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UNIVERSITY OF SOUTHAMPTON
ABSTRACT
FACULTY OF MEDICINE HEALTH AND LIFE SCIENCES
SCHOOL OF BIOLOGICAL SCIENCES

Doctor of Philosophy

The effects of elevated carbon dioxide concentnatio leaf growth and development
in Populus

Laura Elizabeth Graham

The composition of the Earth’s atmosphere is changbuch changes can largely be
attributed either directly or indirectly to anthogenic activities. However, the effects
that these changes will have on terrestrial vegetan the future, represents an area
of great uncertainty. The results that have beeblighed in the literature have
generally concluded that elevated atmospheric cadiaxide concentration ([eCGo)
causes increased above- and below-ground biomagsaced to ambient conditions.

Members of thé’opulus genus have risen to the forefront of plant researto the
effects of [eCQG. Members of the genus are extremely fast-growmgking them
suitable candidates for use as biomass energy .cfbps Populus trichocarpa
sequence was released in 2006, hence unveilingy@a genetic resource to the plant
science community.

Although a large amount of studies to date hasenbdedicated to the effects of
[eCQO,] on plant growth, few have focussed on the undeglygenetic basis of the
changes. However, thanks to the genetic resoune¢sate now freely available, this
has now been addressed. In the series of expesnmesented in this thesis a
combination of morphological measurements, genaessppn and protein studies
were used to assess the effects of [§@0 Populus leaves.

The results of the studies presented here hawsvrshithat there were some
differences in various aspects of plant growth agslt of [eCQ], although the
magnitude of the response was lower than has beparted previously in the
literature. However, there were rather few changedranscript expression (as
assessed by microarrays) due to [gCOhis conclusion was reproducible across
different microarray platforms. This result wasthar confirmed by a proteomics
experiment, which showed that there were no prstehose abundance differed
significantly between ambient and elevated §{CO

It is possible that [eC{causes an additive effect on gene expressiorhande the
sensitivity of the techniques was such that theBerences could not be identified.
However, it may be possible that the plants demmatesta plastic response to [e§O
and that the techniques used to assess the respensénappropriate in this case. In
such an instance, more targeted studies on patibidsynthetic pathways of interest
(such as cell wall biosynthesis) may be more appatgofor any future trials.
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Chapter 1

CHAPTER 1
General Introduction

1.0 Overview

The sessile nature of plants decrees that they bristighly adaptable in order to
survive the conditions defined by their environmértie leaves constitute adaptable
appendages of the plant and are crucial for functbé the organism since they
ultimately determine productivity. Leaves represiet interface connecting the plant
with its surrounding environment and providing tpkant with carbohydrate via
photosynthesis following the capture of light eneirgthe form of photons. However,
leaves have other functions besides their photbsyict capabilities, and modified
forms function as protection (scales), defencer(td)p and in the capture of insects
(pitchers) in some species (Fleming, 2003). Funtoee, the sepal, petal, stamen and

carpal are all considered to be modified leavesKaga, 2002).

Ultimately, leaves are responsible for maintainiagd sustaining terrestrial life.
However, exactly how they form, grow and developsusprisingly still not fully
understood. For example, the size and shape obgythetic leaves facilitate their
function. The most productive and efficient leafllviie one that has the maximal
possible surface area to absorb light energy fatqdynthesis. However, they must
also be thin in order to maximise the exchange ©f, ©, and HO (Tsukaya, 2005).
But what are the determinants of leaf size and ehajow will plants cope with our
changing climatic conditions and altering resoumeailability? Have we, as
scientists, progressed to such a stage where weaddress such issues with
confidence? The use of model species (particulArighidopsis) and developing
genomic technologies are beginning to unravel soones regarding plant growth and
development under current (ambient) and future ipted climatic scenarios, but

there are still many questions left unanswered.

In this chapter | have reviewed what is currenthyown about leaf growth and
development. | have also discussed some of the ledlge regarding plant growth in
future predicted concentrations of carbon dioxide(;]). Finally, | have described
the genomic techniques currently available to plaiiogists in order to assess

growth differences between plants grown under carmad predicted future [GD
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1.1 Leaf development

1.1.1 Leaf formation and growth

Leaf development is a complex process involvingeaes of highly coordinated
events, occurring along three spatial axes; thesidentral (adaxial-abaxial),

proximo-distal (apical-basal) and medio-lateral (gn@margin) (Figure 1.1.1).

o
—
&>

—D
Proximo-distal axis -« ——
S E Medio-lateral axis

< >

Dorsi-ventral axis

Figure 1.1.1.A model for the three principle axes of leaf depehent. During leaf
formation, development occurs along the proximaatii@ase to apex), medio-lateral
(margin to margin) and dorsi-ventral (adaxial tevabl surface) axes.
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1.1.1.1. The Shoot Apical Meristem (SAM)

The formation of fully functional leaves involvesany different developmental
pathways acting in a coordinated manner, both apatand temporally. Such
processes include the positioning and initiatioteaf primordia, specification of leaf
identity, establishment of dorsiventrality, contadl cell division and expansion and

pattern formation (Micol and Hake, 2003).

Developing leaves are produced on the flanks obtshpical meristems (SAMs). The
SAM is a layered structure consisting of tunicae (Burface layer) and corpus (the
underlying cell layers). Tunica cells divide arlinally and migrate away from the

stem cell population and towards the developinmprdia (Ingram, 2004).

The cells within the SAM of an angiosperm may bad#id into 3 distinct cell layers;
L1 and L2 (tunica) and L3 (corpus) (Figure 1.1 e cells in the L1 layer become
the epidermis, whilst cells in the L2 layer of themordia become photosynthetic
mesophyll cells, and those in the L3 become vasalEments and bundle sheath
cells (Taiz and Zeiger, 2002).

Central zone Peripheral zone

Rib zone

Figure 1.1.2.The structure of the SAM indicating the three ¢&jlers, L1 (red), L2
(yellow) and L3 (green). The three zones of the Sé indicated. The central zone
is involved in meristem maintenance, the peripheoale is involved in the formation
of leaf primordia and the rib zone gives rise enstissues.
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The SAM is further sub-divided into three separatmes (Figure 1.1.2). The
peripheral zone is the area in which the firstadetell divisions occurs, leading to the
formation of the leaf primordia. The cells in thentral zone are highly vacuolated
and flanked by cells from the peripheral zone. Theyide a continuous source of
stem cells (Hudson and Goodrich, 1997; Traas anmtdi, 2002). Cells in the rib

zone, below the central zone, give rise to thermatietissues of the stem (Taiz and
Zeiger, 2002).

Leaves originate from groups of initial cells iret8AM (PO) (Figure 1.1.3). These
cells divide rapidly, relative to neighbouring sgland form the leaf primordia. Auxin
flux specifies the site of leaf initiation (Reindaret al, 2000). The changes in
distribution mean auxin levels become concentratedegions distant from the
preceding leaf initiation site (reviewed in Flemin@005) thus determining

phyllotaxy.

Figure 1.1.3.Plant leaves develop from groups of initial cellshin the peripheral
zone of the SAM. (PO is the earliest stage of liediation). The axes of leaf
development are indicated on this diagram. Diagram Hudson (1999).

1.1.1.2. Meristem maintenance

In order to continue to function correctly, the SAMeds to compensate for the cells
that have been committed to forming the leaf proeor(Micol and Hake, 2003;
Fletcher et al, 1999). The CLAVATA (CLV) signalling pathway is not directly
involved in the development of lateral organs mstead represses meristem growth
(Hudson and Goodrich, 1997). Along with genes idirilg WUSCHEL (WUS), the
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CLAVATA genes are involved in a feedback system, which taias the population

of stem cells within the SAM.

There are thre€LAVATA genes,CLV1, CLV2 andCLV3, which act to repress the
number of cells in th€LV3 domain (Fletcheet al, 1999) (i.e. in the L1 and L2 layers
of the central zone in the SAM (see Figure 1.1.2he WUS gene is expressed in a
region deep in the meristem that overlaps withGh¥1 expression domain (Ingram,
2004). Mutants lacking th&/US gene are unable to maintain a functional meristem
(Traas and Vernoux, 2002), whereas mutant plants reduced expression GiLV
genes possess enlarged meristems due to an actomuaastem cells (Hudson and
Goodrich, 1997; Ingram, 2004). TigLV signalling from the stem cell population in
the meristem negatively regulates the expressiomMd® (Schoofet al, 2000; Brand
et al, 2000). TheWUS gene is required either directly or indirectly, m@intain the
expression o€LV3 and stem cell fate (Ingram, 2004) through a meishamvolving
the repression. The fate of the SAM is therefore ttuthe complex interactions that
occur between various genes and their productsilsAM.

1.1.1.3.KNOX genes

The regulation of the so-calleKNOX genes KNOTTED-LIKE HOMEOBOX),
defined by their homology tKNOTTED1 in maize (Jacksost al, 1994), is crucial
for leaf initiation. KNOX genes function to maintain meristematic activityl at is
known that they activate cytokinin biosynthesis agytess gibberellin biosynthesis to
fulfil this purpose (Jasinsleat al, 2005; Sakamotet al, 2001). The initiation of leaf
formation requires the repression of these gemepatticular, ectopic expression of
KNOX genes has been shown to disrupt normal leaf denedot (e.g. Byrnet al,
2001; Chuclet al, 1996).

The KNOX geneSHOOTMERISTEMLESS (STM) acts to repress the expression of
ASYMMETRIC LEAVESL (ASl), thus maintaining the cells in the SAM in an
undifferentiated state (Byrnet al, 2000). FurthermoreSTM is also required to
maintainWUS expression in the meristem, promoting meristenettovity (Mayeret

al, 1998).ASl is homologous tROUGH SHEATH2 (RX2) in maize (Schneebergetr

al, 1998; Timmermanst al, 1999) andPHANTASTICA (PHAN) in Antirrhinum
(Tsiantiset al, 1999) (and constitute the ARP family of MYB traription factors).

5



Chapter 1

These genes are also expressed in lateral orgamonolin and act as negative
regulators of two differenKNOX genes KNAT1 and KNAT2). ASL and A2 are
required to restrict the expression KINAT1 and KNAT2 in the leaves, but not the
initial leaf primordia (Oriet al, 2000).AS1 andAS2 have also been shown to maintain
the repression of othé&NOX genes includindREVIPEDICELLUS (BP) (Lin et al,
2003) in a pathway regulated by auxin (Hetyal, 2006). Furthermore, it is now
known thatASL and AS2 bind to each other to suppresBIAT1 and, in a pathway
involving ERECTA, promote adaxial cell identity (Xet al, 2003).

1.1.1.4. Establishing leaf polarity

Cell and tissue differentiation occurs whilst theafl grows. A cell is known to

differentiate according to its position within tlieeveloping primordia (Brownlee,

2002), which therefore suggests that this is alpigbgulated process requiring a
large amount of intra- and inter-cell layer comnuation (Ingram, 2004). The

formation of a flat leaf lamina requires spatialdatemporal coordination of

differential growth throughout the leaf and abndrmarphogenesis occurs when this
process is disrupted (Na¢hal, 2003).

The formation of a polarised leaf is due to sigraved from the meristem (Sussex,
1954; Sussex, 1955). Upon promotion of primordiéiation from the anlagen (i.e.
the group of cells capable of forming the primoydisignalling between the two

juxtaposed cell layers promotes growth (Waitestdndson, 1995).

Members of theYrABBY (YAB) family are transcription factors which are knoven
affect abaxial cell patterning (Kim and Cho 200&r#tetteret al, 2001; Saweet al,
1999; Siegfriedet al, 1999; Golz and Hudson, 1999%ABBY genes are expressed
initially throughout the incipient primordium buebome localised to the abaxial side
of each organ (Byrnet al, 2001; Fleming, 2005)YABBY family members include
CRABS CLAW (CRC), FILAMENTOUS FLOWER/YABBY1 (FIL), YABBY2 (YAB2),
YABBY3 (YAB3), INNER NO OUTER/YABBY4 (INO) andYABBY5 (YAB5) (Bowman,
2000). Each member of the family has distinct esgin domains. For example,
CRC is expressed in carpels and nectaries (BowmanSamgth, 1999)FIL, YAB2

and YAB3 are all expressed in lateral organs produced byistematic tissues
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(Siegfriedet al, 1999; Sawaet al, 1999) andNO is expressed in ovules (Villanueva
et al, 1999).

A current working model for acquiring leaf polaritiynvolves the class Il
homeodomain/leucine zipper (HD-ZIP) genePHABULOSA (PHB) and
PHAVOLUTA (PHV) (McConnell et al, 2001), theKANADI (KAN) gene family
(encoding Golden2fabidopsis response-regulator/Psrl (GARP) transcription
factors) (Esheat al, 2001; Kerstetteet al, 2001) andYABBY transcription factors.

It has been proposed tHR#B/PHYV is activated by meristem derived signals, causing
a repression in the expressionY®BBY andKANADI in cells in the anlagen, closest
to the meristem. The adaxial layer (palisade meghorms from the cells adjacent
to the meristem, whilst the reducB#B/PHYV signal in the cells distally positioned
from the meristem will cause the formation the adlagspongy mesophyll) tissue
(Bowmanet al, 2002). The loss dPHB/PHV was previously thought to be due to the
action of a small, diffusible sterol based factbfcConnell et al, 2001), but it has
recently been suggested that miRNAs may be involl&@dner and Martienssen,

2004; Fleming 2005). A summary of these pathwaysesented in Figure 1.1.4.
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Meristem- PHB Anlagen
derived signal \ factors

adaxiale————abaxial
Lamina

outgrowth

3.
0
=
=
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Figure 1.1.4.An emerging model of early leaf developmesitM acts to repress the
expression ofCLV genes, thus enhancing the expressionWfS and therefore
maintaining cells in an undifferentiated sta®&M also represseASL/2 expression,
which further repress the expressiorKéfOX genes. The pathway on the right of the
diagram represents a model for adaxial/ abaxidlfatd. PHB (a member of the HD-
ZIP 11l transcription factors) is required for adalxcell development (not®HB*
represents the activat&HB complex).KAN, which negatively regulatd?HB*, and
YAB promote abaxial cell formation. The restrictionHid ZIP Il expression to the
adaxial side of the leaf is also thought to depamdhe activity of miRNAs. Diagram
adapted from Bowmae al, 2002 and Canalest al, 2005. PO represents the earliest
stage in leaf development, whilst P1 represent$oitmeing leaf.

1.1.1.5. Leaf patterning

There are a panoply of patterning genes that affedisequent growth and
development following leaf initiation, as summadskelow. Full descriptions are
provided in reviews such as Kim and Cho (2006) Bsukaya (2002b).

Experiments onANGUSTIFOLIA (AN) have shown that this gene has a role in
regulating leaf width (Tsuget al, 1996) inArabidopsis, which is caused by an
abnormal arrangement of cortical microtubules thlisring cell shape (Kinet al,
2002). Mutational analyses have shown that altmmatiin the expression of
ROTUNDIFOLIA3 (ROT3) (Kim et al, 1999) andROT4 (Narita et al, 2004) gene
cause defects in the leaf length direction. Funtioge, theCURLY LEAF (CLF) gene

in Arabidopsis is thought to affect the division and elongatidncells during leaf
development (Kinet al, 1998).



Chapter 1

1.1.2. The cellular basis of development

1.1.2.1. The cell cycle

Any alterations in growth and development are duehtanges in either the number or
the size of the cells comprising the organ of esér Therefore, both cell production
and cell expansion are critically important in detming organ development and

size, and must be considered further here.

There are two main theories that attempt to defiree relationship between plant
growth and the cell cycle. In the Cell Theory, selte considered to be the ‘building
blocks’ of the organism and growth therefore degemwl the rate at which the cells
are produced and the size they reach. ConverdayQtganismal Theory states that
cell division is a consequence rather than a catigeowth (Beemsteet al, 2006). In
this scenario, cells are considered as ‘comparsrnardrganismal space’ (Beemseger
al, 2003). Neither theory alone adequately explaingitikebetween the cell cycle and
plant growth because they are so intricately linkBe@emsteret al, 2003). An
alternative theory to those detailed above isNie Cell Theory (Tsukaya, 2002c;
Tsukaya, 2003). This theory integrates the rolecefi-cell communication in

determining organ size and shape.

There are fundamental similarities governing tlgulatory processes of the cell cycle
in eukaryotes (Lodislet al, 2000), but spatial and temporal differences areaspy
between different organisms (Hemeeyal, 1993). There are four main stages to the
cycle; post-mitotic interphase (G1), DNA syntheé®), post-synthetic interphase
(G2) and mitosis (M). Mitosis and endoreduplicatrepresent two different modes of
the cell cycle. Endoreduplication involves repeétchromosomal reduplication with
no intervening mitosis or cytokinesis, which thaads to an increase in ploidy levels.

Endoreduplication is also known to affect cell qiwforth and Grime, 1989).

During the development of dicotyledonous leavedis cd the tip of the leaf cease
division before those at the base (Natlal, 2003). Increasing cell cycle activity in
the basal areas of expanding leaves has been shawenur inArabidopsis (Donnelly
et al, 1999).
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Growth in elevated concentrations of J@@CQO,]) has been shown to influence the
duration of the cell cycle. IDactylis glomerata, cell cycle duration was shortened by
[eCO,] and this was attributed to a shortening of thepBase (Kinsmaset al, 1997).
An increase in the proportion of cycling cells e tSAM has also been reporteddin
glomerata (Kinsmanet al, 1997). InPopulus, it has been suggested that [efO
affects the G1 and G2/M transition checkpointsiiBet al, 2001).

Cyclin dependent kinases (CDKSs)

In order to function correctly and efficiently, tleell cycle needs to be regulated in a
highly coordinated manner. The cyclin dependenasen(CDK) family are involved
in controlling progression through the cell cycldhne CDKs act to regulate the cell
cycle by phosphorylating key substrates such asréti@oblastoma protein (De
Veylder et al, 2001; Morgan, 1997). The activity of CDKs is cotigd by
transcriptional regulation, protein degradation aimderactions with regulatory
proteins, of which the largest class are the cgdirorres-Acostat al, 2004).

In plants, the CDKs are divided into seven clag€&KA-CDKG) (Vandepoelet al,
2002; Mengest al, 2005; Umedat al, 2005; Francis 2007). There are two classes of
CDK that permit progression through the cell cy@leand B. The A-type CDK’s are
involved in controlling the G1-S and G2-M phasensition (Joubest al, 2000; Inzé
and De Veylder, 2006) and protein levels are kndwnbe constant during the
progression of the cell cycle (Mironat al, 1999). The B-type CDKs are unique to
plants therefore implying that they are involvedpiant specific aspects of the cell
cycle (Boudolfet al, 2004). The PSTAIRE cyclin binding motif is found in all G3
except CDKB classes. The CDKBs contain either tRéALRE (in B1 group) or the
PPTTLRE (in the B2 group) motif. The activity dhet B-type CDKs such as
CDKB1;1 show periodic activity levels, with its peak adiyvat G2-M phase of the
cycle (Joubest al, 2000; Boudolfet al, 2004; de Jagest al, 2005). The function of
CDKC and CDKE are yet to be elucidated, whilst CDKIldl CDKF are classified as
CDK-activating kinases (Umedsal, 2005).

10
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Cyclins

There are seven classes of cyclins; A, B, C, DT ldnd P (Francis, 2007). The most
recently discovered was cyclin P, which has broupghttotal number of annotated
cyclins in theArabidopsis genome to 41 (Torres-Acostéhal, 2004). The most well

characterised members of the group belong to tH& @&d D classes.

The transcript levels of some cyclins and CDKstflate during the progression of
the cell cycle (Shaudt al, 1996; Mironovet al, 1999). The D-type cyclins are most
active during the G1/S phase transition as wethasG2/M transition (de Jageral,
2005). However, the abundance of some D-type mydl$ not tightly regulated
during the cell cycle (Gaudiet al, 2000; Konoet al, 2003). For example, transcript
levels of CYCD1 do not change throughout the progression of thecgele, but
CYCD2 and CYCD3 increase at the G1/S phase (Mirorgval, 1999). Transgenic
tobacco over expressing tRYCD2, have a shortened G1 phase, thus increasing cell
production with an associated increase in growtle @ockcroftet al, 2000).
However, the transcript levels of cyclins D3a an@bDn Antirrhinum majus remain
constant throughout the cell cycle (Gaudiral, 2000). It is thought that the D3a and
D3b cyclins may not be directly involved in the gression of the cell cycle, but act

indirectly by regulating pathways upstream of teé cycle (Murray, 1997).

Sucrose is a regulator of growth and division (Dagr2000) and has a key role in the
control of the cell cycle. Levels of A-type cyclin®-type cyclins and CDKA;1 are
influenced by sucrose levels (Richatdl, 2002; Rhio-Khamlichgt al, 2000; Gaudin

et al, 2000). Auxin also regulates the transcript levélsyalins (Ferreiraet al, 1994).
Furthermore, auxin, in combination with cytokinimdasucrose, increase the transcript
levels of CDKB1;1 andCYCB1:1 in cell cultures ofArabidopsis (Richardet al, 2002).

In the presence of growth factors including sucroseixin, cytokinin and
brassinosteroids, D-type cyclins associate withypget CDKs. The resulting
(inactivated) complex initiates the G1-S phaseditaon (Inzé and De Veylder, 2006).

The CDK Inhibitor Proteins

The CDK inhibitor proteins (CKIs) also have theldpito regulate CDK activity, by
binding to the cyclin/CDK complex. The ICK1 proteim Arabidopsis was the first
CKI to be identified in plants (Wangt al, 1997). The over-expression ¢CK1

11
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inhibits cell division and growth (Warg al, 2000), but this effect can be reversed by
the expression of D-type cyclins which bind to @&K inhibitors (Zhouet al, 2003).

The Kip/Cip family is one of two groups of CKI peats that have been identified in
mammals. InArabidopsis, seven CKI-like genes known as KRPs (Kip-related
proteins) have been identified (De Veylagtal, 2001b). The KRPs are active during
G1/S phase transition in the cell cycle (de Jageal, 2005). Abscisic acid (ABA)
induces the expression of CDK inhibitors and coatdrrupt the cell cycle by pausing

cell division and growth (Doonan, 2000).

CDK Activating Kinases (CAKS)

The activation of CDKs requires the phosphorylatodra tyrosine residue by CDK
activating kinases (CAKSs). In thérabidopsis genome, there are four CAKs
(Shimotohnoet al, 2004) divided into two classes; CDKD and CDKF (lrez&d De
Veylder 2006). Cyclin H is a regulatory subunit ©AK and has been isolated in
Arabidopsis (AtcycH1) (Shimotohnoet al, 2004), Populus (PscycH1), and Oryza
sativa (OscycH1) (Yamaguchiet al, 2000). The expression &scycH1 andOscycH1

is abundant where cell division activity is highafffaguchiet al, 2000). However,
one of the CAKs that have been isolateddrabidopsis, AtCAK1, has demonstrated
cyclin-H independent activity. The AtCAK1 has fuethbeen shown to modulate the
activities of AtCAK2 and AtCAK4. However, AtCAK2 anAtCAK4 do associate
with AtcycH1 (Shimotohnet al, 2000).

The cdc25 phosphatases are positive regulatorsDéfsdn yeast and mammals. A
small tyrosine phosphatase has also been isolatefabidopsis (Arath;cdc25),
which was the first cdc25-related protein to bentdied in Arabidopsis (Landrieuet

al, 2004), it is active during G2/M phase transitiontloé cell cycle (de Jaget al,
2005). Arath;cdc25 acts by stimulating the kinasevay of CDKs (Landrieuet al,
2004), thus activating them (Figure 1.1.5). Howeviehas been suggested that B-
type CDKs could act as a substitute for cdc25 phatgse in order to promote the
G2-M phase transition (Boudddf al, 2006)

The Weel protein kinases inhibit CDKs. A Weel kenass been isolated iea

mays (ZmWeel). This Weel kinase was able to inhibit GDK maize, and was also
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found to be abundant in tissues where a high degireell division was occurring
(Sun et al, 1999). A Weel homologue has also been identifiedArabidopsis
(AtWeel), which is active during the G2/M phase transitadrthe cell cycle (Sorrell
et al, 2002; de Jageat al, 2005). FurthermorétWeel has an identical expression
pattern toAtCDKBL1;1, which is a marker for tissues undergoing cell slom. The
Weel kinases target threonine 14 and tyrosine $Wlues on the CDK. These

processes are summarised in Figure 1.1.5.

Synthesis

Phosphatase / Destruction

T161 0
/\/\ /\ CKis
Phosphatases

'(wz:f (cdc25)

T

Kinase

Figure 1.1.5. A generalised checkpoint in the eukaryotic celtley CDKs are
activated when bound to the appropriate cyclin. sphorylation of a threonine
residue by a CAK leads to a binding of the CDK wtitle cyclin. CDC25 has been
isolated inArabidopsis and maize and is a positive regulator of CDKs. Teel
kinase acts to inhibit CDKs. The activity of CDKealso repressed by the action of
CKls (diagram adapted from Francis and Sorrell 1200
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Retinoblastoma-Related Protein (RBR) and E2F

The retinoblastoma protein (Rb) acts as a suppresfsoell proliferation. The Rb
protein is necessary for binding transcription dast(e.g. E2F) that are required for
progression through the cell cycle (Doonan, 208@hen dephosphorylated, Rb
blocks the entry to G1, thus blocking the cell eydlVhen phosphorylated however,
Rb dissociates from E2F and its dimerization payttieereby allowing the activation

of the various target genes needed for S phasg @mpinski and Jacks, 1999).

Components of the retinoblastoma pathway have lokgified in plant systems. For
example, D-type cyclins, which contain the LXCXE iam acid motif, known to
mediate Rb-binding in humans (Sosai al, 1995; Gutierrez, 1998) have been
identified. An Rb-related (RBR) protein has beeslated in maize, which contains
the functional pocket region of the Rb protein figniGrafi et al, 1996).

The interactions that occur between RBR and membérshe E2F family of
transcription factors permit the progression of tte#l cycle. There are six E2F
proteins encoded by th&rabidopsis genome (designated E2FA-F) (Maricoditial,
2002). E2FA-C form heterodimers with one of two dimation partners (DPa or
DPb). Using E2Fb as a worked example, when bour2P@a and RBR, the complex
is inactivated. However, when RBR is phosphorylgfetiowing the phosphorylation
of CDKA by a CDKD/cyclin D complex, leading to th@nding of CycD3;1 and
subsequent activation of CDKA (Francis, 2007)), B&-b/DPa complex is released,
which promotes transcription necessary for thesiteam from G1-to-S and G2-to-M
phases of the cell cycle (Magyar al, 2005). The over-expression of AtE2Fb in
transgenicArabidopsis plants causes modifications to the morphologyhef plants,
such as reduction in root length and hypocotyl fleramnd a reduction in the cell size
of the cotyledons (Sozzaai al, 2006). This therefore provides evidence that AtE2Fb
is a positive regulator of cell proliferation (Serzet al, 2006). Furthermore, E2Fb is
a target for auxin, and this interaction determimé®ther cells enter the endocycle,

continue in the cell cycle or exit (Magyatral, 2005).

The E2Fa-DPa transcription factor Amabidopsis has been shown to regulate plant
cell division. De Veylderet al, (2002) showed that E2Fa-DPa Amabidopsis was

involved in cell proliferation, differentiation anehdoreduplication, and may be an
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important rate-limiting factor affecting a cell’®isty to divide. Increasing E2Fa-DPa
levels was shown to up-regulate the expressiondenfeS-phase specific genes. This
resulted in ectopic cell division correlated withdalay in cell differentiation (De
Veylderet al, 2002). The transcription €€DKBL1;1, which promotes the transition to
G2-M, is controlled by the E2F pathway (Boudeilfl, 2004).

1.1.2.2. Cellular expansion

The cell wall

Plant development and growth involves a highly clexseries of events, organised
and controlled in a coordinated manner. Growth rbaybroken down into two
categories; cytoplasmic associated growth and Vacassociated growth. During
cytoplasmic growth, cells enlarge due to increasgdplasmic mass and thus require
high metabolic activity (Matsubaeh al, 2006). Increased cell volume by cytoplasmic
growth leads to either cell proliferation or endiuplication (i.e. no intervening
mitosis or cytokinesis) (Sugimoto-Shirasu and Rt#)e?003). Vacuole associated
growth accounts for the rapid leaf extension imidaMatsubarat al, 2006). This
type of growth involves uptake of solutes and watty the vacuole, hence leading to
a change in turgor pressure. The structure of tlengust alter in order for it to
increase in size, in accordance with an increashyurostatic pressure from the
osmotic changes in the vacuole. The cell wall spomsible for imposing constraints
on cell expansion and thus alterations to its sirecare ultimately required for plant
growth. The cell wall must be able to withhold tsmotic pressure created within the

cell whilst also allowing the cell to expand but tmlose its integrity.

