology of Coding Regions

OsSutl [ OsSut2 | OsSut3 | OsSut4 | OsSut5 | AtSucl | AtSuc2 [ AtSuc3 | AtSuc4 | AtSuc5 | AtSuc6 | AtSuc7 | AtSuc8 | AtSuc9

OsSutl 6 8 4 5 6 5 7 4 5 5 5 5 3
OsSut2 |2 35 18 22 53 44 20 48 45 55 51 55 55
OsSut3 | 8 1 53 55 33 45 47 27 20 50 34 37 36
OsSut4 | 3 2 1 21 22 16 50 18 18 21 20 22 22
OsSut5 |6 2 2 4 48 39 20 16 26 32 28 32 36
AtSucl |6 3 4 1 3 74 24 53 83 77 73 76 75
AtSuc2 |2 2 4 3 1 2 18 40 68 70 65 70 69
AtSuc3 | 2 3 3 3 3 2 4 42 20 24 22 24 24
AtSuc4 |1 2 1 1 1 1 1 1 46 55 50 55 55
AtSuc5 | 4 2 3 1 5 12 5 5 1 75 69 75 73
AtSuc6 | 2 7 6 1 3 5 4 7 6 6 93 93 89
AtSuc7 |1 2 3 1 4 2 2 9 2 3 9 93 89
AtSuc8 |5 7 2 2 4 6 4 3 6 7 5 5 89
AtSuc9 |3 1 2 1 1 4 4 4 1 3 18 2 2
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Table 3.6: The clustal-W multiple sequence alignimoémice Oryza sativa Japonica cultiva-group)
sucrose transporter protein sequences.

SegA Length SeqB Length | Identity SeqA | Length | SegB | Length | Identity

Name (aa) Name (aa) (%) Name (aa) Name (aa) (%)
OsSUT1 538 OsSUT?2 501 44 OsSuUT2 501 OsSyT4 595 45
OsSUT1 538 OsSUT3 534 71 OsSuUT2 501 OsSUT5 534 40
OsSUT1 538 OsSUT4 595 55 OsSUT3 506 OsSyT4 595 517
OsSUT1 538 OsSUTS 534 50 OsSUT3 506 OsSYT5 584 50
OsSUT2 501 OsSUT3 506 42 OsSuUT4 595 OsSYTS5 584 48

Table 3.7: The clustal-W multiple sequence alignioéirabidopsis thaliana sucrose transporter
protein sequences.

SegA Name| Length) SeqgB Length Identity SeqA | Length | SegB Length Identity

(aa) Name (aa) (%) Name (aa) Name (aa) (%)
AtSUT1 513 AtSUT2 512 77 AtSUT3 594 AtSUT8 492 43
AtSUT1 513 AtSUT3 594 43 AtSUT3 594 AtSUT9 491 43
AtSUT1 513 AtSUT4 510 49 AtSUT4 510 AtSUTS 509 47
AtSUT1 513 AtSUT5 509 80 AtSUT4 510 AtSUT6 492 50
AtSUT1 513 AtSUT6 492 76 AtSUT4 510 AtSUT7 491 51
AtSUT1 513 AtSUT7 491 75 AtSUT4 510 AtSUT8 492 50
AtSUT1 513 AtSUT8 492 76 AtSUT4 510 AtSUT9 491 50
AtSUT1 513 AtSUT9 491 73 AtSUTS 509 AtSUT6 492 73
AtSUT2 512 AtSUT3 594 43 AtSUTS 509 AtSUT7 491 73
AtSUT2 512 AtSUT4 510 48 AtSUTS 509 AtSUT8 492 74
AtSUT2 512 AtSUT5 509 73 AtSUTS 509 AtSUT9 491 71
AtSUT2 512 AtSUT6 492 72 AtSUT6 492 AtSUT7 491 95
AtSUT2 512 AtSUT7 491 72 AtSUT6 492 AtSUT8 492 95
AtSUT2 512 AtSUT8 492 72 AtSUT6 492 AtSUT9 491 88
AtSUT3 594 AtSUT4 510 46 AtSUTY 491 AtSUT8 492 96
AtSUT3 594 AtSUT5 509 42 AtSUTY 491 AtSUT9 491 87
AtSUT3 594 AtSUT6 492 42 AtSUT8 492 AtSUT9 491 89
AtSUT3 594 AtSUT7 491 42
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3.9 DISCUSSION

Numerous studies have been reported on the expnessBUT genes during development
(Aoki et al., 1999; Scofield et al., 2007; Sau€XQ?2), but little is still known about the regulatiof
plant SUT genes during stress conditions (Sark €1@97; Meyer et al., 2004). In particular, work
regarding theis-acting regulatory elements or transcriptional destinvolved in the expression of
these genes in plants are very scarce. The ptibhicaf the genome sequences Aoabidopsis
(Arabidopsis Genome Initiative, 2000) and rice plant (Ouyanglet2007; Yu et al., 2002), and the
development of recent bioinformatic tools has opleme the door for studies on the regulation of

expression of genes of interest.

Bioinformatics tools available on the World Wide B\Meere used to identify the putative
cis-acting regulatory elements present in the divergegion of 1.5 kbp of the’ Segulatory region
starting from translational start site of the ssertransporter gene families in rice akrdbidopsis.
Significant variations both in the number and natofrelements identified were observed. This is in
accordance with studies where upstream regulagmipns of genes were reported to develop more
quickly than the downstream functions of their pmtproducts and that a set of co-regulated genes
often share related set of regulatory motifs (Maayed Saier, 1993). The 1.5 kbp of the various
SUT genes was found to contain full conserved domtiiat include the TATA and CAAT boxes
as well as other potentially importams-acting regulatory elements that are required fiorimmal

promoter sucrose transporter activity in plants.

Singlecis-acting regulatory elements were identified inthdd SUT sequences studied.
Some of these elements are implicated in cell#ispecific expression while others are involved in
regulatory processes, which may contribute to SEifeg expression profiles observed in rice and
Arabidopsis. However the expression patterns of a gene isegutlated by a singlés-acting
regulatory element but by a combination of diffgriregulatory elements conferring different
effects at different times or in different cellgige (Qui, 2003). It is assumed that genes whick hav
similar expression patterns will have comnobsacting regulatory elements in theirrBgulatory
region (Vilo et al., 2000) and therefore a commenas TFs that controls them. Commas-acting
regulatory elements are the main factor of co-ratgal genes and are often present in the regions
where complex protein interaction occur (Wang et2804). However, single motifs can also bind

to many TFs thus subjecting the gene to multipdgil@ory controls (Yanagisawa, 2002).

It has been established that the sucrose tratiesgmne family originates from a “Major
Facilitator Super Family” and that the membershed super family evolved by gene duplication

and fusion from one or more ancestral transportéttsonly six transmembrane helices (Marger
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and Saier, 1993). The high divergence identity @ssed in the’Segulatory regions of the sucrose
transporter gene families in rice aAdabidopsis could be as a result of loss of comnuimacting
regulatory elements from the ancestral transpgdee. This is in agreement with the degenerative
complementation model, which proposes that aftaeghiplication each daughter gene keeps only
a fraction of regulatory elements as comparedéatitestral origin (Lynch and Force, 2000). It
may then be inferred that genes having close %itgleof cis-acting regulatory elements in their
regulatory regions with one another may be regdlatesimilar cellular or environmental factors.
Therefore it is presumed that the following pairswacrose transporter genes may be regulated by
similar cellular or environmental factors: OsSUT&SDT3; OsSUT2-AtSUC6-AtSUCS; AtSUC1-
AtSUC5-AtSUCS; AtSUC3-AtSUC6-AtSUCT7; AtSUC6-AtSUGHSUCOI.

Figure 3.5 illustrates the amountad-acting regulatory elements present in each rick an
Arabidopsis sucrose transporter gene families in relatioreltutar development, plant hormone,
abiotic and biotic stresses. The following sucrinaasporter genes; OsSUT2, OsSUT4, OsSUT5,
AtSUC1, AtSUC2, AtSUC6, AtSUC8 and AtSUC9 may bdlwevolved in/or regulated by
cellular developmental activities due to the higimiber of cellular developmental associatisl
acting regulatory elements present at thee§ulatory regions (Table 3.3; Figure 3.5). Plant
hormone associateatis-acting regulatory elements were found in low numbehe 3 regulatory
region of most of the rice amgrabidopsis SUT genes. However OsSUT2, AtSUC4, AtSUC6,
AtSUC7 and AtSUC9 were identified at a high numécompared to the other sucrose
transporters, thus these genes expression maylbeegi@ated by plant hormones (Table 3.3;
Figure 3.5). High numbers of abiotic stress assedi@s-acting regulatory elements were found in
all sucrose transporter gene families in rice Arabidopsis (Table 3.3; Figure 3.5), while only
relative amounts of biotic stress associaiseicting regulatory elements were found. The highest
was found in OsSUT2 and AtSUC3 and the lowest i8IOEL and AtSUC?7; for rice and
Arabidopsis respectively. This may infer that the expressibsuzrose transporters may be well

linked to, and regulated by, environmental stresglitions.
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Figure 3.5: Representation of the summatioa®acting regulatory elements associated
with cellular development, Plant hormone, abiotid &iotic stresses in each rice
(Oryza sativa Japonica cultiva-group) artabidopsis thaliana sucrose

transporter gene families.

3.9.1 Cellular Development Associate@is-Acting Regulatory Elements

The 3 regulatory region of OsSUT1 contains a GCN4 matifotif that is conserved in the
upstream sequence of many seed storage proteias,gard has been suggested to act as an
essential element that determines endosperm-spegiiression (Wu et al., 1998; Washida et al.,
1999). Although GCN4 is attributed to seed stonageein genes, its presence in OsSUT1
regulatory region may be related to OsSUT1 trarispadivity, which would facilitate in
transporting sucrose into the germinating seed gyeton resulting in the accumulation of this
carbohydrate for subsequent use by germinatingsse®d carbon and energy source. This would
explain the observation of Scofield et al. (200RApviound high levels of OsSUTL1 transcript
expression at the exposed internode, panicle atidgdeof rice plants. They proposed that OsSUT1
may be involved in transporting sucrose througls¢héssues to the filling grain, or recovering
sucrose from the apoplast and maintaining a gradiesther to facilitate a constant loading of

sucrose to the filling grain.

The RY-motif was present in all the rice sucrosasporter genes, but present only in
AtSUC4, AtSUCS5 and AtSUCG iArabidopsis sucrose transporter genes. The RY-motif is one of

-57-



the most studiedis-acting regulatory elements involved in seed spegiéne expression (Reidt et
al., 2000; Ezcurra et al., 2000). It's generallyrid in the promoter region of seed-specific gerfes o
dicots and monocots, and its removal in this regias found to suppress the seed-specific
promoter activity, leading to a low gene expresaidevel in leaves (Ezcurra et al., 1999; Reidt et
al., 2000). This shows the importance of the RYhiot high-level expression of several seed-
specific genes as well as the significance of théfrto function as a negative element in inhikgtin
expression in non-seed tissues (Ezcurra et al9;1R8idt et al., 2000). Rice sucrose transporter
genes have been reported to be expressed in sindoamce organs; with lower expression in the
source than sink organs (Hirose et al., 1997; Ficled al., 2001; Aoki et al., 2003; Lim et al.,
2006; Scofield et al., 2007). AtSUCS5 was reportetle¢ expressed in the endosperm and thought to
be involved in early seed development (Baud e2aD5), while AtSUC4 was expressed
predominantly in minor (loading) veins in sourcaves where efficient sucrose transport is
required for phloem loading (Weise et al., 200G5BC6 was reported by Sauer et al. (2004) to

encode an unusual protein, and might be a pseudogen

Sugars have been reported to affect the expreasidmegulation of many genes involved in
plant cellular activities such as photosynthedigalysis, glyoxylate cycle, nitrogen, sucrose and
starch metabolism, and cell cycle regulation (Kd@®96; Smeekens and Rock, 1997; Smeekens,
2000).The existence of Sucrose-box, A-box and Rgiira-box in the Segulatory region would
imply that the expression of these genes may beregllated by sugar levels. However, the
sensitivity of these genes to sugar expressiomzore generally, the physiological significance of
the different boxes identified in thé gegulatory region will need to be confirmed byadpr gene
experiments. In plants, sugars as an importanteafrcarbon and energy for metabolic
intermediates and for structural or storage comptsnglay an important role in signaling pathways
(Smeekens and Rock, 1997; Smeekens, 2000). Theréfe essential that studies designed to
understand the mechanisms that regulate the pliodusftand access to sugars in response to
various environmental factors (e.g water, lightt)sdevelopmental signals (e.g phytohormones or

stage-specific regulators) and metabolic statud¢canitrogen balance) are carried out.

The regulatory CAT-box motif has been found in Bheegulatory region of a handful of
sugar-regulated genes, such as sporamine and anggass in sweet potato and rice (Maeo et al.,
2001; Morikami et al., 2005). The high frequencytioé motif found in the Sregulatory region of
all the SUT genes further attests to the factttmasynthesis of sucrose transporters is linked wit
the availability of sugar (sucrose) at the siteitiization or storage in the cell during stress or

development.
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3.9.2 Hormonal Regulation Associate@is-Acting Regulatory Elements

ABA responsive (ABRE) element has been functionalntified in the 5regulatory
region of several genes that are induced or regailagy ABA. Most regulatory region of ABA
inducible genes contains an ACGTG maotif within 3@&e pair upstream of the transcription start
site (Busk and Pages, 1998). In other genes, nalkiEGT-containing ABREs were found
clustered with other elements and appear to fuméti@a complex (Busk et al., 1997). ABRE is also
an example of an extendeid-acting regulatory element that contains the G-tmne sequence
[(C/A) ACG (T/C) G (T/ICIG)] (Busk and Pages, 1998lutational and deletion studies with
promoters containing the ABRE show that although@abox is necessary for the function of
ABRE- containing genes, the presence of the G-baot sufficient for detection of the ABA
signal (Busk and Pages, 1998). Rather, the G-bsximconjunction with othesis-acting
regulatory element to confer ABA responsivenes®& GHbox therefore appears to have a role in
the recruitment of a more general transcriptiotdiathat functions in conjunction with specific
regulatory proteins to activate RNA polymerasé-tr example a group of drought and salinity
induced trans-acting factors belonging to the b&@#2s of proteins interact with ABRE to mediate
the ABA-dependent induction of stress responsegéftang et al., 2002). With the exception of
OsSUT3, AtSUC4, AtSUC6 and AtSUCY7, all other suertsansporter genes in rice and
Arabidopsis may be regulated by ABA, because of the presehtteecABRE motif within their
regulatory regions. ABA has been reported to hantagonistic effect on various plant processes
such as: seed development, germination and seegitingth (Finkelstein and Gilbson, 2002).
Garciarrubio et al. (1997) found that ABA affedte tgermination of mature seeds and growth of
young seedlings dirabidopsis by limiting the availability of nutrients. It caditherefore be said
that ABA may regulates the expression of sucraaesporters, depriving the plant of the transport

of sucrose required for cellular and metabolic\atitis.

Ethylene is a gaseous hormone that regulates gtenth and development. Ethylene
signalling plays an important role in plant respn a number of biotic (wounding, pathogen
infection; Xu et al., 1994; Broekaert et al., 20863 abiotic stresses (drought, osmotic imbalance;
Manavella, 2006; Rosado et al., 2006,) and phygio# condition (fruit ripening, senescence;
Woltering and van Doorn, 1988; Alexander and Goer 2002).The responses of plants to
ethylene have been shown to be associated withadi@ohanges in gene expression, and ethylene-
responsive elements (ERES) conserved in thedrlatory regions of those genes have been
identified to bind ethylene-responsive factor (ERfenferring ethylene-responsiveness (Itzhaki et
al., 1994). Each ERE consists of an 8 base paiif mith the sequence A(A/T)TTCAAA and have
been identified in the’$egulatory region of ethylene-stimulated genesh@éki et al., 1994). The
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presence of this motif in theé Eegulatory regions of OsSUT2, OsSUT3, AtSUC5, AESU

AtSUCS8 and AtSUC9 may infer the essence of sugausport to meet the cellular activities during
physiological and/or stress condition(s) reguldigethyleneThe action of ethylene was
investigated on its effect diC sucrose translocation in growing riryza sativa L. cv

Sasanishiki) coleoptiles and leaves (Ishizawa asashi, 1988). It was found that ethylene
enhances sucrose transport from the scetullumetodlkeoptiles by activating sucrose unloading in
the growing coleoptiles where imported sucrosddaved into fructose and glucose. Tupy (1985)
also reported that ethylene treatmenitiefea brasiliensis bark rapidly increased the transport of
sucrose and water into the latex vessel withinnatfeurs. Recently Dusotoit-Coucaud et al. (2009)
showed that HbOSUT1A and HbSUT2A gene expressiome distinctly increased in ethylene
stimulatedHevea brasiliensis bark. It was suggested that HbSUT1A and HbSUT2Arasponsible
for the import of sucrose into the latex cell leapto the high yield in latex. Exogenously applied
ethylene and its precursor 1-aminocyclopropanerfiecglic acid (ACC) were also reported to
activate sucrose uptake in root discs of sugar (Bsta vulgaris L.), however an inhibitor of ACC
synthesis aminiethoxyvinylglycine (AVG) inhibiteath endogenous ethylene production and
sucrose uptake (Saftner, 1986). Chervin et al.gR@fund that the sucrose transporter SUC11 and
SUC12 mRNA expression were down-regulated in caiesauvignon berries treated with 1-
methylcyclopropane (a specific inhibitor of ethydereceptor) at veraison (when grapes start to
ripen and accumulate sugar). Treated plants ac@ietlless sucrose than the control, thus

demonstrating the role of ethylene to sucrose pranisrs expression and sugar accumulation.

TCA, acis-acting regulatory element involved in salicyliagdacesponsiveness is known to
be present in the non-translated regions of manyotat and dicot plant genes which are induced
by one or more forms of stress (Goldsbrough el8B3). It is likely that the TCA motif and TCA-

1 (a transcriptional factor) through the collabmmatwith othercis-acting regulatory elements and
TFs could be involved in regulatory expression@fietise genes which are related to different stress
conditions. Accumulation of salicylic acid (SA) mhants was found to serve as a systemic signal
molecule that induces synthesis of pathogen rejateiein and other compounds (Metraux et al.,
1990). Exogenous applications of SA have been tegdo improve plant growth and yield under
stress conditions (Singh and Usha, 2003; EI-Tage65; Arfan et al., 2007; Noreen and Ashraf,
2008). It was assumed that SA assists plants tworee stress conditions by inducing or
enhancing biochemical and physiological processest especially the induction of antioxidant
activity which protects plants from oxidative dared@orsani et al., 2001; Khodary, 2004). Thus,
the presence of TCA motif in thé iegulatory regions of OsSUT1, OsSUT2, AtSUC2, AT3)
AtSUC7, AtSUCS8 and AtSUC9 genes may point agaitnéocooperative interaction between these
sucrose transporters and stress response profih®ugh sucrose uptake was inhibited by SA in
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sugar beet leaf disc, the amount of sucrose tratespoRNA and protein remain unchanged
(Bourbouloux et al., 1998). It was assumed thairihiéition of sucrose uptake would have been
through the inhibition of A ATPase activity energizing the sucrose transpootea general effect

of SA inhibition on membrane permeability (Bourbaux et al., 1998).

Another important stress-signalling molecule impdais methyl jasmonate (MeJA). The
MeJA element has been found in theegulatory regions of many wound- or pathogen-oasjve
genes in monocot and dicot plants (Rushton and §iomsl998; Rouster et al., 1997) where they
confer responsiveness to MeJA . Jasmonates (jasraciad and/or its methyl ester, MeJA) have
been reported to have a lot of physiological effent plants such as enhancing leaf senescence,
inhibiting seed germination, inducing the increakeegetative storage proteins and mRNAs
encoding late embryogenesis- abundant proteinst§8een and Parthier, 1993; Creelman and
Mullet, 199; Wasternack and Parthier, 1997). Mel&» induces the expression of
proteins/enzymes such as phenylalanine ammonia [y&anner et al., 1995), proteinase inhibitor
PI-2 (Farmer et al., 1992), lipoxygenases (Bell hdlet, 1993; Melan et al., 1993) and proline-
rich proteins (Rushton and Somssich, 1998) knowbsetmvolved in the chemical defense
mechanisms of plants. The presence of the MeJAfindtie 3 regulatory regions of some of the

sucrose transporter genes infers a possible ro®Wd's in wound or pathogen stress responses.

Auxin plays an essential role in a wide varietyeliular and developmental processes in
plants and these processes are assumed to invakia-lduced changes in gene expression
(Hagen and Guilfoyle, 2002). Some of these prasesglude cell division, elongation and
differentiation (Nishiet al., 1973 root formation, apical dominance and tropismadéh et al.,

1984; Theologis et al., 1985). These processelaieved to involve Auxin-induced changes in
gene expression (Hagen and Guilfoyle, 2002). Auegponse factors (ARF) have been
functionally identified in regulatory regions ofiary/early response genes (genes that are rapidly
and transiently expressed by cells within 0.5 o@rk in response to environmental stimuli), where
they bind to auxin responsive element (AuRE) ofiaugsponsive genes, and regulate their
expression positively (Paciorek and Friml, 200@&m® of the most thoroughly characterized ARFs
are composite elements containing the core sequBAETETC or a related sequence (Ulmasov et
al., 1995; Ulmasov et al., 1999). The applicatibauxin to plant cell cultures, seedlings and
mature plants have been reported to rapidly akeegxpression. Patrick (1979) reported the
increase in the rate of phloem loading in decagutatems and whole shootsRbfaseolus vulgaris

L. Also reported was the increase in transcripél®f potato sucrose transporter (StSUT1) after the
application of auxin to detached leaves by Harna.€t1994). Conversely auxin was reported to

inhibit active sucrose uptake in sugar beet rasui discs (Saftner and Wyse, 1984).Although
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AURE was found at OsSUT3, OsSUT4, AtSUC1, AtSUCERUC6 and AtSUC9 at a low
frequencies, thus its effects on the expressioroamegulation of these genes could either be to
enhance or inhibit the genes transcription, redato/the type of plant tissue in which they are

expressed.