The cell wall is a dynamic structure that modifissstructure throughout the growth
and development of the plant (Chivasal, 2002). The cell wall is composed of two
phases; the matrix phase, and the microfibrillaageh The matrix phase consists of
polysaccharides including pectins (e.g. rhamnogatanans, galacturonans and
galactose and arabinose polymers) and hemicellul¢sg. xylans, glucomannans,
mannans and xyloglucans), proteins, glycoproteit @henolic compounds such as
lignin. Hemicelluloses are a major constituent bé tplant cell wall. The most
abundant hemicellulose in the cell walls of dicetgnous plants is xyloglucan,

which form hydrogen bonds with microfibrils.
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The microfibrillar phase is comprised of fibroudlg®se microfibrils embedded in
the matrix. Sucrose synthase is responsible for gheduction of uridine 5’-
diphosphate (UDP)-glucose following the degradatbrsucrose. The UDP-glucose
units provide the substrate for cellulose polymedion (Salnikovet al, 2001). The
processes involved in the biosynthesis of cellulbage been reviewed previously
(e.g. Richmond, 2000; Somerville, 2006). Each ¢edie@ microfibril is 3nm in
diameter and cross-linked by polysaccharides sgckybglucan (Somervillet al,
2004). Cellulose is comprised of approximately3b,4-glucan chains (Somervilke

al, 2004). The cellulose synthase complex (CSC) igpaesible for cellulose
microfibril biosynthesis. The CSC consists of heramrosettes each of which is 25-
30nm in diameter (Kimurat al, 1999) and each of the six rosette subunits contains
five or six CESA proteins (Somerville al, 2004). The distribution of CESA rosettes
is partially determined by cortical microtubulesa@lezet al, 2006). TenCESA
genes have been identified Arabidopsis, and in rice (reported in Tanale al,
2003), maize has at least 12 (Appenzedteal, 2004), whilst Poplar has at least 18
(Djerbi et al, 2005).

Vacuolar associated cell growth relies upon an lanizze between the turgor pressure
(hydrostatic pressure) and the tensile force predury the cell wall. The disparity
between the two factors results in the inward dixvater and thereby allows a new
physical equilibrium to be reached (Fleming, 200B)e relationship between cell
wall expansion and turgor pressure was developed.dokhart (1965). Influx of
water down an osmotic gradient into a plant cefifias the plasma membrane against
the cell wall. The resulting positive internal mese within the cell increases
turgidity, thus providing a force for cell expansi@Brett and Waldron, 1996). An
increase in the solute level in the vacuole (duenioanced photosynthesis in [ef)O
could result in a change in turgor and hence vwaakéning and growth (Ferris and
Taylor, 1994).

XET/XTH
An increase in cell size requires a change in traatic potential in the vacuole,
along with a change in the main structural comptsehthe cell wall, which restricts

cellular growth. Altering the extensibility of th@ant cell wall allows turgor pressure
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to drive cell expansion (Cosgrove, 1993). A numtieproteins have been proposed
that are involved in altering the architecturehad tell wall in order to permit cellular

growth.

The most widely recognised groups of cell wall nfigidg proteins are the xyloglucan
endotransglycosylases (XETs). This group of enzynseshought to allow the

separation of microfibrils by catalysing the tralysgsylation of xyloglucan tethers,
the major hemicellulose in cell walls (Fey al, 1992). The xyloglucans cross link
adjacent cellulose microfibrils and, once ‘cut’ blye XETs, they facilitate the

formation of a new bond with another xyloglucaninhthus maintaining the integrity
of the cell wall (see Figure 1.1.6). However, tbhkerof XETs in plant cell growth has
been subject to some controversy (McQueen-Matah 1993).

There have been many reports where increased XHEVityads correlated with
increased cell expansion, and hence, growth (Bug@D0; Uozo 2000). Iirestuca
pratensis, FpXET1 has been shown to be a marker for tissue elongatia leaf
growth (Reidyet al, 2001). Along with their putative role in cell exgaon, XETSs
have also been implicated in the formation of tbeosdary cell wall (which follows
the cessation of cell expansion) (Bourgediral, 2002) as well as disrupting the wall
connections between adjacent leaf cells duringpags formation of spongy
mesophyll (reported in Campbell and Braam, 199%weler, there have also been
reports of the presence of XET in areas where exghlansion has terminated (e.g.
Pritchard et al, 1993) which may be attributed to increased auxinceatration
([auxin]) (Cataléet al, 2000). It has been suggested that in come casesxdyTplay

an alternative role, such as in wall degradatiepdrted in Bourquimt al, 2002).

The nomenclature of the enzymes that catalyze kybtam endohydrolysis and/or
endotransglycosylation in the literature is somevdoafusing. In the review by Rose
e¢ a (2002), they suggest wusing the term XTH (xylogiuca
endotranglycosylase/hydrolase) as an all-encompas®rm that covers enzymes
such as XETs and EXGTs (endoxyloglucan transfeyagkigh essentially belong to
the same class of genes.
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Expansins

Expansins represent a second group of cell walkdomg proteins, which induce
stress relaxation and extension in plant cell w@lleo and Cosgrove, 2000). These
proteins have a unique ability to induce wall egten without a hydrolytic
breakdown of the major structural components ofdék wall (Cho and Cosgrove,
2000). It is this property of expansins that allothe cell wall to extend in a
controlled and regulated manner without causingingschanges in the structure
(Cosgrove, 2000) (see Figures 1.1.6 and 1.1.7).

There are two classes of expansigndp. In Arabidopsis, there are 2Gi-expansin
genes (denotedEXPA1-EXPA26) (Cosgrove, 2004) and sip-expansin genes
(EXPB1-EXPBS5). Populus trichocarpa has at least 36 expansin genes (Sampetdro
al, 2006). The expansin that is expressed dependstigsue type. The-expansins
have been proposed to control cell wall enlargeraedt may also play a role in cell
wall disassembly and cell separation, whilst fhexpansins are involved in the

penetration of pollen through maternal tissues théoovule (Cosgrove, 2000).

The expansin proteins are thought to act by weakgetiie non-covalent bonding that
exists between wall polysaccharides. This allovgodymer creep’ to occur, since it
aids the release and re-binding of the glycansi¢ocellulose microfibril (see Figure
1.1.6). It is thought that expansin movement idrieted to lateral movement along
the microfibril (Cosgrove, 2000).

Along with the effects on the cell wall, expansialso affect plant phyllotaxy.
Experiments have been conducted whereby expanduced leaves were shown to
influence subsequent phyllotaxis Micotiana tabacum (Pien et al, 2001). Similar
results have been reported in tomato where, aftexpalication of localised expansin,
phyllotaxy was disrupted and an ectopic outgrowths vproduced (Flemingt al,
1997; Fleminget al, 1999).
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Relaxed Tensioned Tensioned Relaxed

Figure 1.1.6.Cellulose microfibrils within the cell wall are ked by glycans. It has

been proposed that the expansin proteins (blueumisbonding of the glycans

(orange and purple) to the surface of the micrdf(green) (A), or to each other. This
can result in a displacement of the microfibrilg.(Biagram adapted from Cosgrove,
(2000).

Putative cell wall modifiers

The involvement of yieldins in cell wall structunaodifications is less well known.
They affect the extension of cell walls by alterthg yield threshold of epidermal and
cortical cell walls (Okamoto-Nakaza#h al, 2001). It is thought that yieldins lower
the energy required to split the bonds betweendafilmils (see Figure 1.1.7) (Hager,
2003).

Similarly to yieldins, hydroxyl radicals@H’) represent a less well-documented group
of cell wall modifiers. TheOHare short lived and site specific (Fetyal, 1997) and
are known to be involved in wall loosening in maa@eoptiles (Schopfeet al,
2002). The OHradicals cause wall loosening and short-term exiangrowth
similarly to auxin. Incidently, auxin can also irm#uthe production cOH. The use

of ‘OH'scavengers, such as benzoate, suppresses theiradxted growth of maize
coleoptiles (Schopfest al, 2002). It has been suggested that they are imgaitamg

physiological processes such as germination, grewthfruit ripening (Fry, 1998).
Potassium ions (K have been proposed as having a role in growttesapplications

of K* channel inhibitors such as tetraethylammonium ratidohave been shown to

reduce the growth rate, whilst growth is restoréi@rathe inhibitors are removed
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(Tode and Luthen, 2001). A model of cell wall grbvincorporating the possible cell

wall modifiers outlined here is shown in Figure.Z.1

<+— 0OH™?

Fussicoccin
A%
14-3-3

\ <«— Yieldin «— H*

ADP
+ Pi
A .
> K* Auxin
XET/
\ XTH
\\—Expansn
Plasm
Cuticl Cell wall nembrane

Figure 1.1.7.The proposed mechanism of cell wall expansion. XBE&s, expansins
and yieldins have all been postulated to play @ ial cell wall extension. The
XGH/Ts (xyloglucan hydolase/endotransferase) havso aeen suggested to
hydrolyse xyloglucans. Diagram adapted from Ha@&32

The acid growth theory

The acid growth theory for auxin induced cell elatign is widely accepted as a
mechanism for promoting cellular growth (Rayle &ldland, 1992), although there
are some exceptions (e.g. Kutschera and Schopf@85;1Keller and Van
Volkenburgh, 1998). An alternative mechanism pregothat auxin stimulates gene
expression of some glucanases that catalyse theolgis of cell wall
polysaccharides (Tanimoto and Masuda, 1968), affhahis hypothesis has received
little attention.

The acid growth theory stems from several obsayaatiwhich have shown that cell
extension increases if the surrounding milieu isliac According to the acid growth
theory, protons act as an intermediate betweemand cell wall loosening. Auxin is
produced at the shoot apex and transported babjpetdhe tissues below the shoot
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apex. The reversible binding of auxin can activite HATPase on the plasma
membrane, causing a decrease in pH due to the tropgrotons and extrusion of
potassium ions. Whilst auxin is thought to activiite plasma membrane” AlTPase

in a regulated feedback system, the fungal toxieichccin (FC) activates it

irreversibly (Hager, 2003).

The increased activity of putative cell wall loosenfactors under acidic conditions
has lent further support to the theory of acid glowHigh levels of XET activity
correlate with acidic conditions and yieldins halgo been shown to be activated by
a low pH (Okamoto-Nakazat al, 2000).

1.1.2.3. Epidermal cell fate

Stomatal development

Stomata regulate gas exchange (of water vapouCanjl between the plant and its
environment. It is this role which makes stomatgontant in the context of carbon
assimilation and water use efficiency, and theytleeefore important in determining
the overall productivity of the plant in its enwmment. The amount of carbon that

passes through stomata has been estimated atBB&ypper year (Bergmann, 2005).

In Arabidopsis, the initial stage in stomatal initiation is theyemetric division of a
protodermal cell. This produces one large cell ¢hhis destined to become a
pavement cell) and a small cell known as a merisiénThe meristemoid behaves
similarly to a stem cell and may undergo 1-3 asymimelivisions, thus producing
further meristemoids as well as epidermal cellsfmas neighbour cells (NCs). After
this set of asymmetric divisions, guard motherscéEMCs) are produced, which
divide symmetrically to produce a stoma. The NCs/ a0 undergo asymmetric
divisions, which give rise to a daughter cell andnaaller cell, termed the satellite
meristemoid. Stomatal patterning involves the appate orientation of asymmetric
divisions in the NCs, which should result in theéefiie meristemoid being finally
positioned away from any pre-existing stoma or st@inprecursors (thus maintaining
the one cell distance). lArabidopsis cotyledons, stomatal precursor cell formation

stops earlier in the adaxial than the abaxial epide and of the stomata that do form,
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75% are derived from satellite meristemoids in db@xial surface, compared with
35% in the adaxial surface (Geisétial, 2000; Geisler and Sack, 2002).

In Arabidopsis, a number of genes have been identified as bawvaved in stomatal
development irArabidopsis, including TOO MANY MOUTHS (TMM), STOMATAL
DENSITY AND DISTRIBUTION1 (SDD1), FOUR LIPS (FLP) andFAMA. Mutations

in eitherTMM or SDD1 result in an increase in stomatal density (SD) acleégree of
stomatal clustering and thus breaching the onedcsttince rule (Berger and Altmann,
2000; Bergmanmt al, 2004). TheTMM gene is involved in determining the correct
orientation for the plane of the asymmetric diusdhat pattern the stomata (Nadeau
and Sack, 2003). In developing leaves, expresdiaivi is highest in the youngest
cells of a stomatal lineage (Nadeau and Sack, 200&TMM gene is known to be a
receptor-like protein localised on the plasma memér although its signalling

partner has yet to be identified (Bergmann, 2005).

Stomata have the ability to respond to changesenldcal and global environment
(Hetherington and Woodward, 2003). Such respornageoccur within minutes of an
environmental change, or over a timescale of mhaygands of years. This therefore
means that stomatal density and distribution datale used to predict atmospheric
CO, concentrations from millions of years ago (Rog&01). The mechanism for this
response has recently been elucidate@rabidopsis. Mature leaves oArabidopsis
grown in [eCQ] signal to young leaves, which then develop widuced stomatal
density (Lakeet al, 2001). InArabidopsis, the HIC (high carbon dioxide) gene has
been identified, which encodes an enzyme involwefity acid synthesis and acts as

a negative regulator of stomatal development (@tay, 2000).

Trichome formation

In contrast with stomatal development, the formmatd trichomes (epidermal hairs)
does not involve a set of stereotypical cell dis. The formation of trichomes is
thought to be due to competitive interactions betweeighbouring cells (Schnittger
et al, 1999).

Trichome initiation occurs in the basal regionsyoling leaves (Hulskamgt al,
1994; Larkinet al, 1996). There are a number of genes that have lkeatified as
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having a role in the initiation and formation ofctromes. TheTRANSPARENT
TESTA GLABRAL (TTG1) (Koorneef, 1981) an@GLABRAL (GL1) (Koorneefet al,
1982) loci are known to govern trichome developm@miiGl interacts with basic
helix loop helix (bHLH) proteins, which in turn eract with a third set of proteins
which include GL1. The bHLH proteins includeGL3 (Payne et al, 2000),
ENHANCER OF GLABRA3 (EGL1) (Zhang et al, 2003) and TRANSPARENT
TESTA8 (TT8) (Nesi et al, 2000). WhilstGL1 and TTG1 (which interacts withR
(Lloyd et al, 1992; Galwayet al, 1994)) are activators of trichome initiation,
TRIPTYCHON (TRY) acts as an inhibitor (Schnittgetral, 1999).

Trichomes are examples of endoreduplicating celléh a distinctive structure
depending on their location. For example, leafhtimes have a characteristic
branched structure, whilst those located on sterasganerally unbranched. The
SAMESE (SM) gene encodes a mitosis repressor and hence avéav in the
process of endoreduplicationAnabidopsis (Walkeret al, 2000).

CO;enrichment

1.2.1 An enriched atmosphere

The increase in the concentration of greenhousesgasch as CQis altering the
composition of the Earth’s atmosphere. The increasgCO,] in recent years can
largely be attributed to anthropogenic activitiegls as burning of fossil fuels and
land use changes such as large-scale deforeswteants, which occur on a global

scale.

The levels of C@began to increase following the onset of the itdhlgevolution in
the 19" Century, at which time levels were estimated tabmind 280ppm (Prentice
et al, 2001). Data collected from the National Oceanic aAtmospheric
Administration (NOAA) Mauna Loa observatory hasirested that [CG was
376ppm in 2003 (Bhattacharya, 2004), and peakedag 2004 when levels were
380.63ppm(http://cdrg.ucsd.edu/maunaloa.html).

Whilst some of the COproduced is absorbed by terrestrial ecosystemsoaadns,

the remainder accumulates in the atmosphere (appatedy 3.2 gigatons per year
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(Schimel, 1995)). Carbon uptake increases with edeing latitude (Valentingt al,
2000) and European forests are currently acting &srestrial carbon sink (Janssens
et al, 2003). The quantification of carbon sequestratioteptial of a forest requires
information regarding gross primary productivity RB), net primary productivity
(NPP) and net ecosystem productivity (NEP). Carisolost sequentially along this
pathway. The NEP has been used to assess the &xtetiich ecosystems remove
carbon from the atmosphere (Gratal, 2004). Studies oR. alba, P. nigra andP x
euramericana at the EUROFACE site in Italy have shown that GPRtimulated
under Free Air C® Enrichment (FACE) conditions (Wittigt al, 2005). This
stimulation declined over three years of study,thig was attributed to the transition
from an open to a closed canopy, rather than piotssis acclimation (Wittigt al,
2005). Information regarding GPP, NPP and NEP gsiired in order to determine a
value for the net biome production (NBP), whichresgnts the amount of carbon that
remains after respiratory and non-respiratory (8rg.and forest clearance) factors
have been taken into account. Approximately twodthof terrestrial carbon is stored
below ground. This store contributes a large proporto the NBP, since it is
protected from above-ground disturbances that resud loss of stored terrestrial
carbon (e.g. fires) (IGBP Terrestrial Carbon Wogki@roup, 1998). NBP is the
parameter to consider for long-term carbon stopagential (IGBP Terrestrial Carbon
Working Group, 1998).

1.2.2 Plant growth in [eCQ]

Numerous studies have been conducted in a variefylamt species in order to
elucidate the responses to [ef@nd to predict how they will grow under future
climatic scenarios. The observation that plant ghow stimulated in [eCgis almost
unanimous in all published work, although the degréresponse is dependent upon
the species studied. For example, a study on nahaé grassland herbs has shown
that responses to G@liffered between each of the four species in teoinspecific
leaf area (SLA), leaf area, biomass and numbeeafds (Ferris and Taylor 1993).
Similarly, above-ground responses to [ef@nd [eQ] differ in magnitude between
different aspen clones (Karnosktyal, 2003). Furthermore, the response to [¢[d®
dioecious speciesP( tremuloides) has been shown to be dependent upon gender
(Wang and Curtis, 2001).
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At the whole-plant level, leaf area (Tricker al, 2004), leaf shape (Taylat al,
2003), petiole length (Raat al, 2006), leaf area index (Wittig al, 2005; Liberlooet

al, 2004), plant height and branching (Pritchatcl, 1999) are all stimulated under
[eCOy. The stimulation in leaf growth has been attrdaltto a number of key
processes. Firstly, photosynthesis increases i®fp®ernacchiet al, 2003) which
hence leads to increased production of carbohyslragd@ increase in assimilate
transport and carbohydrate availability at the Sédises an increase in cell division
(reported in Pritcharet al, 1999). Secondly, stimulated root growth (Lukeical,
2003; Calfapietraet al, 2003) and increased water use efficiency (Dretkal, 1997)

in plants grown in [eCg& may result in an increase in cell expansion duehanges
in cell turgor. Furthermore, cell growth is faalied by alterations in the structure of
the cell wall. Elevated CPaffects the structure of the cell wall by alteritige
polysaccharides (Ferréet al, 2001). Cell wall plasticity (i.e. the irreversildatension
of the cell wall) increases in [eGPalong with the activity of the putative cell wal
loosening factor, XET (Ferrit al, 2001, Tayloret al, 2003).

Plant growth in [eCg) causes increased rates of photosynthesis, ireddaght-use
efficiency, improved water-use efficiency, decrehsgomatal conductance (and
stomatal aperture) and decreased transpirationkéDetaal, 1997). It is known that
seasonal leaf carbon gain is due to the capaaitgtfotosynthesis and the timing and
rate of development (Curtet al, 1995). The fixation of carbon via the Calvin cycle
depends upon the protein Rubisco (Ribulose-1,5Hoisphate carboxylase/
oxygenase). This enzyme is involved in carboxytatieactions (in photosynthesis)
and oxygenation reactions in photorespiration. Bo@® (for photosynthesis) and,O
(for photorespiration) compete for the active sitdRubisco. An increase in [GDis
associated with an increase in carboxylation rdtéRobisco, at the expense of
oxygenation of RuBP, thus causing a decrease intopspiration and hence
increased water-use efficiency. This increase rbarafixation requires no additional
light, water or nutrients (Draket al, 1997). In the current climate, Rubisco is not
saturated with C@and therefore it will still respond to increasileyels with more

carboxylation reactions (Dralet al, 1997).

The increase in growth and productivity as a reetilexposure to [eC£ leads to

further increase in productivity through positiveefiback, (i.e. increased leaf area
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initially resulting in increased photosyntheticiaity, leading to further plant growth)
(Long et al, 2004). However, plants do not respond to [gC@definitely. An
increase in photosynthesis levels in plants gromaeu high [CQ] causes an increase
the carbohydrate pool in source leaves (Cuattial, 1995). The plant’s capacity to
utilise this additional carbohydrate determinegher responses to G@nrichment
(reviewed in Rogers and Ainsworth, 2006). Commotilg,increase in photosynthesis
and concomitant increase in soluble sugars is atishe of a source-sink imbalance
(Stitt, 1991) and results in a repression of furtpéotosynthetic activity. This
photosynthetic acclimation to [eGJds due to a repression of the genes involved in
photosynthesis and the mobilization of stored resgralong with the induction of
genes required for carbon metabolism or storaggaRe al, 2000). This carbon
metabolite mediated repression of gene expressia@oimmon to all higher plants
(Pegoet al, 2000).

Associated with prolonged [eGPexposure is a reduction in Rubisco SSU (small
subunit) levels. Using ‘switching experiments’ (igrow the plants in [aC£{ and
transfer to [eC¢] andvice versa) it has been possible to investigate sink-limided
source-limited photosynthesis (Gestlal, 1998). Such experiments have shown that
transcript levels of Rubisco SSU are reduced fahgwswitching from [aCg] to
[eCOy] (relative to the [aCg) control) and increased when switched from [e[C©
[aCQO,] (relative to the [eCg) control) (Geschet al, 1998). The reduction in
photosynthesis in plants acclimated to [e2@ay be due to redistribution of nitrogen
from Rubisco and other Calvin cycle enzymes to getdveloping leaves, although
this idea has received little support from FACE exkpents (Ainsworth and Long,
2005).

The repression of photosynthetic activity duringlpnged growth in [eCg is due to
sugar-mediated signal transduction events (Smegk#0@30). The action of cell
invertases causes the hydrolysis of sucrose intogeesugars (glucose and fructose).
High invertase activity induces the ‘cycling’ of suose and hexose sugars
(Goldschmidt and Huber, 1992). The hexose sugarkesva series of signal
transduction events leading to the down-regulatbrphotosynthesis (Longt al,
2004). Hexokinase is an enzyme that phosphorylagese to hexose phosphate and

acts as a ‘hexose flux sensor’. Hexokinase medihtesepression of Rubisco SSU
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transcription (Mooreet al, 1998; Mooreet al, 1997; Jang and Sheen, 1994) at night
(Chenget al, 1998). Prolonged night time hexose metabolism waltéty reduces the
levels of Rubisco protein by sugar-mediated repoaesf genes involved in
photosynthesis (Cheregal, 1998).

1.2.3 Experimental systems

The development of appropriate experimental systemsnportant in providing
information regarding response to [ef@t the ecosystem level. Such experimental
systems have allowed the study of the effects G0 on various aspects of plant

physiology, including leaf development.

1.2.3.1. Free Air CQ Enrichment experiments

The Free Air CQ Enrichment (FACE) system is designed to release @@ to the
surrounding environment at high velocity througbeaies of small pipes (Miglietet

al, 2001). The use of FACE experimental systems allosegs, forest plantations
and natural vegetation to be exposed to elevatdxboalioxide levels (Migliettat al,
2001). The Web-FACE design provides an alternativehe traditional octagonal
infrastructure associated with FACE experimentss Type of system uses a series of
tubes interwoven amongst the forest canopy to eeldQ to the plants (Pepin and
Korner, 2002). However, the octagonal ring desificanventional FACE systems

remains the most popular choice.

One of the main advantages of the FACE system as ithallows large areas of
undisturbed canopy to be studied (over more tham growing season), whilst
avoiding edge effects and other unnatural distwésnn the growing environment
(Rogerset al, 2004). Furthermore, rooting volume is not restdcta factor which is

known to influence the response of plants to [gGThomas and Strain, 1991).

Numerous studies monitoring plant growth under reifpredicted climatic scenarios
using FACE systems have been conducted to datesged. iet al, 2007 for review)
in a diversity of species. Such species includeooptwheat and sorghum (in the
Arizona FACE system (http://www.uswcl.ars.ag.godlep2/co2face.htm)); white
clover and perennial ryegrass (Switzerland) and e ric (Japan
(http://ws234.niaes.affrc.go.jp/riceface/Introdoati to RiceFACE/English/sld001.ht
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m)). The infrastructure of the FACE system may d&lsaltered in order to study the
effects of [eCQ@ on trees. Such experiments include EUROFACEop(lus
euramericana, P. alba andP. nigra (http://www.unitus.it/eurofacef))ASPENFACE
(Populus tremuloides (http://aspenface.mtu.edu/)); and BangorFABEula pendula,

Alnus glutinosa, Fagus sylvatica (http://www.bangorface.org.uk/)).

There are some problems associated with the uSAGE technology. For example,

a large infrastructure is required in order to dypgpe canopy with the appropriate
amount of CQ (Miglietta et al, 2001). Furthermore, there are associated problems
with short-term fluctuations in [C{due to natural turbulence, as well as the cost of
setting up and running such a large-scale expetinfiwever the system does have
the advantage over other experimental systems (ascpen Topped Chambers
(OTCs), Controlled Environments (CEs), solar doneshat it enables researchers to

investigate responses at the ecosystem level.

The type of experimental system used in [g[Cf2udies is known to influence plant
responses (Van Oijedt al, 1999). There have been a number of studies regadtm
effects of [eCQ| on leaf growth mechanisms in FACE systems (Fedtrial, 2001;
Taylor et al, 2003; Trickeret al, 2004) and in open top chambers and controlled
environments (Tayloget al, 2001) which have highlighted the importance of ftdre
data interpretation, taking into consideration tjyge of experimental system used.
Taylor et al, (2001) have shown that the absolute rates of Iethsion inPopulus
were affected by the growth conditions, i.e. FACHC or CE.

1.3 Plant models

Arabidopsis is the most commonly recognised model plant specits ease of
propagation, widespread availability and potenfa genetic manipulation, has
facilitated progression and understanding of comgieocesses in plant molecular
biology. Furthermore, it was the first plant to bats entire genome sequenced (AGI,
2000). However, the practicality of using such anplis limited, especially when
considering experimentation within a broad, ecalabicontext. For example,
Arabidopsis may not be used for investigations into wood fdramaor seasonality of

growth (Jansson and Douglas, 200i)order to study the effects of a wider range of
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biological processes than can be assessefralydopsis alone, thePopulus genus

has emerged as an alternative model species

1.3.1 Populus as a model species

Populus is the model tree genera and includes deciduees such as aspens, poplars
and cottonwoods (Bradshast al, 2000). There are approximately 40 species in the
Populus genus all of which are widely distributed throughothe Northern
hemisphere in a range of diverse habitats (Stetrlay, 2004).Populus, which, along
with Arabidopsis, also belongs to the angiosperm Euroside | cla@dmsson and
Douglas, 2007), is an economically important gemesponsible for pulp and paper,

veneer, engineered wood products, lumber and eqeogluction (Raet al, 2007).

Populus is extensively favoured as a model tree due taapsd growth rate and wide
natural distribution, which, similarly tArabidopsis, provides a huge potential source
of variation. Such properties &opulus ensure direct applications of poplar research
in disciplines such as ecology, conservation, bregdnd biotechnology (Strauss and
Martin, 2004). The natural variation FPopulus is manifested in various aspects of
tree morphology, anatomy, physiology, phenology esgponse to biotic and abiotic
stress (Bradshaet al, 2000).

The Populus genus can be split into 5 sections (Figure 1.Fbjpulus trichocarpa
and P. deltoides, which are the main subjects of this report, bgldao sections
Tacamahaca and Aigeros respectiveBopulus hybrids are common in natural
environments, but some incompatibility exists witland between sections (Figure
1.3.1).
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pruinosa
euphratica
TURANGA
angustifolia
balsamifera
trichocarpa
simonii alba
yunnannensis tomentosa
szechuanica TACAMAHACA LEUCE grandidentata
cathayana tremuloides
maximowiczii tremula
koreana davidiana
laurifolia sieboldii
suaveolens adenopoda
AIGEIROS LEUCOIDES
nigra heterophylla
deltoides lasiocarpa
sargentii wilsonii
fermontii ciliata

wislizeni

Figure 1.3.1.An illustration of possible hybrids in tHeopulus genus, both between
the five sections (main picture), as well as betwspecies within each section
(vertical lines). Green lines indicate fertile ges, black indicate incompatibility, red
indicates difficult crosses, blue indicates no infation available. Diagram adapted
from

http://www.na.fs.fed.us/spfo/pubs/silvics_manudimee 2Populus/Populus.htm.

During the 1920s, the first investigations into fapulus genome took place (Graf,
1921). In 1924 it was found to be comprised of h8omosomes (Harrison, 1924).
The genome is small, relative to other trees (Tray2002; Bradshavet al, 2000).
such as loblolly pine, which has a genome 40 titaeger than that oPopulus
(Brunneret al, 2004). Sequencing of the genomePapulus trichocarpa ‘Nisqually-

1' has now been completed (Tuskaet al, 2006; http://genome.jgi-
psf.org/Poptrl/Poptrl.home). The genomePopulus trichocarpa (410Mb) encodes
more than 45, 000 putative protein coding genesKaiet al, 2006).
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1.4  Transcriptomics

1.4.1 Microarrays

Microarrays have become increasingly popular irnégears as a genomics tool for
investigating the changes in gene expression thafiroon a genome wide scale.
Microarrays are used to determine transcript prefdf entire or partial genomes at a
particular developmental stage or in response terironmental stress or treatment.
They have become useful for studying global gen@ession profiles during plant
development (Brinkeet al, 2004) for example, to study the gene expressiocelh
wall biosynthesis irPinus taeda (Whettenet al, 2001). They allow gene expression
profiling following stimuli such as growth, metaisyh, development, behaviour and
adaptation of living systems to be investigatedafHet al, 2002). The application of
microarray technology allows the relative expressievels of many genes to be
determined simultaneously with a high degree ofsiseity (Aharoni and Vorst,
2001).