Gibberellin (GA) is an important phytohormone thantrols many areas of plant
development, which include seed germination (Bewl®@7), leaf expansion and stems elongation
(Richards et al., 2001), flowering and seed devalaqt (Derkx et al., 1994). It has been shown to
play a vital role in the stimulation of seed geratiaon by weakened tissues that surround embryo
(aleurone and testa), thereby increasing growth(Gtoot and Karssen, 1987; Bewley, 1997,
Derkx et al., 1994; Richards et al., 2001). Thusjas suggested that GA-mediated growth
responses are regulated partly by the changelimareGA concentrations, changing the ability of
cells to respond to it (Groot and Karssen, 198%IBg, 1997; Derkx et al., 1994; Richards et al.,
2001). Gibberellin responsive element (GARE) segaelays a fundamental function in GA
action because changes within this sequence causgeareduction in GA-driven gene expression
(Gubler and Jacobsen, 1992). GARE have been fountbst genes responsible for synthesis,
transport and signalling of other hormones, butrtie of GARE is yet to be clarified, although
uncharacterized crosstalk between GA and other diwwesihave been proposed (Ogawa et al.,
2003). The presence of GARE motif in tHeégulatory regions of some of the sucrose transpor
genes may be evidence for the significance of ttre@sesporters in meeting the carbon and energy
demand of the cell during plant cellular developtriaduced by gibberellins. Application of
gibberellin to unpollinated ovaries of peigum sativum L.cv Alaska) was found to promote
sucrose transport from leaf to the site of hormamglication in the unpollinated ovaries (Pereto
and Beltran, 1986). It was suggested that gibberatitivates sucrose transport by increasing
sucrose loading into the phloem of leaf (the soorgan) and unloading into the ovary (the sink
organ). Kuiper et al. (199Hiso found that gibberellin activates the uptakeuafrose in flower of

Madelon roses, resulting to an increase rate ofdtdoud opening.
3.9.3 Stress Response Associat€is-Acting Regulatory Elements

GATA-box, G-box, Box-4, GAG, GAP, GA-motif and I-k@re known as light responsive
cis-acting regulatory elements (LRES). They have beand in the regulatory region of light-
regulated genes, apparently essential for lightrotiad transcriptional activity (Lam and Chua,
1989; Gilmartin et al., 1990). Deletion or mutatmithese sequences compromises the ability of
the regulatory region to respond to light and witsket radiation. The high frequencies of these

sequence elements in all the rice &ndbidopsis sucrose transporter genes regulatory regions
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demonstrate that sucrose transporter genes exqgmassly be well regulated by light. Potato and
tomato sucrose transporter SUT1 was reported tbuseally regulated by light (Kihn et al., 1997).
The expression and activities of transporters neaglitectly controlled by light through signals that
involve some specific light receptors or througlotaisynthesis, where light may affect the nutrient
status of the cells, most especially the cellulayas levelKrapp et al., 1993). Plant responses to
light are complex and affect multiple developmeptaicesses which include chloroplast
development, flowering and seed development, ciacexhythms, phototropism, etc. (Natr and
Lawlor, 2005).

Although LREs and their binding TFs have been disced, none of the elements have been
identified to solely confer light responsivenessinimal heterologous promoters (Lépez-Ochoa,
et al., 2007). Thus it will be the combination dfetent cis-acting regulatory elements that make
up the light responsive unit, rather than an irdiial element required to confer appropriate photo-

responsiveness to a light-sensitive promoter.

The high number of W-boxes found in the sucrosesparter genes may describe them as a
wound-responsive protein, and these W-boxes mdicpate in the regulation of the sucrose
transporter genes expression to wounding, beifiicéat mechanical damage, or plant wounding by
pathogens or insects. It is evident that during ¢bndition there will be a great need for an
increase in carbon and energy requirements to theetellular metabolism and activation of
resistant mechanism. Sucrose transporters mayfohengarticipate in transporting sucrose from the
apoplasmic tissues to adjacent injured tissuess Sthl need to be clarifieth-vitro so as to
identify which of the responses regulates each®fucrose transporter genes. Only a few
experiments have shown an increase in the gensctiphof sucrose transporter genes during
wounding. Sakr et a(1997) reported that cutting and ageing increftsegene transcript of SUT1
in freshly cut or aged tissues of matured sugat (B=ta vulgaris L.) leaves, while silver leaf white
fly (SLWF) nymphs feeding oArabidopsis leaves were reported to up-regulate the production
SUT1 (Kempema et al., 2007). Meyer et al. (200ppred that SUC3 reporter protein was
reproducibly increased at all cutting siteAoébidopsis plant. It may be appropriate to attribute
this to the high number of W-box found in the regaty region of AtSUC3 as compared to other
sucrose transporter genes analyzed. It should teel im@wever that others-acting regulatory
elements may have played a vital role in confirntimg up-regulation of SUC3. Furthermore,
Maleck et al. (2000) used microarray analysis nexe changes iArabidopsis gene expression
during systemic acquired resistance (SAR). It veamél that W-box sequence was common in the
regulatory regions of 26 defense associated andategl genes. This infers that sucrose

transporters may also be up-regulated during SA®/dmx was common in all the regulatory
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regions of rice andrabidopsis sucrose transporter genes; with the exceptions&®3. W-box or
W-box-like sequences are usually clustered togetiitein the small frame of the regulatory

region, thus making them respond to a wide rangesfof pathogens, elicitors and wounding
responses (Maleck, 2000; Eulgem, 2000; Chen e2@02).The transduction pathways of wounding
and biotic stress signals are often complex andimayve common secondary messengers such as
the plant hormones jasmonic acid, ethylene andysdic acid. A number of possible regulatory
elements that were associated with these transauistirmones were also found in tHeggulatory
regions of rice andrabidopsis sucrose transporter genes. Moreover, W-boxes lhese found to
interact with zinc-fingered WRKY proteins; a famiy TFs that are involved in response to

pathogen infection and other plant stresses (Rass €007; Zheng et al., 2006).

It is worth pointing out the presence of GT1- eletséan all the rice andrabidopsis
sucrose transporter genes. GT1- elementsisfacting regulatory elements that are required for
rapid response to pathogen attack, salinity aridy$ial acid inducible gene expression. GT1-
elements potentially bind the GT- TFs family thet @operatively with related TFs of otles-
acting regulatory elements, modulating cell-typecsfic transcription (Park et al., 2004). A GT1-
element in the regulatory region of a calcium calolim gene (SCaM-4) from soybean was
identified as being responsible for its inductiamidg pathogen and salinity stresses (Park et al.,
2004). The presence of these elements in all ndeAsabidopsis sucrose transporter genes may
further attest to their rapid induction during thesress conditions, in order to supply carbohydrat

to energy demanding tissues.

Furthermore, the GCC-box which is solely foundha B regulatory region of OsSUT1,
AtSUCG6 and AtSUCS8, has been reported in severgjpaiogenesis-related) genes regulatory
regions such as PDF1.2, Thi2.1 and PR4, whersat@nfers ethylene responsiveness. Also
Elicitor responsive element (EIRE) was found omy0sSUT1, OsSUT2, AtSUC3, AtSUC4 and
AtSUCY7. EIRE has been found to occur in the promoteliverse defense-related genes (Rushton
et al., 1996) and has been generally linked witholwvment in the induction of plant defense
pathways. The presence of these motifs at theatmylregions of OsSUT1 and OsSUT?2 in rice;
and AtSUC3, AtSUC4 and AtSUC7 Arabidopsis, may infer that they are required for the import
of photoassimilate into an infected cell/tissueneet the sudden high cellular metabolic energy
demand and changes during pathogen infection eeqped during pathogen infection (Ibraheem
et al., 2008).

The dehydration-responsive element (DRE) was itledtin the regulatory region of all
Arabidopsis sucrose transporter genes, except in AtSUC5. Hemiewas only found in OsSUT1
in rice. Thiscis-acting element is also called DRE/CRT (Dehydrat@sponsive Element/C-
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repeat) and has been reported in regulating ggmession in response to drought, high salt and
cold stress in plants (Dubouzet et al., 2003).Haurhore, several Erd1l, MYC and M¥Yis-acting
regulatory elements were identified in tHedgulatory regions of all the rice aAdabidopsis
sucrose transporter genes. Theaseacting regulatory elements have been reportee tetuired
for the binding of transcriptional factors that aequired for drought inducible gene expression.
Drought, salinity and ABA-induced members of NACatkin transcription factors have been
shown to bind at these sequences and promote siqguesf the downstream genesArabidopsis
and rice (Tran et al., 2004; Gao et al., 2010).ught and salinity cause lots of structural and
physiological damage to plant cells/tissues (Yaretegl., 1982; McCure and Hanson, 1990).
Drought causes excessive transpiration water lossigh the stomata pore (Lawlor and Cornic,
2002), while salinity causes hyperionic and hyperaisc potential causing water to flow from
plants into the root zone and finally loss of watesulting in dehydration (Moftah and Michel,
1987; Binzel and Reuveni, 1994). These lead todbsell membrane selectivity and integrity,
disruption of cellular compartmentalization andsle$ activity of membrane bound proteins
(Clifford et al., 1998; Chaves et al., 2002; Lawdord Cornic, 2002). Plants tends to cope with these
stress by decreasing cellular osmotic potentiaiubh the accumulation of solutes
(osmoprotectants) that help in the movement of miate the cell (Morgan 1984). Sucrose is a
major osmoprotectant molecule in plants; it hefpmaintaining cell hydration and subsequently
providing resistance against cellular dehydratiorgan, 1984; Chaves et al., 2002). Therefore
plant development and productivity will depend onell regulated sucrose transporter expression
and activity that will facilitate exchange of susedbetween cells and tissues during drought and

salinity stress.

Low temperature responsive element (LTRE), a nsitifilar to DRE which is responsible
for the induction of cold-induced/regulated ger@®oyn et al., 2001; Dunn et al., 1998) was
identified in the 5regulatory region of OsSUT2, OsSUT4, OsSUT5, At3USISUC3, AtSUC?7,
AtSUCS8 and AtSUC9 genes. Jaglo et al. (2001) fanrAtabidopsis that cold acclimatization
involves rapid cold-induced binding of the DRE/CRfding TFs to the DRE, leading to the
expression of cold binding factor (CBF) targetedaeyeincreasindwrabidopsis freezing tolerance.
Acclimatization to low temperature will involve tls¢abilization of cell membranes against freeze-
induced damages such as physical cell disruptidnded by membrane expansion, cell
dehydration, denaturation of proteins and predipitaof macro molecules (Thomashow, 1990;
Steponkus and Webb, 1992). Membrane transportigatnay be affected by temperature as a
result of protein conformational change, changa@mbrane fluidity and surrounding medium
viscosity (Thomashow, 1990). However sucrose waaddo protect cell membrane against freeze-
induced damages (Anchordoguy et al., 1987; Stepoakd Webb, 1992; Labbe et al., 1997).
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Hence its accumulation in plant cells during catdlenatization was assumed to contribute to the
stabilization of cell membranes and protect it fiveeze- induced damages (Anchordoguy et al.,
1987; Steponkus and Webb, 1992; Labbe et al. 19%ilis plant acclimatization to low
temperature may therefore regulate the expressidmaetivities of sucrose transporters, since they

transport sucrose needed for the protection ofnsethbrane from freeze-induced damages.

Plants are known to adapt quickly to high tempeeatinvironmental conditions. During
high temperature stress, heat shock protein (H&8fanks of molecular chaperones) help to
protect and refold cellular proteins, as well asnt@én a balanced cellular homeostasis for plant
survival (Vierling, 1991; Hartle, 1996; Larkindad@ad Vierling, 2008). Genes involved in these
mechanisms contain HSE motifs that bind heat sfaxtors (HSFs), and are up-regulated during
heat stress. HSE have been found to be consistarierved in the regulatory regions of many
heat induced genes (Larkindale and Vierling, 2008).presence of a HSE motif in thie 5
regulatory regions of all rice arfdtabidopsis sucrose transporter genes, except in OsSUT1,
OsSUTS3, AtSUC4 and AtSUCG6, may imply the abilitytloé genes to survive high temperature
stress conditions or the participation or needucfase for energy during high temperature stress
conditions. Sucrose has been found to proteceahdnce the thermal stability of cell membranes
and intracellular proteins (Kilimann et al., 200B)inds to the cell membrane, lowering its mejtin
temperature and consequently keeping the membmateeliquid crystalline phase during
dehydration (Kilimann et al., 2006; Dhanda and Milir009). Qui et al. (2008) revealed 22 probe
sets of sugar transporters that were involved at kgess in a heat tolerant wheat (TAM107), thus

proposing that sugar signalling will be essennatiieating and maintaining plant thermo tolerance.

Found in the cells of aerobic organisms are reaaiygen intermediates; and they exist in
a balance ratio with biochemical antioxidants. Espbee reactive oxygen in cells results from
exposure to toxicants, environmental oxidants, leaailyy metals that affect the cellular oxidation —
reduction (Red-Ox) balance, which interrupts norhialogical functions. To overcome the oxidant
effects and to restore a state of Red-Ox balamdks, ltave to reorganize fundamental homeostatic
parameters and this often leads to the activati@ilencing of transcription of regulatory genes
(Adler et al., 1999). The presence of an ARE medipart of theis-acting regulatory elements of
OsSUT1, OsSUT3, OsSUT4, OsSUTS5, AtSUC2, AtSUC3 U6 and AtSUC8 genes could point
to the urgent need of carbohydrate in the formucfase to meet the sudden change in cellular
metabolism required for Red-Ox balance. Thus tp&rsynthesis of sucrose transporters may be

very imperative to meet the cellular energy demands

One of the essential micronutrients for plant gtowtcopper. It is required as a cofactor in
proteins that catalyze electron/oxygen transfecti@as (Hansch and Mendel, 2009). The CuRE
- 66 -



motif has been associated with genes that reqapper for their expression, through copper-
response elements associated with them (Quinn, &04l0). These include photosynthetic genes
such as plastocyanin; an electron transfer pratetine thylakoid lumen, plastid CuZn-superoxide
dismutase, polyphenol oxidase; also in the thylkamen, mitochondrial cytochrome oxidase,
extracellular laccase; involved in lignificatiomdaseveral oxidases (Hansch and Mendel,2009).
Synthesis of sucrose transporters might well beelinto these photosynthetic genes, since the bulk
function of these genes is to synthesis glucosewimas to be transported from the source to the

sink in the form of sucrose by sucrose transparters

Sulphur responsive element (SURE) has been repirtael involved in the expression and
regulation of gene(s) that is (are) required foriemmental sulphur adaptation (Maruyama-
Nakashita et al., 2005). Sulphur is one of thedasicro nutrients that is essential for plant ghowt
and productivity (Hopkins, 1999). Its presenceyisteine and methionine contributes to the
formation of the thiol group, an essential groupiatein tertiary structure formation. Sulphur
deficiency was found to reduced photosynthesisuginaan effect on chloroplast (contains sulphur-
rich proteins), resulting to impairment of chlorgplsynthesis (Terry, 1976; Chung, 1982). Thus
sulphur stimulation of photosynthetic apparatus$ wdd to an increase glucose formation and
subsequently sucrose formation (Fields and St.Cl884). SURE may therefore be essential in
conferring the expression and regulation of swetoensporters, which are involve in transporting

the sucrose from source to sink tissues.

3.10 CONCLUSION

This computational analysis focuses on non-cod#gipns of sucrose transporter genes and
identified a number of putative motifs at tHeégulatory regions. This method provides an
efficient way of indicating if a gene may be redathby a given TF, and a structure for ongoing
analysis of the transcriptional gene regulatiomet. However, transcription is affected by
cooperative involvement of many regulators thag@tfthe RNA Polymerase Il selectivity and it's

binding, in response to various environmental sliii@hu, 1996; Lloyd et al., 2001).

Thus, the predicteds-acting regulatory sequences may not totally cateelith
experimental expression data. The question of ¢crggi®nal regulation of individual sucrose
transporter genes and the biological importandéede sequences would need to be further
investigated by using bioinformatics methods witperimental expressional analysis; as it is
recognized that bioinformatics methods help in zarifig in vitro laboratory research. More
importantly, clear and full knowledge of the intetian betweertis-acting regulatory elements and

their related TFs would allow a better understagdihtranscriptional gene regulation and also
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make a foundation for the restructuring of genailary networks, which will help to improve

biological research and provide ways to study andehcell response to various stimuli.

The plant RNA polymerase Il transcription systeravei to be much related to that of other
eukaryotes, but little information is known abdu functional communication crucial for the
selective transcription of plant genes and the awhichcis-acting regulatory elements and TFs
control the basal transcription machinery. In fetut will be useful to identify the cellular and
environmental framework in which these TFs arevatéid or deactivated, and how gene expression
is fashioned to various conditions by combinataci@itrol ofcis-acting regulatory elements and
TFs.

The studies of the plasma membrane transporteeddtion to stress physiology are just
emerging, but this should become a rapidly develppireas. To date few works have reported the
expression and regulation of sucrose transporteggéHirose et al., 1997; Aoki et al., 2003;
Scofield et al., 2007; Sauer, 2007). dis-acting regulatory element responsible for or imedl in
tissue specific expression of sucrose transponess/et been described. Thus, this analysis reveals
the probableis-acting regulatory elements that may be involveth@expression and regulation of
sucrose transporter gene families in ri@eyga sativa Japonica cultivar - group) argabidopsis

thaliana, during cellular development and environmentadsstrconditions.

Further work in this study is therefore aimed araiing the sucrose transporters that are
differentially expressed during drought, salinitydaaphid infestation in ric€>fyza sativa L. cv

Nipponbare).
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Chapter 4

Effect of Drought and Salinity on the
Expressional Levels of Sucrose
Transporters in Rice (Oryza sativa L.
cv Nipponbare).
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4.1 INTRODUCTION

The autotrophic growth of plants depends on thegpacity to manufacture carbohydrate
photosynthetically. Glucose, sucrose and theiwvdérxies are required by plants as a source of
energy and as a carbon-skeleton for cellular artdimoéic activities; hence access to sugars is
considered as a central factor for plant growthusIplant metabolism and productivity will be
dependent on the expression and regulation ofgcatess that facilitate direct exchanges between
cells, tissues and organs. These transportersiaceled by multigenic families whose members
differ slightly by their expression, substrate sfieity, cellular localization and/or regulation.

Previous work has reported observations of expragsi sucrose transporters (SUT'’S)
transcripts that are involved in the movement afase into and out of the source and sink tissues,
and throughout the long-distance phloem transparapoplastic pathways that need SUT’s to
facilitate sucrose movement between cells (Hirase. £1997; Hirose et al., 1999; Aoki et al.,

2003; Scofield et al., 2007a). Physiological dditamed from plants have shown that long distance
transport is controlled by environmental parameseish as light, temperature, osmotic conditions
and development (Delrot et al., 2000). The parsitgn of sucrose in guard cells osmotic regulation
has been examined @ommelina (Reddy and Das, 1986Jicia (Talbott and Zeiger, 1996isum
(Ritte et al., 1999) andrabidopsis (Meyer et al., 2004), thus connecting a possible for SUTSs in
these cells.

Several important experimental breakthroughs cduig during the last decades with yeast
have served as a model and the start of a mocesprapproach in improving the understanding of
the role of sucrose transporters in sugar senSinge€keens, 2000; Sauer, 2007). These include the
preparation and use of purified plasma membraneoaretonstituted proteoliposomes to study the
activity of the transporters in vitro; the cloniafjsugar transporters based on yeast
complementation; the use of heterologous expressistems to determine the substrate specificity
and the thermodynamic aspects of transporter actamnd the preparation of transgenic plants
expressing various constructs such as sense arskast transporter cONA under the control of
ectopic or tissue specific promoters. However, ustdading of sugar sensing, signalling and
regulation with respect to transport of sucrosplamts is still in its infancy due to the complgxit
revealed by these approacli@meekens, 1998; Hellmann et al., 2000; Smeek&@$), Bauer,
2007).

Sugars control many plant's metabolic activitiealastages of the plant life cycle, from
germination and vegetative growth to reproductigesopment and seed formation, thus they are

considered as plant’s sole control growth fact@augs, 2007). Sugar may affect the expression of
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many genes involved in essential processes suphassynthesis, glycolysis, glyoxylate cycle,

nitrogen, sucrose and starch metabolism and celé aggulation (Smeekens, 2000; Sauer, 2007).

Thus the concentration of sugar in the apoplagtic and sugar transport may affect
cellular morphogenesis by control of cell divisismd metabolism. However, hexose — and/or
sucrose — specific signalling mechanisms have tckeen shown to participate in gene
expression and regulation through a range of prstehich are involved in photosynthesis, carbon
metabolism, transport and sugar uptake (Smeek888).1For instance, one or more isoforms of an
enzyme may be induced at high hexose/sucrose ctvatien in a particular tissue, while in other
tissues such enzyme or isoform(s) may be inducezhaelhexose/sucrose concentration (Koch,
1996). Sugars also affect the activity of the enggitihat regulate sugar transporters e.g sucrose was
found to activate the plasma membrarie ATPase in tomato (Mito et al., 1996). This effect
which requires the metabolization of the sugarnake would promote cell growth when the sugar

supply is abundant.

Abiotic stress conditions such as drought and sglimpede plant growth and reduce crop
productivity and yield. Abiotic stress in fact leetmajor reason for crop productivity decline
worldwide, reducing average production for esséntigps by an excess of 50% (Bray et al., 2000).
Abiotic stresses cause losses valued at milliorothérs each year due to a decrease in crop
output, which threatens the sustainability of agtiaral industry. Plants respond and adapt to these
conditions by exhibiting physiological as well as¢ghemical changes at the molecular and cellular
levels, modulating the expression of specific gfdsnozaki and Yamaguchi-Shinozaki, 2000).
Water is acknowledged as the fundamental abiotierdenant of carbon allocation (Davidson,
1969). Hence drought and salinity stresses withieemajor factors that will limit plant
productivity. Water stress stimulates great chamgasurce-sink relations by reducting the
activities of photosynthetic organs leading toraltiens in plant growth. Water deficiency in whole
plants reduces photosynthetic capacity resultireydecrease in export of assimilates which may be

responsible for decreased crop productivity (Berauach Dejong, 1996).

4.2 SPECIFIC OBJECTIVE

Irrigation is used exclusively for commercial crapgler high demand, resulting in other
crops having to be grown under rain-fed or semd-kind. This trend is increasing rapidly due to
global development and climate change, thus crdpshaare drought tolerant are becoming more

widely adopted and grown (Molden et al., 2007) fidsh water supply becomes scarcer, farmers
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are more frequently using recycled or brackish watgch leads to soil salinization and
accumulation of toxic elements. The recent demdmeieals for biofuel production may further

encourage irrigation.

Sucrose has been identified as one of the majoopsatectant molecules, which are
collectively involved in regulating osmotic and iopotential of plants, by helping plant cells to
maintain their hydrated state, and consequentbrioif resistance against drought and high salinity
stresses (Rontein et al., 2002). Thus the partmipaole of sucrose transport mechanisms in plants
is essential to general plant physiology, and rmopbrtantly during environmental stress
conditions.

This study is therefore aimed at advancing the tstdieding of sucrose assimilation and the
role of sucrose transporters during drought and salinigsses, with the aim of more effectively
exploiting this information to improve and stabdizrop yields under water-limited and/or salinity
conditions. Previous experimental work has repattiedparticipation of sucrose transporters in
germination, the early phase of plant developmedtgrain filling (Hirose et al., 1997, Aoki et al.,
2003, Scofield et al 2007a, Scofield et al 200AHmwever data on their role during environmental

stress conditions is limited.

4.3 METHOD

4.3.1 Cultivation of Plant Materials and Treatmet
4.3.1.1 Cultivation of rice Qrzya sativa L. cv Nipponbare) at optimum conditions

Seeds of rice@rzya sativa L. cv Nipponbare) cultivar were obtained as gifini Dr. R.
Furbank CSIRO Plant Industry, Canberra, ACT2601stralia. The rice seeds were germinated
according to the method of Scofieldatt 2007a. Rice plants were grown to maturity (3 vecelkl
at the 4 leaf stage) in flooded paddy tanks inegghouse, in 75% compost and 25% perlite. Plant
growth was under natural light with a day-time temgture of 28 and a night-time temperature of
25°C.
4.3.1.2 Treatment of rice@Qrzya sativa L. cv Nipponbare)

Rice plants cultivated as above were exposed togitcand salinity stress conditions as
follows:
4.3.1.2.1 Drought treatment

Twelve rice plants were grouped in triplicate teegiour test experimental groups, with
similar grouping for the control experiment. Drotiglas induced by withholding water and

allowing the water in the soil to drain out. Trehseedlings’ leaves were harvested as grouped at
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24hrs (Day 1), 72hrs (Day 3), 120hrs (Day 5) angh2d (Day 10) post treatment. Leaves from
control plants were harvested the same numbemafstiat each time point without subjecting to
drought treatment. Leaves harvested from the tebtantrol experiments were quickly submerged

in liquid nitrogen, stored at -80 and used for total RNA extraction.

Figure 4.1: Greenhouse set-up of rice plants fougint experiment. Ric&fzya sativa L. cv
Nipponbare) seeds were grown in a flooded paddystan75% compost and 25%
perlite, day-time temperature ofZ3and night-time temperature of°€5 The plants
were grown to maturity (3 weeks old at 4 leaf sja§etted plants were taken out of the
paddy tanks and allowing the water in the soilr@imout, later placed on a tray. The

plants were not watered for the experimental daysttoduced drought stress.

4.3.1.2.2 Salinity treatment

Twelve rice plants were grouped in triplicate teegfour test experimental groups, with a
similar grouping for the control experiment. Thgexmental rice plants were watered with
100mM NaCl, 200mM NaCl and 300mM respectively. Tedsseedling’s leaves were harvested as
grouped at 24hrs (Day 1), 72hrs (Day 3), 120hrg/(®)eand 240hrs (Day 10) post treatment. .
Leaves from control plants were harvested the saim&er of times at each time point without
watering with NaCl. Leaves harvested from the aest control experiments were quickly

submerged in liquid nitrogen, stored at®@@&nd used for total RNA extraction.
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Figure 4.2: Greenhouse set-up of rice plants flmisaexperimentRice Qrzya sativa L. cv

Nipponbare) seeds were grown in a flooded paddystan75% compost and 25%
perlite, day-time temperature of Z8and night-time temperature of°’25 The plants
were grown to maturity (3 weeks old at 4 leaf sjaetted plants were taken out of the
paddy tanks and allowing the water in the soilr@imout, later placed on a tray. The
plants were watered with 100mM NaCl, 200mM NaCl 868mM respectively for the
experimental days to introduced salinity stress.

4.3.2 Analysis of Differentially Expressed Sucros€ransporter

4.3.2.1 Isolation of total RNA from controls and teated rice plants

All equipment used for the RNA isolation was maddaRe free by autoclaving and rinsing

thoroughly in RNase away solution. Leaves harvelstad the triplicate plants were pooled to
minimize inter plant variability and were groundpgowder in liquid nitrogen prior to RNA. RNA
from the ground tissues was extracted using th@&Votal RNA isolation system (Promega,
USA), following the manufacturer’s instructions.tacted RNA was quantified using a
PerkinElmer Lambda 35 UV/VIS Spectrophotometer&irn and electrophoresed on 1% agarose
gel to verify its integrity.
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4.3.2.2 Amplification of sucrose transporters (SUT@enes by reverse transcriptase polymerase
chain reaction (RT-PCR)

The RT-PCR reactions were carried out using an &g AG 22331, Hamburg Master
Cycler, and Qiagen® one step RT-PCR kit (QiagenA))®llowing the manufacturer’s

instructions. Total RNA template was used at cotregions varying from 50 — 1000ng, in aub0

RT-PCR reaction volume.

A specific region of each of the rice SUT genes wagplified using primers (Table 4.1)

designed by Scofield et.a007a, who confirmed the specificity of the prirpairs by sequencing

the amplified bands.

Table 4.1: Rice sucrose transporters primer pairs

Starts At| Ends At Tm(GC+AT)
Gene | Accession No| Primer| Length Sequence
Position | Position value
SUT1-f 7323 7341 19 SAGTTCCGGTCGGTCAGCAT 60
OsSUT1 AF280050 , ’
SUT1-r 7565 7548 18 ¥ ACCGAGGTGGCAACAAAG 56
SUT2-f 1561 1581 21 “AGGAGGAGAGGTCACCGATAA 64
OsSUT2 AB091672 , ,
SUT2-r 1800 1778 23 SCCAACATCCAATGTACAACAGCA?® 66
SUT3-f 1507 1524 18 ®GCCATGGCGTCCGTGTTE 60
OsSUT3 AB071809 , ,
SUT3-r 1679 1699 21 ®GCCTGCTATAGTACCCGCTCY 66
SUT4-f 1819 1838 20 *TTTGGCTGAGCAGAACACCA 60
OsSUT4 AB091673 , ,
SUT4-r 2067 2048 20 SATGTCATTCGGGCAGAGCTT 60
SUTS5-f 1616 1636 21 ®CTAGTGCGAAACTCCATCAAA® 60
OsSUT5 AB091674 , ,
SUT5-r 1865 1843 23 S AAAATATTTGGGTTTCCTGAGAT® 60

Where: f is forward primer and r is the reversengt. See Appendix Bor the positions of these

primers in the full OsSUTs’ sequencHse thermal cycling conditions used are as follow:

Step Temperature Time
Reverse transcription 80 30 mins
Initial PCR activation 95°C 15 mins
Denaturation 9% 30 secs
Annealing 58C; 5C 30 secs
Extension 72C 1 mins
Final extension T 10 mins

3 step cycling;
40 cycle:

Note: At the annealing step, ®was used for OsSUT3, while ®5was used for SUT1, 2,

4 and 5.
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4.3.2.3 Relative quantification of amplified SUT gees by Real-Time PCR

gPCR was carried out using a two step method.l¥igig of total RNA from each sample
was converted to cDNA using the iScriptTM cDNA dyesis kit (BIO-RAD Laboratories, Inc.
USA), following the manufacturer’s instructions.ig kit primes cDNA synthesis using a mixture
of oligodT and random hexamers.

Secondly, quantification of the amplified SUT gemess performed using the same gene-
specific primers as used for RT-PCR (Table 1). édig of the cDNA corresponding to 50ng of
each sample input RNA were used as templates éoR#al-Time PCR analysis. Reactions were
carried out on a Bio-Rad iCycler Real-Time PCR btom System with i3 SYBR® Green Super
mix (BIO-RAD Laboratories, Inc. USA), accordingttee manufacturer’s instructions. The thermal
cycling conditions used are as follow:

Step Temperature Time
Initial PCR activation 95°C 15 mins
Denaturation 9K 30 secs
_ 3 step cycling;
Annealing 66C 30 secs 40 cycles
Extension 72C 30 sec
Final extension 7 10 mins
Heat dissociation 68 - 95C 30secs __ At 1°C incremer

PCR products were detected by monitoring the irserea fluorescence of the SYBR Green
during the extension phase of each cycle when ¥&RSGreen bound to double stranded DNA.

The results obtained for the different cDNAs weoemmalized against the expression levels
of two stable reference genes: rice polyubiquiflRubQ1)and rice actin using the gBasePlus

programme produced by BioGazelle (version 1.3;/httpw.biogazelle.com).The primer sets used
are as follows:

Gene Accession No Primer Starts At Ends At Length Sequence T(GC+AT)
Position  Position value
OsRubQ1 OsU37687 RubQl-f 1440 1459 20 ®*GGAGCTGCTGCTGTTCTTGE 64.5
RubQ1-r 1539 1520 20 ®CACAATGAAACGGGACACGA? 60.4
OsActin NM_001072362.1  Actin-f 605 626 22  STGTTGGACTCTGGTGATGGTGT 62.67
Actin-r 799 778 22 ¥*CAAGCTTCTCCTTGATGTCCCT 62.67
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The rice polyubiquitin 1(RubQXene is reported to be a highly constitutively esged
gene in rice tissues (Wang et al., 2000), whilendsta generally stable gene in plants. See
Appendix B for the position of this primer in thdlfrice polyubiquitin 1 gene (RubQ&nd rice

actin sequences.

The relative mean fold expression level and stahdemor of each of the SUT genes was
determined for the treatment and control groupsaah time point by reference to the sample with

lowest expression for each gene, using gBasePlkisidh 1.3).

4.4 RESULTS
4.4.1. Effect of Treatment on Rice Plants

A gradual and clear significant physical symptonmegfrdation in the plant growth was
observed in rice plants subjected to drought ahdityastresses, as compared to the control. At
Day 10 the plant’s leaves all appeared witherdubiin treatments; a phenomenon as experienced in
the field (Figure 4.3).

Salinity Treatment; 200mM NaC'l Salmity Treatment; 300m INaCl

Figure 4.3: Effect of drought and salinity on 3 w®eld rice plants, at 10 days post treatment.All

plant leaves appeared weathered in the treatetsarcompared to the control.
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4.4.2 Total RNA Extraction and Confirmation of OsSUT Primer Pairs

All the total RNA extracts yielded two major baras 1% agarose gel representing 28S and
18S rRNA. The Asonn{A2sonmratio for each extract was above 2, indicatinghtigg purity of the
extracts (Figure 4.4).

285
185
Day: 1 3 5 10

Day: 1 3 5 10

Figure 4.4: Representative sample of 1% agaroselgetrophoresis of total RNA extracts of (A)
drought experiment; (B) salinity experiment. Seg@pdix F for pictures of the rest of
the 1% agarose gel electrophoresis of total RNAaeks from control and stressed rice
plants.

All primer pairs amplified a single product of teepected size, which was confirmed on
1% agarose gel (Figure 4.5) and analysis of thé-oweves after gPCR (Figure 4.6), which gave a
single band or single peak respectively. The exoeptras OsSUT3 which showed no clear peak in
the melt-curve analysis as a result of its overatir expression during the drought and salinity
treatments (See Appendix G). Regardless of thesR-PCR reaction was able to amplify the
small portion of the OsSUT3 mRNA leading to theeslved clear band that gave the expected size.

Base Pairs
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Figure 4.5: Confirmation of RT-PCR amplification the primer pairs on 1% agarose gel: (A)
Fermenta Low Range Mass Ruler DNA Ladder (B) Nangiate Control, (C) OsSUT
1; 245bp, (D) OsSUT 2; 243bp, (E) OsSUT 3; 194Bp dsSUT 4; 249bp, (G)
OsSUTS5; 250bp, (H) RubQ1;100bp, (1) Actin; 195bp.
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- WRFLY AT

Temperature, Celsius

Figure 4.6: OsSUT1 melt curve analysis; represataample (See Appendix G for the analysis of
the rest rice sucrose transporter genes)

4.4.3 Quantitative Real-Time PCR

gPCR analysis of rice sucrose transporter genesiked differential expression of the genes
(Figure 4.7 and Figure 4.8). In all, changes afscaipts were observed in the drought and salinity

treated plants when compared with the controls.

Drought treatment:

A gradual increase in SUT2 expression level redatovcontrol was observed in the drought
treated plants, with a final relative expressiomoire than 4-fold observed at day 10, compared to
control (Figure 4.7).

A relative increase in expression levels of SUT% whserved at days 5 and 10 when
compared to control, however only 2-fold increases wbserved at day 10 (Figure 4.7a). A
decrease in SUT5 expression levels relative torobwas observed for days 1, 3, 5 and 10, with a
final decrease of approximately 3-fold observedagt 10 (Figure 4.7d). Interestingly, a 6-fold
decrease in expression level of SUT5 was obsergeteen day 1 and 5.

No observable difference in expression levels ikadab the control was observed for SUT4
at day 1, 3 and 5. At day 10 no expression of Slofthe drought stressed plants was observed. No

clear SUT3 expression was detected in either thealoor drought treated plants (data not shown).
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Figure 4.7: Quantitative PCR analysis of OsSUTISI@E2, OsSUT4 and OsSUT5 genes during
drought treatment of ric&dfzya sativa L. cv Nipponbare) cultivar plants. All values
were normalized to the relative expressional lewélsce Polyubiquitin 1 and rice actin
genes by analysing the ratios of the mRNA concéatrs of individual OsSUT genes to
the rice Polyubiquitin 1 and rice actin genes. aherage of pooled tissue from triplicate
sets of plant material tested in duplicate is shdwror bars representing the standard
error were obtained from the gBase Plus (Versi@h dnalysis, representing 95%
confidence. DT represents drought treatment. AUWasgnts the fold change in
expression relative to the minimum value obtairedebch gene. OsSUT3 showed no

detectable transcript expression during this treatn(data not shown).

Salinity treatment:

A 2 to 8-fold increase in SUT2 expression leveatigke to control was observed in response
to 100mM, 200mM and 300mM NacCl treatment of the ptants (Figure 4.8 b). With all three
treatments, there was a progressive increase | @earession ovdime, with a more prominent
increase with 200mM and 300mM Nai@atment at day 10. SUT5 only showed a considerabl
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difference in the expression in treated rice ptentompared to the control in response to 100mM
and 300mM NaCl treatment at Day10; evidence of aiotdup-regulation (Figure 4.8.d)

39.000 U UL

Lot 4 16 00C

Dey 2 Day 3 Davs Day 20 Day 2 Day 3 Day5 Day 10

Treatment Days Treatment Days

Figure 4.8: Quantitative PCR analysis of OsSUTISI@E2, OsSUT4 and OsSUT5 genes during
salinity treatment of rice (Orzya sativa L. cv Ngpypare) cultivar plants. All values
were normalized to the relative expressional lewélsce Polyubiquitin 1 and rice actin
genes by analysing the ratios of the mRNA concéatra of individual OsSUT genes to
the rice Polyubiquitin 1 and rice actin genes. atherage of pooled tissue from triplicate
sets of plant material tested in duplicate is shd@ror bars representing the standard
error were obtained from the gBase Plus (Versi@h dnalysis, representing 95%
confidence. S1R, S2R and S3R represent saligiitrtrent with respect to 100mM,
200mM and 300mM; NaCl respectively. AU represehesfold change in expression
relative to the minimum value obtained for eacheggdsSUT3 gave no significant

expression during the treatment (data not shown).

SUT1 and SUT4 were expressed at low levels in obatrd salinity treated rice plants

(Figure 4.8 a & b). SUT4 showed no change in exgioesin the control compared to the treated
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plants during the first five days of treatment. Hwer after 10 days, the control plants showed up
regulation of SUT4, whilst SUT4 expression in thenps treated with higher concentrations of
NaCl was unchanged. There was no cfedtern of change in SUTL1 transcript levels in oese to
salinity treatment. There was no detectable trapisexpression of SUT3 in both the control and

salinity treated rice plants (data not shown).

4.5 DISCUSSION

Rice, a staple crop for over half of the world’pptation is sensitive to a variety of abiotic
stresses, including salinity, drought, submersiwh @ld (Chinnusamy et al., 2005).

Drought and salinity stress are environmental doos in which plants have to cope with
both declining water availability and ion toxicésg a result of a decrease in cellular osmotic
potential. An excessive amount of salt enteringptla@t will result in an increase in toxic levets i
older transpiring leaves, causing early senescdras . will further reduce the quantity of
assimilates produced by the plant and in assinsitagsported to the growing tissue, consequently
limiting plant growth. This may well explain the grogrowth of the plants observed in this study
after 10 days of the drought and salinity stresattnents.

Yeo et al. (1991) reported that the growth redungtiaice (Orzya sativa L.) after both long
term and short term periods of salinity was assaltef a decrease in water supply to the plants,
caused by increased salinization. Salt accumulatisoil due to excessive evapotranspiration
induced by drought is now a generalized phenomasanresult of global climate change. This
greatly affects plant growth and development. laseel salt concentration has been shown to
reduce seed germination in many plant speciestégmnistically affects shoots and roots and also
affects the development of plant reproductive osgafan Hoorn, 1991).

Among the five sucrose transporter genes analyzduki present study, OsSUT2 was found
to be progressively up-regulated during the 10aayse of drought and salinity treatment of three
week old rice Qrzya sativa L. cv Nipponbare) plants. Additional work needs&done in order to
identify the changes in sucrose metabolism and piaeisely to describe the transporters involved
at protein level, as well as confirm which respeepromoters and transcription factors are
involved in their expression. The putatisis-acting regulatory elements in the promoter regions of
these transporters have bedentifiedin silico in Chapter 3. Out of the five OsSUTSs identified in
rice, OsSUT2 had the highest drought and salieilgtedcis-acting regulatory elements. This
suggests the up-regulation of transcription ofSkE 2 during drought and salinity stresses reported

in this study.
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Alternatively, the changes observady be due to down regulation of sucrose for grain
filling, since the major task of the plant will bhannelled to overcome dehydration induced during
drought and salinity stress. As a result, OsSUVslied in transport of sucrose to sink organs like
flower, anther, and grain may be down regulateite Rucrose transporter genes have been
reported to be expressed in sink and source orgatiislower expression in the source organs than
sink (Hirose et al. 1997; Aoki et al. 2003; Scafiet al. 2007a).

Noiraud et al. (2000) found that AQSUT1 expressi@s decreased in all organs and
distinctly in roots of celery plants when subjectedalt stress (30 days watering with 300mM
NaCl). Although AgSUT1 was found to be expresseahaiured leaves and in petioles of celery, it
is also expressed in sink organs such as rooterfdgcCharkazi et al. (2010), found SUT4 and
SUTS5 to be down regulated in 10 days old salt-$iesivheat Triticum aestivum L. cv. falat)
seedlings, when exposed to different NaCl osmaitetial (-0.25 — 1.5 MPa). Thus the low
expression and regulation of OsSUT1, OsSUT3, OsSAHMOsSUTS observed in the present
study show that they may not be fully involved irtose transport during plant dehydration
induced by drought or increase in salinity. Howeweore comprehensive reporter gene expression
studies need to be carried out to fully understamccontrol of gene expression in different tissues
during drought and salinity stresses.

Although increases in mannitol and other polyolsenensidered to be a response to salt
stress (Pardossi et al., 1998; Stoop and Phar#)180r results indicate that sucrose transport is
certainly not repressed under these conditions.ni@irsynthesis has been reported to increase at
the expense of sucrose (Everard, et al., 1994hdwsalinity stress in celery plants; however the
flux of sugar during these stress conditions sakds to be further studied in a less salt tolexadt
economic crop such as rice. Celery plants werertegp@o grow new leaves when cultivated on a
300mM NacCl solution; a concentration equivalentadf that of sea water (Everard, et al., 1994).

Furthermore, Everard et al. (1994) reported a d-iatrease in mannitol/sucrose ratio in salt
stressed celery plants as compared to controlsnMdmlehydrogenase was found to be repressed
in order to maintain a high level of mannitol, winigcts as an osmoprotectant. Sucrose metabolism
on the other hand is channelled to meet the enexgy of the stressed tissues (Everard et al.,
1994). This could therefore indicate that sucrosesport has to be maintained, which conforms to
the observedip-regulation of OsSUT2 in source-exporting leawesrder to supply more sucrose
for the increased energy for cellular activitiesl &r osmoprotection.

Using clustalW multiple sequence alignment, OsS(Frdtein Id: BAC67163) protein was
found to have 61% and 83% similarity with AtSUT4dtin Id: AAG09191) and HvSUT2
(Protein 1d: CAB75881) proteins respectively (Sggéndix H). AtSUTA4 is a low-affinity/high

capacity saturable sucrose transporter (Weise,&@0), while HvYSUT2 is a vacuolar sucrose
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transporter (Endler et al., 2006). AtSUT4 &wBEUT2were reported to be expressed mainly in
mesophyll cells and minor veins of source leavdgre high-capacity sucrose transport is needed
for long distance sucrose phloem loading and fouwdar storagef photosynthetically derived
sucrose respectively. Therefore the transport ofcse facilitated by OsSUT2 may be essential for
long distance sucrose transport to meet the osrteatemt activity of sucrose foine plant and for

the cellular energy demands during drought anaisaktresses.

4.6 CONCLUSION

Transport activities of osmolytes are of great ifigence in plants, because they are only
produced in the leaves. Hence, studies shoulddweséal more on the elucidation of the molecular
mechanism that links the effect of diverse stréissudi to source-sink regulation. Coordination of
development with the availability of nutrients swahsucrose may aid in ensuring a sufficient
supply of nutrient and energy essential in carrypngspecific developmental activities and also to
withstand environmental stresses.