1.4.1.1. History

Microarrays are principally a quick and relativeiynple method for analysing gene
expression. Their use can span many different sficedisciplines from medicine to
ecology, allowing expression levels of genes that @mportant in growth,
metabolism, development, behaviour and adaptatibnliving systems, to be
investigated (Heathet al, 2002). Their use far exceeds simple gene expression
analysis of comparing treatment and controlled dasafior example they also can be
used for analysing DNA polymorphisms using Diverdirrays Technology (DArT)
(Jaccoudet al, 2001; Wenzlet al, 2004). Since their adolescence, the technologies
involved in the production, implementation and gsel of microarrays have

improved considerably.

1.4.1.2. Principles

A microarray consists of a number of lengths of Dalfached to a solid matrix. The
process relies on complementary base pairing betwez immobilised DNA on the
slide and that of the sample. In accordance withventional terminology, the
immobilized cDNA on the substrate is referred tates ‘probe’ whilst the extracted

sample population in question is the ‘targefollowing hybridisation the relative
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abundance of the transcripts may be assessed figcingy the intensity of the signal

produced for each probe on the array.

1.4.1.3. Substrates

Nylon filter membranes are one type of substratd thay be used for microarray
construction. Such arrays (termed ‘macroarray®)easy to manufacture and simple
to use. However, with the continuing developmentsiicroarray production, they are
becoming less commonly used. One of the reasortkifis that the probe density on
these membranes is low, thus providing the reseamtth less information than may
be gained by using an alternative substrate sughaas. Furthermore they require the
use of radioactive targets and it is therefore pmdsible to conduct simultaneous
hybridisations of different samples. Instead, thenthrane needs to be stripped and
re-hybridised in order to attain a full data seigtmay be done up to a maximum of
five times). In addition, the large volumes of r@as that are required for the

hybridisations reduce the efficiency of the reattio

Glass is generally the standard substrate of choingcroarray production given that
it has many advantages over other substrates. Oite main advantages is that it
permits the use of fluorescently tagged targetsesinhas low inherent fluorescence.
Fluorescent dyes have a higher resolution tharaative labels and therefore an
increased spotting density on the slide is possilités therefore provides a detailed
picture of global expression. The use of fluoresayres also allows simultaneous
hybridisations to be performed (a strategy not fdessvith radioactive labels). Glass
is inert to high ionic strength buffers and wheated with substances such as poly-L-
lysine, amino-silane or amino-reactive silane, ithenobilization of DNA onto the
surface of the slide is enhanced (Burgesal, 2001). The coatings also enhance the
hydrophobicity of the slides and limit the spredddeposited DNA on the surface
(Duggan et al, 1999). Furthermore, since glass substrates are figid and
transparent, the locations of the probes are eagyentify and thus images of high
quality can be produced (Southetral, 1999). Probes deposited onto substrates such
as nylon do not follow the strict geometric patteghfound on glass substrates
(Dugganet al, 1999) and are therefore spotted at lower densities.
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1.4.2 cDNA microarrays

There are two types of microarrays commerciallyilabée for gene expression
studies; cDNA and oligonucleotide microarrays. cDNAicroarrays are more
commonly used since they are cheaper and easiprottuce than oligonucleotide

arrays, and they do not require full sequence médion for probe production.

There are two categories into which the manufactfrea microarray may fall;
‘synthesis’ and ‘delivery’ (Schena al, 1998). cDNA microarrays fall into the latter
category (the ‘'synthesis’ category is comprisedl@fonucleotide microarrays, which
will be discussed later in section 1.4.3). The maktspotted onto cDNA microarrays
is derived from library collections. They are arfipi by PCR and following
purification, they are deposited onto the subst@atenown coordinates.

1.4.2.1. Experimental procedures

The experimental process of producing a cDNA miceoais illustrated in Figure
1.4.1. The process begins with a reverse trangmigtage to generate cDNA copies
of the original mMRNA population. The two cDNA poptibns are labelled with two
fluorescent dyes with differing absorption and esiois spectra, either during (direct
labelling) or following (indirect) the reverse tsamiption step. The most commonly
used are the cyanine dyes; Cy3, which absorbs &gB52nm and emits at 568nm,;
and Cy5, which absorbs at 650nm and emits at 667 nm
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Figure 1.4.1.A schematic of the process of a cDNA microarrageziment. RNA is
extracted from two sample populations, reversestiaiped and labelled with one of
two fluorescent dyes. The samples are combinedhghddised onto a single array.
Following hybridisation (commonly lasting approxitely 14 hours) the slide is
imaged. The resulting data files are then analysed.

The hybridisation phase of the experiment typicksts for 14 hours. Commonly this
is done using a hybridisation station where the @asnare injected into a sealed
chamber containing the slide. Alternatively, hyisadion may be carried out
manually. The slides are washed and dried follovniylgridisation thus removing any

unbound target material and preparing them forrtitseinto a laser scanner.
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The resolution of the scanner is such that it erasieach of the thousands of probes
on the slide with a resolution of 5-10um per piXéiis process relies on the different
excitation wavelengths of the fluorescent dyes.hEgmot on the array is exposed to
the excitation wavelengths of the two dyes usdtiereaction and the light emitted is
recorded. These intensities are used to generaiparative expression ratios for each

spot on the array.

Following scanning, the intensity data needs to rbatched with the probe
information. This process can be done using comppgiekages such as GenePix
(Axon Instruments, Union City, California). In thmsogram the files from the scans
are loaded and falsely coloured (Cy5 is colouretlaied Cy3 is coloured green). A
grid is laid over the composite image from the talmnnels (i.e. Cy3 and Cy5).
Within each grid are a number of circles which espond to the number of probes in
that area. The GenePix software is used to ovéngircles on the appropriate spots
(a process made easier by the strict geometridaetyuof the spots due to the robotic
deposition of the probes). GenePix will ‘flag’ asgots considered inappropriate for
further analysis e.g. saturated spots (where tieasity is skewed) or those where the
foreground (i.e. spot) intensity is low. The medfzirel intensity of the foreground
data is used for further analysis. Information ba background intensity is gained
from the middle ‘valley’ region between two adjatspots.

1.4.2.2. Limitations associated with the use of cDNmicroarrays

Due to the nature of microarray experiments, tisellte from one single experiment
can provide information regarding the quantitatiy®ridisation data for thousands of
probes. However microarrays may be considered ‘absed system’ and only the
sequences that are represented on the arrays caedseired (Primrose and Twyman,
2006). Therefore the choice of EST collections #at spotted need to be suited to
the purpose of the experiment. Furthermore, prormaptstrons and intergenic
sequences which play a role in gene regulation reve represented on cDNA

microarrays (Mantripragada al, 2004).

Another problem with microarrays is that abundagnes are often over-represented
in cDNA libraries, whereas rarely expressed trapsciand those induced only under

specific conditions are often missing, resultinghia possibility of overlooking some
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important regulatory genes (Breyne and Zabeau, 2@akthermore, there may also
be a problem with cross hybridisation on a micragrTranscripts from genes that
exhibit a high degree of sequence homology havetitential to cross hybridise on

the slide (Breyne and Zabeau, 2001). Thereforeyafaice and EST selection needs
to be considered carefully when designing experismenhe data also needs to be

analysed with an understanding of the limitatiohthe technique.

1.4.3 Oligonucleotide microarrays

Oligonucleotide microarray production is an exangfiehe ‘synthesis’ classification
of technologies (as defined by Schesal, 1998). Here, | will be concentrating on
one particular type of oligonucleotide microarraffymetrix), since it is most
applicable to my work.

Although expensive to produce, Affymetrix microysaare distinctly advantageous

since the probes are designed according to exigengmic sequence data. Therefore
the only limitations on the experiment are the ptgissize of the array and the

achievable lithographic resolution (Lipshuwdizal, 1999). The probes are constructed
in situ by rounds of nucleotide additions, a process npedsible through the use of

photolithography technology, developed by SteveeFahd colleagues (Lipshuét

al, 1999).

1.4.3.1. Photolithography

The technique for oligonucleotide microarray prdeuc using photolithography is
very simple (see Figure 1.4.2). The probes aregdedin silico and the way in which
they are produced ensures there is no risk of pnois&entification as there is with
cDNA arrays (e.g. misidentified tube, PCR contartioreetc). A silane reagent is
added to the substrate (quartz) to provide hydadkyl groups which act as initial
synthesis sites (Heller, 2002). These sites arenebetd with linker groups protected
with special photolabile protecting groups (Hel2002). Upon exposure to UV-light,
the protecting group is removed, which allows natitees to bind. However, in order
to construct probes of specified sequences photasras used which protect certain
probe sites from the light. Upon exposure to lighg protecting group remains intact
and the nucleotides cannot bind. However, the wtides do bind in the areas where

the photomask was absent. The nucleotides thatised in this process all have
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protective groups attached to the 5 end, allowwogtinual progression of probe
production. On the next round of synthesis (i.e.th@ next set of nucleotides), a new
photomask is applied and the required protectingugs are removed from the
forming probes in the appropriate positions. Thelentide set (again attached to a
photolabile group at the 5’end) is exposed to tlteesand they bind where required.
This process ensures that a specific set of proaese made in a highly organised

and coordinated manner.
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Figure 1.4.2.The construction of an oligonucleotide chip uspigptolithography. 1)
Photolabile groups (orange boxes) protect the sitggobe synthesis from the light.
2) A photomask (grey box) is applied which causa®es of the probe sites to be
exposed to the light (illustrated by blue arrov®)The protective groups are removed
upon light exposure. 4) Nucleotides attached tooseptive group are applied to the
surface (in this case guanine). 5) The nucleotidayg only attach where there is no
protective group. 6) A new photomask is appliedhte surface, causing localised
photodeprotection in the required positions. 7)e&md set of nucleotides bound to
protective groups are applied (in this case adénifiee probe sets continue to grow
in this manner following continual rounds of syrdise Diagram adapted from
(Burgesst al, 2001).
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Another important feature of oligonucleotide miarags is the presence of ‘match’
and ‘mismatch’ probes which are used as a contraést for the specificity of the
hybridisation signal. A set of probes are desigf@deach gene represented on the
chip. Each probe represents a portion of that game js generally 20-80mer long. In
the case of both thdrabidopsis Affymetrix Genechip (ATH1) and the Poplar
Affymetrix GeneChip, there are 11 probe pairs 1k paired ‘match’ and ‘mismatch’
probes of 23-mers. The difference between the matchmismatch pair is a single
base change.

1.4.3.2. Experimental procedures

In contrast to cDNA microarrays (dual channel witbmpetitive hybridisation
reactions), Affymetrix oligonucleotide microarragse ‘single channelled’ i.e. one
sample is hybridised on a single slide while theparative sample is hybridised on a
second slide. Samples are compadredlico following the reactions. In this type of
array, mRNA is extracted and reverse transcribeatdéduce first strand cDNA. This
is followed by second strand cDNA synthesis. Trseailiteng double stranded cDNA is
cleaned and followed byn vitro transcription for linear amplification of each
transcript. The antisense cRNA is labelled viaitterporation of biotinylated CTP
and UTP. The biotinylated cRNA is cleaned and fragted to produce products that
are 200 nucleotides (or less) long. The labellemrhented cRNA is hybridised onto
the chip (usually this takes approximately 16 hpuFke chips are washed to remove
unbound cRNA. The microarrays are stained usingtrapgvidin-phycoerythrin
(SAPE) solution. Fluorescence is amplified usingtibylated anti-streptavidin
antibody solution mix and an additional aliquotAPE stain. The arrays are then
scanned. The workflow for an oligonucleotide micrag experiment is illustrated in
Figure 1.4.3 (Information from Upenn School of Mwzde Microarray facility.
http://www.med.upenn.edu/microarr/ and  Affymetrix ttp/services.ifom-ieo-
campus.it/Affymetrix/protocols.php).
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Sample 1 Sample 2
cRNA + biotinylated ribonucleotides cRNA + biotinylated ribonucleotides
! !
Fragment Fragment
! !
Hybridise Hybridise
! !
Wash/ Stain Wash/ Stain
! !
Scan Scan

\ /

Combine data

Figure 1.4.3.The generalised workflow for producing an oligoraatide microarray.
Following RNA extraction, the samples are reveraadcribed to produce first strand
cDNA. Second strand cDNA is then produced and ¥edid by in vitro transcription
for the amplification of each transcript and thearporation of biotinylated CTP and
UTP. The cRNA is fragmented and hybridised. Thero@ays are stained with
Streptavidin-phycoerythrin stain solution and theashed to remove any unbound
material. The chips are scanned and the data igsaan silico. Diagram adapted
from Primrose and Twyman, 2006.

One of the main problems with microarrays is theytonly provide a picture of
transcriptional changes and in some instances,gelsaat the protein level are not
reflected by changes at the mRNA level (Donebal, 2002) and therefore the results
of microarray experiments need to be interpreteith waution. However, while there
is widespread support for the notion that postgcaptional events do have a role in
modulating gene expression, it is generally acaefitat the primary control for gene

expression occurs at the transcriptional level @oret al, 2002).
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1.4.4 Experimental design

The nature of microarrays is such that appropr@&tperimental design requires
careful consideration. Regardless of the sampleemahtto be tested, inaccuracies
may be produced at several stages during the emeetie.g. sample handling,

labelling efficiencies etc.

Appropriate design for microarray hybridisationg @ubject to some controversy.
There is a trade-off between the number of arraguired (according to the
experimental design) and cost. The expense of ngram array experiment (either in-
house or by service) has been a major hindrancemdny experimental studies
conducted to date. The most important considerasoproducing enough data in
order to satisfy the question or hypothesis, whikeeping practical costs to a

minimum.

Replication is an important consideration when giasig an array experiment. In the
context of microarray experiments, replication mefer to

)] spotting genes multiple times on an array

i) hybridising the RNA samples to multiple arrays

1)) using multiple samples to account for inherentdmatal variability

(Kerr, 2003; Kerr and Churchill, 2001)

Technical replication ((i) and (ii) above) addrestige measurement error of the assay
and act to reduce the uncertainty about gene esipresn the particular samples
being studied (Kerr, 2003). When designing an erpamt it is important to
remember that biological replication ((iii) abovis) required in order to produce
results regarding the population of interest (Ke2003). However, increasing
biological replication does present a problem: thunber of arrays required and

hence the cost of the experiment.

Pooling is a strategy used to reduce the numbarrals required for the experiment
whilst still obtaining appropriate information toatsfy the question in hand.
However, pooling RNA samples eliminates the po#igibof assessing biological

variation in the population since the effects vk masked by the presence of
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multiple sample representatives (Kerr, 2003). Tioeee if it is the response of
individuals within a population that is to be intigated, pooling is deemed an
inappropriate strategy. However, if the responsesscdifferent populations was to
be studied, pooling would be appropriate to giveglabal assessment of gene
expression differences. There is an ‘in-betweertsgy where multiple independent
pools from within a population could be studied iideiorski et al, 2003) called
‘composite sampling’.

1.4.4.1. Data analysis

The sensitivity of the microarray technique is sulcht thousands probes may be
spotted onto a single array thus producing a aetalcture of expression differences
between the two populations in question. Whilst mherits of such techniques are
clear, there are also concomitant issues of dealittgvast datasets in order to extract

transcripts that are significantly differentiallypressed between the two populations.

The most desirable feature of a microarray expeartrigethe production of thousands
of data points as a result of a single hybridiggtiproviding a ‘snapshot view’ of
expression differences between the sample popofatio question. However, this
also presents a problem in the guise of data asali/lse sheer magnitude of a single
microarray has led to a significant amount of rededeing dedicated to appropriate

analysis techniques.

Microarray data analysis can be split into four egaties; image analysis,
normalisation, detection of differentially expredsé&ranscripts and data mining
(Wilson et al, 2003). Following image analysis and visual insget(e.g. through the
use of a program such as GenePix (discussed earlgaction 1.4.2)), the resulting
data need to undergo some form of normalisatiommdbsation is essential in order
to ensure that variations either between slide®rora single slide are minimal.
Variations in an experiment can occur at many ciffié stages such as hybridization
and processing procedures or differences in scasmtings. Furthermore, differences
due to the physical properties of the dyes, theieffcy of dye incorporation or
simply unequal starting quantities of RNA cause iatains across arrays

(Quackenbush, 2001; Yamgal, 2002). Despite strict experimental procedures, many
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of these stochastic effects cannot be controlled nbust be corrected in order to

produce meaningful data without the productionatéé positives.

Normalisation removes systematic variation whicle@s measured gene expression
levels (Yanget al, 2002). There are many different types of normabsaprocedures
that may be performed on the data. The type of goe chosen is strongly
dependent upon the experiment and the desired cmupa that are to be made.
Therefore a normalisation that is appropriate foe experiment may not necessarily

be appropriate for another.

The results from a single microarray potentiallyoypde data for thousands of
different genes. Therefore the appropriate analgdighe data requires careful
consideration. Whilst it is important to use an rappiate method so as to not allow
the introduction of type | errors (wrongly definirgy transcript as differentially
expressed), it is also important not to allow tyPeerrors (not reporting a
differentially expressed transcript). Generally tlamalysis depends upon the
experimental design and the method that is chobenld be deemed the most

appropriate for answering the initial question.

The selection of differentially expressed trandsriprovides a set of candidate genes
for further downstream investigation. Historicallyanscripts termed ‘differentially
expressed’ were identified based on fold-changevdst the control and treated
samples (generally a two-fold limit is acceptabl@®jher methods e.g. Analysis of
Variance (ANOVA) have also been used.

The initial results from microarray data analysifl tell you that there ar& number
of transcripts that are differentially expressedwaen conditiona and conditionb.
However, in most instances, it is important to ustind the function of the genes
that have been identified as well as their roléhimithe biological system. Therefore,
in order to further explore the data it is possioleise pathway analysis to ‘hone in’
on regions of interest. Two such pathway packagearalysing microarray data are
freely available on the internet; MapMan (Thinetral, 2004) and AraCyc (Mulleet
al, 2003). Both programs contain metabolic pathway naausfalsely colour the steps

along the pathway according the microarray datatiha been supplied. These tools
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are particularly important where novel transcripsve been identified, and they
provide a user-friendly system for identifying reigs of interest for further, more in-

depth study.

When appropriately analysed, microarrays generafermation regarding gene
expression differences between two or more sampiilptions. The magnitude of
the technology allows the identification of novehrtscripts to be uncovered.
Furthermore, they have been used successfully mmbowation with other genomic

studies (QTL) to identify genomic regions of int&rén response to environmental
perturbation. For example, differentially express#édnscripts identified by

microarrays have been shown to collocate to regainmiterest on the genome in
drought (Streett al, 2006) and [eC¢g) (Raeet al, 2006) experiments iRopulus.

1.4.5 Realtime RT-PCR

The nature of microarrays is such that it permiglabal screen of the samples in
guestion, leading to the production of a list ohdigate genes involved in the
response. Due to the nature of conducting the micay experiment, it is often
deemed appropriate to check the results from #estriptomic study independently
(e.g. Tayloret al, 2005). A commonly used technique for such applceti is
guantitative real-time RT-PCR (qPCR).

gPCR is a technique that can be used to deteriéeetative or absolute expression
levels of mRNA from different samples. This techmeqgis becoming increasingly
popular within the scientific community and hasiesed in a variety of applications
in a range of species including mice (e.g. Teaal, 2004 ) humans (e.g. Jordezisal,
2000) as well as idrabidopsis (e.g. Charrieet al, 2002). gPCR is widely favoured
due to its high sensitivity, since it permits thgaqtification of rare transcripts, or
those that show only subtle changes in gene expre@2faffl, 2001).

1.4.5.1. Principles

The gPCR reaction takes place over a number oesydlhere are three main stages
in each cycle; denaturation, annealing and extaendibe primers used in the reaction
are designed to replicate the target sequenceaeasest. The primers bind at the end of

the target sequence and only the sequence betiegmiiers are amplified. During
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the denaturation step of the cycle, the reactioxture is heated to 90°C in order to
break the hydrogen bonds between the bases of tw&. Ohis results in the
production of two single strands of DNA. During thanealing stage, the primers
bind to the complementary target sequence. A teatper of 40-65°C is commonly
used for the annealing reaction, although this dépen the size and base sequence

of the primers.

The final stage in the cycle is the extension sfe@NA polymerase (eg Taq DNA
polymerase) is required in order to make a copyheftarget sequence. The DNA
polymerase starts the synthesis of the DNA regiahe position of the primers. The
DNA polymerase facilitates the binding of the notides that are free in solution
(dNTPs) with the DNA, and requires magnesium chlras a cofactor. The DNA
polymerase is extracted from bacteria suchltas mus aquaticus (Taq), which are
able to withstand high temperatures (up to 95°Q)is Tproperty is extremely
important due to the high denaturing temperatuggiired at the beginning of each
cycle, therefore eliminating the need to add frB$hA polymerase after each cycle
(Saiki et al, 1988), as was required fdf. coli, the predecessor Of. aquaticus
(Hollandet al, 1991).

The gPCR technique is based on the detection aadtitption of a fluorescent
reporter. There are three main types of fluoresceporter; hydrolysis probes (e.g.
TagMan probes, molecular beacons and scorpionshidiging probes, and DNA

binding agents.

1.4.5.2. DNA binding agents

The DNA binding agents fall into two categoriestenmcalators (e.g. ethidium
bromide) and minor groove binders (e.g. SYBR gre€&hg experimental gPCR work
in this report involved the use of the SYBR greeporter, and it is described here.

The use of SYBR green is a cheaper alternativéagoother varieties of fluorescent
reporters. It uses the modified DNA polymerase fréhermus brockianus (Tbr),
which has been designed to accurately detect sangeh low copy numbers in a
shorter reaction time. SYBR green is specific feDNA only (it will not bind to

ssDNA) and it fluoresces when bound to the amplifédouble-stranded target
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sequence. The SYBR green works in a sequence indepemanner, which therefore
requires a melting curve to be produced which iesrifvhether a single product has
been formed (Ririet al, 1997; Lekanne Deprea al, 2002). Without this post-gQPCR
analysis, there is a risk of generating a falsetipesresult. SYBR green can be used
to validate changes in expression between two ssmigr a number of different
genes (although only one gene can be tested inreackion). This requires specific

primers to be used in the reaction.

The SYBR green molecule cannot bind during the tlgation and annealing phase
of the cycle due to the presence of ssDNA. Durimg éxtension phase, the SYBR
green molecule binds to the dsDNA and a fluoreseesignal is observed. This
process continues and the resulting total fluomesealetected is proportional to the

concentration of the amplified product.

1.5 Proteomics

The technique of proteomics is used to investigla@ePROTEIn complement of the
genOME (the proteome) and can be used to quantdtein levels in response to
different experimental variables. The developirghtelogy of proteomics is one tool
that plant biologists will be able to use in orderfurther improve genomic data
(Bolwell et al, 2004) and help confirm the functional identity @&ngs existing in the
genome. Whilst the merits of transcriptomic studiee well documented, mRNA
levels and protein levels are often not correlaédann, 1999). The study of the
proteome is important for further understandingo itlhe mechanisms underlying
various biological processes, thus providing addal information to transcriptomic

studies

1.5.1 Principles and techniques

There are several different approaches for quangtgprotein profiling, which fall
into two main categories; gel-based and non-getdhabhe most widely documented
technique is a gel based approach which combineswidely used techniques;
electrophoresis and mass spectrometry (8ti&, 2004). In this approach, proteins
are separated by the implementation of two-dimeradigel electrophoresis (hereafter
referred to as 2-DE), where proteins are initiaflgparated according to their

isoelectric point in one dimension and by sodiurdedyl sulphate electrophoresis in
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the 2" dimension (O'Farrell, 1975). Following separatitive spots are excised from

the gel, digested with trypsin and analysed by rspsstrometry (Figure 1.5.1).

There are some disadvantages associated with éhefuDE gels such as the time
taken to produce results as well as the degreexjpérise required to produce a
suitable gel (Quadroni and James, 1999). Furthesn®DE gels are often not an
appropriate technique for detecting some membrao&eips, very large or small
proteins, or those that are either very acidiceny\basic (Gyget al, 1999). It is also
apparent that this technique is not appropriated&iecting proteins present in low
abundance, a problem known to be influenced byye of fluorescent dyes used to
stain the proteins (Jenkins and Pennington, 20®dr).these reasons, non gel-based
methods have recently been favoured, although thexeas yet no reports of such

techniques being used on plant material.
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Figure 1.5.1 Proteomic strategies using 2-DE gels involve sspgy the proteins

according to their pH and molecular weight (a).I6wing gel image acquisition (b) it
is possible to identify proteins specific to eitleendition being tested (highlighted by
the red square). These spots can be excised, eligesth trypsin and the resulting
peptides analysed using tandem mass spectrometry.

There are a number of non-gel based methods algilate of which is termed ICAT
(Isotope Coded Affinity Tags). This technique worky labelling the proteins
containing cysteine residues from two samples thidavy’ (e.g. deuterium) or ‘light’
(e.g. hydrogen) isotopically labelled reagents. TH2AT reagent has three
components. One is an affinity tag (biotin) whislused to selectively isolate proteins
of interest (Tao and Aebersold, 2003). The secartlip a linker to which the stable

isotopes are attached and the third is a thioliBpeeactive group (Gyget al, 1999).
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A similar approach to ICAT has recently been depeth termed ITRAQ (Isobaric
Tags for Relative and Absolute Quantification) (Apg Biosystems,
www.appliedbiosystems.com), which works on a simpainciple, although it is
specific for amine residues rather than cysteisedues (Rosst al, 2004; Zieskest
al, 2006).

1.5.2 Peptide identification and analysis

Mass spectrometry (MS) is used to analyse the geepthus permitting identification.

Principally, MS measures the mass-to-charge raiip) ©f the peptide ions. There are
different types of MS available, but they all have same four components; an

ionization source, mass analyser, ion detectoraath@ta processor.

In order to identify the peptide using MS, they @&w be converted to gas phase ions,
either by Matrix Assisted Laser Desorption lonigati(MALDI) or Electrospray
lonisation (ESI). In experiments where MALDI is dseach sample is placed onto a
UV-absorbing matrix on a target plate. The targetepis pulsed with UV light
causing the desorption of the analyte from the imaind results in the production of
singly protonated molecules. MALDI is usually teaimeith a time-of-flight (TOF)
mass analyser, which measures the time taken daptis to reach a detector and thus
the resulting mass-to-charge ratio can be calalilatece the ions pass through the
detector. The TOF is completed under vacuum andpi@sgsure to ensure the ions do

not collide with air molecules which would impedeit movement.

In this section | shall focus on explaining ESI @sionisation source) and ion traps
(as a mass analyser) only, since they are mostamtido my work. In contrast to
MALDI, where a plate is used, the peptide samptesESI are in acidic solution.
Following chromatographic separation by HPLC (HigRressure Liquid
Chromatography), the samples are loaded into al@eed a high positive voltage is
applied. The protons from the acidic solution dgikke peptides a positive charge and
the sample is discharged into a capillary in themfoof droplets. The solvent
evaporates in the capillary, leaving the protonates behind, which pass into the
mass spectrometer (Figure 1.5.2).
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Figure 1.5.2 A generalised view of the processes associatdtl wlectrospray
ionisation (ESI) to produce protonated ions forlgsia by mass spectrometry. A
voltage is applied to the needle containing theartin aqueous solution). Droplets
of sample are dispelled into a capillary wheredhaplets split due to evaporation of
the solution. This leaves protonated peptides wicah then be analysed by mass
spectrometry. The blue arrow indicates the patithefions. Diagram adapted from
Kinter and Sherman, (2000).

In order to analyse the samples produced from tB8Iprotonated ions then pass into
an ion trap (Figure 1.5.3). Here, the ions are Irela trap due to oscillating voltages.
The mass analysis occurs by sequentially applyifigrohg voltages which permit the
exclusion of particular ions in am/z dependent manner. The ions of particuréz

then pass into the detector for analysis.
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Figure 1.5.3.A generalised view of an ion trap mass analyske ibns (e.g. from
ESI) enter the system and are focussed by a nuoftbenses. The ions accumulate in
the trapping region before being ejected from thécap electrode into the detector.
The blue arrow indicates the path of the ions. BRiagadapted from Kinter and
Sherman (2000).

During the first stage of MS, a precursor ion iglased. In order to gain sequence
information from this ion, it must be further fragnted. This is usually completed in
a process called Collision Induced DissociationD)Clin order to fragment, the
vibrational energy within the chemical bonds muateed its strength (Arnott, 2001).
In CID, the ions gain internal energy through adins with an inert gas (usually
helium). Low-energy CID causes fragmentation atdenronds hence leading to the
production of characteristic ions for that peptigenott, 2001). Thenvz for the
fragmented ions are analysed by a second round $f (Nence tandem mass
spectrometry or MS/MS). The resulting MS/MS datdahien searched using protein

databases for identification.

Similarly to microarrays, appropriate methods o&mfitation are required in order to
unravel the complex results produced from proteoexiperiments thus permitting

meaningful comparisons to be drawn between samfleere are a number of
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databases that have been constructed to aid téwprietation of the results from the
mass spectrometry data including MASCOT (Perlkira, 1999), PepFrag (Qid al,
1997), MS-Tag (Clauseet al, 1999), PeptideSearch (Mann and Wilm, 1994),
SEQUEST (Enget al, 1994) and Sherpa (Taylogt al, 1996). Furthermore, a
centralised proteomics database has recently besated with the aim of sharing
experimental data with other researchers (httpifilormatics.icmb.utexas.edu/OPD)
which will further encourage the use of proteonimsfuture research purposes. The
Stanford Microarray Database (Sherlathal, 2001) constitutes a similar scheme that
has been set up to allow shared access of micyoaata for further transcript

analysis and resources for sharing protein datékaslg to follow a similar route.