Attempts to develop environmental stress toler¢artp through genetic transformation
have led to several significant successes; butdh#lex stress response mechanism of plants to
enable abiotic stress tolerance hampers progréss, & comprehensive understanding of
physiological and molecular processes underlyirmgidint and salt tolerance in the major economic
crop plants is needed and more research shouladmati towards osmoprotectant metabolism and
transport in crop plants and in transgenic plantgreeered for salt tolerance.

The differential regulation of sucrose transpogemnes during drought and salinity stresses
reported here may provide a link to the previogores of Flowers and Yeo (1981) and Lutts et al.
(1995). Sensitivity of rice plants to salinity stsewas shown to vary at different growth stages.
Plants were more sensitive to salinity stressaydling seedling stage than at the reproductive
stage. Therefore improvement of drought and skdtdaace in rice should be targeted atgpecific
growth stage that is most sensitive to droughtsatitity stresses, and which affects plant
productivity and yield.

This study reveals the need fond the involvement of OsSUT2 in the adaptationaaf
plants to cope with drought and salinity stresass cultivars with a higher expression of thiseyen

may show increased capacity to survive these emviemtal stresses.
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Chapter 5

Effect of Rusty Plum Hysteroneura
setariae; Thomas) Aphid Infestation
on the Expressional Levels of Sucrose
Transporters in Rice (Oryza sativa L.
cv Nipponbare).
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5.1 INTRODUCTION

Plants and insects are continuously interactingttogr in the ecosystem in a wide range
manner. They are close in several advantageous ad&dh include shelter, oviposition sites and
food supply for insects by plants, while insectiphmants in pollination. Nevertheless, depending

on the amount of insect attacks, insects mightdraeéndously harmful to plants resulting in death.

There are two main groups of plant insect pesesctiewing insects and the
piercing/sucking insects. The latter pierce cedisites with their stylets and subsequently feed on
the exuberant amount of plant sap. Some piercidgsanking insects feed on mesophyll cells,
epidermal or parenchyma cells; others are phloeueies (Walling, 2000). The phloem-feeding
insects are highly specialized in their mode otifieg and they present a unique stress on plant
fitness.

There are various phloem feeding insects that éeeplants. AphidsHemiptera,
Aphidoidae) are the major group, and they are mostly tempearae insects, with about 4000
species worldwide (Dixon, 1998), of which 250 speare considered pest species (Blackman &
Eastop, 2000). Aphids feed on a plant for a prodahgeriod of time. They suck plant sap from
conductive tissue by employing their specializehder stylet-like mouth parts to probe
intercellularly through the epidermal and mesopbgll layer so as to feed on the photoassimilates

contained in the plant’s phloem sieve elementstansb doing weaken the plant (Walling, 2000).

Aphids average from about 1/6 cm (Nymph; newly baphids) to 2/3 cm (adult giant
winged aphid). They are pear-shaped and can dssitiystinguished from other insects by a pair of
tubular appendages of variable length called ctasithat protrudes out from the posterior ends
(Figure 5.1). Aphid nymphs are wingless, but wiaglp may be visible on those individuals that
will mature into winged adults. Adults may be widga wingless and when wings exist, they are
two transparent pairs. They have the same basractesistic features as nymphs with the
exception of wings, if present (Figure 5.1). Widgalults have a hardened and darkened thorax to
support their wing structure, but non-winged adates more uniform in colour and do not have a
hardened thorax. Many aphids are green, but thherthase that are other colours such as white,
yellow, red (pink), and brown, black or speckledt& aphids have two or multiple colours, such
as the green peach aphid where the adults arewysigreen or red form; cabbage aphids and
wooly apple aphids where the adults produce a vanigray waxy substance that covers their
abdomen; rose aphids where the adults are ligleingoe pink; potato aphids where the adults are

pink or green.
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Figure 5.1: Characteristic features of dphi

Sourcehttp://downloads.cas.psu.edu/4H/PartsOfAninsect.pdf

Detailed aphid description and life cycle are ¢saly reviewed in Dixon (1987; 1998) and
Blackman and Eastop (2000). Using electrical perietn and radiolabelling studies, aphid
behavior and the role played by their saliva dufegging have been extensively studied
(Tjallingii, 1988; Miles, 1999; Cherqui and Tjalgn, 2000; Tjallingii, 2005; Will et al., 2007). Eh
physiological and biochemical interactions of aghidth plants; and the interaction of other
ecological organisms within the aphid-plant co-testion are reviewed in Ibraheem et al. (In Press,
2011).

Rusty plum aphidsHysteroneura setariae; Thomas) are small rusty brown or dark purple
coloured aphids, of about 1.7mm in length. Theyspes white bands at the base of their antennae,
abdomen and appendages; with dark colouratioretaipiper parts of their appendages (Figure 5.2;
Blackman and Eastop, 2000).They are commonly fammdherry, peach and plum trees, but are
also pests of a wide genera of grasses suClyraxion, Eragrotis, Cyperaceae, Eleusine, including
cereal crops (Blackman and Eastop, 2000). Theyllydag their eggs in cracks and crevices over
winter, producing their offspring near the floweagiperiod of their host plants, when they start to
feed on the abaxial sides of plant leaves, causgmgficant damage to the leaves. Like other
aphids, they produce sticky honey dew that cow@rade leading to sooty mildew infestation and
they are also vectors of several plant viruses ¢lzxs) 2003; Ng and Perry, 2004).
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The co-habitation of aphids and plants is veryigaing. Plants have developed an efficient
mechanism to protect themselves against aphid$e wphids have found diverse ways of avoiding
the negative effects of their host plants defensehanisms. Plant responses to aphid feeding
usually varies from no visible effect to localizéidcolouring of leaf or stem tissues (chlorosis) to
stern reduction of plant vigor, leading to planatte(Walling, 2000). Aphids have been
investigated and are found to cause significantadgaro valuable crop plants such as wheat,

barley, rice, oats etc. due to the following reason

(1) they are vectors of numerous pathogens that gaiarere into the plant cells/tissues
through aphid infestation on the plants (Matthel@91);
(2) they secrete watery saliva that contains sevei@tiaignal-generating enzymes sucl-as

glucosidase, oxidase and many yet unknown protziagmes (Miles, 1999).

Figure 5.2: Rusty plum aphity$teroneura setariae; Thomas)

5.2 SPECIFIC OBJECTIVE

With the anticipated rise in the world populatitine main concern for agriculture is to
attain the highest production of food in a way ikagnvironmentally friendly and cost effective.
Losses due to insect herbivory for major economips are a significant factor in limiting food
production. The wounds caused are potential grdigts for opportunistic pathogens, leading to a
grave environmental stress for the plant. It isé¢fere essential for plants to express the prodiict
a range of defence genes at the wound site asstare to this stress and also as an obstruction

against possible infection by pathogens. Duringdpbrbivory, it is assumed that insect saliva is
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responsible for the triggering of responses becausmtains peroxidasesglucosidases and other
signal-responsive proteins and enzymes (Miles, 1B@8l et al 2000). Plant stress responses have
been reported to be tightly linked to the up-regataof sucrose-sink metabolism to satisfy the
energy requirements and the activation of theseackes of defence actions (Smeekens, 1998;
Rolland et al., 2006; Ibraheem et al., 2008).

It is not known to what extent cells/tissues capecwith unexpected changes in the cellular
metabolism that result from increased respiratotivigies of wounded tissues. Storage organs can
adjust to this change by increasing carbohydragakstown, but in other organs with low
carbohydrate reserves, carbon and energy requitsraemnmet through carbohydrate exogenously
supplied in the form of sucrose. Therefore suctmgsporter activity will be essential to the imipor
of sucrose from the neighboring apoplasmic celimézt the metabolic needs of the adjacent
injured cells. Sucrose transporter activity may aignstitute a defense action for effective
reduction and/or retrieval of leaked photoassiragaturing vascular perturbation by the aphid
stylets back into phloem. Mechanisms used by plantstrieve lost solute back into the apoplast
have been postulated by Botha et al. (2008).

This study therefore aims at investigating theed@htial expression and regulation of rice
sucrose transporters during aphid infestation. @pfgoach will aid in understanding the
expression and regulatory activities of sucrosesjarters involved in the distribution of
photoassimilates and the accumulation of carbotgdrmuring insect herbivory, which will further

enhance the knowledge of the sucrose source-sitdbmliesm.

53 METHOD

5.3.1 Cultivation of Plant Materials and Treatmat
5.3.1.1 Cultivation of rice Qrzya sativa L. cv Nipponbare) at optimum conditions

Seeds of rice(jrzya sativa L. cv Nipponbare) cultivar were obtained as a kgiftifrom Dr.
R. Furbank, CSIRO Plant Industry, Canberra, ACT2&Qistralia. The rice seeds were germinated
according to the method of Scofield et(@007a). Rice plants were grown to maturity (2keld
at 4 leaf stage) in flooded paddy tanks (contaiffisg compost and 25% perlite), housed in a
Conviron EF-10H controlled environment cabinet(Gamv Winnipeg, Manitoba, Canada), and
programmed 2%, 56% (relative humidity), C&fambient) and at a light intensity of 400 umof m

secl.
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5.3.1.2 Maintenance of rusty plum aphidsHysteroneura setariae; Thomas) colonies

Rusty plum aphids colonies were maintained on youw®y(Orzya sativa L. cv Nipponbare)
grown in another Conviron under the same cond#i®specified above but kept in insect cages
(Figure 5.3).

Figure 5.3: (A) Rusty plum aphidslysteroneura setariae; Thomas) maintained in insect cage

(B) Light microscopyew of Rusty plum aphidsifysteroneura setariae;

Thomas)n rice leaf
5.3.1.3 Aphids infestation on rice@rzya sativa L. cv Nipponbare)

Thirty-six rice plants were grouped in triplicatedive six test experimental groups, and six
matching control groups. A fine camel hair brustswaed to place 10 adultsty plum aphiglon
the second or third visible, fully-expanded leafexperimental plants. An aphid cage was attached
to the leaves, enclosing the settled aphids. Testantrol plants were maintained in a Conviron

under the same condition as specified above, fatal@ (Figure 5.4).

Treated leaves were harvested as grouped at @aaysl), 48hrs (Day 2), 72hrs (Day 3),
120hrs (Day 5), 168hrs (Day 7) and 240hrs (Daypb3} treatment. Leaves from control plants
were harvested the same number of times at eaehptiiimt without aphid treatment. Leaves
harvested from the test and control experimentg waickly submerged in liquid nitrogen, stored
at -80C for total RNA extraction. In a similar fashiome plants were germinated and leaves
harvested from groups of triplicate stressed plantscontrol plants were used for total protein

extraction.
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Figure 5.4: Conviron set-up of rice plants for ®yslum aphids Klysteroneura setariae; Thomas)
infestation experiment. Rice plants were grown &durity (3 week oldt 4 leaf stage)
in flooded paddy tub (containing 75% compost anth 2ferlite), housed in a Conviron
EF-10H controlled environment cabinet(Conviron Wijeg, Manitoba, Canada), and
programmed 2%, 56% (relative humidity), C§fambient) and at a light intensity of
400 umol nfsec.

5.3.2 Analysis of Differentially Expressed Sucros€ransporter Genes
5.3.2.1 Isolation of total RNA from controls andreated rice plants

All equipment used for the RNA isolation was maddaRe free by autoclaving and rinsing
thoroughly in RNase away solution. Leaves harvestad the triplicate plants were pooled to
minimize inter plant variability and were groundgowder in liquid nitrogen prior to RNA
extraction. RNA from the ground tissues was exadctsing the SV 96 Total RNA isolation system
(Promega, USA), following the manufacturer’s instrons. Extracted RNA was quantified using a
PerkinElmer Lambda 35 UV/VIS Spectrophotometer&irzn and electrophoresed on 1% agarose
gel to verify its integrity.

5.3.2.2 Amplification of sucrose transporters (SUTyenes by reverse transcriptase polymerase
chain reaction (RT-PCR)

The RT-PCR reactions were carried out using an &g AG 22331, Hamburg Master
Cycler, and Qiagen® one step RT-PCR kit (QiagenA))llowing the manufacturer’s
instructions. Total RNA template was used at cotreéipns varying from 50 — 1000ng, in ai%b0

RT-PCR reaction volume.
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Specificity was obtained by using primers for tlemg of interest as designed by Scofield et
al., 2007. They confirmed the specificity of the prinpairs by sequencing amplified bands, which
gave the desired sequences. Thus these primersuseddor RT-PCR. (Refer to Chapter 4; Table

4.1 for the rice sucrose transporter primer paisRT-PCR thermal cycling conditions).
5.3.2.3 Relative quantification of amplified SUT gnes by Real-Time PCR

gPCR was carried out using a two step method.l¥irgig of total RNA from each sample
was converted to cDNA using the iScriptTM cDNA dyesis kit (BIO-RAD Laboratories, Inc.
USA), following the manufacturer’s instructions. &uification of the SUT cDNA genes was
performed using the same gene-specific primersed for RT-PCR. Aliquots of the cDNA
corresponding to 50ng of each input sample RNA weedl as templates for the Real-Time PCR
analysis. Reactions were carried out on a Bio-Radler Real-Time PCR Detection System with
iQ™ SYBR® Green Super mix (BIO-RAD Laboratories, Inc. USadcording to the
manufacturer’s instructions. (Refer to Chaptesettion 4.3.2.3 for the thermal cycling
conditions).

PCR products were detected by monitoring the irsraéa fluorescence of the SYBR Green
during the extension phase of each cycle when ¥&RSGreen was bound to double stranded
DNA.The results obtained for the different cDNAsrev@ormalized against the expression levels of
two stable reference genes, rice polyubiquifRubQ1)and rice actin, using the gBasePlus
programme produced by BioGazelle (version 1.3;/httpw.biogazelle.com). (Refer to Chapter 4,
section section 4.3.2.3 for RubQ1 and actin pripaers).

The relative mean fold expression level and stahdamor of each of the SUT genes was
determined for the treatment and control groupsaah time point by reference to the sample with

lowest expression for each gene, using gBasePbggamme (Version 1.3).

5.3.2.4 Isolation of total proteins from controland treated rice plants

Leaves harvested from triplicate plants were potdeminimize interplant variability and
ground to powder in liquid nitrogen. Total proteimsre extracted using the Bio-Rad total protein
extraction kit. 3ml of the kit sample buffer waslad to 1g of each ground tissues and placed on
ice. The suspensions were distrupted by stirrirtd samples were homogenous. Samples were
centrifuged at 13,0009 for 30 minutes and supentsit&ere collected. The protein content of all
samples was determined using the RC/DC assay (Bth-BSA); a modification of the Folin-
Lowry assay (Lowry et al., 1951). Protein contemése determined by interpolation from a

standard curve using bovine serum albumin Fradfias a standard.
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5.3.2.5 Monitoring the expression levels of OsSWTproteins by western blot analysis and its

relative quantification.

Polyclonal antibodies raised in a rabbit agairsgrahetic peptide
‘LPTKSNEPAEPEGTGPLAV’ were used. It correspondsitspan of amino acid sequence from
position 293-311 in the OsSUT1 protein sequenaggiered with accession number: AF280050, in
the protein data bank of National Center for Bibtemogy Information (NCBI;
www.ncbi.nih.nim.gov)) produced by Gen Script USA Inc, (Order id numid&1259 1).This

peptide is the same as that used by Scofield €@07b). The peptide sequence was used because
of the low percent similarity to the protein seqeesof the other rice sucrose transporter proteins.
The low percent similarity makes it suitable foesjic recognition by its antisera. Actin was used
as a positive control. Actin (H-300) rabbit polya#d IgG primary antibody was purchased from
Santa Cruz Biotechnology Inc. 2145 Delaware AveiBamta Cruz, Califonia, 95060.

SDS-PAGE was performed to separate the protein lssnippemmli, 1970). Equal protein
concentration (5pg) was loaded into each well suemthe same amount of protein. Protein
samples were transferred onto nitrocellulose men#by a BioRad Protean Il system using
48mM Tris pH 9.2, containing 39mM Glycine, 20% Matiol and 0.05% SDS. OsSUT1 and actin
proteins were detected by carrying out westerndnatlysis on two separate Hybond ECL
nitrocellulose membranes for the control and thated protein samples respectively. Anti-
OsSUT1 and anti-actin were mixed together in theceatration recommended by manufacturer

and were used to probe the Hybond ECL nitrocelkilbembranes.

Blotted membranes were blocked overnight in thegefator at 2-8 in ECL blocking and
antibody diluent solution, which was composed of %) ECL Advanced Blocking agent
dissolved in Tris- Buffer saline, containing 0.196) Tween-20 (TBS-T). The blocked membranes
were washed with TBS-T at two changes of the bufat incubated in a 1:5000 and 1:200 dilution
of the primary antibodies of OsSUT1 and actin retipely for one hour at room temperature on an
orbital shaker (as recommended by the manufacturbe) membranes were washed in a TBS-T
buffer volume greater than 4ml/émf the membrane for 15 minutes at room temperatncealso

for 3 times 5 minutes with fresh changes of TBSuifér.

The goat anti-rabbit IgG-horseradish peroxidasgugaied secondary antibody (Santa Cruz
Biotechnology Inc.) was diluted in ECL blocking aadtibody diluent solution at 1:5000 (as
recommended by the manufacturer). The membranenealkated with secondary antibody for one

hour at room temperature on an orbital shaker, Weshed in a TBS-T buffer volume greater than
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4Aml/cnt of the membrane for 15 minutes at room temperatndealso for 3 times 5 minutes with
fresh changes of TBS-T buffer.

Lumigerd” TMA - 6 A & B detection solutions (GE Healthcare Ukd, Buckinghamshire,
UK) were mixed in a ratio of 1:1 to give a finallvme of 0.1ml/crA of the membrane. The
membrane was drained from residual TBS-T buffe¥;dbtection solutions mixture pipette directly
onto it and was incubated for 1 minute at room terajure. Excess detection mixture was drained
off and the bound detection solution visualizedamzhemilluminiscent light using the Alliance 4.7
Transilluminator (UVITEC Ltd, Cambridge, UK). Tlmages of the immuno-blots were quantified
using the UVI Band software system (UVITEC Ltd, Gaidge, UK). This allowed for
guantification of the differential expressed OsSUpFdtein as normalized to the intensities of the
respective actin signals in both control and téaiants. To quantify the specific
chemilluminiscent signal of OsSUT1 in each lane,liackground was subtracted from the obtained

values and the result plotted as a fold incredséive to the expression of actin.

5.3.3 Analysis of OsSUT1GUS Activity Localization

5.3.3.1 Construction of OsSUT1GUS gene and transformation into rice plant

The OsSUT1GUS gene was constructed by Scofield et al., 2007arbglification of
DNA fragment spanning -1675 to +19 nucleotideshefregulatory (promoter) region of OsSUT1
gene, using PCR. The product was ligated into pZi#aBsformation vector that carries the
hygromicin resistant gene (Figure 5.5) and thisstrict was transferred into Agrobacterium
tumefaciens strain EHA101 (pIG121Hm) by electropora Transformation into rice tissue was
carried out following the method described by Hiteal. (1994).

OsSUT1 Regulatory Foly A
Region Signal Sequence
H}-'grm'ﬁ}-'(‘m Resistant 4 F v {>
Ti-Vector Gene Sequence Ti-Vector
pZH2B Border ATE pZH2B Border
-1675 bp +12bp

Figure 5.5: Representation of OsSUGW.S gene fusion construct (Scofield et al., 2007b)
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5.3.3.2 Cultivation of OsSUT1:GUS transgenic rice plants and aphid treatment

The OsSUT1GUSwas constructed and transformed into ({Oezya sativa L. cv
Nipponbaré plants by Scofield et al. (2007b). The transgeitie seeds were obtained as a kind gift
from Dr. R. Furbank, CSIRO Plant Industry, Canbefastralia. Cultivation of these seeds and
aphid treatment procedures was the same as desanisections 5.3.1.1 and 5.3.1.3 respectively.

After aphid treatment, leaves were stained for OSBIGUS expression.

5.3.3.3 Exposure of cut ends of OsSUTGUS transgenic rice plant to 2% sucrose solution
Cultivation of OsSUT1GUS transgenic rice plants was as described in sebt@i.1. A
matured leaf was cut at the base and immediatetyeirsed in distilled water, and this was allowed
for 10 minutes at room temperature. The leaf wasokeed and immediately immersed in 2%
sucrose solution for 10 minutes at room temperaithereafter, the leaf was removed, thoroughly

rinsed in distilled water and stained for OsSUBLS expression.

5.3.3.4 Staining of transgenic rice foGUS expression

Staining of transgenic rice plant tissues@yS expression was carried out using the
Imagene Greef (C..FDGIcU GUS gene expression Kit (I-2908) manufactured by Molac
Probes, USA), following the supplier recommendeatquol. Imagene Green is specific for the
localization off3-glucuronidase in cells using wide field fluorescemicroscopy methods,
specifically localizing the fluorescence 5-N-dodem@ aminofluorescein; which is formed after
enzymatic cleavage of:&~DGIcU substrate bg-glucuronidase, in the cells that expresses the

marker gene.

The transgenic rice plant tissues were cut into sleictions (approximately 15um) using a
McILWAIN tissue chopper (Mickle Laboratory Engingey Company Limited, Surrey, England)
and collected in 25mM Na-Phosphate buffer (pH TI®).unfixed cross-sections were transferred

to, and immediately incubated in 100uM abEDGIcU at room temperature for 30 minutes.

Post staining treatment involved washing twice3Sm®1 Na-Phosphate buffer (pH 7.2), and
fluorescence visualized using the Olympus BX61 widkl fluorescence microscope (Olympus,
Tokyo, Japan) fitted with U-YFP (UMWIB 2) filter 6€L0c/Topaz 41028, Chroma Technologies,
Battlebro, U.S.A), with absorbance (Abs) / emisgjEm) of the reaction product at 390/525 nm.
Images were taken and saved using the andfy$i8e Olympus Soft Imaging System programme
(Olympus GmHb, Germany), and selected images warerted to Corel Draw 12 (Corel
Corporation Ottawa, Canada 2003).
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5.4 RESULTS

5.4.1 Total RNA Extraction and OsSUTSs’ Primer Pas Confirmation

All the total RNA extracts yielded two major baras 1% agarose gel representing 28S and
18S rRNA( data not shown). Theg.dAzsonmratio for each extract was above 2, indicating the
high purity of the extracts (Figure 5.6).