1.5.3 Applications

Proteomics has been successfully appliedrabidopsis to study the proteins found
in the cell wall (Chivasat al, 2002). This information has been used to further
knowledge regarding the cell wall in relation taupl growth and development. Many
acknowledged cell wall proteins with known biolagidunction, were identified in
this experiment including expansins, glucanases pabxidases. A number of
previously unnamed proteins, with domains charatterof cell wall proteins, were
also identified. Similar results have also beemtbin alfalfa (Watsoret al, 2004).
The results of these experiments therefore illtsstthat proteomics can provide a
great deal of additional information regarding thection of various constituents of
the cell and also demonstrate the potential fortgmodiscovery by uncovering
various constituents, which had previously goneetexcted using other experimental

procedures.

Proteomics has been used for protein profiling\iabidopsis in response to [eC{
(using 2-DE), although only very small changes ke fproteome were detected
between the treatments (Bae and Sicher, 2004)adtdiso been used to detect in
proteins in response to ozone in rice seedlinggaWgl et al, 2002). With further
developments to the technology, the use of prote®ini plant science in response to

environmental changes may be realised.
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1.6  Aims and hypotheses

The overall aim of the experiments detailed in thissis was to understand how leaf
development and growth is affected by LDhere were three avenues through which
this was assessed; morphology, genes and profiéiesaims and objectives of each

result chapter are given below;

Chapter 3. Populus deltoides and P. trichocarpa originate from contrasting
environmental habitats. The aim of this experimesats to explore the different
growth mechanisms adopted by these two specieshvetne the main subjects of this

thesis.

Chapter 4. The aim of this experiment was to identify theeeté of [eCQ| on leaf
growth and development iR. deltoides and P. trichocarpa. Given the fact thaP.
deltoides has numerous small cells (i.e. leaf size can large attributed to cell
division) andP. trichocarpa has few large cells (i.e. leaf size attributedceil
expansion) it was hypothesized that the two spesiesld respond differently to
[eCQJ.

Chapter 5. Previous reports have indicated that leaf growtktimulated by [eCg)
in Populus euramericana grown at the EUROFACE facility in Italy. The ainf this
experiment was to identify the transcripts involvedhe response to [eGPn P. x
euramericana. It was hypothesized that transcripts involvedyiowth, such as cell

cycle genes and cell wall transcripts would be egpatated in [eCg).

Chapter 6. The aim of this experiment was to identify theeefs of [eCQ| on leaf
growth and development iA. deltoides, P. trichocarpa and genotypes deemed to be
‘extreme’ in terms of yield (the genotypes wereestdd from the Fgeneration of the
P. deltoides x P. trichocarpa cross). There were two hypotheses to be tested ke
first was that the two grandparental speckesdg@itoides andP. trichocarpa) would
respond differently to [eC£Din terms of leaf and cellular growth. Secondtywvas
hypothesized that the two extreme groups wouldomgglifferently to [eCg]. It was
predicted that the low-yielding genotypes wouldesd to a greater degree to [efO
than the high-yielding genotypes.
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Chapter 7. Previous experiments which aimed at identifying tlanscripts that are
differentially regulated as a result of [eg@ielded some disappointing results (see
Chapter 5). The aim of this experiment was to use different types of microarray
platform (cDNA and oligonucleotide) to identify trscripts that were affected by
[eCQO,). Again, it was predicted that transcripts invalva cell wall modification and
cell cycle progression would be up-regulated in @glCbut that this would be

dependent upon the species.

Chapter 8. Two previous experiments have shown that therdeavetranscriptional
differences between the leaves subjected to &l those subjected to [ag]OFor
this reason the protein complement of the leavebetwo species was examined. It
was hypothesized that there may be proteomic éifiees due to [eCDas well as

species differences betweBndeltoides andP. trichocarpa.
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CHAPTER 2

Materials and Methods

2.0 Overview
The following chapter outlines the general materiahd methods used throughout
this thesis. For each subsequent chapter, anyfiepahnique or modification to an

existing method is indicated within the materiatsl anethods section of that chapter.

2.1 Phenotypic analysis

2.1.1 Leaf growth

Leaf images were captured using a Nikon digital @@mEach individual leaf was
placed on a white background alongside a 1cm $zaleThe images were captured at
a 90° angle to the plane of the paper, in ordeeliably estimate the size and shape of
the leaf. Throughout the experiments documentddtigmthesis, leaf one was defined
as the first fully unfurled leaf (from the meristenThe dimensions of the leaves
(length, width and area) were calculated usinglthage J' program, which is freely
available on the internet (http://rsb.info.nih.ggy/ Leaf length was measured from
the point at which the petiole meets the leaf bladihe tip. Leaf width was measured

at the widest point (Figure 2.1.1).

(

Figure 2.1.1.Leaf length was measured from the tip to the bakeye the leaf meets
the petiole (vertical red line). Leaf width was reeeed at the widest part of the
lamina (horizontal red line). Leaf area was measwamund the perimeter of the
lamina only.

J

-
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2.1.2 Leaf anatomy

Tissues sections were sampled into a fixative aoimigr3% (v/v) Gluteraldehyde and
0.1M (v/v) PB (provided by A. Page, University aiitBhampton). Each tissue section
was harvested with a scalpel blade to a size ofcaxppately 10x10mm. In each

experiment where leaf anatomy was studied, the nmahteas sampled from the

second interveinal area of the leaf (where the fimterveinal was the most basal
(Figure 2.1.2). The material was sent to Anton P@gdmeiversity of Southampton

Biolmaging Unit) for sectioning. The mounted sansplgere then visualised using a

light microscope.

o

Figure 2.1.2.Material for leaf ultrastructure was sampled frbra second interveinal
area of the leaf (indicated by the red cross), whike first interveinal area was the
most basal.

2.1.3 Specific leaf area (SLA)

The leaves selected for SLA measurements were gi¢ikem the tree and the
circumference was recorded by drawing around trge e the leaf onto a brown
paper bag. The leaves were placed inside the mgueand dried in an oven (80°C)
for 48 hours. The leaves were weighed after thelytdeen dried. The paper bags were
scanned and the resulting JPEG files were impontedimage J in order to calculate
the area of the leaf prior to drying. The SLA wadcalated by the following
formulae;

SLA= |leaf area + leaf weight
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2.1.4 Cellular impressions

Epidermal imprints were captured according to th@qeol proposed by Ferris and
Taylor (1994). Clear nail varnish was painted orgosmall section of leaf
(approximately 10mmx10mm). The nail varnish wasvaéd to dry and a piece of
sellotape was used to take the impression, which thvan fixed onto a microscope
slide (Ferris and Taylor, 1994). The cell imageseansaptured at 200x magnification
on a light microscope. The areas of the cells waralysed in ‘Image J' and all
measurements were taken in {urn total, ten cells were measured per image to
determine an average cell size per leaf in eaclodital replicate. The average cell
area and average leaf area were used to calchlai@pproximate number of cells in
the leaf (leaf area + average cell size= numb&et$ per leaf). Stomatal density was
calculated by determining the size of the fieldvi@w and dividing it by the number

of stomata in that area (and the same applieditdrame density).

2.1.5 Tree height
Tree heights were recorded using a measuring pbke.reading was taken from the
base of the plant (soil level) to the meristem. Meaments were taken to the nearest

cm.

2.2 RNA

2.2.1 Leaf samples

Leaves were sampled into individual pre-labelled bags and immediately flash
frozen in liquid nitrogen. Where required, samplee transported on dry ice. The
samples were stored at -80°C.

2.2.2 RNA extraction

RNA was extracted using the CTAB extraction methadpted from Chang al,
(1993) by Street (2005) and Tucker (2006). One goareaf tissue was ground in
liquid nitrogen using a pre-chilled pestle and ranriAfter the leaf material had been
ground to a fine powder, 15ml of pre-warmed (65€I)AB extraction buffer (2%
CTAB (hexadecyl-trimethylammoniumbromid) (wWiv), 2% PVP
(polyvinylpyrrolidone) (w/v), 100mM Tris-HCI (v/v)25mM EDTA (ethylenediamine
tetraacetic acid) (v/v), 2M NaCl (v/v)) was addethng with 400ul 2.67% (v/Vvj}-
mercaptoethanol. After a brief period of incubatiah 65°C, 15ml CHISAM
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(Chloroform: Isoamyl alcohol, 24:1) was added te tmaterial, which was then
centrifuged (2000 g) for 20 minutes. The upper phase was transfeoednew vessel
after which a further 15ml CHISAM was added and shenple re-centrifuged. The
upper phase was transferred and precipitated atttC3ml of 10M lithium chloride

overnight (approximately 18 hours).

The samples were centrifuged (98@0for 30 minutes) at 4°C, to form a pellet which
was dissolved in 700ul SSTE (11.7g 1M NaCl (w/vph% SDS (v/v), 10mM Tris-
HCl (v/iv) (pH 8.0), 1ImM EDTA (v/v)), pre-warmed t60°C. The sample was
incubated for five minutes at 60°C after which 70@HISAM was added. After
centrifugation (9300 g for ten minutes) the upper phase was transferret the
CHISAM step repeated. Two volumes (1.2ml) of 99.8#%anol was added to the
supernatant, which was allowed to precipitate foe diour (-80°C). After a further
centrifugation (15,7009 for 30 minutes) at 4°C, the pellet was washed a@width
1ml 70% ethanol (v/v) and centrifuged (930§ for two minutes) at 4°C following
each one. The pellets were dried and re-suspended 50ul DEPC-

(diethylpyrocarbonate) treated water.

2.2.2.1 RNA quantification

The concentration of RNA was measured using theobi@mp spectrophotometer
(ND100, NanoDrop Technologies, Deleware, USA). Thuality of the RNA was

checked using either an RNA electrophoresis ged (sgow) or the Agilent 2100

Bioanalyser (Agilent Technologies, Waldbronn, Gemgja according to the

manufacturer’s instructions. The use of an elettoogsis gel or the bioanalyser is
indicated in the materials and methods sectionshefrespective chapters of this

thesis.

The RNA gels were prepared by making a 10x MOPS8tisnl (41.9g MOPS, 6.8g
sodium acetate, 2.6g EDTA in one litre of de-iodigéq2) water). The pH was
adjusted to 7.0 using 1M NaOH. The gel was madelibgolving 1g of agarose in
100ml 1x MOPS in a microwave oven. The solution wast and allowed to cool and
set. 1l of RNA was loaded onto the gel usingl AaxMOPS/ ethidium bromide mix
(5ul ethidium bromide in 1ml 1x MOPS solution), and Bading dye (glycerol: TE
buffer (1:1) and Orange G). The gel was pre-rurO{)0Ofor ten minutes prior to

57



Chapter 2

loading to remove any RNases from the sample welis. gels were viewed using a
UV-imager (Alpha Imager 1220 v5.04, Alpha Innoté&brporation).

2.3 Microarrays

2.3.1 POP2 microarrays

RNA was extracted from the leaves as describeceation 2.2. The POP2 cDNA
microarrays were used for this set of experimestdescribed in (Sterkst al, 2004).
Each microarray consisted of 24,735 probes reptiesenr100,000 ESTs. The ESTs
represented on the microarrays were derived frondiff8rent tissues (Sterkst al,
2004).

The POP2 microarrays and associated reagents weved@d by the Umea Plant
Sciences Centre (UPSC) in Sweden. The cDNA synshasieroarray hybridisations,
image and data analyses were all conducted at UPIS&GeneSpring analyses were

conducted at the University of Southampton.

2.3.1.1 cDNA synthesis

The cDNA syntheses began withyg0of the extracted total RNA suspended jd 9
DEPC treated water. The RNA was denatured with df Oligo (dT)-anchor
(5mg/ml) and the reaction was heated at 70°C far fininutes before being chilled on

ice.

MRNA was reverse transcribed by the addition offdtewing reagents; @ 5x RT
buffer, 7.4 DEPC water, gl DTT (10mM) 0.6 50x dNTP mix (25 mM dATP,
dCTP, dGTP, 20mM aa-dUTP, 5 mM dTTP)) RNase inhibitor and@ Superscript
Il. The reaction was incubated at 42°C for 3 hollite reverse transcription reaction
was stopped by the addition of d@®.5M EDTA, the RNA was degraded with O
1M NaOH. Following incubation at 65°C for 15 minsitésQul 1M HEPES (pH 7.0)

was added to neutralize the reaction.
The cDNA was purified using Microcon 30 columns (¥3@, Milipore, MA, USA)

according to the manufacturer’s instructions. TB&A was eluted with 50 dH,O

and the concentration was determined using the dtapo spectrophotometer
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(NanoDrop Technologies, Deleware, USA). The samplese dried in a Speedvac
(Savant, DNA SpeedVac) at 40°C for 60 minutes.

2.3.1.2 Probe labelling

The cDNA was re-suspended inld®.1M NaHCQ (pH 9.0). Mono-reactive NHS-
ester Cy3 (PA23001 GE Healthcare, Uppsala, Swedrd) Cy5 (PA25001) were
suspended in 8 DMSO. 1Qul of the re-suspended dye was then added to theAcDN
The samples were incubated at room temperatutevoand a half hours.

The labelled samples were purified using GFX colsni@E Healthcare, Uppsala,
Sweden). 500 of Capture Buffer was added to each of the |l&gelamples, mixed,
and then transferred to a column. Following cemddgttion (13,800 g for 30s) the
columns were washed three times using u6080% ethanol, with intervening
centrifugation stages between each wash. The calumene added to fresh eppendorf
tubes following the washing stages. The sampleg wieited twice using 36 Elution
Buffer (pre-warmed to 65°C), which was added toheemlumn. The samples were
centrifuged after each elution. The dye incorporatvas measured on the Nanodrop
spectrophotometer. The Cy3 labelled samples werdbtwd with the corresponding
Cy5 labelled samples (making a total of {40 The samples were dried in a
Speedvac to §2.

2.3.1.3 Hybridisation

The hybridisations were conducted using an ASP diated Slide Processor,
Lucidea ASP Hybridisation Station, Amersham-Phaima8iotech, Uppsala,
Sweden). The pre-hybridisation of the microarrages was initiated just prior to the

dye purification stage.

To the labelled cDNA, a solution containing 25% mRamide, 5x SSC, 0.22% SDS,
1ul tRNA, and 0.42 pg Oligo-dA(80mer), was addelde Famples were denatured at
95°C for two minutes and then chilled on ice fos3The samples were immediately
injected into the ASP chambers. The pre-hybridisatbuffer contained 50%
Formamide, 5x SSC and 2.5x Denhart’s solution. diltes were hybridised at 42°C
for 13 hours. Wash buffer (WB) | consisted of 0.88C, 0.03 % SDS; WB II
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consisted of 0.2x SSC and WB Ill was 0.05x SSC,\2 KPO,. Isopropanol (100%)

was used to clean slides after washing.

2.3.1.4 Scanning

The arrays were scanned at four settings of incrgdaser power and PMT (Laser
power — 60, 80, 100, 100 %; PMT — 70, 70, 70, 80a%)0um resolution, using a
ScanarrayLite Microarray Analysis System scanneriREImer).

2.3.1.5 Image analysis

Spot data were extracted using GenePix (versionP4dl Axon Instruments Inc,
California, USA). Settings for spot diameter resfeature were set to <75% and
>150%. The CPI (Composite Pixel Intensity) wastge300.

2.3.1.6 Data analysis

All the POP2 microarray data is publicly availafitp://www.upscbase.db.umu.se/).
Within the database, the data from Chapter 5 caiolored under ‘Experiment 0035,
whilst that in Chapter 6 as ‘Experiment 0085’.

The data output from GenePix was imported into UIBBRGSE for quality control and
data analysis. Quality control was conducted ugilng-ins, essential for analysis in
UPSC-BASE (see Sjodiet al, 2006). Median foreground intensities were usethén
analysis. Regression analysis was applied to thépleuscans to produce a unified
dataset from which spot intensity data was extch(ridleyet al, 2002). A stepwise
normalisation process was used for data normalisatpots flagged as bad had a
negative weighting factor of 0.1 applied to thenat®were filtered based on the A-

value ((logR + log2 G)/2) to remove spots with low intensitiedoth channels.

B-statistics, implemented in the LIMMA package far(Smyth and Speed 2003,
Smyth 2004; http://bioinf.wehi.edu.au/limma/) andde available as a UPSC-BASE
plug-in, were used to select genes with a high qodiby of differential expression.
Bayesian statistics computes the probability okaegbeing differentially expressed.
A ‘B-value’ of zero equals a 50:50 probability affdrential expression where as a B
value of 3 represents approximately 95% certaiftyiféerential expression (exp[3] /

(1+exp[3])) = 0.95, or 95 %). B-values are autowsdly adjusted for multiple testing
60



Chapter 2

with a FDR of 0.05. In the experiments describecChapters 5 and 7 a B-value of
zero was used as an arbitrary cut off for considegenes differentially expressed.
Data was imported into GeneSpring 7 (Silicon GesetRedwood City, California)

for subsequent analysis and visualisation.

2.3.2 PICME microarray

The PICME (Platform of Integrated Clone Managemeanitroarrays consist of
approximately 26,000 ESTs from a number of coleewi including leaf and root
libraries fromP. trichocarpa x P. deltoides, wood libraries foP. alba x P. tremula

and stress conditions froh euphratica (www.picme.at).

The cDNA syntheses, microarray hybridisations, iemagd data analyses were all

conducted at the University of Southampton.

The RNA was extracted using the modified maxi-CTéfraction method (Charey
al, 1993; Street, 2005; Tucker, 2006) as describegdation 2.2.

2.3.2.1 cDNA synthesis

To the RNA sample (100ug in 15ul DEPC-treated watenl of anchored Oligo-
(dT) was added. The sample was denatured at 65°@rfoninutes and chilled on ice.
A master mix was prepared using 6ul 5x first strbatfer, 1l 50x dNTP, 3ul DTT,
1pl RNase inhibitor, 1l superscript 11l per reaati 13ul of the mastermix was added
to each sample and was incubated at 48°C overfagiproximately 16 hours). The
reaction was stopped usingul®.5M EDTA and the RNA was degraded withul0
1M NaOH with a subsequent incubation at 65°C forniiGutes. Finally, 501 1M
HEPES (pH 7.5) was added to neutralise the reaction

The cDNA was cleaned using the Qiaquick columnsagén). 500ul binding buffer
was twice passed through a column and centrifugetb Z00x g for one minute.
Phosphate wash buffer was used (750ul for eadireé twashes) and the column was
dried by centrifugation at 15,70@ for one minute. The cDNA was eluted twice in

30ul 0.1M NaHCQ by centrifugation at 15,7@0g for one minute, making a final
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elution of 60ul per sample. The concentration oNéDvas checked on the Nanodrop

spectrophotometer.

2.3.2.2 Probe labelling

The cDNA was combined with an aliquot of Cy3 or Gl and incubated at room
temperature in the dark for two and a half hoursgQick columns (Qiagen) were
used to clean the samples (three washes with @@@uffer PE). The labelled cDNA

was eluted twice in 50ul of elution buffer for eagdmple. The sample labelled with
the Cy5 dye was eluted into the same vessel asdiresponding sample labelled
with Cy3, making a total of 200ul. The dye incomuarn and cDNA quantity results

were obtained from the Nanodrop spectrophotometer.

2.3.2.3 Hybridisation

Each microarray slide was placed in a coplin staar containing pre-hybridisation
buffer (formamide 50% (v/v), 5x SSC, 0.1% SDS (w@)Lmg mf' BSA). The slides
were incubated at 42°C for one hour. Following lmation, the slides were removed
and placed into a bath of WB Ill (0.2x SSC) forefiminutes, a second bath with
WBIII for a further five minutes, one 30 second was dH,O, one minute in boiling
dH,O and one minute in 100% ethanol (pre-chilled t&)4°The slides were
centrifuged (300& g) and stored in a sealed tube until loading int hiibridisation

station.

The samples were denaturated with 50ul formamiégl DEPC water and 25ul
hybridisation buffer was added to the labelled cDE&mples. The samples were
heated at 95°C for one minute. The microarray slidere loaded into the HS400
hybridisation station (Tecan, Reading, UK) and veaklior one minute with pre-
hybridisation buffer (50% formamide (v/v), 5x SSIC1% SDS (w/v) and 0.1mg fhl
BSA.) The prepared samples were then loaded andlittes were hybridised for 16
hours at 42°C with low agitation frequency. Follagihybridisation, the slides were
sequentially washed for one minute each with WBxI$SC, 0.2% SDS), WBII (0.1x
SSC, 0.1% SDS), WB Il (0.2x SSC), gbl and ethanol (100%). The slides were

finally dried using pure Ngas.
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2.3.2.4 Scanning and image analysis

The slides were scanned using a Genetix Acquirarg&egGenetix, Hampshire, UK).
Each array was initially scanned at a resolutio@im in order to manually adjust
the PMT voltage levels and balance the Cy3 and &@whinels. The slides were then
scanned at a final resolution ofurff according to the PMT settings deemed
appropriate in the 30n preview scan. The two .TIFF files (one for eatlihe two
channels) were imported into GenePixPro 5.1 (Axestruments, Union City,
California). The GenePix program and the associd&#&R file for the PICME
microarray were used to analyse the results ostlam. This was required in order to
‘flag’ bad spots (e.g. those that were saturateaboormal) and to manually check for
any deposits left on the slide following hybridisat (e.g. dust or salt). Following the
automatic spot detection by GenePix and the mach&dk, the program was used to
calculate the mean and median pixel intensity @hespot. The ‘background’ was
calculated using the pixel information in the “eafl between adjacent spots (Yagtg
al, 2001). The information for each slide was storedainGPR file for further

analysis.

2.3.2.5 Data analysis

The data was normalised using locally weighteddimegression (LOWESS), which

is a commonly used transformation in microarraydi&s (Quackenbush, 2002). B-
statistics were again used for statistical anal{sse section 2.3.1.6). The normalised
data was imported into GeneSpring 7 (Silicon GesetRedwood City, California)

for subsequent analysis.

The raw data files for all of the microarray expeents are available on the appendix
CD at the back of this thesis.
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2.4  gPCR

Total RNA was extracted as described in section 2.2

2.4.1 cDNA synthesis

Prior to cDNA synthesis, contaminating genomic DNvas digested using the
TURBO DNase-free kit (Ambion). 0.1 volumes of DNdméfer and 1pl DNase were
added to the sample. After 30 minute incubatioB7&C, a further 1ul DNase was
added followed by a second incubation. 0.2 voluofebe inactivation reagent were
added to the sample and the supernatant was renafteedh centrifugation at 10,000

x g for one and a half minutes.

A mastermix containing 6l 5x first strand buff@sSQmM Tris-HCI (pH 8.3) (v/v);
375mM KCI (v/v); 15mM MgCl(v/v)), 3ul 0.1 M DTT (dithiothreitol), 1ul dNTP,
1ul RNase OUT and 1pl Superscript Il per reactoas prepared for the cDNA
synthesis. The RNA was incubated with 1ul oligo )¢dTprimer at 70°C for five
minutes after which 12ul of the prepared mastemvas added. The initial incubation
was one hour at 50°C and the RNA was degraded Bgihgf 5M NaOH. The cDNA
was cleaned using the QIAquick PCR Purification gQiagen) using 500ul buffer
PB, 500ul buffer PE and an elution volume of 50uffdr EB. The concentration of
cDNA was measured on the NanoDrop spectrophotom@&tes concentration of
cDNA ranged from 2-10ng/ul.

2.4.2 Primer design
Primers were designed using the programme ‘BeacassigDer 4.0’ A temperature
gradient experiment was conducted in order to detey the best annealing

temperature for the primers (data not shown).

2.4.3 qPCR reactions

In each 20ul reaction, 10ul Dynamo SYBR green nmaske (SYBR green,
Finnzymes, GRI, Braintree, UK), 8.4ul DEPC treatedter, 0.6ul primer mix
containing 10 uM forward and reverse primers, anbdcDNA template, were added.
All pipetting was conducted on ice.
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2.4.4 Programme parameters

The plates were run on the DNA Engine Opticon 28ys(MJ Research). After the

initial heating step of 95°C for ten minutes at beginning of each run, the plates
were run at 94°C for ten seconds for the denatwgiep, annealed at 56°C (known to
be the optimum temperature for the primers, datashown) for 20 seconds and

extended at 72°C for 20 seconds. A melting curedyced at the end of each run was

used to check for secondary products (Retial, 1997).

2.4.5 Data analysis

Data was analysed using the LinReg program. Thsageh is based upon linear
regression in order to calculate the starting cotraon of mMRNA and the PCR
efficiency of each sample. The ratios were caledaising the method outlined by
(Pfaffl, 2001) (equation 1).

ACP (control-sample)
(Etargea target

Ratio=
ACP  (control-sample
(E ref) ref( Ple)

Equation 1. The results from the gPCR data were analysedgusie method
proposed by (Pfaffl, 2001). Target= target samplef= reference sample, E= PCR
efficiency for the sampleACP is the CP deviation of (control — sample) of the
transcript, where CP is the point at which theoféscence rises above the
background levels (Pfaffl, 2001).
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CHAPTER 3

Leaf development in two contrastingPopulus species

3.0 Overview

The leaves of a plant represent adaptable appesidabeh act as the main interface
connecting the plant with its immediate environmefiey are crucial to plant
function since they determine overall productivithis thesis mainly focuses on two
phenotypically distincPopulus speciesP. deltoides andP. trichocarpa. Prior to any
experiments regarding environmental perturbatibig important to understand how
the two species grow under ambient conditions. Thespter outlines some general
characteristics of the two species following spdiia. developmental stage profile)
and temporal growth measurements. By studying leathand epidermal cell profiles
the results show that the two species have comtgagtowth strategies. This suggests
that it is likely the two species will respond eiféntly to increased carbon availability
in future studies into the effects of [eg©@n growth.
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3.1 Introduction

The cellular characteristics of a leaf may be abersd to be due to the influence and
execution of the cell cycle. There are two coningstheories that attempt to define
the relationship between plant growth and the @gdle. In the Cell Theory, cells are
considered to be the ‘building blocks’ of the origam and growth therefore depends
on the rate at which the cells are produced andsittee they reach. Conversely, the
Organismal Theory states that cell division is assguence rather than a cause of
growth (Beemsteet al, 2006). In this scenario, cells are considerectaspartments

in organismal space’ (Beemsttral, 2003). Neither theory alone adequately explains
the link between the cell cycle and plant growthause they are so intricately linked
(Beemstekt al, 2003).

The dimensions of a leaf are dependent upon thebauand the size of the cells of
which it is comprised. Therefore the growth of aflean be considered to be the
result of two tightly coordinated processes; celbansion and cell production. The
extent to which these processes contribute to e area is dependent upon the

species under scrutiny (Ferdisal, 2002).

The study of leaf growth in dicotyledonous plantesgnts a challenge when
compared to a monocotyledonous plant, such as,dgoassxample. Here the cells are
arranged into ‘files’ and can be segregated intgistbn’ and ‘elongation’ zones
(Fiorani et al, 2000). In dicotyledonous plants however, growth nsore
heterogeneous, making detailed studies of growtteramore challenging (Fiorani
and Beemster, 2006) although artificially partitiugnleaves using a grid (Granier and
Tardieu, 1998) or using leaf veins as boundary erarkTayloret al, 2003) has been

used successfully to calculate cellular growth (&terani and Beenster, 2006).

Populus deltoides and Populus trichocarpa represent two phenotypically distinct
members of thePopulus genus.P. deltoides (commonly known as the Eastern
Cottonwood) is prevalent in the South East of timiédl States of America, whilt
trichocarpa (commonly known as the Black Cottonwood) origisate the North
West, with a range spanning from Alaska to Cali@rifFigure 3.1.1). These
contrasting areas of natural distribution will iftably expose the two species to

different environmental conditions and stressesl bence they will have adapted
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different means by which to adapt to the local ¢owls. For example, they are
known to have contrasting responses to water dé8tieetet al, 2006).

Along with the advantages associated with using $wecies with vast phenotypic
differences in leaf development studi€s,deltoides and P. trichocarpa have also
been successfully used to create amBpping population (‘Family 331’) (Bradshaw
et al, 1994).

Ptrichocarpa
77} P deltoides

Figure 3.1.1. P. trichocarpa and P. deltoides originate from different regions of
North America. WhilstP. trichocarpa is mainly distributed in the North Wed®,
deltoides is generally located in the South East of the tgunThe leaves of.
deltoides (right) andP. trichocarpa (left) are phenotypically distinct. The species
distribution map was adapted from Ceulemans, (1990)
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The aim of this thesis was to develop an undergtgnaff leaf growth in relation to
changing environmental conditions (i.e. [ef)O Populus trichocarpa and P.
deltoides represent two contrasting models in which to stiedf development. The
aim of this experiment was to test the hypothdsas the growth strategies governing
leaf size and shape were different in the two gse@grown under normal climatic
conditions) and consequently that they would befulseodels for exploring the
underlying responses to [eGlOn subsequent studies. In particular, the expenim
focussed on the study of spatial and temporal dgaivth in the two species. The
spatial differences in epidermal cell dimensionseagiscussed, rather than a detailed
kinematic analysis of cellular growth Fopulus, which was beyond the scope of this
chapter.

3.2  Materials and Methods
In 2002, Populus deltoides and Populus trichocarpa hardwood cuttings were planted
in the grounds of the Boldrewood campus at the &hsity of Southampton. The trees

were planted approximately 30 cm apart and werback after every year of growth.

During the growing season of 2004, fdirdeltoides and fourP. trichocarpa trees
were randomly selected from the collection in oreobtain a profile of leaf growth.
Photographic images of leaves one to ten (whereoagevas the first fully unfurled
leaf from the shoot meristem and age ten was arméaf) were sampled and a small
length of thread was tied around the petiole ofl#ases to act as a marker to follow
the progression of development over time. The fsets of photographs were
collected on the TDAugust 2004. The second sets of photographs va&enton the
13" August 2004.

Abaxial epidermal imprints of leaf ages one toftem both species were sampled on

the 13" August 2004. The cell images were captured onissZeicroscope.

69



Chapter 3

3.3 Results

In order to investigate the growth characterisat$. deltoides andP. trichocarpa,
leaf images were captured at two different timeafmito construct a spatial and
temporal profile of growth, individual to each s@sc The images were collected
from the youngest unfurled leaf (age one as deforethe first day of the experiment)

to the mature leaves (the measurements were disuedtafter age ten).

3.3.1 Leaf growth analysis

The results from the leaf area analysis of the $yecies are shown in Figures 3.3.1
and 3.3.2. The results in Figure 3.3.1 show th& ideltoides, there was a significant
difference in leaf size between the first and sdomeasurements, in leaf ages one to
four. This suggests that beyond age four, leaf groslowed until maturity. IrP.
trichocarpa however, there was a significant difference irf l#ae between the two
time-points in ages one to three. It is worthy tenthe differences in leaf size
between the two species. The average leaf ar@a deltoides was generally much
larger thanP. trichocarpa. The maximal leaf area attained (incidentallyagé eight

in both species) iR. deltoides was approximately double that®ftrichocarpa.
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Figure 3.3.1. The average leaf area P deltoides. The leaves were tagged and
photographed on the T®ugust 2004 (solid triangles) and these same keawze re-
measured on the £3August 2004 (open triangles). Leaf one was defmethe first
fully unfurled leaf (i.e. the youngest leaf) on dage. The results of a one-way
ANOVA are provided on the graph (*p>0.05, **p>0.04ong with standard error
bars. n=4.
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Figure 3.3.2 The average leaf area I trichocarpa. The leaves were tagged and
photographed on the $August 2004 (solid squares) and these same |eesesre-
measured on the T3August 2004 (open squares). Leaf one was defisethe first
fully unfurled leaf (i.e. the youngest leaf) on dage. The results of a one-way
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ANOVA are provided on the graph (*p>0.05, **p>0.04ong with standard error
bars. n=4.

Figures 3.3.3 and 3.3.4 show the Absolute GrowtteRREAGR) and Relative Growth
Rates (RGR) of leaves one to ten of the two spediles results indicate that there
was a statistically significant difference betwebe two species at age three only,
where the growth rate d?. deltoides was greater thaR. trichocarpa. The average
relative growth rate ifP. deltoides was consistently greater i deltoides compared
to P. trichocarpa. At leaf age three there was a statistically gigamnt difference

between the two species. In general, beyond agthsileaves of both species began

to shrink.
*
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Figure 3.3.3 The average AGR of leaves one to terrireltoides (black triangles)
andP. trichocarpa (grey squares). Leaf one was defined as thefiiistunfurled leaf
from the meristem (i.e. the youngest leaf) on dag ¢10" August 2004) of the
experiment. The results of a one-way ANOVA are pies on the graph (*p>0.05)
along with the standard errors. n=4.
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Figure 3.3.4 The average RGR of leaves one to teR.ideltoides (black triangles)
andP. trichocarpa (grey squares). Leaf one was defined as thefiilstunfurled leaf
from the meristem (i.e. the youngest leaf) on dag ¢10" August 2004) of the
experiment. The results of a one-way ANOVA are pies on the graph (*p>0.05)
along with the standard errors. n=4.

3.3.2 Leaf shape index analysis

In conjunction with leaf area data, changes in thafensions in the species over time
were also calculated. The results from the analgssshown in Figures 3.3.5 and
3.3.6. InP. deltoides, leaf shape dimensions were statistically sigaifity different in
ages one to four. Beyond this age however, theme we differences between the
data obtained on the two days, therefore suggeshiag the leaves maintained a
consistent shape. IR. trichocarpa however, there was a significant difference in
length to width ratio in age one only. This suggekat whilst growth continued up to
age three (see Figure 3.3.2), the leaves maintdimeid shape and therefore grew

proportionally across the medio-lateral and proxuigial axes.
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"

Length to width ratio
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Figure 3.3.5.The average length to width ratio for each leaf agP. deltoides. The
length and width of the leaves were both measuradm. The solid triangles show
the results on day one of the experiment"(Aigust 2004) whilst the open triangles
illustrate the results on day two {12ugust 2004). The standard errors are provided
on the graph along with the results of a one-wayDMA (*p>0.05, **p>0.01). n=4.
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Lengthto width ratio
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Figure 3.3.6.The average length to width ratio for each lea# agP. trichocarpa.
The length and width of the leaves were both measur mm. The solid squares
show the results on day one of the experimenf' (A0gust 2004) whilst the open
squares illustrate the results on day two(B&igust 2004). The standard errors are
provided on the graph along with the results ohe-avay ANOVA (*p>0.05). n=4.

3.3.3 Cell Growth Analysis

Abaxial epidermal cell impressions were sampledamalysed from leaves one to ten
on day two of the experiment (‘f[3\ugust 2004) folP. deltoides andP. trichocar pa.
There were a large number of trichomes in the ydaeages of. trichocarpa relative

to the equivalent leaf age h deltoides (data not shown).

The results in Figure 3.3.7 illustrate the differes in cell area i®. deltoides andP.
trichocarpa. The cells ofP. trichocarpa were consistently larger than those Fof
deltoides at each leaf age (and were statistically signifiigadifferent between the
two species in the majority of leaf ages). Theet#hce between the two species was
most pronounced in the mature leaves. The resualtFigure 3.3.8 show the
approximate number of cells at each leaf age irtwloespecies. The results indicated
that P. deltoides consistently had a greater number of cells inléa@es in each age
group. It can therefore be concluded that the tpecies attain final leaf areas in
different ways. WhilstP. deltoides attains its leaf area primarily by cell production

cell expansion is more important in determining Bae inP. trichocarpa.
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Figure 3.3.7.The average epidermal cell areas of leaf agedmten inP. deltoides
(black bars) andP. trichocarpa (grey bars). The cell impressions were sampled on
day two of the experiment (TGAugust 2004). Leaf one was defined as the firly fu
unfurled leaf on day one of the experiment"{#ugust 2004). The standard errors

are shown on the graph. The results of a one-wa@¥A are shown on the graph
(*p>0.05, *p>0.01, **p>0.001). n=40.
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Figure 3.3.8.The average epidermal cell number per leaf of agesto tenin P.
deltoides (black bars) andP. trichocarpa (grey bars). The cell impressions were
sampled on day two of the experimentf18ugust 2004). Leaf one was defined as
the first fully unfurled leaf on day one of the eximent (18 August 2004). Average
epidermal cell number was calculated by dividing teaf area by the average cell
area for each biological replicate. The standardrgrare shown on the graph. The
results of a one-way ANOVA are shown on the grapp>0.01, ***p>0.001). n=40.

3.4  Discussion

Populus deltoides andPopulus trichocarpa represent two phenotypically distinct tree
species. The aim of this chapter was to provideeskey information regarding how
the leaves of these two species grow, both spati@y building a profile of
development for the leaves in chronological oréed temporally (by monitoring the

growth at two points in time).

3.4.1 Leaf growthin P. deltoides and P. trichocarpa

Temporal changes in leaf growth were calculatedHertwo species by recording leaf
dimensions at the beginning of the experiment, r@peéating the measurement after
three days. IrP. trichocarpa, there was a significant difference in size faflages
one to three between the two time-points, sugggshiat the leaves were still in the

process of growing. However, iR. deltoides, there was a statistically significant
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difference in leaf ages one to four. This differermetween the two species may

reflect differences in leaf maturation rate or Ipedduction rate.

There was a significant difference in growth ragdween the two species at leaf age
three (Figures 3.3.3 (AGR) and 3.3.4 (RGR)), wHerdeltoides had a significantly
higher growth rate compared R trichocarpa. The growth ofP. trichocarpa leaves
was declining at this point since there was noiBggnt difference in temporal leaf
growth at age four in this species. Once fully matuhe leaves of both species
shrunk, (Figure 3.3.3 (AGR)). This happened morenaturely inP. trichocarpa

(leaf age six), thaPR. deltoides (leaf age seven).

The availability of carbohydrates affects the gtowdand development of non-
photosynthetically active tissues (or ‘sinks’), lsuas roots, seeds, internodes and
young leaves (Kehet al, 1998). The ‘sources’ are represented by photosyicth
tissues i.e. mature leaves, which act as net esqqgoof sucrose. The higher number of
actively growing leaves iR. deltoides therefore suggests that there may have been a
greater sink demand in this species thaR.itrichocarpa. It has been estimated that
leaves of dicotyledonous plants stop importing pegtthate and begin to export it
when they are 30-60% expanded (Turgeon, 1989),hwhkiauld have corresponded to
leaves four to five iP. deltoides and two to five irP. trichocarpa (based on maximal

leaf area data from day one).

By considering this result in the context of thertte of the thesis it is possible to
imagine a difference in COesponse between the two species. Indeeiichocarpa
has been shown to respond to a greater degre€@][¢hanP. deltoides in an open-
topped chamber experiment (Ratal, 2006). Sucrose availability affects growth and
could be considered as one of its limitations. Hest increase in sucrose availability
due to [eCQ exposure could affect the species differently doethe differing
requirements for sugar (inferred from differing ksistrengths) leading to altered
growth. Furthermore it has previously been showat tihe ratio of expanded to

expanding leaves affects the response to [g@dPopulus (Wait et al, 1999).

The rates of cell division and expansion at eaafgesin leaf formation contribute to
final leaf shape (Tsukaya, 2003; Kim and Cho, 20@&)ring the maturation db.
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deltoides leaves, continued meristematic activity at theebasntributes to the
production of a wider leaf (Van Volkenburgh and [Bay 1996). The investigation
into differences in leaf shape was conducted bgutating leaf length to width ratios
(the ‘leaf shape index’). There was a significaiffiedence in length to width ratio in
the youngest studied leaf (age onepinrichocarpa. Beyond this age however, there
was no difference in the leaf shape ratio over tim®. deltoides however, there was

a significant difference in temporal leaf shapages one, two, three and four. Since
temporal growth irP. trichocarpa continued until leaf age three (Figure 3.3.2), the
results suggested that this species maintainechstart shape over time by growing
proportionally across the proximo-distal and meldieral axes. Conversely, temporal

growth inP. deltoides was significantly different until leaf age fourigkre 3.3.1).

3.4.2 Cellular basis of growth inP. deltoides and P. trichocarpa

It has been hypothesized that the epidermal cg#irlgoverns plant growth (Scheres,
2007). The growth restriction is in part due to #ution of brassinosteroids (Savaldi-
Goldstein, 2007), which cause a reduction in legia@sion due to reduced cell
proliferation inArabidopsis mutants (Nakayat al, 2002). This effect on plant growth
therefore highlights the importance of a clear kiwolge and understanding of
cellular growth in the epidermal layer. The anatys&cellular growth irP. deltoides
andP. trichocarpa indicated that the species used different strateigi order to attain
final leaf size. By comparing Figures 3.3.7 and.8.& was clear that growth iR.
deltoides could be attributed to cell production, whilstRntrichocarpa it was due to
cell expansion. This result has been shown in prtesvstudies (e.g. Ridgtal, 1986).

It has further been shown thatRndeltoides cell proliferation continued until the leaf
was 80-90% of its final size whereas cell prolifema in P. trichocarpa ceased once
the leaf was 10-20% of its final size and continaedgrow by expansion (Van
Volkenburgh and Taylor, 1996).

Cell expansion can be attributed in part to endgpkdation (Sugimoto-Shirasu and
Roberts, 2003). Endoreduplication is the processvbigh cells enter the cell cycle
and replicate the DNA and other cellular compondnis do not undergo mitotic
division, hence causing the cells to expand. Is thiperiment it was shown that

trichocarpa has much larger cells and therefore it could bpothesized that this
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specieswould have a higher ploidy level th&h deltoides. Using flow cytometry it

would be possible to study the differences in ptdelel between the two species.

3.5 Conclusion

Despite the large amount of work that has been wtted on understanding the
growth and development of leaves, there are stjomgaps in our knowledge of the
processes underlying the observed phenotype. Th@fulrabidopsis is particularly
useful for such studies due to its ease of propagatshort generation time,
widespread availability and large genetic resoul@gsl, 2000). However, a more
detailed understanding of growth and developmenarmfeconomically important
species such dopulus is required (Jansson and Douglas, 2007). Thisaddsessed
in this chapter by characterising the growth of tspecies ofPopulus that form the
basis of this thesis. The results provided cle@dence of mechanistic differences in
epidermal cell growth betwedh deltoides andP. trichocarpa, with the former using
cell production and the latter using cell expansfonleaf growth. Temporal changes
in shape occurred in the youngest four leaveB.aieltoides but notP. trichocarpa,
which maintained its proximo-distal/ medio-lategabwth ratio over time. The results
suggest that early in development the underlyingeties is important, but during
maturation the leaves are increasingly affectedhay environment which tends to
lead to greater variation between them. It is fgmedgihat the differential number of
growing leaves in the two species will alter theirse-sink balance and may thus

affect downstream CQesponses.
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CHAPTER 4
Phenotypic analyses oP. deltoides and P. trichocarpa grown in [eCO,] using a

FACE experimental system

4.0 Overview

FACE experiments are used to assess response€®] [@ithout the restrictions
associated with controlled environment experimématPrevious studies in have
indicated thaPopulus is sensitive to increased [G]Qalthough this is dependent upon
species (Ferrist al, 2002; Raest al, 2006; Raet al, 2007).

Here, the newly constructed BangorFACE experimeiiedd site was used to assess
the growth response of two contrasting moepulus species R. deltoides and P.
trichocarpa) to [eCQ)]. The results indicated slight growth stimulation P.
trichocarpa following exposure to [eC§p However, of particular interest were the
results from the XET co-localisation assay. XET,earzyme involved in cell wall
loosening (Fryet al, 1992) and hence growth, has previously been stejés be
involved in the growth response to €@erriset al, 2001). In this experiment, the
XET assay showed that activity was higher in FAGP. deltoides, the species that
attains its final leaf size by cell division. Fugtimore, XET activity was reduced in
[eCQOy] in P. trichocarpa, the species that attains final leaf size by egflansion. The
results presented do suggest a species-speciferafite in response to FACE in
terms of XET activity, but this needs further explon with adequate controls in the
assay.
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4.1  Introduction

The concentration of atmospheric £@as greatly fluctuated over geological time.
The majority of plant species that are dominanthie current biosphere evolved in
[CO] of less than 240ppm (Koérner, 2006; Petitl, 1999; Siegenthaler, 2005). The
[CO;] has been steadily rising over the past 200 ydaesto anthropogenic activities
such as fossil fuel combustion. The concentratiorthe atmosphere is currently
380ppm (The Carbon Dioxide Research Group (htgrg/acsd.edu/maunaloa.html))
but is projected to reach 550ppm by the middlehde tentury (Prenticet al, 2001).
The change in the composition of the atmosphel&eal/ have a dramatic effect on
terrestrial life if it continues at its current eatinvestigations to assess changes in
plant growth and habit are required in order toarstand the changes that may occur

under the projected climatic conditions.

Trees represent a significant carbon sink for tieeeiasing [Cq] in the atmosphere
and have been proposed as an alternative (carhdrah)esnergy resource. Therefore
there has been a surge in research to investigatase of trees to mitigate the effects
of [eCQ] by carbon assimilation, particularly in speciesldnging to the model
Populus genus (Tayloet al, 2002).

There have been numerous previous studies invéstigthe effects of [eCg) on
plant growth. For example, leaf area (Ferris anglldral994; Gardnekgt al, 1995;
Tricker et al, 2004; Tayloret al, 2003), leaf area index (LAI) (Liberloet al, 2005;
Norby et al, 1999) and leaf production (Radoglou and Jarvi90)@re all stimulated
in [eCQy). Furthermore, below-ground biomass is stimulatealf@pietraet al, 2003;
Lukacet al, 2003) and bud set and senescence have often éy@ened to be delayed
in [eCQOyJ (Taylor et al, 2008). However, there are reports that have shthah
[eCQOy] has no effect on plant growth (e.g. Assheifél, 2006; Norbyet al, 2003). For
example, in a study of four;@nnuals it was found that the most efficient US€E©,
occurred at current atmospheric concentrationsthis study there was a general
reduction in leaf area and dry mass at higher auregons of CQ (90umol mof
above current atmospheric [Q)D (Bunce et al, 2001). It is likely that growth
responses to [eCPreflect the underlying conditions of the experimh€Korner,
2006).
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Investigations into the long-term growth responsfesees cannot be conducted under
controlled environment conditions, mainly due t@ tbize limitation. The use of
FACE experiments can avoid the limitations of esale methods (McLeod and
Long, 1999) and they are widely accepted as anogpipte means of assessing whole
ecosystem responses to changes in atmospherig [ylietta et al, 2001). One
such FACE experiment was recently constructed atHanfaes Research Centre in
Bangor, North Wales (www.bangorface.org.uk) whichmsa to assess carbon

sequestration potential of a mixture of native species.

The overall aim of this experiment was to deterntlm® morphological responses of
P. deltoides and P. trichocarpa to [eCQ] by using the BangorFACE experimental
field site. Whilst the focus of the experiment cenitated on leaf growth, other
variables that could be affected by [ef(&.g. tree height), were also measured. Leaf
growth represents an important aspect of plant Idpugent and survival, since it
inevitably affects overall productivity. It has lmegroposed that the XET enzyme
alters the composition of the cell wall and promsotell wall loosening and growth
(Fry et al, 1992). Furthermore, it has been proposed thaudiion in leaf area as a
result of growth in [eCg) is associated with the XET group of cell wall $eming
enzymes (Ferrigt al, 2001; Gardneet al, 1995). There is little direct evidence to
show that XETs are directly involved in the £@esponse and hence in this
experiment XET activity was quantified in the twoesies in order to assess species

and treatment differences.
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4.2  Materials and Methods

4.2.1 The BangorFACE experimental field site

The BangorFACE field site is a 2.36 hectare plamtatvhich was planted in March
2004. Each of the eight experimental rings (foul@g and four [aCQ (Figure
4.2.1)) are 8m in diameter. The FACE technologygyFe 4.2.2) used for GO
exposure is identical to that at EUROFACE (Mighedtal, 2001).

@
@)

(2) (&)
Q) @

Figure 4.2.1 There are eight experimental rings at the Ban§GiE site, which are
split between two fields. Each hexagon represemesod the rings. The blue hexagons
represent those exposing the plants to [gO@hilst the red represents those grown in
[eCO,). The positions of the hexagons on the diagrantessmt the approximate
positions of the rings at the site.

Growing within the rings are birchBétula pendula), alder @Alnus glutinosa) and
beech Fagus sylvatica) trees. Each tree is planted 80cm away from therase
neighbour. There is a 10m ‘buffer’ surrounding eadlg, consisting of beech, alder
and birch trees, again planted at 80cm distandes.r&mainder of the plantation is
comprised of a mixture of chestnut, oak, sycama ash, as well as beech, alder
and birch trees.
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Figure 4.2.2.0ne of the FACE rings at the BangorFACE site. U is released
from pipes around the middle of the main infrasinee. Each ring has a GO
monitoring system.

During the 2005 growing season (April to Octobé&® tiverage [Cg) in the FACE
rings during the day was 571.69ppm (+57.72) andigiit was 403.92ppm (+69.01).
The average monthly rainfall during this period Waémm and the average monthly

air temperature was 13.9 °C (M. Lukac, pers comm).

4.2.2 Measurements

On the & May 2004, rooted stock of 32 trichocarpa and 32P. deltoides trees were
transported to the field site where they were gdninto individual 20 litre tubs
containing John Innes (#3) potting compost. Eaemtplvas thoroughly watered after
potting. In total, four plants of each species waered into each of the eight rings.
The pots were distributed as evenly as possibleinwvthe rings. A visual assessment
at the end of the experiment showed that the plaet® not root-restricted in the

pots, which would have affected the response to,eCO

The height of each tree was measured on thaiyust 2005. The leaves (ages one to
nine) were photographed ofi’August 2005 and"3August 2005 in order to assess
size and shape. Cell impressions were taken frenaliaxial surface of leaf ages two,
five and nine. For leaf ages five and nine, celprimts were sampled from seven
abaxial interveinal areas (from base to tip). Tinades of the cell impressions were
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obtained using a Nikon microscope. To study leata@amy, tissue from leaf age three
(exposed to [aCg& or [eCQ)]) were sampled into fixative. The material wastgen
Anton Page (University of Southampton Bioimagingityrfor sectioning. The

samples were then visualised using a Nikon micnesco

4.2.3 Endogenous XET activity

The endogenous XET activity was detected using rélscently labelled

oligosaccharides, a kind gift from S. Fry (Univeysaf Edinburgh). The material was
sampled from leaf age three Bf deltoides and P. trichocarpa exposed to either
[aCO,] (ring 7) or [eCQ] (ring 5).

The XET activity was localised using a xyloglucdigasaccharide sulphorhdamine
conjugate (XLLG-SR, a fluorescent acceptor, sear€ig.4.1). Leaf material (ten 25
mn¥ sections) from the second interveinal area of¢hé (where interveinal one was
defined as the most basal) was sampled directtyi00ul buffer (90uM XLLG-SR,
25mM MES buffer, pH5.6) and placed in cold storégeransportation. The material
was stored in the buffer for one week (in the datrd°C). The material was vacuum
infiltrated using a 1ml syringe after which the ev&l and buffer were transferred to
a new vessel and kept in the dark for two houre Material was washed twice with
70% (v/v) ethanol and stored in the dark at 4°Cdaiher analysis.

Three sections of tissue (per species per treajmere mounted onto a microscope
slide using 70% (v/v) ethanol and a non-silicatedetslip. The samples were sealed
by applying silicon glue to the edge of the covpralvhich was then irradiated with
UV-light to seal it in place. The images were captuusing the Confocal Laser
Scanning Microscope using the same zoom and gdiimgse for each image. The
‘Metamorph’ software package was used for datayaiglallowing the quantification
of fluorescence in terms of the number of red @ixalthe image as a proportion of
the total number of pixels. This technique has joesly been reported for lettuce
tissue (Wagstafét al, 2008).
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4.3  Results

4.3.1 Above-ground growth

The results suggest that above-ground growth viemisited in response to [eGOn

P. trichocarpa, since tree height was statistically significandijfferent between the
two conditions (Figure 4.3.1). Furthermore, leaddarction was also stimulated in this
species as shown by the significant increase innember in [eCG (Figure 4.3.2).
However, the growth ofP. deltoides did not differ between [aCfpand [eCQ] since
there were no statistical differences in tree hei@hgure 4.3.1) or leaf number
(Figure 4.3.2).

90 o
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P. deltoides P. trichocarpa

Figure 4.3.1 The average height d?. deltoides and P. trichocarpa exposed to
[aCO,] (blue bar) or [eCg) (red bar). Standard error bars are presenteti@figure.
The results of a one-way ANOVA post-hoc Dunnettsiparison test for [eC{ are
also given on the graph. (**= p<0.01). n=4.
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Figure 4.3.2. The average number of leaves Rf deltoides and P. trichocarpa
exposed to [aCg) (blue bar) or [eCg] (red bar). Standard error bars are presented on
the Figure. The results of a one-way ANOVA post-Bamnetts comparison test for
[eCQy] are also given on the graph. (* = p<0.05). n=4.

Leaf area was stimulated in ages one and fol: ukeltoides (Figure 4.3.3). Beyond
this age there was a general reduction in leaf altbaugh this was not statistically
significant. InP. trichocarpa, leaf area was statistically significantly diffaten ages
one, two and three. Leaf area was generally reducgelCQ)] in young leaf ages of

this species, but stimulated in the mature leaves.
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Figure 4.3.3.The average leaf area Bf deltoides exposed to either [aGD(blue) or
[eCO,] (red). Leaf one was defined as the first fullyfurted leaf (i.e. the youngest
leaf) on day one of the experiment{(2ugust 2005). The results of a one-way
ANOVA post-hoc Dunnetts comparison test for [ef@re also given on the graph.
(*= p<0.05). Standard error bars are shown. n=4.
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Figure 4.3.4.The average leaf area Bf trichocarpa exposed to either [aGD(blue)

or [eCQ] (red). Leaf one was defined as the first fullyjurted leaf (i.e. the youngest

leaf) on day one of the experiment'{2\ugust 2005). The results of a one-way
ANOVA post-hoc Dunnetts comparison test for [eL@re also given on the graph.

(*= p<0.05). Standard error bars are shown. n=4.

Populus deltoides showed no response to [eg@ terms of SLA in any of the three
age categories that were sampled (Figure 4.3.5)veder, there was a significant
decrease in SLA in the young leavesPotrichocarpa in response t§eCQy] (Figure
4.3.6).
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Figure 4.3.5. The SLA of P. deltoides exposed to either [aGD(blue) or [eCQ]
(red). SLA was measured for leaf ages two, five @iné, where leaf one was defined
as the first fully unfurled leaf (i.e. the youngestf) on day one of the experiment42
August 2005). A one-way ANOVA post-hoc Dunnetts pamson test for [eCg)
was conducted but there were no statistically ficamt differences between
treatments at any of the leaf ages. Standard karsrare shown. n=4.
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Figure 4.3.6. The SLA of P. trichocarpa exposed to either [aGD(blue) [eCQ]
(red). SLA was measured for leaf ages two, five @iné, where leaf one was defined
as the first fully unfurled leaf (i.e. the youngestf) on day one of the experiment42
August 2005). The results of a one-way ANOVA post-Ibunnetts comparison test
for [eCQy] are also given on the graph. (* = p<0.05). Staddaror bars are shown.
n=4.
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4.3.2 Cellular analyses
There was no significant treatment effect on epiggrcell area in any of the three

leaf ages inP. deltoides (Figure 4.3.7) orP. trichocarpa (Figure 4.3.8).
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Figure 4.3.7. Average epidermal cell area i deltoides. Blue bars represent the
results from [aCg] and red bars represent results from [g[C@he cell area was
measured for leaf ages two, five and nine, wheabdae was defined as the first fully
unfurled leaf (i.e. the youngest leaf) on day ohthe experiment (¥ August 2005).

A one-way ANOVA post-hoc Dunnetts comparison tesf&€CQ] was conducted but
there were no statistically significant differendegween treatments at any of the leaf
ages. Standard error bars are shown. n=20.
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Figure 4.3.8.Average epidermal cell area in trichocarpa. Blue bars represent the
results from [aCg] and the red bars represent the results [CIhe cell area was
measured for leaf ages two, five and nine, wheabdae was defined as the first fully
unfurled leaf (i.e. the youngest leaf) on day ohthe experiment (¥ August 2005).
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A one-way ANOVA post-hoc Dunnetts comparison tesf&€CQJ was conducted but
there were no statistically significant differencegween treatments at any of the leaf
ages. Standard error bars are shown. n=20.

The average interveinal cell area remained constanoiss the lamina ¢f. deltoides.
The cell area oP. trichocarpa was consistently higher in [eG[2across the lamina of
mature leaves than ambient mature leaves or semirenfeaves (data not shown).
There was no significant treatment effect for agerapidermal cell number in any
leaf age of. deltoides (Figure 4.3.9) oP. trichocarpa (Figure 4.3.10)

Average cell number (millions)

2 5 9

Leaf age

Figure 4.3.9.The average number of epidermal cells per led. ideltoides exposed
to [aCQ)] (blue) or [eCQ] (red). The number of cells was calculated fovésatwo,
five and nine only (where leaf one was definednasfirst fully unfurled leaf (i.e. the
youngest leaf). A one-way ANOVA post-hoc Dunnettsnparison test for [eC
was conducted but there were no statistically ficamt differences between
treatments at any of the leaf ages. Standard karsrare shown.
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Figure 4.3.10. The average number of epidermal cells per leaP.irrichocarpa
exposed to [aCg (blue) or [eCQ] (red). The number of cells was calculated for
leaves two, five and nine only (where leaf one defined as the first fully unfurled
leaf (i.e. the youngest leaf). A one-way ANOVA pbsic Dunnetts comparison test
for [eCO)] was conducted but there were no statisticallynificant differences
between treatments at any of the leaf ages. Stdmaeor bars are shown.

4.3.3 Leaf anatomy

The results from the leaf anatomy studies showddooeduction was influenced by
increased carbon availability in the young leave$.otrichocarpa (Figure 4.3.11).
This figure clearly shows large intercellular sgadée the mesophyll layer of.
trichocarpa grown under ambient atmospheric conditions. Theraellular air spaces
were lacking inP. trichocarpa exposed to [eC§and increased cell production was
clearly visible and led to an increase in leaf khiess. Conversely, there was no

apparent effect of [eCin P. deltoides.
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Figure 4.3.11 Cross sections dP. deltoides and P. trichocarpa exposed to [aC4) or [eCQ). The material for the cross sections were
collected from leaf age three in rings five ([e)@nd seven ([aC{). The scale bar represents 160 The cross sections were produced by

Dr Anton Page, University of Southampton.