283

1858

Day: 1 P 3 5 7 14

Figure 5.6: Representative sample of 1% agaroselgetrophoresis of total RNA extracts of Aphid
infestation experiment (See Appendix F for theuies of all the 1% agarose gel

electrophoresis of total RNA extracts from contintl stressed rice plants).

All primer pairs amplified a single product of teepected size, which was confirmed on
1% agarose gel (Figure 5.7) and by analysis ofritelt-curves after qPCR (Figure 5.8), which gave
a single band or single peak respectively; withetheeption of OsSUT3 which showed no clear
peak in the melt-curve analysis as a result afvteyall poor expression during the aphid treatment
(See Appendix G). Despite this, the one step RT-R&Rtion was able to amplify the small
portion of the OsSUT3 mRNA leading to the observiedr band of the expected size.
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Figure 5.7: Confirmation of RT-PCR amplification the primer pairs on 1% agarose gel, where:-
(A) Fermenta Mass Ruler DNA Ladder; Low Range, kBn-template Control, (C)
OsSUT 1; 245bp, (D) OsSUT 2; 243bp, (E) OsSUT b9 (F) OsSUT 4; 249bp, (G)
OsSUTS5; 250bp, (H) RubQ1;100bp, (1) Actin; 195bp.
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Figure 5.8: OsSUT1 melt curve analysis; a represimet sample (See Appendix G for the analysis
of the rest rice sucrose transporter genes)

5.4.2 Quantitative Real-Time PCR

gPCR analysis of rice sucrose transporter genesles differential expression of the genes
(Figure 5.9), with changed transcript amounts olesin the treated plants when compared with
the controls.
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Figure 5.9: Quantitative PCR analysis of OsSUTISIE2 and OsSUT4 genes during Rusty plum

aphidinfestation on rice@rzya sativa L. cv Nipponbare) cultivar plants. All values
were normalized to the relative expressional levélice Polyubiquitin 1 and rice actin
genes by analysing the ratios of the mRNA concéatra of individual OsSUT genes to
the rice Polyubiquitin 1 and rice actin genes. Badhe average of pooled tissue from
triplicate sets of plant material tested in dugkc&rror bars representing the standard
error were obtained from the gBase Plus (Versi@h dnalysis, representing 95%
confidence. AO1R, AO2R, AO3R, AO5R, AO7R and Al@Rnesent samples from aphid
treatments on day 1, 2, 3, 5, 7 and 10 days aftestiation. AU represents the fold
change in expression relative to the minimum valoiined for each gene. SUT5
showed no clear difference in transcript expreskuals, while no detectable transcript

expression of SUT3 was found (data not shown).

There was an observable progressive up-regulafi®Jd1 gene when the transcript levels

in the treated plants were compared with the ctmtAd first, the transcript level of SUT1 in the

treated plant was reduced to approximately hatfiefcontrol at day 1. It further diminished on day

2, but gradually showed an up-regulation at dayréugh to day 10 when the difference between
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the transcripts levels of the control plants frdma treated was approximately 12-fold, 1.5-fold and

3-fold; with respect to days 5, 7 and 10.

The expressional levels of SUT2 and SUT4 wereiwelgtlow in both control and treated
plants, and a transient upward trend followed bymoegulation was observed during the period of
infestation. Expression was elevated to approxilp@&®&-fold and 3-fold with respect of SUT2 and
SUT4 in treated plants compared to control aftéwd&day 2) of infestation and then declined back
to control transcript levels until day 5, and mimver at day 7. The transcript level in the treated
plants later rose again to approximately 1.5-fald 2-fold with respect to SUT2 and SUT4 in
treated plants compared to controls at day10.

SUT5 showed no clear difference in transcript eggian in the control and treated rice
plants, while there was no detectable SUT3 trapsesipression in the control and treated rice

plants (data not shown).

5.4.3 Western Blot Analysis and Relative Quantifiation of OsSUT1 Protein

SDS-PAGE separation of 5ug of protein from eacHgmbtriplicate set of control and
treated plant samples is shown in Figures 10a Bhdwith the western blot analysis (Figures 10c
and 10d) revealing differential expression of Os$fotein. The chemiluminiscent
OsSUTl1signals normalized to the intensities of @eipe actin signals in the control and treated

plant are shown as a percentage fold increase D% relative to actin (Figure 10e).

This result indicates that OsSUT1 protein expressioreases as the days of aphid
infestation progress. A similar change was notiteabcontrol plants; however, at a lower
expression level. A significant increase in thet@irolevels in the treated plants to approximately
2.5-fold of the control plants was observed on Hafppreciable increases were also found on days
2, 3, 5 and 10, when the treated plants had appaiely 1.5 times the level of OsSUTL1 protein
when compared to the control plants (day 7 showeapg@roximately 1.2-fold increase in the
treated plants relative to the expression in th@robplants). These changes demonstrate that
cellular expression of OsSUT1is regulated duringettigoment as well as in response to

physiological changes occurring during phloem fegdi
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Figure 5.10: Western blot analysis and relativengjtieation of OsSUT1protein in ricédf zya
sativa L. cv Nipponbare) cultivar plants. [a] and [b] &2% SDS-PAGE of plants
protein samples. [a] is control while[b] is aphndested samples. Each sample is an
average of pooled tissue from triplicate sets ahpmaterial. 5ug of protein was
loaded into each lane. In [a] and [b]: A, SigmadZd@urst™ electrophoresis marker;
B, day 1; C, day 2; D, day 3; E, day 5; F, day 7d&y 10. [c] and [d] are western
blotting analysis is as described in sectoB.2.5 In [c]: A and B are OsSUT1 and
Actin proteins in control plant samples. In [d]a@d D are OsSUT1 and Actin
proteins in aphid infested plant samples. AO1R,R0R03R, AO05R, A0O7R and A10R

represent samples from aphid treatments on day3l},% 7 and 10 days after
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infestation. [e] OsSUT1 chemilluminescent signaésewquantitated using the UVI
Band software package from UVITEC and result norredlto the intensities of
respective Actin signals in both control and trdaiee plants. Results are shown as a

percentage fold increase of OsSUT1 relative torActi

5.4.4 OsSUT1:GUS Activity Localization

Cross-sections of the infested leaf tissues of A4SIGUS transgenic rice@ryza sativa cv
Nipponbare) plants harvested at 12hrs and 1,2, Band 10 days after rusty plum aghid
infestation(DAI) were examined in order to estdblise localization of OsSUT1 promot&tJS
activity at the cellular levelGUS activity was as indicated by the yellowish-green 5
dodecanoylaminofluorescein formed after enzymdéawage of GFDGIcU substrate bf-
glucuronidase, in cells which are expressing OsSprfbinoter:GUS activity (Figure 5.11).

Figures 5.11 A-l show the expression of @ldS activity in cross-sections of leaves. Sectionsfro
the control plants (no aphid, see Figure 5.11Aef@mple) generally contained autofluorescence
associated with the lignified tissues. Here lownelsvof OsSUT1 promoteGUS expression (darts)
are limited to isolated parenchyma cells in proxymo the large metaxylem vessels. Importantly,
none was evident associated with the phloem padleeofascular bundles. This result is similar to
that described by Scofield et al. (2007a).

In the plants that had been infested with aphidSWI1 promoterGUS activities were
also found in the phloem and xylem parenchyma ddlisrescence signal intensity from the
OsSUT1 promoterGUS increased with the length of time of aphid inééisin. Figures 5.11 B-I
illustrate the progression of the OsSUT1 promdBS expression with increasing time of aphid
infestation. By day three, some evidence of agtwiithin the phloem tissues became evident,
suggesting that leakage from damaged phloem tissdeommenced stimulation of the OsSUT1
protein, as more solute was leaked from the sympitsthe apoplast (leakage to intercellular
spaces). After seven days (Figure 5.11G) damatfeetphloem tissue appears to be severe and high
levels of OsSUT1 promote@USwere evident in all sections in repeated experisiédsSUT1

promoter:GUS expression was clearly enhanced with increasihigafpeding time.

Occasionally, OsSUT1 promotdBlJS expression was seen within the large metaxylem
vessels, with strongest fluorescence intensityaates with the pit membrane regions bordering
the vessels and their xylem parenchyma cells (Ei§utl I). Likewise, during exposure of the

transgenic rice plants to 2% sucrose solution, dSpfomoterGUS expression was seen within
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the protoxylem as well as in xylem parenchyma betwe two large metaxylem vessels (Figure
5.12 A, B). Some expression was also associatddthét phloem parenchyma (Figure 5.12 B).

Figure 5.11: (A — ) Cross-sections through the mddtions of mature of rice leaf blade tissues,
counterstained with ImaGene Gré€&8h for the cellular localization of OsSUT1-
promoter:GUS expression during aphid infestation. Arrowheadswskhe localization
of the bright yellow green OsSUT1-promot&US expression in the vascular
parenchyma associated with the xylem as well a$ whloem parenchyma and
companion cell/sieve element complexes. (A) Ceesdions of large showing a large

(left) and small intermediate (right) vascular blenoh control (uninfested) leaf blade.
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(B — 1) illustrate localization of the OsSUT1-protan:GUS, which is progressively
more intense, with increasing aphid feeding tim&fter 12 and 24h (Figure 5.11B,
11C) reaction product is clearly strongly assodatégth the vascular parenchyma
adjacent to the large metaxylem vessels. This memdarelatively unchanged through
day two (Figures 11D). By three days, (Figure &)14tronger expression of OsSUT1-
promoter:GUS was evident. Here, expression was evident in xypamenchyma cells
between the metaxylem and the protoxylem lacunsieyvedl as on the phloem face of
vascular bundles. Longer feeding (5, 7 and 10 ;d&gures 5.11 F, G and H-I
respectively), increasing OsSUT1-promotBJS was expressed in the phloem tissue.
Abbreviations: MX, metaxylem; P, phloem tissueX; protoxylem. Scale bar: A—1 =

200um. [Note: for a high photographic resolutiomga see Appendix J (a)].

Figure 5.12 :( A-B) Show the effect of exposurdhaf cut ends of mature leaves to a 2% sucrose
solution. (A) Shows strong OsSUT1-promotétJS expression in parenchyma cells
associated with the protoxylem (PX, darts) as aglin xylem parenchyma between

the two large metaxylem vessels (MX). Some expoasisi associated with the phloem
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tissue as well. (B) Cross-section, 5 cm above #s lof the cut leaf. OsSUT1-
promoter:GUS s associated with the protoxylem lacuna (arrowlh@athis large
vascular bundle, as well as some with the xylenempeiryma associated with the
metaxylem vessels. Some phloem parenchyma assbuidtethe phloem is
fluorescing. Bars = 200 pum. [Note: for a high plyp&phic resolution image see
Appendix J (b)].

5.5 DISCUSSION

Molecular techniques have revealed that woundinppathogen infection elevate the
expression of sugar transporters (Sakr et al. 1BA&rnit et al., 1996; Sakr et al., 1997;
Fotopoulos et al., 2003; Meyer et al., 2004; Kempetnal., 2007). Wounding will result in the
leaking of solutes, including sucrose, from theopht and therefore the differential expression and

regulation of these sucrose transporters may baedet® facilitate the readsorption of the sugars.

In plants, responses to abiotic and biotic stressgsbe spontaneous or may occur a day or
two after the initial environmental stress, asslteof changes in gene activity leading to the
production of proteins which are not normally proed in plants or normally made in small
guantities in particular organs (Inbar et al., 1928ul et al., 2000; Shinozaki and Yamaguchi-
Shinozaki, 2000Chen, 2008

Expression of the majority of the characterizedese transporter genes is confined largely
to the vascular tissue; in particular the phloemere the gene products are involved in phloem
loading (Reismeier et al., 1994; Truernit and Sal@®5; Stadler et al., 1996). High expression of
sucrose transporter genes is found mostly in sdeefd@issues and the suppression of their
expression using antisense technology clearly stpgiwe concept of their phloem loading
capability (Riesmeier, 1994; Lemoine et al., 1996).

In this study OsSUT1gene expression was up-reguthieing the 10 day aphid treatment of
three week old rice(rzya sativa L. cv Nipponbare) plants. The suggests that OsS&#2are not
involved in sucrose transport in three week old,rlaut may be required during later stages of plant
development (e.g. sinks, flowering and grain fdlirdirose et al., 1997; Furbank et al., 2001; Aoki
et al., 2003; Lim et al., 2006; Scofield et al.028; Scofield et al., 2007b). OsSUT3 and OsSUT5,
which showed no clear difference in transcript eggion in the control and experimental plants

during the 10 day aphid treatment, have been rep@isewhere to be highly expressed in the
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source leaf blade tissues where they may be indalvéhe transport of sucrose from the apoplasm
to sink organs (Hirose et al., 1999; Aoki et aD032).

Under control conditions, SUT1 gene expressiondeas reported to be mainly localized in
companion cells in rice leaves (Scofield et alQZ). Other immunolocalization studies revealed
the presence of SUTL1 protein in the enucleatecesiaments (SEs) and associated with the plasma
membrane of tobacco, potato, tomato and also iratvmed rice; indicating that phloem loading
occurs at the plasma membrane of SEs and thus sungptive proposition that the SUT1 protein
may have been imported to the sieve element frenadjacent companion cells via pore-
plasmodesmatal connections (Riesmeier et al., 1R8N et al., 1996; Kihn et al., 1997; Lalonde
et al., 2003; Botha, 2005; Aoki et al., 2006; Selofiet al., 2007a). Previous work has also shown
OsSUT1-promoterGUS expression at the xylem parenchyma cells surragnttie xylem vessels
(Fukuda et al., 2005; Scofield et al., 2007b). SWus has different patterns of localization of its

gene transcript compared to the functional SUT igimo

Wounding is known to increase the expression ofcaectransporters (Sakr et al. 1993,
Sakr et al., 1997; Meyer et al., 2004; Kempemd.e2@07). Then-silico promoter analysis of the
OsSUT genes, as reported in Chapter 3, revealttatitial amounts of W-box, GT1-elements and
GCC-box. However, they were found more in OsSUEtim the other OSSUT genes. Theise
acting regulatory elements are required for respomsvounding; be it artificial mechanical
damage, insect herbivory or pathogen infection.WsISgene expression is therefore likely to be

regulated by wounding.

The expression of OsSUT 1-promot&uUS within the vascular parenchyma cells and
companion cell/sieve element complexes, is dusjtmyi inflicted by aphids probing and
penetrating the phloem sieve tubes and the xylesndis, resulting in the puncture of epidermal and
mesophyll cells. Injection of salivary materialhjgh contains numerous enzymes and proteins that
degrade plant material) consequently triggeredtplEsponses which were evident as bright,
localized fluorescence regions in these tissuensgfsee bright spots in Figure 5.11). As a result
of aphid feeding and probing, a large number otuks cells would be damaged. Not
surprisingly, the resultant leakage of sugars ftibenphloem tissue would stimulate the expression
of SUT1 as is evident in the images in Figure 8 % 1), where a large proportion of the
fluorescence is associated with vascular parenclamdacompanion cells. The appearance of
fluorescence associated with xylem parenchyma (Ei§uLl) is a result of the aphids probing
xylem (drinking water) thus causing additional lag& of sugars to the xylem apoplast and a
consequential recovery of the sugar by the OsSdgatéd in the xylem parenchyma cells (Figure
5.12). Thus itis not surprising to observe asdéngs of infestation progress to observe the
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appearance of OsSUT1-promotétiS expression localized within the vascular parencdy
and/or companion cells associated with phloem. Hewet should be noted that it is also possible
that theGUS reaction fluorescent product could have leakedtimse cells following damage,

giving rise to the observe appearance of fluoreseémthe cells.

OsSUT1 expression is thus similar to STP4 geneafsignsport protein 4) iArabidopsis
which showed changes in transcript levels bothféardnt developmental stages and under the
environmental stress of mechanical wounding, elidittatment and pathogen infection (Truernit et
al., 1996). Further reports have also shown thela¢ign of sucrose transporters during wounding.
Sakr et al. (1997), when studying the effects ofmamical stress on membrane transport of sugar in
aged and freshly cut tissues of matured sugar(Bett VugarisL.) leaves, reported that there was
a large increase in the gene transcript of SUTlyevlet al. (2004) showed that SUC3 reporter
protein was reproducibly increased at all cuttiiigssof Arabidopsis leaves. AtSUT1 was reported
to be up-regulated iArabidopsis during silver leaf white fly (SLWF) nymphs feedifigempema
et al., 2007). Like aphids, SLWF nymphs are knoWwlo@m-feeders. However, SLWF nymphs
feed carefully intercellularly on the phloem andythiarely damage the epidermal or mesophyll

cells prior to puncturing of the phloem cells (Frem et al 2001).

There are bound to be sudden increases in cethdgabolism as a result of enhanced
respiratory activities of wounded tissues during #phid infestation. This may however, not
always be adequately energized by endogenous cesoof the particular wounded or infested
cells. Thus, sugars need to be loaded into thetaflecells to prevent the risk of energy constraint
this can be achieved by the rapid and simultangwligtion of genes involved in sucrose
uploading. Although symplasmic sucrose import i@ affected cells through plasmodesmata
could be possible through simple diffusion (Botk@05), this might not be quick enough to permit
a speedy wound defense response; therefore kely lihat the apoplastic sucrose transport will

need to be up-regulated.

The data reported here lend strong support toriy@osal by Botha et al., (2008) for an
efficient retrieval pathway of solutes from theexyl to the xylem parenchyma cells in the rice leaf
blade. The pathway involves transfer from the agsipio the symplast via the pit membrane
between metaxylem vessels and xylem parenchymasstne vascular parenchyma cell plasma
membrane. Their transmission electron microscofMYand dye (5,6-Carboxyfluorescein
diacetate; 5,6-CFDA) studies provided evidencestthia interface is essential in retrieval of karg
solutes, possibly via endocytosis. It was suggetstatthe pit membrane in association with the
xylem parenchyma cells are potentially involvedstrieval, regulation of resorption and/or
movement of solute leaked into the apoplast by thigility to take up the membrane- impermeant
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fluorophores. This clearly supports the findingsto$ study, which showed high induction of
OsSUT1- PromoteiGUS expression in the vascular parenchyma associatbdive xylem as well
as with phloem parenchyma and companion cell/ssésment complexes in rice leaf blades during
the aphid infestation, than in control.The highresggion of OsSUT1 in the xylem parenchyma

cells is evidence for a specific function: the isal of sucrose leaked into the xylem apoplast.

5.6 CONCLUSION

The aim of biotechnologists and plant breeders engineer durable and multi-mechanistic
resistance to insect pests. To achieve this, krdiyel@f inducible defense mechanisms and

anunderstanding of the diversity of plant respdnsasect attack is needed.

Attempts to control aphids by spraying vulnerabigps with insecticides has limited
success due to the development of increased apsigtance to insecticides, as well as the fact that
aphids protect themselves in unusually curled legpeeventing insecticides from reaching them
(Du Toit, 1989; Quick et al., 1991). Thus the depahent of resistant cultivars is seen as the most
realistic means of crop protection in terms ofaéfincy, cost value and environmental
sustainability. In spite of the extensive studiaptant resistance, the exact molecular defense
mechanism of resistant plants is still not cledmsTack of knowledge slows the process of
effective resistant cultivar development, as aphigsable to develop the capacity to infest resista
crops (Quick et al., 1991).

The abundance and diversity of these insect pesttes a challenge to the understanding of
molecular and physiological plant responses andteage mechanisms against them. Aphid
feeding onArabidopsis leaves has been linked to responses that areatdigressociated with
virulent pathogens, in contrast with the inductidrpathogen related (PR) genes associated with
chewing insects (Truernit et al., 1996). Thus tkieet of plant responses to aphid feeding implies
that many vital genes and mechanisms used by fdlanperception, tolerance and resistance to

phloem feeding are still unknown or poorly undeosto

Plants and other higher organisms have multi-gamglies whose gene products are highly
related. Therefore, reporter gene fusion technitiésg individual members of a gene family,
along with transformation of these fusion genes the genome, has enabled the expression of the
individual gene to be studied separately from tiieiomembers, thus overcoming the background

expression of other members of the family thatroask patterns of individual gene expression.
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The regulatory parameters often studied in transgaants are those involved in spatial and
temporal expression of gene activities. These tepgene techniques also enable highly important

genes with low amounts of product to be studied.

The differential expression and regulation of saertransporters in ric®©(zya sativa L. cv
Nipponbarejuring aphid infestation reported here may be aalae information to be explore in
breeding programmes to improve rice cultivars terede insect herbivory or pathogen attack as a

result of wounding.
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FUTURE PROSPECT

Photosynthesis allows plants to reduce inorganiearg nitrogen and sulphur, generating
sugars, amino acids and peptides that play majsiplogical roles for plants themselves, and also
for heterotrophic organisms feeding on plants. $pgaduction through photosynthesis is the most
fundamental activity in plant life. The processésugar synthesis, transport, utilization and gera
are active and tightly linked to cell physiologyamt growth and development and environmental
status. Sugar effects on gene expression havedheeacterized to its metabolism for energy
production (Roitsch, 1999).

Current research has yielded a rapid increas&diting information on proton-coupled co-
transporters of the plasma membrane. The workénasated the high degree of involvement of
these transporters at the subcellular, cellulssug and organ levels. It has draw attention to the
discovery and description of new transporter clorksvever the physiological and biochemical
work in terms of expression and regulation, esplgaimder the environmental stress conditions to
which plants are often subjected, are scarce. Té@geonmental stress conditions are of great
threat to plants, preventing them from attainingrtikomplete genetic potential, and consequently
limiting crop productivity. In response to theseess conditions, various genes are expressed and

regulated, helping to alleviate their pronounceddat§, and resulting in plant tolerance.

Sucrose transporters are essential proteins imgrartitioning. They are localized at
strategic positions and are therefore a centraféesegulation. Physiological studies have shown
that plant sucrose transporters and metabolisrhighty regulated at the transcriptional and post-
transcriptional levels. Plant cells are able teetag sucrose for energy production and for cellular
carbon requirements through the sucrose transgyséem that is coupled with af4ATPase,

which facilitates its activity.

Recently there have been considerable advancesiegrstanding the role of sucrose
transporters in plants, and that specific trangpsnplay an essential role in apoplastic phloem
loading and unloading. However, as more genes @ngqgiant sucrose transporters are identified
and cloned, it is becoming evident that they dlyito have a variety of very specific functions i
plants. Efforts towards revealing the function o¢®se transporters in higher plants was made
when the first gene encoding sucrose transporters aloned from spinach and potato (Riesmeier
et al., 1992; Riesmeier et al., 1993).