94



Chapter 4

4.3.4 XET co-localisation

Endogenous XET activity was quantified using Sulplodamine conjugates of
xyloglucan oligosaccharides. The images were cagtwising a confocal laser
scanning microscope, and the results were quahtifeéng the software programme
‘MetaMorph’. From purely a visual assessment (Fegdi3.12), it was clear that there

was a species difference in XET activity, regarsliestreatment.

[aCO,] [eCO)]

Figure 4.3.12 Examples of images captured on the Confocal L&sanning
Microscope in order to quantify XET activity iR. deltoides and P. trichocarpa
exposed to [aCg or [eCQ). The samples were collected from leaf age thremf
both species (where leaf one was defined as theftily unfurled leaf). The images
were captured from the centre of the tissue sanigaleh white bar representsys0.
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Figure 4.3.13.The XET activity was quantified by expressing tmember of red
pixels as a percentage of the total number of pikelthe image. This analysis was
conducted using the ‘MetaMorph’ software. The fegwhows the results from leaf
age three oP. deltoides andP. trichocarpa exposed to either [aGD(blue bars,) or
[eCOy) (red bars). A one-way ANOVA was conducted on theta (*= p<0.05).
Standard error bars are shown on the graph. n=6.

The gquantification of the results of the XET asg§aigure 4.3.13) was conducted in
‘MetaMorph’ by measuring the number of red pixets a percentage of the total
number of pixels in the image, as has been donagqugly with this assay (Wagstaff
et al, 2008). The results show that there was a sigmfichfference between the
treatments inP. trichocarpa, but not inP. deltoides. However, there were greater
levels of XET activity in [aCg] in P. trichocarpa. Whilst this is the first time this
assay has been done in these two species wheneekfmoeCQ] the results need to
be interpreted with caution. Since there was natrobnissue (i.e. buffer with no
fluorophore) it would be unwise to rule out the gfibgity of autofluorescence

contributing to the data.
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4.4  Discussion

Leaves are important for determining light inteteam carbon gain and water use
efficiency, and are hence linked to overall proditst Leaf area is a trait that is
correlated with biomass production (Reteal, 2004). Additionally, traits including
leaf longevity, leaf thickness and the degree diciehcy in biomass partitioning
between leaves and stems also influence the nedtip between leaf area and
biomass (Tharakaa al, 1998). Using the FACE facility in Bangor, North \Wg] it
was possible to expose deltoides andP. trichocarpa to [eCQ] predicted for 2050.

The growth characteristics &fopulus have resulted in its status as a biomass crop
candidate (Tayloet al, 2002). However, the growth mechanisms adopteBdpylus
species grown in [eC{ are still not fully understood. Physiological and
morphological responses to [egave been characterised in a number of different
species in FACE experiments (Ainsworth and Lond)3®)0Here two species with
contrasting growth strategies were used as a tobklp further our knowledge into
the response to [eGP To the best of our knowledge this is the fiigte that any
growth analysis has been conducted on these twsespasing FACE.

4.4.1 Leaf growth in [eCQ]

Leaf growth in [eCQ is a plastic process (Taylat al, 2005). In general, plant
growth in [eCQ] was observed to be slightly stimulated. Plangheivas stimulated
in P. trichocarpa under FACE conditions. A similar response to [e[Ci® terms of
tree height has been reported in other FACE expmarisn (Ainsworth and Long,
2005). However, there was no such stimulationPindeltoides in the FACE
experiment. The youngopulus leaves were affected by [eGOwhich may due to
the initial RGR of the leaves. For example, atElROFACE site, stimulation in leaf
area and biomass in [eGJQvas attributed to an initially higher RGR (Libeolet al,
2004). The RGR of young leaves is greaterPindeltoides than P. trichocarpa
(chapter 3), which may explain the stimulationeaflarea irP. deltoides but notP.

trichocarpa.

A number of previous studies have shown that SLAetuced in leaves grown in
[eCO] (e.g. Trickeret al, 2004), which reflects the higher starch contenalféret al,
2005), which may cause an overall enhancement nbma respiration (Barron-

Gaffordet al, 2005). However, in this study SLA was unaffectgdHACE. SLA has
97



Chapter 4

also been shown to be unaffected by [¢lCi@ EUROFACE (Gielenet al, 2001),

although a slight reduction in SLA was apparerR.itrichocarpa only.

The anatomical analysis of leaf structure indicabexddistinct differences between the
two speciesP. deltoides possess a double palisade layer, a character tainsén
trichocarpa. The intracellular airspaces I trichocarpa give the abaxial sides of the
leaves their characteristic white appearance (Vatkanburgh and Taylor, 1996).
The leaf cross sections in Figure 4.3.11 show gram@mt reduction in the number of
intracellular airspaces iR. trichocarpa under [eC@Q|. This could be due to enhanced
cell production, which has been reported to be gated in epidermal cells in
response to [eC{D (Taylor et al, 2003). However, this contrasts with aspen where
[eCO,)] caused the intercellular air space volume in thesophyll to increase
(Oksaneret al, 2001). There was no apparent effect of [¢fa#h the anatomy of the

leaves ofP. deltoides.

4.4.2. Leaf epidermal cell characteristics followig exposure to FACE

Elevated CQ@causes an increase in TNC (total non-structunddateydrate) in leaves,
which enhances cell expansion (R&el, 2006; Tayloret al, 1994) and production
(Masle, 2000). IrP. x euramericana, epidermal cell area and number are sensitive to
[eCO)] in young leaves, whereas only cell number isificantly different in [eCQ]

in mature leaves (Taylat al, 2003). Furthermore, iR. X euramericana andP. nigra,
epidermal cell size is increased in [efQrricker et al, 2004). In this experiment
however, there was no statistical significant ddfece in cell size or number in

response to [eCfat any of the leaf ages studied.

Leaves exhibit heterogenous spatial growth pattaongss the surface of the lamina
(Matsubaraet al, 2006; Walteret al, 2005). Since it therefore must be assumed that
cell size is heterogeneous across the lamina, fieessary to sample from across
different areas of the leaf; from the base to iheThere was no spatial difference in
cell area inP. deltoides across the leaf lamina in [aGOSimilarly, there were no
spatial differences in epidermal cell areaHndeltoides in a study conducted by
Matsubaraet al, (2006). In leaf nine ofP. trichocarpa there was a difference between
[aCO,) and [eCQ], with the biggest variation at ‘interveinal fivelncreasing cell

cycle activity in the basal areas of expanding ésaltas been shown Arabidopsis
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(Donnellyet al, 1999) and previous reports on the g@sponse have shown that the
basal areas of the leaf were particularly affe¢lead/lor et al, 2003), but this was not

shown here.

4.4.3. XETs and [eCQ]

Xyloglucans are a major constituent of the primeeyl wall of higher plants. The
xyloglucan chains play a role in maintaining theusture of the wall by tethering
adjacent cellulose microfibrils together. In order the cell to grow, the constraint
placed upon the microfibrils by the xyloglucan sthmust be overcome. The XETs
are involved in this process (Feyal, 1992). The XETs cleave the xyloglucan chains
(which represent the ‘donor substrates). They terean extended chain by
synthesizing a new bond between the donor subsirateanother xyloglucan chain
(the *acceptor’ substrate). This arrangement thersnis the cells to increase in size
in an organised and controlled manner. In this erpnt, XET activity was
guantified in young growing (age three) leaves athlspecies. The sulphorhodamine
conjugates of xyloglucan oligosaccharides (XGO-SRs)e the ‘acceptor’ substrates
and the xyloglucan chains were the ‘donor’ substraifThe donor substrates were
cleaved in the presence of XET, allowing a bondaiwon between the donor and
acceptor substrate. The XGO-SR therefore becanoeparated into the cell wall and
the product was detectable due to the presendeediuorescent moiety (Fry, 1997,
Vissenberget al, 2000) (Figure 4.4.1).
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Figure 4.4.1. A diagrammatic representation of the XET co-lcgation assay. The
xyloglucan chains within the cell wall act as tlonor substrate’. The chains are
cleaved due to the action of XET’'s. Sulphorhodamuoo@jugates of xyloglucan
oligosaccharides act as the ‘acceptor’ substrtes bonds are formed between the
recently cleaved donor substrate and the acceptmstraite due to the action of the
XET’s. The product of this union can be visualishee to the incorporation of the
fluorescent moiety (represented by the red blockstlee diagram). The arrows
represent the action of the XET’s. Figure adapteohf(Fry, 1997).

It has been postulated that [e§@auses a decrease in cell pH (Feetial, 2001),
which would therefore comply with the acid growtmeory of leaf development
(Rayle and Cleland, 1992). Previous experimentsuestigate the effects of elevated
CO,in Populus have indicated that xyloglucan endotransglyco®ddXETSs) are key
candidates for the observed growth difference betwleaves grown under ambient
and elevated [Cg) (Ferriset al, 2001; Gardneet al, 1995). Furthermore, high levels
of XET are known to correlate with low pH (Okamdtakazato, 2000) thus
complying with the acid growth theory. This all tefore suggests that XETs play an
important role in leaf growth and development iG@(®].

The results from this assay indicated thaP.imleltoides there was a slight increase in
XET activity in [eCQ] (non-significant) as assessed by the co-locatisaissay. In

P. trichocarpa, there was a significant difference in activitytvseen ambient and
elevated [C@Q], with cells in [aCQ] displaying higher XET activity. The leaf area of
P. trichocarpa (age 3) was greater in [aGi(see Figure 4.3.4), and hence may be a
reflection of the higher XET activity observed img species in [aC£D conditions.
This however contradicts with the theory that [eC€uses a decrease in pH which is

correlated with high XET activity.
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The difference in activity between the species fayue to differences in cell size.
The quantification was based upon the set windoth®image, rather than on a cell-
by-cell basis. Therefore the larger cell sizéofrichocarpa may have resulted in the
XET activity of this species being underrepresentedrthermore, there may be
differences between the two species’ in terms @f #bility of the substrate to
penetrate the tissue. The images were collected the middle of the tissue section
but differences in the accessibility of the tissoeay have influenced the
guantification. In short, the merits of conductisgch an assay are clear when
considering the influence of [eGon cell growth. However, the results presented
here need to be interpreted with caution. It wdugdwise to repeat such an exercise

using an adequate control as a reference point.

4.4.4 The CQ response

A meta-analysis of the results collected from a&rd2 different FACE experiments
has shown that the magnitude of the response t@jeCaries between species,
growing seasons and experimental conditions (Aimswand Long, 2005). The
results from this experiment showed modest growimudation in [eCQ] in P.

trichocarpa, but notP. deltoides.

P. trichocarpa has previously been shown to respond to a grelsgree to [eCg
than P. deltoides in an open-topped chamber experiment (Rbel, 2006). P.
trichocarpa showed a greater growth stimulation in terms af brea, petiole length,
leaf number, leaf extension, leaf expansion, leadtlw and leaf length in this
experiment (Raet al, 2006). However, it was clear from the trees grgnat the
BangorFACE field site that the conditions favoutbé growth ofP. trichocarpa.
Populus deltoides originates from warm climates of the eastern UhiStates and
therefore the growing environment of the field su@&s unfavourable. The contrasting
climatic origins of the two species suggest thaturei experiments aimed at
unravelling detailed mechanistic processes involvelbaf growth and development
of the two species should focus on the use of éxgetal conditions that are less
liable to large environmental fluctuations. Undecls conditions the growth of one or
the other species would not be favoured.
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4.5 Conclusion

In general, above-ground plant growth was sligistijnulated in [eCg], although
this was dependent upon many factors. It is likiflgt environmental influences
greatly affect CQ@ growth responses. The natural climatic conditiohseach species
are very different, and it is likely that the reapes of the two species reflected these

differences.

The activity of the cell wall loosening enzyme XE#&s assessed in both species
exposed to ambient atmospheric conditions and FARRE. results confirm that it is
likely that XET is involved in cell wall looseningnd leaf growth in [eC&. The
slight increase in XET activity in [eGDin P. deltoides, suggests that stimulated cell
expansion could be important in the leaf growtlpoese. There was no such increase
in P. trichocarpa.
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CHAPTER 5

The transcriptome of Populus following exposure to [eCQ] using a FACE
experimental system

5.0 Overview

Many previous studies have focussed on the morpgieab and physiological
responses of plants to [egJOHere | have used cDNA microarrays to conductuas
on the transcriptome d?opulus exposed to [eC£. Two different cDNA microarray
platforms were used, and a qPCR experiment wasucbed in order to confirm the

differences in expression observed between thecomditions.

Few studies have previously attempted to quantégegexpression studies in trees
exposed to [eCg). However, in agreement with those that have meucted, there
were found to be very few transcripts that demeanestt large differences in expression

between the two treatments.

The species selected for this study wax euramericana (P. deltoides x P. nigra),
grown at the EUROFACE site in central Italy. PreMstudies have indicated that this
species is highly responsive to [eMut here it was concluded that these changes are

not represented at the gene expression level.

103



Chapter 5

5.1 Introduction

The concentration of greenhouse gases in the atreosphave increased markedly
since 1750 (IPCC, 2007). In particular the conadidn of CQ has risen from
280ppm in the pre-industrial era to 379ppm in 2(@¥enticeet al, 2001; IPCC, 2007),
representing an increase of 74%. The rise of athergp[CQ)] is positively correlated
with the changes in industrial G@missions (Keelingt al, 1995). Under predicted
climatic scenarios the concentration of O@ill reach 550ppm by the middle of this
century. This concentration has been used as attaatpie in many COexperiments,

thus providing a realistic model for studying groveind development.

Forest trees represent a significant carbon sinkn@i et al, 2001) therefore an
evaluation of the potential of forest trees to &sfer carbon under future climatic
scenarios is necessary. For example, Europeartddrage been estimated to sequester
363 Tg C nfy™ (Falgeet al, 2002). FACE experiments allow a unique chanceudys
physiological responses to [eg]Cat the ecosystem level. This provides an ideal
situation to study the response of trees to [gGDce the experiment could potentially
be used for many years of study.

Numerous studies have been conducted on the maogibal and physiological
responses of [eC{on plant development and the general consensiiaigrowth is
stimulated under such conditions. Reports on thpaeses to [eC{Pexposure include
increased photosynthesis (Moateal, 1999), decreased respiration (Volin and Reich,
1996), increased water use efficiency (Tjoel&eal, 1998), stimulated above-(Norby
et al, 1999) and below-(Kingt al, 2001) ground growth. However, the response to
[eCO)] is also dependent upon time scale of exposurés Known that prolonged
growth in [eCQ] causes an acclimatory response to the stimuliss & most
commonly observed by a reduction in photosynth¢Biske et al, 1997) and its
associated proteins (Webleatral, 1994). Furthermore, this reduction in photosynthet
activity has been reflected by reduced expressibriranscripts encoding genes
involved in photosynthesis (e.g. Chesi@gl, 1998). Acclimation has been suggested to

occur within days to weeks of exposure (Moetral, 1999).

Ecological genomics (Feder and Mitchell-Olds, 2008) a discipline aimed at

coalescing ecology and molecular biology in oraepttovide an understanding of the
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function and variation of genes that are importaititin an ecological context (Ouborg
and Vriezen, 2006). Such information is necessaryoider to comprehend the
morphological and physiological changes that occédditionally, such an
understanding is particularly important for adagtivraits that are relevant to
productivity (Tayloret al, 2005).

Modifications in gene expression can occur rapidlyesponse to many environmental
changes (Howe and Brunner, 2005). The use of gepedfiling techniques such as
microarrays provides a means of studying such adwrdowever, there have been few
investigations into the genetic changes that ureledsponses to [eGD With the
publication of thePopulus genome sequence (Tuskeral, 2006) and the availability
of poplar microarrays (Sterkgt al, 2004), it is now possible to determine global
changes in gene expression for trees grown in leealicCQ conditions. The results
from such experiments will potentially provide catate genes that are important in
determining growth and development under futurenatic conditions. Furthermore,
this resource can potentially unveil some noveldcaipts involved in the response to
increased [Cg), as well as confirming speculative candidatesppsed in previous

experiments (e.g. xyloglucan endotransglycosylésesiset al, 2001) (Chapter 4)).

The content of the following chapter reports a &feinvestigations into the changes
that occur at the transcript level in responseeto(] in P. x euramericana, grown at
the EUROFACE site (www.unitus.it/euroface). Prewowtudies conducted at
EUROFACE have shown th& x euramericana (P. deltoides x P. nigra) is highly
responsive to [eC£D (Taylor et al, 2003; Ferrist al, 2001) in terms of leaf growth. It
was for this reason that the study focussed ongméxies. A qPCR experiment was
also conducted in order to confirm some of the glkann transcript levels that were
observed from the results from the microarrays. @&ime of the investigation was to
determine changes in gene expression and iderdifgidate genes important for leaf
growth and development ifPopulus under future predicted climatic scenarios.
Transcriptomics was conducted on two leaf agesineefas ‘young’ and ‘semi-
mature’) in order to assess the effect of [g[C@n leaf development. The results
presented in this chapter have been published ¢fetyal, 2005).
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5.2  Materials and Methods

5.2.1 The EUROFACE experimental system

The EUROFACE site is located in central Italy, e tprovince of Viterbo (Tuscania,
42°22'N, 11°48’E). In total there are six experirta@rplots located 120m apart on the
9 Ha site. Three of the six rings are exposed t€EAFigure 5.2.1a). Each octagonal
plot is 30m x 30m and split into 2 halves by a leeplresin-glass barrier to allow for
different fertilisation treatments. During the 20§bwing season, a total of 290 Kg
Ha' ammonium nitrate fertiliser was supplied over aiquerof 22 weeks from 3
April 2004 to 17" September 2004.

Each half of the experimental plot is further spitio three subsections containiRg
alba L., (Clone 2AS-11)P. nigra L., (Clone Jean Pourtet) ai®l x euramericana
(Dode) Guinier . deltoides x P. nigra, clone 1-214) (Figure 5.2.1b). The trees are
planted 1m from the nearest neighbour. The entaetation is drip irrigated with 6-10

mm water per day during the growing season.

The design for the FACE system is described by [istig et al, 2001). Pure C®is
released from jets through laser-drilled holeshia horizontal polyethylene pipes that
form the octagonal shape of the FACE ring. TheabfGQ,] for the three FACE rings
(rings one, four and five) is 550ppm. The remairtimge rings (two, three and six) are
subjected to ambient atmospheric [.O’he elevated [C& measured at one minute
intervals was found to be within 20% of this targehcentration 89.4% of the time
during the 2002 growing season, and 72.2% of the tduring the 2003 growing
season (Liberlocet al, 2005). The [eCg) treatment is supplied from bud burst
(March/April) until leaf fall (November).
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| ;
o :

(@) (b)

Figure 5.2.1.(a) A plan of the EUROFACE site in Italy. The twites are separated by
a small road (indicated by the solid black line@dRsquares represent the FACE rings
which expose the trees to 550ppm L£Blue squares represent the [aféngs. (b)

An example of one of the six experimental ringshat EUROFACE site. The plot is
divided into six, with one of three species (A= alba, B= P. nigra or C=P.x
euramericana) grown in each division. Each plot is split in twawhere one half
receives nitrogen treatment (represented in gresm the other half does not
(represented in yellow). Diagram adapted from Gieteal (2003).

5.2.2 Leaf samples and RNA extractions

In total, three sampling campaigns took place @utimee 2004 growing season {20
June 2004, "8 August 2004 and 31August 2004). Leaf ages three (‘young’) and six
(‘semi-mature’) ofP. x euramericana were sampled from the three ambient and three
elevated CQrings, and from the two nitrogen treatments wit#ach ring. It is worthy

to note that upon sample selection, leaf age ‘wras defined as the first fully unfurled
leaf from the meristem. The samples were harvested four biological replicates

under each condition.

The RNA extractions were performed on leaf agesettand six, sampled from the

EUROFACE site from all three time-points during tA@04 growing season. The
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concentration of RNA was assessed using the Naposipectrophotometer and the

quality was checked using the Bioanalyser.

5.2.3 POP2 microarrays

5.2.3.1 Experimental design

Microarrays were conducted on pooled samples @desdhree and six) from the three
sampling time points in the 2004 growing seasongifiie samples from the ambient
nitrogen treatment. The pools consisted of foutdgigal replicates from each of the
rings for each leaf age at the three time-poinke pools included samples taken from
across the sampling time points in order to deteenthe overall effect of increased
[CO;] on the Populus transcriptome. The ‘elevated’ pools consisted ampgles
collected from rings one and four only, whilst taenbient’ pools consisted of leaves

collected from rings two and three only.

In total, eight POP2 microarrays (including dye psjawvere hybridised using the x
euramericana samples from the pools from the 2004 growing sed3@ble 5.2.1).

The design of the microarrays is given in Figuiz 2.

A3) * > A (6)
E (3) - - E (6)

Figure 5.2.2. The POP2 microarray experiment was designed topeacen both
treatment ([aCg) or [eCQ]) and developmental age. A= ambient [T(ool
(representing replicates from rings two and threky)oE= elevated [Cg) pool (from
rings one and four only). The number in bracketSciates the developmental age of
the leaf (3= ‘young’, 6= ‘semi-mature’).
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Number Cy3 Channel Cy5 Channel
1 Age 3, Ambient Age 6, Ambient
2 Age 6, Ambient Age 3, Ambient
3 Age 3, Elevated Age 6, Elevated
4 Age 6, Elevated Age 3, Elevated
5 Age 3, Ambient Age 3, Elevated
6 Age 3, Elevated Age 3, Ambient
7 Age 6, Ambient Age 6, Elevated
8 Age 6, Elevated Age 6, Ambient

Table 5.2.1.In total eight POP2 microarrays were conductedthan samples from
EUROFACE. The samples on each array are givenerable according to the design
of the experiment shown in Figure 5.2.2. The dyeduso label each sample is
indicated in the table.

5.2.4 gPCR
The gPCR was performed on individual RNA samplesntf the ambient nitrogen
treatment, sampled on“3August 2004), previously used to make the RNA ool

hybridised on the POP2 microarrays.

5.2.4.1 Primer design
From the results of the microarray experiment, prerwere designed for five of the
genes identified as being significantly differelyi@xpressed between the treatments.

The control gene used was a ribosomal protein (BOBD

The primers used for the RT-PCR were;

(1) PYRUVATE KINASE (PU06984)

Forward; 5-CACCTTCTCTCCGAAACTCATC-3’
Reverse; 5-CGCTCCAGTTCCGTTGTTG-3

(2) RASRELATED GTP BINDING PROTEIN (PU12448)
Forward, S-TGGTGCTGATTGTTGTGTCC-3’
Reverse; 5-GGAAATTCTCTGGGTCTGAAGG-3’
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(3) RUBISCO SSU (PU11281)
Forward; 5-ATCTCACAGAGCAGGAATTGG-3'
Reverse; 5-AGTAGCGTCCATCATAGTACC-3

(4) GDS.-MOTIF LIPASE/ HYDROLASE (PU27165)
Forward; 5-TGGAGTACTTCGAGCAATACC-3’
Reverse; 5-CCGCCGACTGTAATGAGG-3

(5) ENDOXYLOGLUCAN TRANSGLYCOSYLASE (PU20530)
Forward, S-TTCCTCTCCACGTCTCTGC-3
Reverse,; 5-GATAGCCCTCCCTCCATCG-3

Two primers and the control gene were run on edclth® 96-well plates. Four

technical replicates were run per biological reggiicon each plate. The programme
LinRegPCR was used for the analysis of the PCR. d@itas method was used as an
alternative to the more conventional ‘Ct approaihte it does not assume that all the

samples have an equal efficiency for the ampli¢tenfakerst al, 2003).
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5.2.5 PICME microarrays
5.2.5.1 Experimental design
The RNA was extracted from the POPFACE leaves (gamd semi-mature) sampled
on 3% August 2004. The concentration of RNA was checksihg the nanodrop
spectrophotometer, and quality was checked by nghra 1% agarose gel. The

experimental design for the PICME microarray expent is shown in Figure 5.2.3.

A (2) A (3)

A A

E (1) E (4)

Figure 5.2.3. Experimental design for the PICME microarrays fbe ttranscript

analysis of semi-mature leaves exposed to [f@0Dd [eCQ]. The experiment was
designed to compare samples obtained from the dgperimental rings (numbers in
brackets denote the ring number from the EUROFAGE Rings one and four=
FACE; rings two and three= [aGP
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5.3 Results
5.3.1 POP2 microarrays

All eight microarray hybridisations (according tbet design in Figure 5.2.2) were
successful. The results of the age comparisonsnfgoaemi-mature in [aC or
[eCQOy]) are shown in Figure 5.3.1. The results of the, @@mparisons ([eC{)

[aCOy] in young or semi-mature leaves) are shown in ledu3.2.

1004
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0.9

S0 —»mw»w o =T x M
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1acoy [acol [eCOy eCol o

0.0
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Figure 5.3.1.The expression ratios (young: semi-mature) of tdug fnicroarrays from
[aCO,) and [eCQ] are illustrated on the graph. One line represems EST. The
colour bar indicates the level of expression farheaf the genes (yellow= no change in
expression; green= down-regulation; red= up-regaiatThe diagram only illustrates
the results from the ESTs whereby they were prasait four of the microarrays. The
black line represents a two-fold change in expagsdtach vertical line represents a
single hybridisation. The two vertical lines on te# represent leaves grown in [agO
and on the right are those exposed to [CO
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Figure 5.3.2.The expression ratios ([eGO[aCO;]) from the four microarrays for the
young and semi-mature leaves. One line represer®$ES8T. The colour bar indicates
the level of expression for each of the genesdwetl no change in expression; green=
down-regulation; red= up-regulation. The diagranydltustrates the results from the
ESTs whereby they were present in all four of theroarrays. The black line
represents a two-fold change in expression. Eacticak line represents a single
hybridisation. The two vertical lines on the lefpresent young leaves and those on the
right represent the semi-mature leaves.

The hybridisations of age comparisons showed tleatgst expressional differences
(Figure 5.3.1) whilst there was little difference gene expression in the [gO

comparisons in either the young or semi-maturedsdkigure 5.3.2).
The results from the microarray hybridisations werealysed and filtered in
GeneSpring. By considering the age comparisons (@ndse that showed the greatest

differences in gene expression) there were a totall78 transcripts that were
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consistently two-fold up-(85) or down-(93) regulht@ young leaves in ambient and
elevated [CQ.

5.3.1.1 Gene ontology

Venn diagrams were constructed in GeneSpring irerotd identify differentially
expressed transcripts in the age (Figure 5.3.35aBd) and [CQ (Figure 5.3.5 and
5.3.6) comparative hybridisations. The GO informttorresponding to the transcripts

in each section of the Venn diagrams are indicate@ch figure.