Thus, the study of sucrose transporters in relatatifferent abiotic and biotic stress

physiologies should become a rapidly evolving akégjor attention should be focused on the
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elucidation of the molecular mechanisms that Imk ¢ffect of diverse stress stimuli to source-sink
sucrose regulation. To date, only a few comprelerfsinctional analyses of sucrose transporters in
a small number of plant species have been docunhehigill be a major challenge in the next few
years to decipher the expression, localizationgtion, regulation and mechanism of action of these
proteins encoded by putative membrane transpagtgresices present in the rice genome at the
subcellular and tissue levels, most importantlyirduthe environmental stress conditions to which

they are often exposed.

Identification of new transporters needs to beicoed in plant species not yet investigated,
most particularly in economic plants (cereals,tfspiecies). Understanding of the role of these
transporters in individual species will providether evidence of membrane sucrose transport in
plants and their role towards plant developmentsireks tolerance. Immunolocalization studies of
sucrose transporters have been restricted to diely @lants Arabidopsis, Solanaceae and
Plantago), but this should be carried out on a larger nunatb@lant species. This will provide more

knowledge of sucrose transporter regulation andrssignsing.

Many sets of transporters are still unidentifiaghsas proton/solute antiporters and/or
transporters mediating efflux across the tonogastthe plasma membrane. There are the
possibilities of sucrose efflux carriers that casugrose from the mesophyll cells to the apoplastic
cells or from the conducting cell complex to theaiging cells in the sink, in addition to the notma
plasma membrane sucrose transporters, but tHibasilto be investigated. To date no sucrose
efflux carrier has been isolated. Experimental togical analysis of the transporters should be
undertaken to check the structures predicted byydeopathy algorithms. More precise
information regarding the nature of the signalg thigger different sucrose transporter responses t
abiotic and biotic stress will also need to be stigated in future.

As some for the investigated rice sucrose transpmodontain hormonal associatist
acting regulatory elements that could be involvetheir expression and regulation, the expression
patterns of sucrose transporters in relation tatglarmones therefore need to be investigated in

future in other to give insight into the role ofrhnes in sucrose transporters functions.

In future quantitative determination sucrose &t activity will be expedient in order to
further strengthen the evidence of sucrose imppthé transporters and the increasing GUS

expression respectively.

It will also be important to study the expressidrsuacrose transporters in the wild-type
versus relevant OsSUT- mutant cultivars. This gide more insight into the relevance or role of
the up-regulated sucrose transporters during theusstress treatment on the rice plants.
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APPENDIX A

RNA Quantification Protocol

1 Azeo Unit of sSSRNA = 40ug/ml of fO

The value is based on the extinction coefficienRbNFA in H,O.

Calculation:-

1) Assuming volume of ssRNA sample = 100ul (0.1ml)

2) Dilute 25 pl of sample + 475 pl of,B (1/20 dilution).

3) Assume Ago of this dilution = 0.56

4) Concentration of sSRNA in sample = 0.56 x 40ug/rA0x= 448ug/ml

5) Amount ssRNA in sample = 448ug/ml x 0.1ml = 44.8ug

APPENDIX B

OsSUTs cDNA Sequences

Note: Arrow indicates the primer. The primer sedueeis underlined and italized

OsSUT1 (Accession No: AF280050)

1

61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961
1021
1081
1141
1201
1261
1321
1381

gat cagggt a
gaaaat gt at
t ccagcaacc
attttcagca
cgtacgaatt
ttaattttgc
agcccacggc
gat gcgttga
ttccacaaga
tgtgttagaa
ccacaaaaca
tt aaat gaag
gcgtttacaa
act ggattaa
aaattcct at
aaaattgatt
cgagt ggatt
t aat cgcacc
tccattttca
gggt gt acac
ctttattata
cgcctctcetce
agcacgcgcc
ct ccgeeget

aaat gt gagg
tgatgtatta
at ccacgt gg
aagaaagaaa
aatgccttaa
tact aat cgc
cgcacgagca
ttat gggt at
t cgat cat ac
tat aataatg
t at aaaagaa
tgcgatctcc
at at ggcctc
t aaaact cca
ttgccagtag
tt ggat aact
t aaaacact c
gt ct agaagc
tttcaat aat
tgggtgtgta
ttcctcecettt
gctcgt ct ct
tcctctcetceg
cctcacttcc

ccgacatgtg
ttcectetttt
cggcaggttg
aaact gt agt
tcatatgata
tat ctcgacg
ct cgccaacg
tcatattcct
tacaaagtta
at ggat ggat
cact at aat a
ggtgctcttt
aagcaaaatt
tgctactcca
gt ccaat act
act cgacggt
ctctattaaa
t cggcaagceg
tgttgaagtt
caaagtgttg
ctctctctct
ccaaacacaa
cgcggetttc
t ccact cgat

tattact ggt
tttttgttca
cgcacgt cac
ggactttgca
tct ccaaaga
tagccagaga
aattcgct ag
tt at gaaagg
ttctacaata
at gt at gcca
aact at ggtt
ct ggt aggat
cattatatta
ttat aaat ga
tcggat ct gt
acaaacgaat
ttcacctaca
t gt cgct aat
att act gaac
gt gagcat ag
ctctcceccect
acccaccacc
catttccatc
ttcetttcett

caat ggcaga
aattaagatg
tccatctcca
gaaaacgct g
ttaattaata
gccatgcatg
gcgtacaccg
ttattgtcag
gtttagaaca
tatt aaacaa
t at ccaacat
gaat gat gat
att aaat caa
acgcacacct
tttttttett
t aaaccagct
gaaagt cgtt
ccgat act aa
t ggaaat aat
cagttggcag
ctccctccect
tcctcctcct
tccccctcct
ggcctct cct

actgaaattc
acacgt aggc
acacat cagc
acgacgagt a
agt ggcttgc
cat cacagcg
tgaatgattt
acttttttta
cttatccagt
tctaaattcc
ggacat at at
agagat aaaa
t gaaacattt
at at at agca
ttaaatatcc
atttcaacgt
cccgtt gaaa
ctccattaat
aaaggcaggg
gt gcgccacc
ttaaatgctt
cctcccatcc
cctcct acgt
cctctgacac
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1441
1501
1561
1621
1681
1741
1801
1861
1921
1981
2041
2101
2161
2221
2281
2341
2401
2461
2521
2581
2641
2701
2761
2821
2881
2941
3001
3061
3121
3181
3241
3301
3361
3421
3481
3541
3601
3661
3721
3781
3841
3901
3961
4021
4081
4141
4201
4261
4321
4381
4441
4501
4561
4621
4681
4741
4801
4861
4921
4981
5041
5101
5161
5221

aggggt gt gc
cggaggaggc
cggcggegeg
gat cagcctc
ggcgct ccag
ctgtgtattt
at at acaagt
gttctaat ct
aggt t gt aat
gagttgttaa
tttatttttt
caat ct gcat
atgcatttga
tttttttcct
aaacgt cggc
tcttttataa
cat cagt acc
tgtttgattc
ctcetttttt
atctgctcca
at agct agag
agaaat aaac
ctctattcca
tccttcattt
ctactccctt
aatatttata
attaattatg
tt acaaaaga
agt ggagcga
t gaccgaat t
ttgcctctct
tct cagtcct
tttcggaaat
ggaaaaccaa
gtccatacta
tgcagttcat
gtatttctga
gttgctgtag
caaggaaat t
aatt gcat ag
gcat ccaagc
taaatttagt
at gggggaaa
caaggcaat g
tttctgggaa
gct ct ct gat
caacaaacat
accagt caaa
acact cggac
at ggt ggt aa
tgccctettt
caat gt aaat
tcct gt at ct
at cat act gt
tttaattctt
acagt gat ag
tgttgatatg
tccccaaatt
ttttcagctg
attttgcgta
accat ggat c
tttccaacaa
t acaaagaat
ct ct aat ggc

aggtttgt gt
ggcggeggt g
cgt ggt gggg
gggaggct ca
ctctccctcec
t gcacact ct
at ct cacgtg
gcaaggtttc
cttgtaattt
aaaaat at at
tttgtttgaa
gecttttgta
tgcact agct
ttttettttt
gttttctgee
gttctttttg
ggt ct act gt
cattttacct
taaaattcca
actcacctta
at gt aaacaa
t gt cggt cct
tactaaccgc
agcttcatct
cgtttgacgt
tggtttaaaa
tgct aaact a
acacagcct a
ttttataact
ttat cgtaag
gt cgt caaat
tccaggcegtt
acgt aaggag
aaaacagcag
att aacaaag
cacccct gat
cgaagtttta
aggcaact cc
ct aggt caga
gcaaat gagg
attgccattt
gact gaacat
gagaagt gt g
cat cct ggaa
attttatttt
gtttctgaat
agtcattttt
gtttttttat
t gt cgcat gc
gt accaat ac
t aaaaaaaaa
t caagt t act
at cagagttt
cat aatt cat
gat ccat t at
gt gcacct ca
cttggctgta
ttctctcata
acattggata
tcataattag
acggt ggcat
cact gt gcag
cat aacaaaa
tgatttatca

ttgtgcgtgg
gt ggt ggggg
gaggcggt ga
tcctctcegg
t caccccct a
cat gcat gca
t ggat tt gat
at ggt agt ag
ttttctgctt
at at aagat t
cggt agattt
attttttttt
atcatttttg
gttgtcacta
tcttttctga
tgcactttgg
accgagattc
caat t agact
ttttacctca
tccttettgt
aaat aagcag
ccgcgegeag
aagat gaaac
ccctecttaa
acacatattt
aacat att aa
ccgct caat t
gt ct ccat ga
ttactat agt
cat caaat at
attct aaaca
tatttgaagg
cgcacttttg
gggacaggaa
tgttccaaaa
ggt ccat gca
tccttacctt
aacccacttt
tatatatgtc
gcagatcatc
taactattaa
at at agaacg
at ct gaagtt
ccaacagacc
gt ggt aat ca
atcttccaca
tt aaggaat g
aagccaaaac
tcttacttca
caaatt at ct
t aaat caaat
ttagtgtctt
gaagct gcat
cagctttcat
cat ct cccaa
aaat ggggaa
agaaccact g
ttgacattgc
cgccat gggt
cagat aacag
gctgctattg
gtt agt gcct
atcttaattt
ggtaattttt

cgcgt ccgece
gct ggaget g
ggcggeggcey
gat ggt cgcc
cgtccaggt a
t ct gaaact c
tttgttcgeg
attatatatg
tgtcaatatt
ggggaatttt
gactagtgtc
gct cat gt gt
tcattttgta
gaggat t cat
agaatctgta
at caat cagg
attttacgct
gtttgattcc
gat gct gt ac
aat aaccacg
acaagggcaa
tt aaaggt ag
taatattctt
gatgtgttct
cct aaact gc
tatatttttt
ttgtgtaccg
aaaacat cac
acaaaatt aa
ttattaccgg
aagacgat ct
atttatagcg
t at t aagggg
t aaacagct c
tgttctgtac
t caggt ct ag
agccttctcg
aaccgcgcac
ct gt ggact g
at gt acccat
gattcttctt
at gaacagt c
at t ggat aga
aacagagct g
atatgtgttc
gt gat gcaga
aagcat gat c
aactgatttt
ttcat gt ggc
gctctat cga
taattcat gt
cact acaaca
tttctgtagce
aaaaaat gtt
t cct gcaggt
gacggaggcc
aacct t gaac
actttatgta
gat acaaagg
ttatctgata
tatat gt cct
act at at aat
t gcaat gcaa
cat agccttg

at ggct cgeg
t cggt cgggg
gcggt ggaga
ggcggegt gc
tat at at ata
t gaat aat cc
agtttttgct
tcctggttac
aacttcgcac
tcttcatgtg
t aaaagt acc
ttat at acat
gttattcctt
atcctctcga
tacctatata
ct agccagca
t gacacgttt
gttttatctc
agtt ccat aa
tattaggtta
aagt gagcgg
gcagat gacg
act gct agat
tttcttccat
caaacgat gt
gtctttttag
ggagaaaggg
ttttatttta
t ggt cagaaa
agagat agag
tcttagt ggt
gagat aaaca
aat aaaaagg
ctcacttcct
tttttctgta
ctacctactg
agccaagt gc
at gaaaaat a
t ggcacagt t
agcct gt t gg
cttatatttg
tttgtatgtt
tagctgttag
gggatatttc
actctttgca
tcttgttgac
atctattgtc
ctaccttctg
tct gt ggtcc
t at at acgag
t at ggaat ct
aaaact t ggg
ttctgatatg
t gt gt acaag
t caaccat gc
atatattctt
tcttattcct
t gt aggt cgt
aagact gcag
caccat gt aa
gggattctgg
aatcatgtta
tttctagggt
tctttcagag

gcagcgggge
t cggcggegy
cggcggegcec
agt acgggt g
tactgtactc
t gcaaaaaat
cgt gct aget
aatcttttca
t gt ct ggt gt
t ggggagaga
gt aat aaat t
gt ggccaaat
ttcectttcct
ttcctctatg
agaat caaaa
tgacacttag
ct caact cct
agat at gaca
aaaaat at ac
at agctacta
t aat aat ggg
ggt ccct ccc
at at aaat ca
ttcctaactt
gtttctacca
ctaatattta
ttctcaatca
agacagagca
tttaaaattt
tattggttat
t aaact t aaa
gctccttttt
gt ct gt acag
ctttgtatca
gaactttata
ttgtattgaa
cat aaagat g
aaggggt aaa
gcaacagagc
tgctatgtta
acaagt gaaa
tattcatgcc
ttgtagcatg
at ct gct aaa
act ggt acac
acagcaaact
agagt agat t
ttatttacag
tattgctggc
acaaagcttt
gtactttctg
t at cct gaac
t gt aat gt ag
tcatattttt
gt gggt ct at
acaggat gtg
t aagt t gaag
agttattgga
gt aact gaac
t gcagt gt ct
cttcttgatt
aagaaatttg
ccagcacgt g
ttaactacca
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5281
5341
5401
5461
5521
5581
5641
5701
5761
5821
5881
5941
6001
6061
6121
6181
6241
6301
6361
6421
6481
6541
6601
6661
6721
6781
6841
6901
6961
7021
7081
7141
7201
7261

7321
7381
7441

7501

aatttttatt
cccttgtgtt
t ct gt aggac
ggaaacat cc
at gt at cagt
gaaagaaggc
attgagttgc
ttgctgtgaa
tattacctca
aat aagat ag
gtattgct gt
atgctcttgt
aactctgata
aaacgagcca
cttacctact
acat cagaaa
atatcttata
cattcatcct
gaact gat cc
tactgaattc
tctttaacac
attgtgctag
gt ggt gt ggg
agct t ct ggt
agcat caagg
at cact gaca
at cct gat ga
gt gacggcgc
gcagcttttc
cagggctctg
caaattctaa
t gaat gct ca
agccgggecg
gggatt cgcg

ggtttccaca gttcactaac
ctgggcttct ggtatcagtg
gt cat ggacc tggcacagct
taggatactc ctctggttcc
ttcatacaga ttttctgttt
aagt gaaatt catattacat
attctcccta attaattgeg
gcttgtgcaa atttgaaagg
taaactgcct gctgataata
tactatactg aaaatatttt
tcctecttttt tcaaccctagt
ttggtcattt tcccctgttt
tttgccaagg aagttccatt
gct gagcct g aaggcact gg
gggatgcctt ctgtgcettat
aagaactttt cagattactg
gtaccttacc ttttctatga
ctacgacact gactggatgg
tcagatcgag gctttcaacc
ggt aagatct gattggtttc
tcgagccatg ttctttggea
gattcagctc attcttgatt
tgacgagcaa tttcctcgtc
cact caagga cttccatgga
ctgtctgect cgtcctettt
cttcaactta aacacattgc
actgtctgaa aatttgcgeg
aattagcggc cact agaggg
ttgacataat tcggtgttgt
caccggcgtc ctcaacatct
tccgtttccc ttgaaaccga
tggattcatg gttgcgtggt
t gggacgagc tgttcgggaa
ctcatcggcg gcgtcgeegg

OsSUT1-f >

ccagttccgg

t cggt cagca’ t gggcggcgg

gcggcggcegg
t gcaat ggat

gctgttaatt

cggcggecgg agcagegecg
caaaggcgcc ccctcttttt

aggaagaggt gaggt ggccc

7561 tcggtagaag agaataagca gatcatgcag

7621
7681

tgtgtgtgtg
t gaact aagt

tgcagtgtgc ttggtaatta
gaaagt gagc ttccatcatc

OsSUT2 (Accession No: AB091672)

1
61
121
181
241
301
361
421
481
541
601
661
721
781
841

ggcaagagac
aaacacgaga
gcggecgegy
ggcgt gcagt
ggcat cccgce
gt ccagcccc
cgccgecgec
agattctccg
ct cggcgeca
acacagggac
cggat agct a
act ggggcat
atcagctgtg
acat gcat ca
caccct agca

aacccact cc
agaagat gcc
t gcgcaaggt
t cgggt gggc
acgccttcge
tcgt cggcca
ccttcatcge
ccgacct cgg
tcaccgccta
cct gcagggc
atgcttactt
acagtggctg
ccaacct caa
ctgtagcatc
cagaacagga

tcttctgaac
gcggeggect
cceccct gecgg
gccgeagcetc
cagcctcgtc
cctctccgac
cgccggegec
ccgaatcttc
cctcgt cggce
cttcccegece
ctcattgttc
gt acaagat a
gt cggecttt
agt gcaagag
agctttcctc

acttgattga
ggattttgga
aact ccat ct
acaaacaat t
agcacagt ct
t agt agagaa
caggtggttt
tgcatttctg
ctttaacaat
agcgagt atg
catattggtt
tcagattttc
caaaggaaat
tccact agca
t gt gact ggc
aaaaaaat gc
tatgattgtc
gccgt gagat
agggt gt cag
tgaattctga
gcaact aacc
gaaccaat gt
tgcat cgcca
actgttcaga
gegtttcttg
t aaaaaaaat
at gcaggttc

ggt ggccaag
ttggatgctg
ccat Cgt cat
at cagat ata
gttcttccct
ggggaacat ¢
aatattcctg

t cact gaccg

ccggaagt gg
ttttttacat

t gcagct ggg

at aat at gga

gt gt gt aat g
atcatca

t aacccaaag
agcggeggeg
aagcttctgc
tccctgcetga
tggctctgeg
cgcat cgccc
gcttccatcg
ggcgattcca
ttctggctcc
gacct caccg
at ggccct gg
ttccegttca
ctacttgata
cct caat cct

tt ccagaaaa
tttgatctcc
tctgttcttg
ggcacaagt a
attcagttgc
ggt gaaattt
ccattcctta
gt ggct gt gg
gt gct aat at
agtaatttaa
getttttttc
ct gt ccct gt
gcagccctcc
gt gt t gaaag
cttacct ggg
tactcgatca
cttgtagttg
ct accacggt
ggcaggt gca
ttgccacaac
at gggct t ct
gccggaaagt
t ggct gcaac
aagccat cac
gagt ccct ct
tatttcctca
t gt acagt gt
gt at gaat cc
gt ct aat cca
ccctcaggt t
cttcat ggat
caggt ggt ca
ccggegttcg
ct gcccaaga

ccecegetcetce
t gagcttt gt
agggtaatta

aaaaaagttg
taattttcgt
gat ggcaat g
agttactctt
attcttttct
gtttacaagt
aaacaagagc
taagttctgt
tagtctttgt
cttacatatt
acagcct aac
gcttggttat
caacaaaat c
gcttcaggaa
t at gcaat at
tatcttagtt
tcttggttcc
gacccaaagg
tttggcct gc
tact gt caaa
gat cgt gt ag
cgggccaagg
tgcactgatc
t gcagacaag
cgccgt aaga
agaat gcctt
tcccttcgea
caacattctt
tggcgatctg
aat t agct gc
tattagaatt
tcgcget ggg
gcct cgectc
t ct ccaagcg

gccgccggcet
agttctcgtt
attaattaag

. OsSUT1-r

gcccacgct t

tgttgccacc

act gt aaaac
aat ggt cagg

at caggt cgg
gcggeggege
gt gcggegt c
ccccct acgt
gccccectctce
ccgecgectc
ct gccgcagt
t caccccggg
t cgacgt cgg
agaat gaccc
gaaacat act
ccgttactcc
ttatcatttt
tt ggaagt ga

tgttttgtgt
agaagt gcag

aggcggaggc
tggt cccgeg
ggt ggcgt gc
ccaggagctc
cggcctcectce
ccccect cgge
tctcaccgtc
ct ccacccgce
caacaacgct
aaagaggact
t ggat at gcc
at cat gt agc

ggt ggt cact
t gaagcagat

tgggaacttt ttggatcatt ccggtacttt
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901

961
1021
1081
1141
1201
1261
1321
1381
1441
1501

1561
1621
1681

1741
1801
1861

acattaccgg
tttatcctct
ccaagt at aa
aact cggtcc
gct ggact gg
gt aat aacat
attgtcattg
agt at accat
gcaat gggca

gggccect ggg
gcatctttta

tttggat ggt
ttgat accga

ct cagagct a
ttcttggatt
t gt ggggt gt
at gt ggcaaa
cttccctggt
at gcaat ggc
ttcttaattt
accaactgtt

t cggt gggct

OsSUT2-f

tttgattgtt
tt ggat gggt
t cat gat ggt
cacttctatt
ctccaatatc
gaat at ggat
agtttttaca
tgct agt cgg
ggctattgtc
t ggt ggt ggc
ggt ggctatt

aggaggagag

gtcaccgat a Hgaatattgc

tt cgact cat
ccgaat caag

cggat cat ca
tcatttgtag
aaaaaaaaa

aagaggcact
aaggggat aa

tatgctgtcg
agat act agt

cggaacgcta
tgcttgettt

tacat t ggat
gaat aaaagt

OsSUT3 (Accession No: AB071809)

1

61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961
1021
1081
1141
1201
1261
1321
1381
1441