Generally, the ontology information implied thatlypwery subtle differences in the
functions of transcripts that were differentiallggulated in the age comparison
hybridisations. In the [C&) comparisons, transcripts involved in plant phisyy were
up-regulated in [eC& in young leaves. Transcripts involved in devel@ntwere up-
regulated in young leaves grown in FACE, but naanmbient conditions (Figure 5.3.4)
therefore suggesting the development process imqied in trees grown in [eGD
However, rather surprisingly the transcripts inealvin growth were down-regulated
(in young leaves) in [eC{ The two transcripts commonly down-regulatedac (]

in young and semi-mature leaves were (PU05929kparessed protein and (PU24862)

corresponding to a double-stranded RNA-binding doma
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- GO; 3 (reproduction)

GO; 4 (biological process unknown)

GO; 7275 (development)

GO; 7582 (physiological process)

GO; 9987 (cellular process)

GO; 16032 (viral life cycle)

GO; 40007 (growth)

GO; 44419 (interaction between organisms)
GO; 50789 (regulation of biological processes)

P GOo; 50896 (response to stimulus)

Age comparison
Down-regulated

Ambient CO, Elevated CO,

Figure 5.3.3.A Venn diagram constructed using GeneSpring, titlimg the results from the POP2 microarray expents. The diagram shows the
transcripts that were two-fold (or more) down-reged in young leaves in ambient and elevated,J@@wth conditions. The numbers in the diagram
represent the number of transcripts that were @hjgdown-regulated in [aC{(red), uniquely down-regulated in young leavege@Q,] (green), or
commonly down-regulated in [aGland [eCQ] (middle section). Beneath the Venn diagram aeecpiarts representing the GO categories into wihieh
transcripts within the designated section of thaervdiagram falls. The GO key is located in the upght hand corner of the figure.
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Age comparison Up-regulated - GO: 3 (reproduction)

GO; 4 (biological process unknown)

GO; 7275 (development)

GO; 7582 (physiological process)

GO; 9987 (cellular process)

GO; 16032 (viral life cycle)

GO; 40007 (growth)

GO; 44419 (interaction between organisms)
GO; 50789 (regulation of biological processes)

P GOo; 50896 (response to stimulus)

Ambient CO, Elevated CO,

Figure 5.3.4.A Venn diagram constructed using GeneSpring, tittimg the results from the POP2 microarray experits. The diagram shows the
transcripts that were two-fold (or more) up-regedthin young leaves in ambient and elevated )J@@owth conditions. The numbers in the diagram
represent the number of transcripts that were @hyqup-regulated in [aC{(red), uniquely up-regulated in young leavesé@Q,] (green), or commonly
up-regulated in [aCg& and [eCQ] (middle section). Beneath the Venn diagram aeegbiarts representing the GO categories into wiieltranscripts
within the designated section of the Venn diagralts.fThe GO key is located in the upper right haoher of the figure.
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- GO; 3 (reproduction)

CO, comparison Down-regulated GO; 4 (biological process unknown)

GO; 7275 (development)

GO; 7582 (physiological process)

GO; 9987 (cellular process)

GO; 16032 (viral life cycle)

GO; 40007 (growth)

GO; 44419 (interaction between organisms)
GO; 50789 (regulation of biological processes)

_ GO; 50896 (response to stimulus)

Young Semi-matur

Figure 5.3.5.A Venn diagram constructed using GeneSpring, titlimg the results from the POP2 microarray expents. The diagram shows the

transcripts that were two-fold (or more) down-reget in [eCQ in young and semi-mature leaves. The numberkardtagram represent the number of
transcripts that were uniquely down-regulated i6Qg in young leaves (red), uniquely down-regulatedé@Q,] in semi-mature leaves (green), or

commonly down-regulated in young and semi-matuaede (middle section). Beneath the Venn diagranpereharts representing the GO categories
into which the transcripts within the designatectise of the Venn diagram falls. The GO key is kechin the upper right hand corner of the figure.
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GO; 3 (reproduction)
CO2 comparison Up-regulated - GO; 4 (biological process unknown)
GO; 7275 (development)
GO; 7582 (physiological process)
GO; 9987 (cellular process)
GO; 16032 (viral life cycle)
GO; 40007 (growth)
GO; 44419 (interaction between organisms)
GO; 50789 (regulation of biological processes)

P GOo; 50896 (response to stimulus)

Young Semi-mature

Figure 5.3.6.A Venn diagram constructed using GeneSpring, titimg the results from the POP2 microarray experits. The diagram shows the

transcripts that were two-fold (or more) up-regetatin [eCQ] in young and semi-mature leaves. The numberiendiagram represent the number of
transcripts that were uniquely up-regulated in [gd@young leaves (red), uniquely up-regulatedé@ @] in semi-mature leaves (green), or commonly
up-regulated in young and semi-mature leaves (middttion). Beneath the Venn diagram are pie cheptesenting the GO categories into which the
transcripts within the designated section of tharvdiagram falls. The GO key is located in the upght hand corner of the figure.
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5.3.1.2. Pathway analysis

All of the expression data from the POP2 microasnagre imported into the pathway
mapping software ‘MapMan’ (Thimret al, 2004) (freely available for download from

the internet; http://gabi.rzpd.de/projects/MapManDf particular interest was the

pathway indicating the formation of cell wall presors, since alterations in cell wall

properties are thought to be involved in the,C€sponse. There were surprisingly few
transcripts involved in the formation of cell waltecursors that were differentially

regulated in either leaf age. Generally, there wasup-regulation of transcripts

involved in the biosynthesis of cell wall precussan young leaves and down-

regulation in semi-mature leaves (Figure 5.3.7).

The production of UDP-glucose is particularly imiamt in the context of leaf growth

and development since it is required for cellulbsesynthesis. In young leaves, there
was an up-regulation in the pathways convertingaaecto UDP-glucose (by sucrose
synthase (SUSY) (i)), but down-regulation of UDRagse pyrophosphorylase

(UGPase (ii)), an enzyme that converts glucosedsphate to UDP-glucose.
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Figure 5.3.7 The cell wall precursor pathway obtained from kh@anm using the

expression data from the POP2 microarrays. Thereguiapresent transcripts that were
up-(red) or down-(blue) regulated in [egOn young (top pathway) or semi-mature
leaves (bottom pathway). The colour strength cpoeds to expression level
according to the key, where red=up-regulated inJg@nd blue=down-regulated in

[eCQO,). According to the key, a value of -2 represemis-fold down-regulation and

+2 represents two-fold up-regulation. (i) represe®tSY, (ii) represents UGPase and

(i) represents UDP-D-xylose 4-epimerase.
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5.3.2 ¢gPCR

The microarray data was analysed using B-statislibe transcripts with B-statistic
values greater than O (representing a 50:50 chahchfferential expression), were
selected for further analysis. In young leavesyahdcripts had a B-statistic value
greater than 0, whereas is semi-mature leaves Wenee 31 (appendix 1 from Tayler
al, 2005). From these 39 differentially expresseddcapts, five were selected for
confirmation using gPCR. The five transcripts weBD3 -MOTIF LIPASE/
HYDROLASE, ENDOXYLOGLUCAN TRANSFERASE, RASRELATED GTP
BINDING PROTEIN, PYRUVATE KINASE andRUBISCO SSU. The microarray data
showed that theGDSL-MOTIF LIPASE/HYDROLASE and ENDOXYLOGLUCAN
TRANSFERASE transcripts were up-regulated in response to @0Oyoung leaves
(Figure 5.3.8 (i) and (ii) respectively). TRRAS-RELATED GTP BINDING PROTEIN,
and PYRUVATE KINASE transcripts were down-regulated in response taOp@h
semi-mature leaves (Figure 5.3.8 (iii) and (ivypedively).

(i | (il

34
21
1 1

young semi- mature young semi- mature

Ratio
N
Ratio

(iii) | (iv)

young semi- mature young semi- mature

Ratio
-
Ratio
5N

Figure 5.3.8.The expression ratios ([eGJO[aCO;]) from the POP2 microarray results
for (i) GDL-MOTIF LIPASE/HYDROLASE (PU27165), (ii) ENDOXYLOGLUCAN
TRANSFERASE (PU20530), (iii) RASRELATED GTP BINDING PROTEIN
(PU12448) and (iv)PYRUVATE KINASE (PU06984).
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The microarray results for tHRUBISCO SSU are shown in Figure 5.3.9. The results
showed that the expression RUBISCO SSU was up-regulated in [eGPDin young
leaves and down regulated in semi-mature leavesrdsults in Figures 5.3.8 and 5.3.9

clearly show the age dependency of expressiondaited to CQexposure.

100

=y
il

Mormalized Intensity (log scale)

0.1
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T

0.01—

Figure 5.3.9.The average expression ratio of elevated:@mbient CQ samples for
the young (age 3) and semi-mature (age 6) leavethédRUBISCO SSU (PU11281).
One line represents one EST.

The gPCR results for the expression ratios ([dC[@ACQO;]) of the candidate genes in
young leaves is given in Figure 5.3.10, along viftb microarray results from those
candidates. Th&DSL-MOTIF LIPASE/ HYDROLASE was up-regulated in response to
[eCOy] in both the microarrays and the gPCR. Similandieein expression levels were
also true for theRAS-RELATED GTP BINDING PROTEIN andPYRUVATE KINASE.

The results forENDOXYLOGLUCAN TRANSFERASE however, were contrasting
between the qPCR and the microarrays. Whilst theraarray results indicated that
ENDOXYLOGLUCAN TRANSFERASE was up-regulated in young leaves in response
to [eCQy), it was down-regulated according to the gPCR .data
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ul

1 | GDSL-motif Ras-relatedl GTP  Endoxyloglucan Pyruvatekinase
lipase/hydrolase binding prptein transferase

__NE

Ratio of ambient to elevated CO,
[an]

Figure 5.3.10.The graph illustrates the average expression (p©0O;,]: [aCO;)), for
four of the selected candidate genes in young keaf/B. x euramericana. The results
from the microarrays (black bars) and gPCR (greys)odor the GDSL.-MOTIF
LIPASE/ HYDROLASE, RAS-RELATED GTP  BINDING PROTEIN,
ENDOXYLOGLUCAN TRANSFERASE and PYRUVATE KINASE transcripts are
shown. Standard error bars are indicated on thghgra

The results for the average expression rati®dBISCO SU in response to [eCD
however, were very similar between the microarrapsl the gPCR data (Figure
5.3.11). Both sets of results indicted tRutBISCO SSU expression was up-regulated

in young leaves in response to [ef.O
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3.00
2.50 A
2.00 -

150 A
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Ratio of elevated to ambient CO,

.50 -

.00 -

Figure 5.3.11. The microarray (black bars) and gPCR (grey barshlte for the
average fold change IRUBISCO SSU expression levels ifP. x euramericana in
response to [eCh The gPCR was conducted on young leaves only, that
microarray results from young and semi-mature Isaare presented. Standard error
bars are shown on the graph.
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5.3.3 PICME microarrays
The results from the four PICME microarrays arepldiged in Figure 5.3.12. By
averaging across the replicates, there were 100s E&dt were two-fold (or more)

down-regulated in [eC{and 62 that were up-regulated.

4.0
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_— 1.5

1.2

1.0

0.9

O —mw v o =T xM

Normalized Intensity (log stale)

0.8

0.5
0.4

0.3

File Name 0.2
13210182_80_009E.nat 13210182_80_0091.nat 13210539_80_(

0.0

0.1

Y-axis: €02, Default Interpretation
Colored by: 13210181_80_0095 nat 0.0
GeneList  [all genes] less [SP contrals] (25821) Trust

Figure 5.3.12.The average fold change in response to [g@Q®OP. x euramericana.
The results from the four PICME microarrays arespreged here, where each vertical
line represents one microarray. The black linesesgt two fold up-regulation (upper
line) or two fold down-regulation (lower line) inesponse to [eC One line
represents one EST. The colour bar indicates Wl t&f expression for each of the
genes (yellow= no change in expression; green= dmgulation; red= up-regulation).

Similarly to the results from the POP2 microarraysere were relatively few large
expressional differences as a result oh,@gposure. In total there were five and three
transcripts that were two-fold or more up-or dowgilated (in 3/4 hybridisations) as a
result of CQ exposure in semi-mature leavesRofk euramericana respectively (Table
5.3.1).
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Gene model Expression  Annotation
estExt_fgenesh4 _kg.C_LG_IX0046 0.38 Osmotin-liketgin precursor
(PtaC0022F9F0911)

estExt_fgenesh4_kg.C_LG_IX0046 0.38 Osmotin

(R35H06)

estExt_fgenesh4 _kg.C_LG_IX0046 0.44 Osmotin-liketgin
(POO00300023E11)

estExt_fgenesh4 _pm.C_LG_10645 1.68 Triose phosphat
(PtaXM0025D11D1107)

estExt_Genewisel v1.C_LG_X5306 165 -

(PtaXM0025G3G0313)

grail3.0242000102 1.67 Calcyclin binding proteke
(PtaXM0025H3H0315)

gwl.l.15.1 1.60 Glycine-rich RNA-binding pratei
(PtaXM0025B7B0703)

gwl.VIIl.2932.1 1.67 -

(PtaXM0025B3B0303)

Table 5.3.1.The results from the PICME microarrays showing ttenscripts that
were two-fold (or more) up-or down-regulated inpasse to [eCg) in 3 of the 4
microarrays. The gene model is shown, along wighawerage fold change (across all
four arrays) and the annotation. The figures irckets represent the identifier on the
PICME microarray.

The results from the two microarray platforms (PIEMNd POP2) were compared in
order to identify transcripts that were consisteettpressed. Using the transcripts that
were two-fold (or more) up-or down-regulated froacle of the two platforms, the data
was aligned using the gene model as a referencd. poitotal there were five gene
models that demonstrated consistent two-fold upd@mvn-regulation across arrays
(Table 5.3.2). The POP2 microarray represents 16g@he models, whilst the PICME
microarray represents 9,567. The fact that onlg fijene models were consistently
regulated across the two platforms is rather ssirgyigiven the fact that there were
6,322 gene models found in both the POP2 and PI@Nioarrays. In some cases the
expression levels were inconsistent within (e.g. CNWE, gene model
estExt_fgenesh4 pg.C_280066) and between (e.g. gedel eugene3.00050346)
platforms. However, there was correspondence betiree platforms in one instance
(e.g. gene model grail3.0046017801).
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Gene model
estExt_fgenesh4 pg.C_ 280066
estExt_fgenesh4 pg.C_280066
estExt_fgenesh4 pg.C_ 280066
estExt_fgenesh4 pg.C_280066
estExt_Genewisel v1.C 410611

estExt_Genewisel v1.C 410611
eugene3.00050346
eugene3.00050346
grail3.0046017801
grail3.0046017801

grail3.0147002801
grail3.0147002801

Platform

PICME
PICME
PICME
POP2

PICME

POP2
PICME
POP2

PICME
POP2

PICME
POP2

Expression

0.48
0.25
2.19
0.25
0.43

2.84

0.44
3.72
0.49

0.38

2.54
0.29

Chapter 5

Annotation
Sucrogbaym
Sucrosbaym
Sucrogbaym
Sucroieasgn
Bark giora

protein
Barkgstora
protein
Expressed protein
Expressed protein
Extensin-like
protein
Extensin-like
protein
Zinc finger protein
Zinc finger protein

Table 5.3.2.The ESTs that were (on average) two fold (or mopepr down-regulated

in [eCQ) in semi-mature leaves d?. x euramericana. The two cDNA platforms

(PICME and POP2) were compared in order to identifynscripts that were
consistently differentially regulated. The conssteggene models, along with the
platform type, expressional fold change and anmtatre provided in the table.
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5.4  Discussion

The aims of ecological genomics are four-fold; t@) elucidate the mechanisms of
adaptation; (ii) to investigate the mechanisticsemuof phenotypic variation; (iii) to
identify genetic targets of selection and (iv) todarstand the mechanisms leading
from environmental cues to observed phenotypic aesp (Ouborg and Vriezen,
2006). In ecological genomic experiments, microgmrare considered to be an
appropriate  method for investigating gene expressionder conditions of
environmental perturbation (Gibson, 2002). Thisdgtuepresents one of the first
ecological genomic approaches to understandinggémetic basis of adaptation in
Populus grown in [eCQ].

The growth responses of plants in [ef& the morphological and physiological levels
are widely documented. It is generally accepted {e&€0,] stimulates growth,
although disparities do exist, and stimulationfiero dependent upon the experimental
conditions (Kdrner, 2006). The use of microarragsngts the study of the expression
of thousands of transcripts in response to an enmiental treatment. In this
experiment, microarrays were used to determinestrgots with differential expression
levels in ambient and elevated £€€ncentrations in order to identify candidate gene

important for leaf growth under altered atmospheadoditions.

Previous experiments dA. x euramericana from the EUROFACE site have shown
that leaf growth is stimulated in response to [eQ@ricker et al, 2004, Tayloret al,
2003, Ferrist al, 2001). It is therefore rather surprising that tiekly few transcripts
were shown to be differentially expressed betwea€@(] and [eCQ] in this
microarray experiment. It is possible that this biecause this was a long term
experiment. It is highly probable that the resultaild not be replicated in a short term

exposure experiment.

5.4.1 [eCQ] and cell wall modifications

As discussed in Chapters 1 and 4, changes in teaitly in [eCQ] are likely to be due

to modifications to the integrity of the cell wallhe POP2 microarray results
demonstrated a strong age dependence of the exypresk a putative cell wall
modifier. In young leaves, there was an increase tle expression of
ENDOXYLOGLUCAN TRANSFERASE as a result of FACE exposure. This enzyme is
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involved in incorporating xyloglucan into the cellall and hence involved in leaf
growth and development (Fet al, 1992). This concurs with previous data collected
from EUROFACE where cell wall extensibility increg@s along with levels of
xyloglucan endotransglycosylases in response t@fp@ all threePopulus species
studied (Ferrigt al, 2001). Furthermore microarray experiments conaliotesamples
of P. deltoides grown in the Biosphere 2 Laboratory (Walter ananbaecht, 2004)
also identified bothENDOXYLOGLUCAN TRANSFERASE and XYLOGLUCAN
ENDOTRANSGLYCOSYLASE transcripts as being differentially expressedesponse

to [eCQ] (Druart et al, 2006). Similarly, XYLOGLUCAN
ENDOTRANSGLYCOSYLASE was also up-regulated Populus tremuloides exposed

to [eCQ] at AspenFACE (Guptet al, 2005). This therefore provides further evidence
that these are important candidates in determifeaf) growth in response to GO

treatment.

5.4.2 Cellulose biosynthesis and the cell wall

Cellulose is the major polysaccharide found inglant cell wall, and is considered to
be the most abundant biopolymer on Earth (SaxedaBaown Jr, 2005). SUSY is an
enzyme involved in the catabolism of sucrose, pcodyfructose and UDP-glucose,
which is required for the biosynthesis of celluloSairrent models suggest that SUSY
channels UDP-glucose to the cellulose synthase AGE®ette complex in the plasma
membrane where the glucose monomers are polymeais#d)DP-is recycled back to
SUSY (Joshiet al, 2004). It has been suggested that the membraoeiates]
KORRIGAN (KOR) cellulase edits the glucans chainattare produced (Satb al,
2001). A comparison of the PICME and POP2 micrgadata highlighted3USY as
consistently down-regulated in semi-mature leavie$.0x euramericana grown in

FACE. This suggests a concomitant reduction irutmske biosynthesis in [eGD

The results from the pathway analysis showed ti@atrésponse to [eGDin terms of
the genes involved in the formation of the majomponents of the cell wall was
dependent upon the age of the leaf. The reductiorell wall loosening activity (as
assessed by theENDOXYLOGLUCAN TRANSFERASE expression) over
developmental time, and the reductiorBiSY expression levels in semi-mature leaves
(no information was available regarding the youegvks for this particular gene
model (estExt_fgenesh4 pg.C_280066)) leads tontleepretation that the older leaves
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were less responsive to [eglGnd that development was completed faster instree
grown in FACE. Furthermore, the expression of @@l proteins such as extensin

were also reduced in [eGPin semi-mature leaves (and consistently across tw
microarray platforms (Table 5.3.2)). However, exgien of UGPase, another enzyme
that catalyses the production of UDP-glucose (fglatose-1-phosphate) was reduced
in young leaves. This perhaps reflects the dua oblUGPase in sucrose metabolism,
since its expression leads to increased sucroseraémn in source tissues and a
reduction in sinks (Colemaat al, 2006).

UDP-glucuronate (or UDP-glucuronic acid) is a preou molecule which can be
converted into different sugar products includin@RJxylose and UDP-arabinose.
UDP-L-arabinose is the precursor of L-arabinosanajor constituent of cell wall

polymers including pectins and hemicellulose. Tkagyencoding the UDP-D-xylose
4-epimerase enzyme, involved in the conversion ybse to arabinose, was also
down-regulated in semi-mature leaves exposed toEAhis further confirms the

previous notion that the production of cell wallhg@onents in semi-mature leaves of
FACE-grown plants is down-regulated. The generalragulation of transcripts

involved in the production of cell wall precursars young leaves and subsequent
down-regulation in semi-mature leaves leads to en&to where it is possible to

imagine an altered ontogenic pattern of developnmeah [eCQ] environment.

5.4.3 Acclimatory response

The quantitative RT-PCR results confirmed the nacray transcript data for Rubisco
SSU, indicating a 1.45 fold up-regulation of themg in response to [eG[An young
leaves. The increase in Rubisco transcript aburedanECQ] suggests an increase in
photosynthesis under such conditions, which ha# lmdserved in previous reports
(e.g. (Drakeet al, 1997; Ainsworth and Long, 2005)). The results file@P2 presented
here indicate a greater competence for photosyisthesthe young leaves d®. x
euramericana in [eCQy] conditions (Tayloret al, 2005). The acclimation response to
[eCQO,] is associated with a reduction in Rubisco agti@nd protein levels (Mooret

al, 1998). The results here therefore suggest thatréies are not acclimated are still

responding to C@enrichment.
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In the POP2 microarrays, the transcript encoding @DI.-MOTIF LIPASE/
HYDROLASE family protein (PU27165) was identified as sigrafintly differentially
expressed in response to [ef® young and semi-mature leaves. This transaspt
involved in lipid metabolism and has also been shaow be differentially expressed
between young and mature leave$ofleltoides during the period of maximal growth
rate in the circadian cycle (Matsuba&tal, 2006).

5.4.4 Genomic regions of interest

QTL analysis is a useful technique for identifyiggnomic regions involved in
controlling a particular trait of interest e.g. fleaea. QTL analysis has been used in
previous experiments witArabidopsis recombinant inbred lines (RILs) and a pedigree
Populus mapping population (Family 331) exposed to [eCOhis study illustrated
the existence of conserved genomic regions comgotrait response to [eGl) thus
implying a degree of genome synteny (A Rae, unghbll data). Using a combination
of QTL analysis and transcriptomics, it is possiidledentify important regions of the
genome involved in controlling the trait under thiéferent conditions. Using this
approach in @&opulus mapping populationR; deltoides x P. trichocarpa) it has been
possible to identify the genomic regions importemmtleaf growth under ambient and
elevated C@ conditions (Raet al, 2006) and drought (Street al, 2006). A number
of the differentially expressed transcripts ideatifby the POP2 microarrays described
here were shown to collocate to response QTL regdobly Raeet al (2006). For
example, on LGXII two transcripts identified by tlOP2 microarrays, PU05763
(POLCALCIN, putative calcium binding pollen allergen) and BYWE3 (60S
RIBOSOMAL PROTEIN), collocate with two response QTL for leaf areagdor
young and one for mature leaves) (Ra@l, 2006). This therefore suggests that this

genomic region is particularly important in thepesse to [eCg) in Populus.

5.4.5 Small changes in gene expression

Leaf growth and development undexJG;] may be considered as a ‘plastic’ process
(Taylor et al, 2005) and microarrays can be regarded as a watudying phenotypic
plasticity in plants. However, the results from twalependent sets of microarrays
have shown that there are few large changes insdrgmt expression inP. X
euramericana in response to FACE treatment. Small changes e g&pression in
response to COhave also been reported in other experimentsydimad) AspenFACE
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(Gupta et al, 2005), SoyFACE (Ainsworthet al, 2006) and in the Biosphere 2
experiment (Druartet al 2006). However, QTL analysis has shown that of the
transcripts that were identified in the POP2 experit, a number of them collocate to
genomic regions important for governing variousea$p of leaf growth such as leaf
area (Raet al, 2006). Taking these results into account, | wdah&tefore suggest that
the responses observed at the phenotypic and pbysial level that have previously
been reported iR. X euramericana are an effect of small subtle changes in exprassio

having an additive effect on growth.

Other studies dPopulus gene expression changes in response to environhohiatage
have shown rather substantial differences betweerantrol and treated samples, e.g.
drought (Streett al, 2006), ozone (J. Tucker, 2006) and UV-B (G. Emili&006).
The commonality between these experiments is tet €ach represent a plant stress.
The metabolite and transcript profilesAriabidopsis grown under [eCg) at SoyFACE
have shown that growth under FACE induces greaferession of stress-related genes
than controlled environment experiments ¢Lal, 2006; Miyazakiet al, 2004) but also
confirm that there are generally only small chanigegene expression in response to
[eCOy]. However, it should not be claimed that £© a ‘stressper se since it is more
akin to a ‘fertiliser’. The C@is utilised for photosynthesis in order to produle
sugars required for growth and development. Thegeitocan be speculated that it is
unlikely that large changes in gene expression evoatur in response [eG[because
the plant is undertaking all of its normal physgital functions, and has acclimated to
the conditions. In contrast, following exposureatstress such as ozone, substantial
changes in gene expression would be expected ier dod the plant to produce the

required defences, and ultimately to survive.

One of the main problems with microarrays is thatytonly provide a picture of what
is occurring at the transcriptional level, and aome instances changes at the protein
level are not reflected by changes at the mRNA llg@onson et al, 2002).
Furthermore, abundant genes are often over-regezben cDNA libraries whereas
rarely expressed transcripts and those inducedwrdgr specific conditions are often
missing (Breyne and Zabeau, 2001). Therefore inapbrtegulatory genes may be
overlooked. In addition, there may also be a probieith cross hybridisation on a

microarray. Transcripts from genes that exhibitighldegree of sequence homology
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have the potential to cross hybridise to targetshenmicroarray (Breyne and Zabeau,
2001).

Pooling samples is a way in which it is possibledentify differentially expressed
transcripts whilst keeping experimental costs doWwhis strategy assumes that the
expression of mMRNA is close to the average exmyasom the individual samples
(Shih et al, 2004). A number of studies have investigated fgbeling strategy in
microarray experimental design (e.g. Kendzioetlal, 2005; Zhang and Gant, 2005).
In this experiment there was no indication of bgpbal variation since the relative
contributions of each biological replicate to tlmpwas not measured. However, since
the aim of the experiment was to identify diffefaly expressed transcripts using a

global screen, this approach was deemed to be@op@yate strategy.

5.4.6 Future directions

A further complication with transcript profiling itrees exposed to FACE is the
concentration of C@at which the plants are grown. The FACE systenosep trees to
550ppm CQ, which represents the predicted concentrationttier year 2050. This
concentration may be too low to identify any lacj@nges in gene expression levels in
leaves. In studies by Druaat al (2006),P. deltoides was exposed to ambient, 800 or
1200ppm [CQ|. The studies showed that more transcripts wegnifgiantly
differentially expressed at the higher concentrabbCGQ; in both leaves and stems. At
800ppm, relatively few transcripts were differeliyiaexpressed between the
treatments, (reiterating the results presented) lrrethe number increased under the
higher [CQ)].

Future research into transcriptomics in plants egddo [eCG] can take two different
routes. The first is to identify any transcriptsatthare likely to be differentially
expressed according to current climatic modelsh siscthe proposed concentration of
CO, in 2050. This has the obvious application of pdawy the community with an
idea of how plants will grow and develop under fatuclimatic conditions.
Alternatively, the second route is to identify £€@sponsive genes by exposing the
trees to very high concentrations that are unlikelipe experienced for the foreseeable
future. Whilst both approaches have advantages,ctinent research is generally
focused on the former since it is an issue thiatlikely we will have to face within the
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next 50 years. Furthermore, the results of sudtiesunay help to encourage a change
in the legislation regarding anthropogenic &issions worldwide.

5.5  Conclusions

The effects of [eCg) on many physiological processes are now well kmosithough
they are known to be affected by the species dutBagth of exposure and the type of
experimental system used. The experiments desctileed were one of the first
examples of transcript profiling ifPopulus. Using two microarrays derived from
different EST collections, it was clear that £dbes not induce large changes in gene
expression. This result has also been confirmethdependent experiments using
FACE facilities (e.g. Guptat al, 2005; Ainsworthet al, 2006; Miyazakiet al, 2004) or
controlled environments (e.g. Druattal, 2006). It is reasonable to suggest that either
there are few substantial changes in responseéC@.Jeor microarrays are not the most
appropriate method to detect them. Microarraysaarextremely useful tool to provide
an overview of transcriptional changes and aread garting point for further studies,
but they may not be the most appropriate technigueletecting changes in response
to [eCQ).
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CHAPTER 6
Phenotypic analyses of selecteéebpulus genotypes exposed to [eCPusing
Closed Topped Chambers

6.0 Overview

There are many studies that have been conductemhvistigate plant growth
responses to [eCGP The experiment described in this chapter waslaoted in a set
of closed topped chambers (CTCs), and the trees ggyosed to the [CDpredicted
for 2050.

Growth was assessed in selected members of dhgeieration of thd?opulus F,
mapping population, Family 331, as well as in the & genotypes and the original
grandparental specie®. deltoides and P. trichocarpa. The F genotypes were
selected based upon their extreme polarity in tesmgeld. The results showed that
the low-yielding genotypes responded to a greatgrek to [eCg) than the high-
yielding genotypes.

The results fron. deltoides andP. trichocarpa showed that the two species respond
to [eCQ) to different magnitudes, with the response higiépendent upon the stage
of leaf ontogeny. The samples from this experimestre used for subsequent

transcriptomic and proteomic studies, describedhapters 7 and 8 respectively.
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6.1 Introduction

The latest report from the Intergovernmental PaneClimate Change has stated that
the global increases in G@oncentration are primarily due to fossil fuel carstion
and land-use change (IPCC, 2007). Furthermoreydpert also suggests that it is
‘very likely’ that the observed increase in glolaalerage temperature is due to such

increases in anthropogenic greenhouse gas emigdRdE, 2007).

An understanding of plant growth and developmeirhjgerative in order to recognise
the adaptive significance of traits which will aitately affect the competitive ability
of a plant in a changing global climate. Above-grdwgrowth is generally stimulated
in response to increased carbon availability (Egytis and Wang, 1998). However,
there are still many unanswered questions relatnthe development of plants in
future atmospheric environments. One question sifrdit relevance, particularly on a
commercial and economic scale, relates to thataoftfyield. In future environments
will high yielding crops respond to the increasedrbon availability in the

atmosphere, or will low yielding species flourishffis has further implications with

regards to the crops that are planted for usera®ganeutral energy resources.

In order to address such questions requires theotisedividuals from the same
genetic background, but which display differentigharacteristics. Family 331
(Bradshaw and Stettler, 1993) is gnnrapping population derived from a paterRal
deltoides individual and a matern&l. trichocarpa individual (Figure 6.1.1). Previous
experiments have investigated the response of bHaewpopulation to [eC£), and it
was shown that both above-and below-ground biowassstimulated when grown in
an enriched C@environment (Raeet al, 2007). However, the response differed
significantly between the members of thepdpulation (Raet al, 2007). Therefore
this divergent population is an important tool twakle mechanisms underlying the

response to [eCfto be investigated.

The selection of genotypes demonstrating ‘extrempleénotypic behaviour (for

example maximal or minimal leaf area) is an acaepfgproach for understanding the
genetic basis of the trait in question (Borevital adordberg, 2003; Borevitz and
Chory, 2004). The use of;Fgenotypes, which exhibit trait segregation withie

population, will further permit important biologicguestions to be addressed.
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P. deltoides X P. trichocarpa
(ILL-129) (93-968)

3 ?