1501
1561

1621

cttcgatctc
at aggat at t
ggcaagggca
gccggt ggeg
acat t gggaa
ttaattgttc
cgt agaccgt
ttctcctcgg
ggtcctcgtt
aacaacaccg
ccaagcgcgg
t cct ccggat
t gcgaggcct
t cgacggcgg
aagcggaacg
cccgt cggga
ttcatcctct
tcceccegecg
cttaact cga
ggcgecegeg
tccgtgetca
gcgecggegyg
ctccecttceg
cgcggeggeg
at ggccat cg

ttgggat at a
tgatccattg
aagccccgcec
tgcagt acgg
ttcctcatgce
agccat gcgt
tcatcctcac
acat cggct a
accat gcagc
t gcagggt cc
ccaacgcgat
ccaccaat ga
gcgcgaat ct
t gacgat ggt
agggt gaggc
tgccgt cggt
tcgacaccga
aggt caccgc
t cgt gct ggg
cggt gt gggt
gcgegtggtc
aggagggcgg
ccgtcctcetg

ggcagggcct
ccct cggege

OsSUT3-f

actagcttag
at cgat ggcc
gcagat aagc
ctgggcgetg
actcacttca
cggcct gt ac
t ggat gcat a
cgct ct cgge
ggcggceattc
agct cgegcet
cttctgttct
ct ggcacaag
caaagcggcc
gtttgcgagg
gt cggggct ¢
gcttatcgtc
ct ggat gggc
cttccaagag
cat cagct cg
gat gagcagc
gct cggcgac
cgt cagggceg
cagcgtcccg
ct gcaccggc
cgggccctgg

gcgttcgeca

t ggcgt ccgt

gttcgcegece

cccaaggt ct

cacccttttt

ccgtcecgcetc

ttttccgtgg

OsSUT3-r

1681 agcgggtact atagcaggct

cgtcagcat g
ttttaaatct

at aagccagc

OsSUT4 (Accession No: AB091673)

1 cgcagatctc accaaaccct accagatcta
61 ggcggcectca cggccatccg cctgccctac
121 gtcagcctca acggcggcac cccccgcgga

act gccctca
cgagagat ct
gt gagaat gg
gt act agaga
ct aat ggcat
tatccaccta
attttaggag
gtt gaaaatc
at accacagg
aat gcaccag
ctgggccttc

tacat at aaa
t gcagt gcat
ct ccat gagc

cat ggat t gg
at cgt ggaag
gttcttttgg
agttatgtcg
tgtgctttgt
gt ggagt acc
cgcccct gge
tgggacttgg
ttattgtgtc
cctttgcagt
cacgagcccg

ttgtcggeca

gggggaattg
tatttttgec

OsSUT2-r

atggtttcca
t ccagat gat
tctgatgctg
gaagt gggga
ggcaat gctt
accaaccggc
gat cacgt ac
ccaaggtcta
act gggt agc
ggct gct get
cattgcatca

ttctttgcaa
tatattatct
tttttcatgc

gat ct t af'ge

tgttgtacat

tggat gtt gg

t gcaggagt t

ct at agct ct
gt cgacat gg
ct gt cggggc
cagctctctc
gttat gt ggc
agt gacaagt
at cat ct gca
gacacgact g
at cct cggat
ct gat ggccg
t ggat ggcat
tggtttccct
ttcttggttg
gaggt ggcge
ct cgcegt gt
accggcct ca
cgcgagat ct
ggt gt ccgcece
ttcctgatcg
gccgt cgt gt
ttcggcggcet
tcggcget gg
ttcgccgtca
gt cct caaca
gacgagct gt

gcggecgecg
gcecggeggec

cccgct at ag

t gt

cgccccgeca
cgccacctcc
ggctccccca

ggttcactcg

agct aaat ag
agct cgacgg
tattccttgc
tcctcacccc
tctgtggcce
gcacat ccag
t at ct gt gat
aggact gcaa
t ct ggct gct
atttgtcagg
t aggcaacat
ttctcatgac
cagtggtgtt
t ggacccagt
t caaggggat
cctggctctce
accat ggccg
aaggcgcctt
agccgat gt g
gcgt cgccat
cggt gcagga
cgct cttcgt
cggcgcagct
t ct ccat cgt
t cggggaggg

ccgecggegt
act gat cact

ctgctgct at

t ggact ccgce
gcgacgccga
aggaccccga

agaaaaaaaa

gttcgtacgt
cggt ggcgac
gtgcatggtc
gtacgttcag
tattgctggce
ccttggaaga
cgt cat cggg

ggtttacagg
cgacttctcc

t cggcat ggc
ccttggetac
cagggct tgc
tttggggttg
ggcggeggcey
gaagaacctc
gt ggttcccc
cccggacggce
cggectectce
ccgt cgget g
ggcggecegt ¢
cgcagcgcegg
cttcctcgge
cgcggcgage
cgtgccgcag
gaacat cccg

cgtcttgetg
act agt ct at

4.
ctccagttag

cgccggeggt
gat ggagctc
cgccacgceac
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181
241
301
361
421
481
541
601
661
721
781
841
901
961
1021
1081
1141
1201
1261
1321
1381
1441
1501
1561
1621
1681
1741

1801
1861
1921
1981

2041
2101

cagcaggggc
gt cgcecgecg
cagaccct ag
gottttgtgg
agaaggagac
ggattttctg
aaaggtt caa
gcaaaccat a
cagt gt aat t
ttttcatctg
t gct gt gaag
ttttgtatgt
caacgat t at
aat gaacctc
aact ccaacg
ccaggagcag
tctgttcttc
act gact gga
aaagcttatg
cttggatttg
t gggcaat ca
atctcttttg
aagaatt cag
gttccttttt
acaggagt cc
ccat gggat g
t cact aggag

t ct gct gggt
gaaat gcaac
caacagaat a

ggttgatgtg

ccececcgecegce
gcgtgcagtt
gaat agacca
ttcaaccatg
cgttcatttt
cagaccttgg
gatttcgagc
cagt t caagg
ct gcaaat gc
gt gct agt gg
cttgtagtaa
ctgttaccct
ctgattctge
gt aat ggagc
ct gaggactc
ttttggtgaa
tagttat ggc
t gggacgt ga
acaacggt gt
ggt ccttcct
gcaact t cac
atttgtactc
ccttgattgt
ct gt gact gc
tgaaccttgc
ctctctttgg
ct ggt gt cct

CCgt accacc
cggct gggeg
t gccat ggca
tgttggtgtc
ggct ggat gc
ttacatttta
cgctattatt
tcctgctcgt
aattttttgc
gaat t ggcac
ttt gaaagcc
gtactttgct
gcctctectg
acttcctaat
caatt caaac
tattttgact
t ct aacat gg
ggt t t accat
ccgagaaggt
tgttgatcca
agtgtttatc
aagt aaact t
tttctcecta
t gagct gact
aatcgttgtt
gggagggaac
cgcggtcett
OsSUT4-f

accaccagga
cttcagctct
tcattcattt
t ggagt gaca
tt gat gat at
ggagat acca
ttcgttcttg
gcccttttag
acat ggat gg
aagtggtttc
gcttttctgg
gaagagat cc
aatggttcta
ggt cat acag
agagagaat g
agcat gaggc
ttgtcgt ggt
ggggacccaa
gcatttggtt
ct at gccggce
tgcat gct gg
caccacat ca
cttggactgc
gct ggaacag
ccgcagat ag
gtccctgett
aagct accca

tccat ggat t

t ggct gagca

»
gaacaccagc

tccattttgc
agct gaaaag
cat acaaggc

QsSUTA-r

cattcgttta
at agagatta
aat t ggaagg

aaaat gt aag

ctctgeeccga

at gacat ggc

actatatata

acacgttttg

gt cacagctt

OsSUTS (Accession No: AB091674)

1

61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961
1021
1081
1141
1201
1261
1321
1381
1441

gt acgacggc
ggaccgccct
ggagcgt cgg
cct gcat ggt
cctactctca
caat cgct gg
agat gggccg
t gat cat cgg
gcacgt acac
ttgacttcgce
ct ggacacca
gcgt cct cgg
aaaccgcggc
tact cat cgt
agcaggacgt
gcct caggaa
tgtcgtggtt
gcgagccgcea
ccat gggcct
tctgccgcag
t cat ggcggt
ccgccggact
t cat cggcat
ct gct gagga
t cccacagct

aat ggaggaa
gt cgacgacg
cggcgacgcec
ggccggegge
gact ct cggg
atttgtggtg
caggaggcct
tttctcggcg
gggt cct cge
t aacaacact
tggccccaac
ctacttgtcc
gt gct gcgac
cgt cagcat g
cgacacct cc
cctgcccccc
ccccttcatc
gggcacggceg
gctcttctge
gct gacgt cc
gat ggt cgcc
caccgggccg
cccccaggcec
gggt ggcgge
ggt gat cgcg

ggccgeegt g
aagacgat gc
gggacgagt g
at ccagt acg
atttcccact
caacccat cg
ttcatccttg
gacat t ggac
t ggt cggcceg
gt ccagggge
gt cggccagt
ggcgccgacg
gcct gcgega
acggt gacga
ggcggcggcy
gccatgttca
cagt acaaca
gccaaggccg
t ccgt cgcge
aaggt ggt ct
gt cggcat gg
gacccgacgc
gtgttgttca
caaggtcttg
ct caccgccg

cagt gaaat g

ggat agagag
t gt aagagct

ggat agat t t
gCCaaaaaaa

gcgaccgcga
t ggaggagaa
gcttccggag
gct gggeget
cgtacgtttc
tcggttacta
ttggctgect
gt cacct cgg
ccatggtgta
cggctcgtge
cgatcttctc
ggaaat ggca
acct caaggg
tgtacctcgce
gttgcgeccegt
aagt gct cgc
ccgact ggat
acgt gt acga
tcggegt cac
ggt ccat cag
t gt ccat gag
t caaggccgt
gtgttccatg
ccatt ggt gt
gcccgat cga

agct cgt cct
cgctcct cac
ggctttgtgg
aat gccgttc
gctttget gt
ct gagcact g
ggt t ct ggat
ctgacctttc
ctgttggaaa
cttttctaat
ttgcagttgt
cgct ggaacc
gagat gat aa
at ggaagcaa
tcgaagtttt
atctacctcc
ttccettttt
at ggcaactt
tgctattgaa
t gat gggt gc
ct acagcaat
tt ggagcaaa
cact ct cgat
gaagt ggaca
t agt gt cact
tcgeccttgge
agct gccaaa

cgcat ggt gt
attcttttta
ct aggt aact
gtatctactt

t acaat ggat
aaaaaaaaaa

ggggaagagc
gcggeggcet g
gat cgt gcgg
gcagct gt cc
cct gacat gg
cagt gacaga
catcatctgc
t gacaccaaa
cattgttggc
cat gat ggct
cctgtggatg
cgaatggttc
cgccttcettce
cgacgagat g
gttcgtcgac
cgt cacggcc
gggacgggag
cgccggegtc
ctccttegtg
caacttcctc
agggt accgg
cgcgctcegtc
ggccgt cgcet
cctcaacatt
cggcgecttc

cgcctgeat g
gccctacatc
acctattact
aaagt at gga
aactttaatc
cagt acat at
gttggatctc
aggt cct gat
cgttcttggt
gacaagagca
attccttttg
aacagat gca
caat gcat ca
t gt cccagcet
caat gat gga
t ggaat gt ac
cctttttgat
gagt gaaagg
ttcagttgtc
t agact ggt t
attaagttgg
t aaaacagt g
cacat at ggc
aggt ct ggca
aggagcaggt
ttcegttttc
ctcttacaga

gt aacattga
cctactacta
agtccagtta
ttttgacaga

gt aat cat gt
aaaaaaaa

gcggecgggt
caggccaacg
ctgttcttcg
ctcctctege
at ct gcggac
tgcaccat ga
at ctccgtca
gagcact gca
ttctggttcc
gat ct gt cag
gct at cggca
ccat ggct ga
accgccgt gc
ccgct ggaca
ctcttcaaga
gt cacct ggc
at ct accacg
agggagggcg
at ccccaagc
gt gttcgege
ccgtcgetcg
gtcttcgege
tctgaggtta
gccattgttg
aacaagggga
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1501 acacgccggc gttcggcatc

1561 tctggctacc aaagacaagg

1621‘gcgggéggég‘atcaaﬁggca

1681 gggagt gcat gagactctga
1741 ttgtcgttag tttttttttt

1801 aggacaaaca ggaattttcc

1861 attttaagat gaagaatt gt
1921 aaaaaaaaaa agaagacatt

ggcggegect
ggtgtgtcca
ccacccggcec
aaattttcgc
ccct act cgt

t ggct gect t

tctccctget
t gcat gacaa

tcgccttcat
acgccgecgt
ggcct at cge
tacaaact ca

t cat gt ccat

gtttattggc

tt agagt ggt
aaaaaaaaaa

Rice polyubiquitin (RubQ1) (Accession No: OsU37687)

1

61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961
1021
1081
1141
1201
1261
1321

1381
1441
1501

1561
1621

cgcagagaaa
tctttgtgaa
tt gacaat gt
tcatcttcgce
aggagt ccac
ccttgact gg
aggccaagat
gcaagcagct
tccaccttgt
agaccat cac
aggacaagga
aggat ggccg
t caggct cag
t cgaggt cga
gt at ccceccc
ccttggctga
gt gggat gca
cgt ccgacac
accagcagcg
acaacat cca
tcttcgtgaa
tt gacaacgt
tgatctttgc

aggagt ccac

aaaaaat ctc
gaccct cacc
caaggccaag
t ggcaagcag
cctccacctt
caagaccatc
ccaggacaag
t gaggat ggc
gct caggctc
cctcgaggtc
gggcat cccc
cacccttgct
gggaggt at g
gt cct cggac
ggaccagcag
ct acaacatc
gatcttcgtg
t att gacaac
tctcatcttc
gaaggagt cc
gaccct gact
gaaggcgaag
t ggt aagcag

actccacctg

RubQl-f

gagctgetge

Tgtictigyg

t gt ct ggt ct
at cct t aagt
aact at aat g

ccct cgaagce
ggcaagacca
at ccaggaca
cttgaggatg
gt cct caggc
accctt gagg
gagggcat cc
cgcaccct gg
aggggaggt a
gagtcgtctg
ccagaccagc
gact acaaca
cagatcttcg
acgat cgaca
cgtctcatct
cagaaggagt
aagaccct ga
gt gaaggcga
gccggcaagc
acccttcacc
ggcaagacca
at ccaggaca

cttgaggatg

gt cctcecgece

ttcacaagt c
RubQl

gaact gcgaa
tcaccctcga

aggagggcat
gccgcaccct

t caggggagg
tcgagtcgtc
ccccggacca
ct gact acaa
tgcagatctt
acaccattga
agcgt ct cat
t ccagaagga
t caagaccct
at gt gaaagc
t cgccggcaa
ccacccttca
ct ggcaagac
agat ccagga
agct ggagga
tggttctcag
ttacccttga

aggagggcat
gccgcacctt

t ccgt ggt gg

tgccattgtc
-r

ggtccttggt

cgt gt ccegt

ttcattgtgt

ctggtttgat

ggt gt ct gaa

acgttttgct

aat aagt gat ccctaatcat tgtgtccaaa

Rice (Oryza sativa Japonica cultivar-group) Actin

1
61
121
181
241
301
361
421
481
541

gcgtcgactc
gccgatctcc
ggaatt caga
gacaat ggaa
ttccctagta
gatgcctatg
at cgagcat g
t acaacgagc
aaccccaagg
gctatgtatg

cactctcgcece
ccgt ccegece
accagt agga
ct ggcat ggt
t cgt ggggcg
ttggtgat ga
gtattgttag
tccgt gtcge
ct aacaggga
tcgccatcca

tcctcgecgac
gcgccgecgce
ggaaat ggct
caaggct ggg
cccecegt cac
ggcgcagt cc
caact gggat
gcccgaggag
gaagat gacc
ggccgtgetc

ct gt ggagt c
cgt cgeceggce
cgat cgat gt

atgttgattc
gt gagagt gt

cttgcgctca

ggt cact agt

gccat gaatt

gttcgctgtg
taagccgt ag

OsSUT5-r

<

agat ct cagg

aaacccaaat

agcagct t ct
aaaaaaaaaa

tcgecttcte
ggtt gagt cc
ccccecggac
ggccgact ac
catgcagatc
tgacaccatt
gcagcgtctc
cat ccagaag
cgt caagacc
caat gt caag
cttcgeegge
gt ccaccctc
gaccggcaag
caagat ccag
gcagct ggag
cctggtactc
cattaccctt
caaggagggc
t ggccgcacce
gct caggggt
ggt t gagt cg
ccccecggac
ggcggat t ac

ccagt aagtc
ttccccaatg
actatttacc

gt ggt agagc
aaaaaaaaaa

gaacaacgag
aa

aagat gcaga
t cggacacca
cagcagcgtc
aacat ccaga
ttcgtcaaga
gacaat gt ca
atcttcgetg
gagt ccaccc
ttgact ggca
gccaagat cc
aagcagct gg
caccttgtgc
accat caccc
gacaaggagg
gat ggccgcea
aggct caggg
gaggt t gagt
at cccccegg
tt ggct gact
gggat gcaga
tccgacact a
cagcagcgtc
aacat ccaga

ct cagccat g

gagct at ggt

t gt aat gt gt
agcat ggaag
aaaaaaaaa

MRNA (Accession NONM_001072362.1)

tcggagttca
caccgtcctc
gacggcgagg
tttgctgggy
accggt gt ga
aagagaggt a
gacat ggaga
caccct gt gt
cagat cat gt
tccctgtatg

ccgccgecac
cctcctcegg
acat ccagcc
acgat gcgcec
t ggt t ggt at
tcctcacctt
agat ct ggca
tgct gact ga
ttgagacttt
ccagt ggacg

cgcct cecgece
ccgcat cccc
ccttgtgtgt
cagggct gt t

ggggcagaag
gaagt acccg

tcacaccttc
ggccccgcetc
caat gt gcca
t acaact ggt
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601
661

721

781

841

901

961
1021
1081
1141
1201
1261
1321
1381
1441
1501
1561
1621

Actin-f

atcgtgttgg actctggtga

Tggt gt cage

cttcctcatg ccatcctgeg

aagattctta ctgagagagg
Actin-r

gacat caagg agaagcttgc
aagagcagct catctgtgga
ggggcagaga ggttccgatg
gct cct ggaa tccat gagac
aaggacttgt atggtaacat
gaccgt at ga gcaaggagat
gcaccgcct g agaggaaat a
accttccaac agat gtggat
caccggaagt gcttctaagc
cagttttcac aagcccttgt
gaatgttgtt ggatttgttt
atttgtccgg tggctgctgt
gtttgtggtt agtggtagga
tctattgtaa tcgtacttgt
gataagtgat ctggttcttt

APPENDIX C

RC/DC Protein Assay Protocol

tct ggacct t
ttactccttc

at at gt ggcc
gaagagct at
ccct gaggtc
cact t acaat
tgttctcagt
cact gccctc
cagt gt ct gg
ct caaaggga
tctggetttt
cat gt aagct
cat ggct gaa
attatacatg
ccaaaagaaa
gcgagtcatg
gatcgtttg

cacaccgt gc
gctgggegt g

act accactg

cttgactatg
gagctgcctg
ctcttccagc
tccat cat ga
ggt ggat caa
gcaccaagca
at aggagggt
gagt at gat g
taatcgctta
actctgtttg
tattatgcac
gcat gcat gg
aat gggagat
ttatcattta

caat ct at ga
acct cact ga

ct gaacggga

agcaggagct
at ggacaggt
cctctttcat
agt gt gat gt
ccatgttccc
gcat gaagat
ccatccttge
agt cgggt cc
t ct acaaggc
ggattgttgg
cttct gaact
tccaactttt
gtacccacta
tcttgtacat

aggat at gcc
cagcttgatg

<_
aat t gt aagg

ggaggct gca
gat caccat t
cggt at ggaa
ggat at cagg
tggtattgct
caaggt ggt g
ctcccttage
agcaattgtt
agtttctttt
tgtcctatca
cttggtatgc
gt cat gct aa
cct aggat cg
tcatctccaa

The protein concentrations of plants extracts wietermined using the following protocol:

1). Reagent A was prepared by adding 20ul of D@ewrtto 1ml of DC Reagent A

2). A standard curve was obtained by using bovamara Albumin (BSA) as a standard protein.
1.5mg/ml of stock solution of BSA was prepared.

The procedure is as follows:

Steps Tubel| Tube2 Tube3 Tube4 Tubep Tube6
BSA (1.5mg/ml) Oul 40ul 80ul 120ul 160pl 200ul
Sterile HO 200l | 160ul 120ul 80ul 40ul Oul
Protein Concentration | O 0.12mg | 0.24mg | 0.36mg 0.48mg | 0.60mg
RC Reagent I(vortex | 500ul | 500ul 500pl 500ul 500ul 500ul
after addition and

incubated for 1 min.)

RC Reagent Il 500ul | 500ul 500pl 500ul 500ul 500ul
(Centrifuge at 15,0009

for 3-5 mins)

Discard the supernatant by inverting the tubesleancabsorbent tissue. Allow the liquid tg
drain completely from the tubes.

Reagent A (Tubes 510ul | 510ul 510pl 510ul 510pl 510ul
incubated at room

temperature for 5mins

until precipitate was

completely dissolvec
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This was vortexed
before proceeding to
the next step)

Reagent B (Thiswas | 4ml aml 4ml 4ml aml aml
added and solution
vortex immediately.
Solutiona were

incubated at room temp

for 15mins

Absorbance was taken 0.0 0.255 0.473 0.594 0.653 0.764
at 750nm

Protein Conc. (mg/ml)| 0.0 0.60 1.20 1.80 2.40 3.00

Absorbance (750nm) was plotted against the prat@ntentration to give a proteinstandard curve.

Standard Curve for Protein Determination
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APPENDIX D

OSSUTs Protein Sequences

Note: The peptide sequence used for the produofisgnthetic peptide is the sequence that is
underlined below in the OsSUT1 protein sequence

OsSUT1 (Accession No: AF280050)

MARGSGAGGGGEGEGEEEEEL EL SVGVGGEEEGARGEGEEGEAAAAVET

AAPI SLGRLI LSGWAGGVQYGMALQLSLLTPYVQTLGLSHAL TSFMALCGPI AGWV
QPCVGLYSDRCTSKWGRRRPY! LTGCVLI CLAVWI GFSADI GYAMGDTKEDCSVYHG
SRVWHAAI VYVL GFW. L DFSNNTVQGPARAL MADL SGRHGPGTANSI FCSWWAMGNI LG
YSSGSTNNVWHKWFPFLKTRACCEACANLKGAFLVAVI FLSLCLVI TLI FAKEVPFKGN
AALPTKSNEPAEPEGT GPLAVLKGFRNLPTGVWPSVLI VTGLTW. SWFPFI LYDTDWVG
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REI YHGDPKGTDPQ EAFNQGVRAGAFGLLLNSI VLGFSSFLI EPMCRKVGPRVWW/ T
SNFLVCI AMAATALI SFWSLKDFHGTVQKAI TADKSI KAVCLVLFAFLGVPLAVLYSV
PFAVTAQLAATRGGGQGLCTGVLN SI VI PQWVI ALGAGPVWDEL FGKGNI PAFGLASG
FALI GGVAG FLLPKI SKRQFRSVSMGGGEH"

OsSUT1 Synthetic Peptide Sequence % Similarity With @er OsSUT Proteins

Sucrose Transporter Protein % Similarity to OsSUT1

OsSUT1 100
OsSUT2 11
OsSUT3 27
OsSUT4 5
OsSUTS 5

OsSUT2 (Accession No: AB091672)

MPRRPSGGGGGAGPAAAAVRKVPL RKL L RAASVACGVQFGNAPQ

LSLLTPYVQELG PHAFASLVW. CGPL SGLLVQPLVGHLSDRI APAASPLGRRRPFI A
AGAAS| AAAVLTVRFSADLGRI FGDSI TPGSTRLGAI TAYLVGFW.L DVGNNATQGPC
RAFPADL TENDPKRTRI ANAYFSLFMALGNI LGYATGAYSGWYKI FPFTVTPSCSI SC
ANLKSAFLLDI I I LWTTC TVASVQEPQSFGSDEADHPSTEQEAFLWEL FGSFRYFT
LPVAWLI VTALTW GAFPFI LFDTDWMGREI YRGSPDDPSI TQSYHDGVRMGSFGLM
LNSVLLGFTSI VLEKLCRKWGAGLVWGVSNI L VAL CFVAMLVI TYVAKNVDYPPSGVP
PTG VI ASLVWFTI LGAPLAI TYSI PYAMAASRVENLGLGQGLAMG LNLAI VI PQVI
VSLGSGPVDQL FGGGNAPAFAVAAAASFI GGLVAI LGLPRARI ASRRRGHR

OsSUT3 (Accession No: AB071809)

MAVDIVEL DGGGDGKGKAPPQ SLSGLFLACMWAGGVQYGMAL QL

SLLTPYVQTLGA PHALTSVMALCGPI AGLI VOPCVGLYSDKCTSSLGRRRPFI LTGC
I'1 Cl SVI VI G-SSDI GYALGDTTEDCKVYRGPRYHAAAAFI LGFWLL DFSNNTVQGPA
RAL MADL SGRHGPSAANAI FCSWVALGNI LGYSSGSTNDWHKWFPFL MIRACCEACAN
LKAAFLVAWFLG.STAVTWFAREVAL DPVAAAKRNEGEASGLLAVFKGVKNL PVGM
PSVLI VTALTW.SWFPFI LFDTDWMCGREI YHGRPDGSPAEVTAFQEGVRQGAFGLLLN
Sl VLG SSFLI EPMCRRL GARAVW/IVESAVVCVANAAVSVL SAWSL CDFGGSVQDAAR
APAEEGGVRASAL AL FVFLGLPFAVL CSVPFAVTAQLAASRGGEQGELCTGVLNI SI W
PQVAI AL GAGPVWDEL FGEGNI PAFAMASVFAAAAAAAGVVL L PKVSVRSVSVAGGH

OsSUT4 (Accession No: AB091673)

MDSAAGGGGELTAI RLPYRHL RDAEMEL VSLNGGT PRGGSPKDPD

ATHQQGPPAART TTTRKLVLACMVAAGVQFGMLQLSLLTPYI QTLGE DHAMASFI WL
CGPI TGFVWQPCVGYWEDKCRSKYGRRRPFI LAGCLM CFAVTLI GFSADLGYI LGDT
TEHCSTYKGSRFRAAI | FVLGFWWL DLANHTVQGPARAL LADL SGPDQCNSANAI FCT
WWAVGNVL GFSSGASGNVWHKWFPFL MITRACCEACSNL KAAFLVAVWFLLFCVSVTLYF
AEEI PLEPTDAQRL SDSAPL L NGSRDDNNASNEPRNGAL PNGHTDGSNVPANSNAEDS
NSNRENVEVFNDGPGAVL VNI L TSMRHL PPGWY SVLLVMAL TW. SWFPFFL FDTDWVG
REVYHGDPNGNL SERKAYDNGVREGAFGL L LNSVVL GFGSFLVDPL CRLMGARL VWA
SNFTVFI CMLATAI LSW SFDLYSSKLHHI | GANKTVKNSAL| VFSLLGLPLSI TYGV
PFSVTAELTAGTGSGQGLATGVLNLAI WPQ VWSL GAGPVWDAL FGGGNVPAFALASY
FSLGAGVLAVLKLPKLPNSYRSAGFHGFG

OsSUTS (Accession No: AB091674)

MEEGRRCDRECGKSAAGAT AL STTKTM.EEKRRL QANGSVGGDAG
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TSGFRRI VRLFFACWAGGE QYGMLQLSLLSPYSQTLA SHSYVSLTW CGPI AGFV
VQPI VGYYSDRCTMKMGRRRPFI LVGCLI | CI SVM | GFSADI GRHLGDTKEHCSTYT
PRWSAAMVY| VGFWFL DFANNT VQGPARAMVADL SAGHHGPNVGSI FSLWWAI GSV
L GYL SGADGKWHEWFPW_KTAACCDACANLKGAFFTAVLLI VWSMIVTMYLADEMPLD
KQDVDT SGGGECAVFVDL FKSLRNL PPAMFKVLAVTAVTW. SWFPFI QYNTDWMGREI
YHGEPQGTAAKADVYDAGVREGAMGL L FCSVAL GVTSFVI PKLCRRLTSKVVWW\EI SNF
LVFALMAVMWAVGWSMRGYRPSLAAGL TGPDPTLKAVALWFALI G PQAVLFSVPW
AVASEVTAEEGGGQGLAI GVLNI Al WPQLVI ALTAGPI DGAFNKGNTPAFG GGAFA
FI CGVLAL|I W.PKTRGVSNAAVVAGGH

APPENDIX E

Sodium Docecyl Sulphate Polyacrylamide Gel Electrdmresis (SDSPAGE) Analysis. The
Mini-Protean® 3 Cell Instruction (modified protocol of the method according to Laemmli,

1970)

10 x Running buffer (pH 8.3)
30.3 g Tris Base

144.0 g Glycine

10.0 g SDS

Make up to 1 L with distilled water and do not adjpH. Store at“C. if precipitation occurs,

warm up to room temperature prior to use. Dilutey8&tock in 450 ml distilled water prior to use.

Sample buffer (SDS reducing buffer)
7.10 ml deionized water

2.50 ml Tris-HCI buffer (0.5 M, pH 6.8)
5.0 ml glycerol

4.0 ml SDS solution (10 % w / v)

0.4 ml bromophenol blue (0.5 % w/ v)

Store at room temperature. Add B03-mercaptoethanol to 950 sample buffer prior to use.
Dilute protein samples at least 1:2 with samplddyudnd boil for 4 minutes prior to loading onto
SDS-PAGE gel.

10 % Ammonium persulphate (APS)
Add 100 mg (0.1 g) APS to 1 ml deionised waterpBre fresh daily.

Stacking gel buffer (0.5 M Tris-HCI, pH 6.8)
Dissolve 6 g Tris (Hydroxymethyl) Aminomethane (Mdierin 100 ml distilled water. Adjust the
pH to 6.8 with Hydrochloric acid (HCI).
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Resolving gel buffer (1.5 M Tris-HCI, pH 8.8)

Dissolve 18.15 g Tris (Hydroxymethyl) Aminomethanel00 ml distilled water. Adjust the pH to

8.8 with Hydrochloric acid (HCI).

Gel formulations:

SDS-PAGE stacking gel (4 %)

Reagent Volume (ml)
Distilled water 6.1

30 % Degassed Acrylamide / Bis 1.3
Acrylamide

0.5 M Tris-HCI, pH 6.8 2.5

10 % w / v SD¢ 0.1

10 % APS 0.05
TEMED 0.01
SDS-PAGE resolving gel (12 %)

Reagent Volume (ml)
Distilled water 34

30 % Degassed Acrylamide / Bis 4.0
Acrylamide

0.5 M Tris-HCI, pH 6.8 2.5

10 % w /v SDS 0.1

10 % APS 0.05
TEMED 0.01

Electrophoresis was run at a constant voltage 0¥/2Qs.

Gel staining and de-staining:

Coomassie Stain:

Staining contains 1g of Coomassie brilliant blué&® 40 % methanol and 10 % glacial acetic
acid and 50% bO. It's stored in a dark bottle. Gels were staifedne hour on a shaker.
Coomassie Destaining:

Destaining solution Contains 40% methanol, 10%iglacetic acid and 50%J. Gels were
destained until destaining solution is no longekgaurple and a clear background is observable on

the gel.
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APPENDIX F

1% Agarose Gel Electrophoresis of Total RNA Extrats from Control and Stressed Rice

Plants

(A)Control Drought Experiment, (B) Drought Experintg(C) Control Salinity Experiment (D)
Salinity Experiment; 100mM NacCl, (E) Salinity Expaent; 200mM NacCl (F)Salinity Experiment;
300mM NacCl (G) Control Aphid infestation Experimghrf) Aphid infestation Experiment
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APPENDIX G

Melt Curve Analysis of OsSUTS’ Genes
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APPENDIX H
Clustal W Multiple Sequence Alignment of OsSUT2, A3UT4 and HvSUT?2

>0s SUT2( BAC67163. 1)
MPRRPSGGGGGAGPAAAAVRKVPL RKL L RAASVACGVQFGMPQ
LSLLTPYVQELG PHAFASLVW.CGPL SGLLVQPLVGHL SDRI APAASPLGRRRPFI A

AGAAS| AAAVLTVRFSADLGRI FGDSI TPGSTRLGAI TAYLVGFW.L DVGNNATQGPC
RAFPADL TENDPKRTRI ANAYFSLFMALGNI LGYATGAYSGWYKI FPFTVTPSCSI SC
ANLKSAFLLDI I I LWTTCI TVASVQEPQSFGSDEADHPSTEQEAFLWEL FGSFRYFT
LPVAWLI VTALTW GAFPFI LFDTDWMGREI YRGSPDDPSI TQSYHDGVRMGSFGLM
LNSVLLGFTSI VLEKLCRKWGAGLVWGVSNI LVAL CFVAMLVI TYVAKNVDYPPSGVP
PTG VI ASLVWFTI LGAPLAI TYSI PYAMAASRVENLGLGQGLAMG LNLAI VI PQVI
VSLGSGPVDQL FGGGNAPAFAVAAAASFI GGLVAI LGLPRARI ASRRRGHR

>At SUT4( AAGD9191)

MATSDQDRRHRATRNRPPI PRPSNSSSRPVVPPPRSKVSKRVLLRVASVACGE QFGAALQLSLLTPYVQE
LG PHAWASVI W.CGPL SGLFVQPLVGHSSDRCTSKYGRRRPFI VAGAVAI SI SVWI GHAADI GAMAFGD
RECKI KPRAI VAFVLGFW L DVANNMT QGPCRAL L ADL TENDNRRTRVANGYFSLFMAVGNVL GYATGSY
NGWYKI FTFTKTVACNVECANLKSAFY!I DVVFI Al TTI LSVSAAHEVPLASL TSEAHGQT SGTDEAFLSE
| FGTFRYFPGNVW | LLVTALTW GAFPFI LFDTDWMGREI YGGEPNI GTSYSAGVSMGAL GLM_NSVFL
G TSVLMEKLCRKWGAGFW\G SNI LMAI CFLGM | TSFVASHLGYI GHEQPPASI VFAAVLI FTI LG P
LAI TYSVPYALI SI RI ESLGLGQGLSLGVLNLAI VI PQVI VSVGSGPVDQL FGGGNSPALAVGAATGFI G

G VAl LALPRTRI QKPI PLP

>Hv SUT2( CAB75881)

MPPRRPNTGG
PHAFASLVWL
SADLGRLFGD
ANAYFSLFVA
| SVATVQDNP
| LFDTDWMGR
GLVW\GVSNI |

| PYAMAASRV
SFVGGELVAI L

GGGTSSSAAP APRKVPLRSL LRAASVACGY QFGWALQLSL LTPYVQELG
CGPLSGLLVQ PLVGHLSDRI TPANSPLGRR RPFI AAGAAS | AFAVLTVGF
NVWPGSTRI G Al | VYLVGFW LLDVGNNATQ GPCRAFLADL TENDPRRTRI
LGNI LGYATG AYNGAYKI FP FTI TGSCGVS CANLNSAFLL Di || LAI TTY
TFGSDEAAPP SSHEEEAFLF ELFGSFKYFT MPVWWLI VT SLTW/GWELF
El YRGSPEI V ADTQKYHDGV RVGSFGLMLN SWLG TSI G MEKLCRKWGA
MALCFVAMLI | TYVAQNLDY GPSGAPPTG VAASLI VFTI LGAPLSI TYS
ENLGLGQGLA M3 LNLSI VI PQ | VSLGSG PWDQLFGGGN APSFVWAAAA
GLPRARLGPK KKTTQR

SegA Name

Len(aapeqB  Name Len(a@gore

1 OsSUTZ2_BAC67163 501 2 AtSUT4_AAG09191 510 61

1 OsSUT2_BAC67163 501 3 HvSUT2_CAB75881 506 83

2 AtSUT4_AAG09191 510 3 HvSUT2_CAB75881 506 60

OsSUT2_BAC67163. 1_

HvSUT2_CAB75881_
At SUT4_AAGD9191_

OsSUT2_BAC67163. 1_

HvSUT2_CAB75881
At SUT4_AAGD9191_

OsSUT2_BAC67163. 1_

HvSUT2_CAB75881
At SUT4_AAGD9191_

OsSUT2_BAC67163. 1_

HvSUT2_CAB75881_
At SUT4_AAGD9191_

------------ MP- RRPSGGGGEG - AGPAAAAVR- KVPLRKLLRAASVACGVQFGMAPQ
------------ MPPRRPNTGGGGGT SSSAAPAPR- KVPLRSLLRAASVACGVQFGMALQ
I\/ATSDQDRRHRATRNRPPI PRPSNSSSRPWPPPRSKVSKRVLLRVASVACGI QFGMALQ

* ok k *k kkk kkkhkkhkkhkkokkkkk *

LSLLTPYVQELG PHAFASLVW.CGPLSGLLVQPLVGHLSDRI APAASPLGRRRPFI AAG
LSLLTPYVQELG PHAFASLVW.CGPLSGLLVQPLVGHLSDRI TPANSPLGRRRPFI AAG
LSLLTPYVQELG PHAWASVI W.CGPL SALFVQPLVGHSSDRCT- - - SKYGRRRPFI VAG

khkkkhkhhhhkhkhhkhhhks kke« khkhkkhhhhhkhk kkkkkdkkx *k*x o * kkkKkKkkhk K*k

AASI AAAVLTVRFSADLGRI FGDSI TPGSTRLGAI TAYLVGFW.L DVGNNATQGPCRAFP
AASI AFAVLTVGFSADL GRLFGDNVVPGSTRI GAl | VYLVGFW.L DVGNNAT QGPCRAFL
AVAI S SVM/I GHAADI GMWAFGD- - REGKI KPRAI VAFVLGFW LDVANNMI QGPCRALL

* . TRk K * % % . e kkks kkk Kk Kkokokokokok .

ADLTENDPKRTRI ANAYFSLFMALGNI LGYATGAYSGWYKI FPFTVTPSCSI SCANLKSA
ADLTENDPRRTRI ANAYFSLFMALGNI LGYATGAYNGWYKI FPFTI TGSCGVSCANLNSA
ADL TENDNRRTRVANGYFSLFMAVGNVL GYATGSYNGWYKI FTFTKTVACNVECANLKSA

kkkkkhkhk owckkhkkakk kkkkhkhkhkohkkhkokhhhhke ok khkkkkhkk kk ok ko« Kkkkke kK

44
47
60

104
107
117

164
167
175

224
227
235
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GsSUT2_BAC67163. 1_ FLLDI I | LWTTCI TVASVQEPQSFG- SDEADHP- STEQEAFLVELFGSFRYFTLPVWW 282

HvSUT2_CAB75881_ FLLDI I'l LAI TTYI SVATVQDNPTFG- SDEAAPPSSHEEEAFLFELFGSFKYFTMPVWW 286

At SUT4_AAGD9191_ FYI DWFI AI TTI LSVSAAHEVPLASLTSEAHGQT SGTDEAFLSEI FGTFRYFPGNVW | 295
...... * % :: T : :**‘k‘k‘k**‘k‘k* ‘k‘k..

GsSUT2_BAC67163. 1_ LI VTALTW GAFPFI LFDTDWVGREI YRGSPDDPSI TQSYHDGVRMGSFGLMLNSVLLGF 342

HvSUT2_CAB75881_ LI VTSLTWGWFLFI LFDTDWVGREI YRGSPEI VADTQKYHDGVRMGSFGLMLNSWLG 346

At SUT4_AAGD9191_ LLVTALTW GAFPFI LFDTDWVGREI YGGEPNI G- - - TSYSAGYSMGALGLMLNSVFLG 352
*:‘k‘k:***:‘k‘k* kkkkkkkkhkkkkhkkkk ‘k.‘k: .* * % **::‘k‘k****‘k.‘k*:

GsSUT2_BAC67163. 1_ TSI VLEKL CRKMGAGLVWGVSNI LMALCFVAMLVI TYVAKNVDYPPSGVPPTA VI ASLV 402

HvSUT2_CAB75881_ TSI GVEKLCRKWGAGLVWGVSNI | MALCFVAMLI | TYVAQNLDYGPSGAPPTA VAASLI 406

At SUT4_AARD9191_ TSVLMEKL CRKWGAGFVWGE SNI LMAI CFLGM I TSFVASHLGYI GHEQPPASI VFAAVL 412

*‘k -***‘k‘k‘k**** ‘k‘k* *‘k‘k ‘k* *‘k R ** * % *

GsSUT2_BAC67163. 1_ VFTI LGAPLAI TYSI PYAVMAASRVENLGLGQGLAMG LNLAI VI PQVI VSLGSGPVDQLF 462

HvSUT2_CAB75881_ VFTI LGAPLSI TYSI PYAVAASRVENLGLGQGLAMA LNLSI VI PQI | VSLGSGPVWDQLF 466

At SUT4_AAGD9191_ | FTI LA PLAI TYSVPYALI SI RI ESLGLGQGLSLGVLNLAI VI PQVI VSVGSGPVDQLF 472
:*‘k‘k‘k* *‘k:‘k***:‘k‘k‘k: : ‘k:‘k.**‘k‘k‘k**::‘k:‘k**:*‘k‘k‘k*:*‘k‘k:‘k***‘k‘k‘k**

GsSUT2_BAC67163. 1_ GGGNAPAFAVAAAASFI GGLVAI LGLPRARI ASRRRGHR- 501

HvSUT2_CAB75881_ GGGNAPSFW/AAAASFVGGLVAI LGLPRARLGPKKKTTQR 506

At SUT4_AAGRD9191_ GGGNSPALAVGAATGHI GAE VAI LALPRTRI QKPI PLP-- 510

*kkk * *.** :.*:** :***k*.*** *
Where: (*) means identical amino acid

(:) means similar amino acid

(.)means partially similar amino acid

APPENDIX |
Copyright of Aphid Diagram Used in Thesis

Re: FW: Comment To Webmaster - agsci.psu.edu

Wednesday, May 12, 2010 7:14 AM

From:
"Steve Jacobs" <sbj2@email.psu.edu>

Add sender to Contacts

To:

modelsss2001@yahoo.com

Ibraheem,
You may use the figure providing you give proper credit to the author and department.

Please credit: Lloyd E. Adams, Professor Emeritus (deceased), Department of Entomology, The
Pennsylvania State University.

Steve
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Steve,

We received a request to use an illustration from a fact sheet currently on the college Web site. This fact
sheet is not an Ag Communications product, so | was hoping you might take a look at the illustration and
respond to the query below.

Thanks,

Pete

Peter Kauffman

Art Editor

Agricultural Communications and Marketing
College of Agricultural Sciences,Penn State
University Park, PA 16802

Ph: 814-863-2700

Fax: 814-863-2704

E-mail: pak6@psu.edu

From: do.not.reply@ag.psu.edmiilto:do.not.reply@ag.psu.€jdu
Sent: Wednesday, May 12, 2010 4:37 AM

To: WebServices

Cc: Laurie Ann Yearick; Mary Joan Wodecki; Rhonda Reenchak
Subject: Comment To Webmastergsci.psu.edu

Name IBRAHEEM Omodele

E-Mail Address: modelsss2001@yahoo.com

Phone Number +27721571094

Address Department of Biochemistry and Microbiology, Uersity of Fort Hare, P.Bag X1314,
Alice 5700 South Africa

County (If PA resident): Not a PA resident

How would you rate the organization of the pages inur Web site? Well Organized - easy to
find information

Comments

Good day.

I'm a PhD student of the Department of Biochemiatrg Microbiology, University of Fort
Hare,South Africa.

I'm seeking for a permission to use the aphid diagwhich | got from the internet from your link :
http://downloads.cas.psu.edu/4H/PartsOfAninsect.pdf

for my research thesis write-up.

| will be happy if this permission can be granted.

Thanks for your good will.

IBRAHEEM Omodele

------ End of Forwarded Message

Steven B. Jacobs, Urban Entomologist
Penn State Univ., Department of Entomology

513 ASI Building University Park, PA 16802,Voice: 814-863-3963, FAX: 814-865-3048
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APPENDIX J
(a) _High Photographic Resolution Image of Figure 5.11
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(b) High Photographic Resolution Image of Figure 5.12
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