53-246 (F1)) x 53-242 (F1)

Family 331(F,)

Figure 6.1.1 Family 331 was derived from a cross betw@emleltoides (paternal)
and P. trichocarpa (maternal). Two of the resulting, f[genotypes (‘246" and ‘242’)
were crossed to produce thedeneration (Bradshaw and Stettler, 1993).

The aim of this experiment was to assess the graw#racteristics oPopulus in
future predicted C@environments through the use of highly divergexividuals of

a pedigree population. The leaf growth of the twbhenpotypically distinct
‘grandparental’ specie$). deltoides andP. trichocarpa, were monitored during the
growing season, as well as the twg dgenotypes derived from this cross, and a
selection of genotypes from the gopulation. The fgenotype selections were based

upon yield (biomass) data collected from the paaran a previous experiment.

Previous experiments (e.g. Rekeal, 2007; Ferriset al, 2002) have demonstrated
variable responses to [eGJ@mongst members of the population. However,ithibe
first detailed study of leaf development, whichuses on selected members of the

population.
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6.2 Materials and Methods

The genotype selections were based upon biomaasob#dined as a part of the EU
‘Popyomics’ project (http://www.soton.ac.uk/~popyiom Part of this project
involved measuring the growth traits of Family 38&mbers.

6.2.1 Genotype selection

The UK trait data from the Popyomics project hasrbpublished (see Raa al,
2007) and was used here to select the extremeygmsobased on their biomass. The
data was ranked according to biomass, and fromlistisix ‘high’ and six ‘low’
extreme genotypes were selected. (It is importamtate that the genotype selection
was also based upon cutting availability and qualfEor each trait, the results from
the six high genotypes were grouped into one exreategory and the six low
genotypes into another, and a one-way ANOVA wasl useinterpret the data. The
results from the Popyomic’s data from the UK triéds various growth traits are
shown in Figure 6.2.1. The results for each tr@itdach genotype in the data set are
indicated alongside the corresponding categoryhergtaph, in order to illustrate the

different growth characteristics of the selectedaggpes.
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Figure 6.2.1.Frequency histograms showing the results fordeed, SLA, leaf shape
index (width: length) and sylleptic density in F&m831. The data was collected in
the UK as part of the EU Popyomics project data ualished in Raet al, (2007).
The genotypes were selected based on the biomesgida&Each star represents the
result for one of the selected genotypes. Bluesstlow biomass extremes, red stars=
high biomass extremes, green stars= grandparBntdeltoides or P. trichocarpa),
yellow stars= parents (genotype 242 or 246). A wag-ANOVA was conducted on
the results to check for statistical differencesMeen the two extreme groups (high
and low biomass) for each trait.

There was a statistically significant differencetvieen the extreme groups for
biomass (p<0.001) and leaf area (p<0.001) only. fEn@aining three traits that were
tested (width: length, SLA and sylleptic densitygre not significantly different

between the groups.

6.2.2 Experimental design

On 22'Y May 2006, thePopulus cuttings were planted into the 16 chambers at the
Forestry Commission field site, Headley, UK (51%0,70°50'W). The chambers had
been prepared for planting by removing all weeds laydigging hop waste into the
soil for nutrition. Furthermore, the chambers wesgrayed with fungicide and

insecticide prior to experimentation.
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The general design for the planting is given inuFég6.2.2. Each chamber was split
into two halves. One half contained the ‘grandpir'esf the populationR. deltoides
andP. trichocarpa), and the Fgenotypes (‘242 and ‘246’), and the other corgdin
the selected extreme genotypes (either high or low in a single chambkr)each
chamber, the genotypes were assigned a posititimeimppropriate segment using a

random number generator (www.random.org).

Chamber perimeter

Grandparent/Parent planting
position

CO,ring

Extreme genotype planting
position

Chamber entrance

Door

Figure 6.2.2 The general design plan for each chamber inxperenent. Each spot
represents one planting position. The cuttings weaated 30cm from the nearest
neighbour. The green/ yellow spots indicate thatjpos for the ‘grandparents’ and
‘parents’ respectively. The red/ blue spots indidae positions for the high extremes
or the low extremes in a chamber (high and lowesres were not grown in the same
chamber.)

The chambers were ventilated as described in Feras 2002. The average [GPD
was 387+ 52ppm ([aC{) and 485+ 100ppm ([eCA). The CQ exposure began on
the 5" July 2006.
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6.2.3 Phenotyping

6.2.3.1P. deltoides, P. trichocarpa and the k. genotypes

A timeline representing sampling dates is showRigure 6.2.3. On the 1'7August
2006 (90 days after planting (DAP) and 43 daysofelhg exposure to [eCP(DFE))
the youngest fully unfurled leaf of each tree wagged using a length of wool tied
loosely around the petiole. This was defined atdea. Photographs of every tagged
leaf were taken on the 1721 24" 28" 31" August, and the ™, 4" and "
September 2006 in order to construct a temporaiir@rofile. On the 1% August
2006, leaf ages two to ten (where the tagged leas \age one) were also
photographed in order to construct a spatial adil leaf development. On the 24
August 2006 (50 DFE), one mature leaf was samue&EA as described in Chapter
2.

Adaxial and abaxial epidermal imprints were sampted the 17 August 2006
according to the methodology described in Chaptedn2total, four biological
replicates of each genotype were sampled in aler@fe. leaves 2 to 10).

The material to study leaf anatomy was samplecher2d” August 2006, according
to the methodology described in Chapter 2. Smattiees of tissue were sampled
from the 29 interveinal area (where the 1st was the most bersal) of a young and
mature leaf. The samples were collected from chasnlo@e ([eCGl) and two
([aCC]) only.

6.2.3.2 i yield extreme genotypes

Photographs of the leaves were taken on tffe 24", 26" 28" 31 August and the
2" 4" and &' September 2006. The leaf above the tagged onesavapled at each
time-point because on the date of the first sargptihbiomass extremes (I ®ugust
2006 (45 DFE)) the tagged leaf was no longer thengest unfurled (which was the
definition of ‘leaf one’ for grandparents ang genotypes). The leaf above the tagged
one represented the first fully unfurled leaf ie tase of every biological replicate for

each genotype.
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6.2.3.3 All genotypes
Tree height and diameter were recorded for evetividual on four occasions during

the growing season (1623% and 38' August 2006). Diameter was recorded 30cm
from ground level with a set of digital callipei®nly trees that had not had a leaf

profile sampled (where the SAM was removed) werasueed.
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DAP g7 88 89 90 91 92 93 94 95 96 97 96 99 100 101 102 103 104 105 106 107 108 109 110 111 112
DFE 40 41 42 43 44 45 46 47 48 49 50 51 52 53 b4 55 56 57 58 59 60 61 62 63 64 65

Month September
Date st 2nd 3rd 4th 5th 6th 7th 8th

*

P. deffoides  Leaf images

] ] ] H B B BN
P. trichocarpa  Epidermal images

F, genotypes  SLA
Leaf anatomy
Height . .
Diameter
l ]

F,genotypes  Leaf images
Epidermal images
SLA
Leaf anatomy

Height
Diameter

Figure 6.2.3.A timeline representing sampling dates during therse of the experiment. The diagram shows the sicaée in terms of DAP (Days After
Planting), DFE (Days Following Exposure (to [ef)Pand calendar days. The pink squares in theptp of the chart represent the times at wiich
deltoides, P. trichocarpa and the two Fgenotypes (242 and 246) were sampled. The bluaregun the lower part of the diagram representithes
when the extreme biomass,)enotypes were sampled. The star representsatieeati which the spatial profile was sampledRodeltoides and P.
trichocarpa for the transcriptomic and proteomic analyses ¢bepter 7 and 8 respectively).
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6.3 Results

6.3.1 Spatial analyses d?. deltoides and P. trichocarpa

In order to investigate the spatial responsePofdeltoides and P. trichocarpa to
[eCOy), a ‘growth profile’ was constructed at a singlendg-point during the
experiment. This involved collecting data from aafechronologically ordered leaves
from a group of randomly selected individuals. Leaé was defined as the first fully
unfurled leaf at the beginning of sampling whenséherofiles were collected ({7
August 2006).

6.3.1.1 Leaf growth analyses

The percentage change in leaf area (Table 6.3dyesth that growth was stimulated
in young leaves exposed to [eg}@articularly inP. deltoides), and that this response
generally reduced with leaf age. However, there wasstatistically significant
treatment effect on leaf area, =1.31 p<0.05) (Figure 6.3.1).

Leaf area P. deltoides P. trichocarpa
Leaf age % change in leaf area % change inahest
1 80.3 -7.97

2 28.9 21.15

3 6.90 4.80

4 2.86 0.40

5 -5.34 -15.49

6 11.86 -10.98

7 4.94 5.33

8 12.69 3.67

9 12.45 0.97

10 20.59 30.17

Table 6.3.1 The average leaf area was used to calculate ¢heemtage changes
according to the following equation;
Leaf area ([eC@))-Leaf area ([aCgl)

Leaf area ([aCg)) x 100

Leaf ‘1’ was defined as the youngest fully unfurledf from the shoot meristem on
day one of the experiment.
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600 1

500 A

100 A1

1 2 3 4 5 6 7 8 9 10

Leaf age

Treatment 0.256 n.s

Species 0.000***

Age 0.000***

Treatment X Species 0.391n.s

Treatment x Age 0.988n.s

Species x Age 0.000***

Treatment x Species x Age 1.000n.s

Figure 6.3.1. The average leaf area & deltoides (triangles) andP. trichocarpa
(squares) under ambient (blue) or elevated (re@,]JCThe data was collected on the
first day of the experiment ('7August 2006). Standard error bars have been amnitte
from the graph for clarity. The results of a thvemy ANOVA are provided
underneath the graph (***p<0.001; ns= not signifian=6.

146



Chapter 6

Leaf shape index (i.e. length to width ratio) waserally reduced following growth
in [eCQ,] (Table 6.3.2). The ratio was consistently greaterli leaf ages inP.
trichocarpa in ambient than elevated G{i.e. a larger index equates to longer,
thinner leaves, whilst a reduced index suggestgteshavider leaves) (r~=1050.20
p<0.001).

6.3.1.2 Leaf shape index

P. deltoides P. trichocarpa
Leaf age % change in leaf l:\w % change in leaf |
1 -11.20 -0.87
2 -18.65 -3.67
3 -4.14 -8.03
4 -4.26 2.73
5 -6.09 1.40
6 7.80 -0.84
7 3.71 -4.84
8 -0.24 -14.42
9 8.34 -13.77
10 2.38 -7.21

Table 6.3.2 The average percentage change in leaf lengthidthwatio in P.
deltoides andP. trichocarpa. The percentage change was used calculated acgdali
the following equation;
Leaf :w (JeCQ))-Leaf l:w ([aCOQ))

Leaf l:'w ([aCQ)) x 100

In P. deltoides, the leaf shape index was particularly affectedinmyeased carbon
availability in young leaves. The young leaves graw [eCQ] had, on average, a
lower length to width ratio than those grown in &L However, this difference

declined over developmental time (Figure 6.3.2).
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1 2 3 4 3 6 7 8 9 10

Leaf age
Treatment 0.025*
Species 0.000***
Age 0.000***
Treatment x Species 0.262 ns
Treatment x Age 0.890 ns
Speciese x Age 0.281 ns
Treatment x Species x Age 0.492 ns

Figure 6.3.2. The leaf length to width ratios dP. deltoides (triangles) andP.
trichocarpa (squares) grown under ambient (blue) or elevated) (CQJ. The data

was collected on the first day of the experimert"(August 2006). Error bars have
been omitted for clarity. The results of a thregr®dNOVA is given below the graph
(*p<0.05; ***p<0.001; ns= not significant). n=6.

6.3.1.3 Cell growth analyses

Cell impressions were sampled from the growth prafiees and used to calculate
average cell area and to estimate cell number gaf. |Adaxial cell area was
stimulated by [eCg) in the mature leaves oP. deltoides, but reduced inP.
trichocarpa. Similarly, abaxial cell area was stimulatedPindeltoides but reduced in
the mature leaves @i. trichocarpa. Adaxial cell area and abaxial cell number were
significantly affected by C&treatment (Figures 6.3.3 and 6.3.6 respectively).
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Leaf age
Treatment 0.025*
Age 0.000%**
Species 0.000***
Treatment x Age 0.000***
Treatment x Species 0.000***
Age x Species 0.000***
Treatment x Age x Species 0.000***

Figure 6.3.3.The average adaxial epidermal cell area at tts fime-point (17
August 2006). The impressions were taken from ttosvtp profile trees. The solid
blocks represent the results fer deltoides whilst the hatched blocks represeRts
trichocarpa. Blue bars indicate growth in [aGand red bars indicate growth in
[eCQO,). The results of a three-way ANOVA is given beldiae graph (*p<0.05;
***pn<0.001; ns= not significant). n=60.
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Treatment 0.824 ns
Age 0.549 ns
Species 0.000***
Treatment x Age 0.007**
Treatment x Species 0.071 ns
Age x Species 0.022*
Treatment x Age x Species 0.020*

Figure 6.3.4 The average adaxial epidermal cell number afitsetime-point (17’
August 2006). The impressions were taken from tlodilp trees. The solid blocks
represent the results foP. deltoides whilst the hatched blocks represeries
trichocarpa. Blue bars indicate growth in [aGOand red bars indicate growth in
[eCOy). The results of a three-way ANOVA is given beldlae graph. (*p<0.05;
**p<0.01; **p<0.001; ns= not significant).

As would be expected, there was a significant ggedifference in terms of adaxial
(F1527= 190.64 p<0.001) and abaxial; @+ 851.91 p<0.001) cell area, and adaxial
(F1527= 431.39 p<0.001) and abaxial; @z&= 870.74 p<0.001) cell number. Elevated
[CO,] reduced adaxial cell area B trichocarpa, but generally stimulated it iR.
deltoides, and this pattern was repeated on the abaxiaheirfTreatment had no
effect on adaxial cell number (Figure 6.3.4) orxadlacell area (Figure 6.3.5).
However, there was a general reduction in abaxalllrmmber inP. deltoides as a
result of treatment (ages 4, 7 and 10) but a skghtulation in ages 7 and 10 in

trichocarpa.
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10

Figure 6.3.5 The average abaxial epidermal cell area at tts fime-point (17
August 2006). The impressions were taken from tlodilp trees. The solid blocks
represent the results fdP. deltoides whilst the hatched blocks represeri®s
trichocarpa. Blue bars indicate growth in [aGand red bars indicate growth in
[eCQO,). The results of a three-way ANOVA is given beldiae graph (*p<0.05;

***pn<0.001; ns= not significant). n=60.
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Figure 6.3.6 The average abaxial epidermal cell number afitsetime-point (17"
August 2006). The impressions were taken from tlodilp trees. The solid blocks
represent the results fdP. deltoides whilst the hatched blocks represeri®s
trichocarpa. Blue bars indicate growth in [aGand red bars indicate growth in
[eCQO,). The results of a three-way ANOVA are given belthe graph (***p<0.001;
ns= not significant).

The results imply that increased carbon supply eduwmn increase in adaxial and
abaxial cell area i. deltoides by the process of cell expansion. No such stinariat
was observed iR. trichocarpa, where adaxial and abaxial cell areas were redbged
treatment (in ages 4, 7 and 10). £&richment did not promote cell division in the
maturing leaves oP. deltoides and this was particularly true in the abaxial scef
(Figure 6.3.6). The results show thRat deltoides responded more to [eGPby

promoting cell expansion.

Stomatal density was not affected by £@atment inP. trichocarpa (F11440.75,

p<0.01) but inP. deltoides, stomatal density increased in response to tredtme

152



Chapter 6

(F1117= 10.84 p<0.001). Stomatal density was consistehifjner on the abaxial
surface (Table 6.3.3).

Trichome density was not affected by treatment {E 0.97 p<0.01) inP.
trichocarpa. The density was consistently highest in the yashdeaves (in both the
adaxial and abaxial leaf surfaces) and reduced led@thage, therefore suggesting that

trichome production ceased with leaf maturatiorb{é®.3.4).
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P. deltoides P. trichocarpa
Age  Surface Stomata per fm  se Stomata per nfm se Stomata per nfm se Stomata per nfm se
[aCQ] [eCQOjJ [aCQ] [eCQOjJ

3 Abaxial 273.0 325 190.3 21.8 289.9 31.B06.9 15.3
4 Abaxial 212.7 9.5 237.5 22.5 2115 17.813.3 16.0
5 Abaxial 190.3 10.3 203.3 15.2 171.1 8.3 47.% 12.1
6 Abaxial 182.7 9.9 193.0 16.3 150.6 7.2 0.15 9.8
7 Abaxial 174.6 10.9 157.3 5.2 132.7 7.3 9.64 14.3
8 Abaxial 195.0 6.7 158.4 12.6 120.7 8.5 843 7.0
9 Abaxial 1934 8.8 165.4 11.8 125.6 39 134 154
10 Abaxial 181.6 8.5 161.7 16.4 113.9 5.1 33.8 4.4
3 Adaxial 177.4 215 159.9 195 0.0 0.0 0.0 0.0
4 Adaxial 158.8 25.2 999 50.3 0.0 0.0 0.0 0.0
5 Adaxial 148.5 4.3 119.0 28.3 0.4 0.4 0.0 0.0
6 Adaxial 125.4 9.5 138.7 13.1 0.0 0.0 0.0 0.0
7 Adaxial 120.0 104 102.9 19.0 0.0 0.0 0.0 0.0
8 Adaxial 1331 8.7 118.0 15.8 0.4 0.4 0.0 0.0
9 Adaxial 136.8 6.7 98.9 21.1 1.3 0.8 0.6 0.6
10 Adaxial 124.6 5.3 107.2 18.5 1.2 0.8 2.3 15

Treatment 0.001*** Treatment 0.389 ns

Surface 0.000*** Surface 0.000***

Age 0.000*** Age 0.000***

Treatment x Surface 0.653 ns Treatment xa8ear 0.381 ns

Treatment x Age 0.331 ns Treatment x Age 948. ns

Surface x Age 0.709 ns Surface x Age @00

Treatment x Surface x Age 0.144 ns Treatmehtrface x Age 0.949 ns

Table 6.3.3 The average stomatal density in the abaxial alacial surfaces oP. deltoides andP. trichocarpa grown in either ambient or
elevated CQ@ The standard errors are provided in the table thedresults of a three-way ANOVA (for each speciae also shown
(***p<0.001; ns= not significant).
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Age Surface Trichomes per mimse Trichomes per nfm se
[aCQY [eCQ]

3 Abaxial 19.3 1.2 10.7 3.1
4 Abaxial 9.6 1.7 20.7 2.5
5 Abaxial 104 15 13.7 11
6 Abaxial 11.2 14 12.8 1.0
7 Abaxial 9.8 0.8 12.7 2.4
8 Abaxial 11.3 1.3 9.0 1.5
9 Abaxial 8.0 1.2 10.0 1.8
10 Abaxial 9.2 1.2 12.8 1.2
3 Adaxial 28.1 5.2 23.4 1.3
4 Adaxial 14.9 2.6 17.7 2.7
5 Adaxial 9.5 1.7 15.8 1.9
6 Adaxial 15.3 5.7 8.6 1.8
7 Adaxial 111 2.2 8.6 5.1
8 Adaxial 11.0 0.6 8.6 1.6
9 Adaxial 7.9 2.2 13.8 0.9
10 Adaxial 8.3 15 8.6 1.9

Treatment

Surface

Age

Treatment x Swefac

Treatment x Age
Surface x Age

Treatment x Szefa Age

0.355
0.1isl
0.000***
0.251 ns
0.000***
0.001***
0.208 ns

Table 6.3.4 The average trichome density in the abaxial atakial surfaces oP. trichocarpa grown in either ambient or elevated £0he
standard errors are provided in the table and ¢kalts of a three-way ANOVA are also shown (***p801; ns= not significant). Note;
Trichomes were not present in either the abaxialdaixial surfaces @&. deltoides.
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6.3.1.4 Leaf anatomy

Basal sections of both young and semi-mature leaxgzse sampled for subsequent
cellular analyses of transverse sections (Figuse/§young leaves) and Figure 6.3.8
(mature leaves)). The young and mature leaveB. dfichocarpa demonstrated an
increase in leaf thickness as a result of, @Qposure. The results suggest thaP.in
trichocarpa, cell production was stimulated in the dorsi-vahtiirection. There was
no apparent stimulation in growth B deltoides, although the young leaves of F
genotype ‘242’ were affected by G&xposure by demonstrating a subtle increase in
leaf thickness (Figure 6.3.7).
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Young leaves

[eCO,]

P. deltoides

P. trichocarpa

242 (F,)

246 (F,)

Figure 6.3.7 The transverse sections of young leaveB. aeltoides, P. trichocarpa,
and the two Fgenotypes ‘242’ and ‘246’. The black bars represedO@m scale
bar. Each picture in the diagram is representatbfe replicates within the
genotype/treatment category. EC= epidermal celertayL=palisade layer; SM=
spongy mesophyll layer; IS= intercellular space.
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Mature leaves
[aCO;] [eCO;]

P. deltoides

P. trichocarpa

242 (Fy)

246 (Fy)

Figure 6.3.8 The transverse sections of mature leaveé3 déltoides, P. trichocarpa,
and the two Fgenotypes ‘242’ and ‘246’. The black bars represedO@m scale
bar. Each picture in the diagram is representatdie replicates within the
genotypel/treatment category. EC= epidermal celertayL=palisade layer; SM=
spongy mesophyll layer; 1IS= intercellular space.
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6.3.2 Temporal analyses dP. deltoides and P. trichocarpa

6.3.2.1 Leaf growth analyses

Along with a spatial profile of development in resge to CQ treatment (section
6.3.1) a temporal profile was also measured in rotdedetermine the response of
individually tagged leaves to [eGPduring their growth period. This involved
tagging a young leaf on the first day of the expent and tracking its development
by taking repeated growth measurements over tithe.ré&sults foP. deltoides andP.

trichocarpa are shown in Figure 6.3.9, Figure 6.3.10 and &.3.1

40 +
30 -
20

10 ~

0 T T T T T T 1
170806 210806 240806 2 20906 40906 70906

-10 4

-20

-30 -

-40 -

Average percentage change in leaf area

-50 4

-60 -

Sample date

Figure 6.3.9 The average percentage change in leaf area thglged leaves through
the progression of the experiment. The dark greangles represenP. deltoides
whilst the light grey squares represéhttrichocarpa. The numbers on the x-axis
represent the date of sampling e.g. 170806 cormelspto 1% August 2006. The
average percentage change in leaf area was cadulay using the following
equation;
Average leaf area in [eGPaverage leaf area in [aGPD

Average leaf area in [aGD x 100
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Leaf area was stimulated in [eg]@n both P. deltoides andP. trichocarpa whilst the
leaves were young. However, mid-way through thewigrg season (28 August
2006) the magnitude of response to [e[cd2clined inP. trichocarpa. In P. deltoides,
leaf area was reduced under [e€@llowing this time-point. These growth patterns
were mirrored in terms of changes in temporal leafith (Figure 6.3.10) and width
(Figure 6.3.11) in both species. The results of ‘Repeated Measures’ ANOVA
showed that treatment had no affect on leaf araédthvor length in either species
(data not shown).

15

10

0 T T T T T T T 1

170806 210806 240806\ 280806 310806 20906 40906 70906

-10 4

-15 4

-20 4

25 4

Average percentage change in leaf length

-30 +

-35 -

Sample date

Figure 6.3.10 The average percentage change in leaf lengttheftagged leaves
through the progression of the experiment. Triamg{dark grey) represem.
deltoides whilst the squares (light grey) representrichocarpa. The numbers on the
x-axis represent the date of sampling e.g. 17080fesponds to 17 August 2006.
The average percentage change in leaf area waglatelt by using the following
equation;

Average leaf length in [eCPAverage leaf length in [aC
Average leaf area in [aGPD x 100
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30 -

20

10 ~

0 T T 1 T T T T 1
170806 210806 240806 0806 310806 20906 40906 70906

-10 4

-20

-30 -

Average percentage change in leaf width

40 A

Sample date

Figure 6.3.11 The average percentage change in leaf width eftdlgged leaves
through the progression of the experiment. Triamg{dark grey) represen®.
deltoides whilst the squares (light grey) representrichocarpa. The numbers on the
x-axis represent the date of sampling e.g. 17080fesponds to 17 August 2006.
The average percentage change in leaf area waglatelt by using the following
equation;

Average leaf width in [eC&-Average leaf width in [aCg)
Average leaf area in [aGPD x 100
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6.3.3 Temporal analyses of the;/Fand F, genotypes

The growth of the F(‘'242’ and ‘246’) and k (biomass extremes) genotypes were
also monitored during the progression of the expent. The results for the leaf
growth analysis of the;Fgenotypes are shown in Figure 6.3.12 and Figl84 8.

350 -
300 - T
€
S 250 A
©
(O]
5 200
IS
L 150 A
()
o
S 100 -
>
< 50
180806 70906
Timepoint
Date
Genotype 180806 070906
242 -6.37% -26.18%
246 25.39% -14.63%
Treatment 0.000***
Genotype 0.733 ns
Date 0.000***
Treatment*Genotype 0.411 ns
Treatment*Date 0.000***
Genotype*Date 0.940 ns

Treatment*Genotype*Date 0.621 ns

Figure 6.3.12.The average leaf area (&nof the two i genotypes in ambient (blue)
and elevated (red) [CP Genotype 242 is represented by striped bars2adby
dotted bars. The numbers on the x-axis representdte of sampling e.g. 180806
corresponds to IBAugust 2006. The data here shows the data cafleatt¢he first
(180806) and last (070906) time-points in the expent. Standard error bars are
shown. The average percentage changes in leabeggaovided in the table beneath
the graph. The results from a three-way ANOVA arevigled at the bottom of the
Figure (***=p<0.001; ns= not significant).
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There was no significant effect of treatment orf be@a in the Fgenotypes (Figure
6.3.12). Leaf area was stimulated by [eC® genotype 246 at the first sampling
time-point only (Figure 6.3.12). This was assodatgth a reduction in average leaf
shape index (i.e. indicating a reduction in proxicistal/ increase in medio-lateral
lamina growth compared to its counterpart grownennCQ]) (Figure 6.3.13).
Conversely, the reduction in leaf area in [e[Ci@® both 242 and 246 at the latter time-
point corresponds with an increase in averageléajth to width ratio (i.e. increase
in proximo-distal/ decrease in medio-lateral langnawth).

2.8 -
26 -
s 24
©
s 224
% 2 - —1+F
2 4.
(O]
g 16 -
2 T
Z 1l4- ,
1.2 1
1
180806 70906
Timepoint
Date
Genotype 180806 070906
242 -0.01% 6.23%
246 -4.61 4.34%
Treatment 0.776 ns
Genotype 0.000***
Date 0.000***
Treatment*Genotype 0.504 ns
Treatment*Date 0.198 ns
Genotype*Date 0.043*

Treatment*Genotype*Date  0.528ns

Figure 6.3.13.The average leaf shape index (length: width) efttho R genotypes

in ambient (blue) and elevated (red) [£OGenotype 242 is represented by striped
bars and 246 by dotted bars. The numbers on thxésxepresent the date of sampling
e.g. 180806 corresponds to™8ugust 2006. The data here shows the data callecte
at the first (180806) and last (070906) time-pointthe experiment. Standard error
bars are shown. The averages percentage changg shiape index is provided in the
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table beneath the graph. The results from a thieeAMNOVA are provided at the
bottom of the Figure (*=p<0.05; ***=p<0.001; ns=trmignificant).

The low biomass { genotypes showed a greater stimulation in leaé an [eCQ]
than the high biomass genotypes. Whilst there wadiffierence between treatments
at the first time-point (190806), by the final sdmg@ point (080906) leaf area was
shown to be significantly different (Figure 6.3.1Zhis was not the case with the
high biomass genotypes, where there was no signifidifference in leaf area at the
beginning or end of the growth period (Figure 643.Ireflecting an inability to

respond to an increased carbon supply.
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250 - Low biomass extreme group
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190806 80906
-50 -
Time point
Treatment 0.132 ns
Group 0.000***
Time-point 0.000***
Treatment x Group 0.004**
Treatment x Time-point 0.167 ns
Group x Time-point 0.000***
Treatment x Group x Time-point 0.000***

Figure 6.3.14.The average leaf area for the high-(top graph)lawd(bottom graph)
biomass extreme genotypes. The red points corréspmrihe replicates grown in
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[eCOy)] and the blue in [aC§. The numbers on the x-axis represent the date of
sampling e.g. 190806 corresponds t8 AQgust 2006. The graph here shows the data
collected at the first (190806) and last (08090&)etpoints in the experiment.
Standard error bars are shown. The results of eettwvay ANOVA are provided
below the graph where group= ‘high’ or ‘low’ bionsastime-point= 190806 or
080906 and treatment= [aGOor [eCQ] (** p<0.01; ***p<0.001; ns= not
significant).

6.3.4 Temporal growth in all genotypes

Concomitant with the spatial and temporal profithat were monitored in this
experiment, a number of general growth parameters &wlso measured. Average tree
height was measured for every individual in the ezitpent on 3% August 2006
(excluding the individuals that had been used & gpatial study whereby the shoot
apical meristem had been removed). There was tist&tal difference in tree height
as a result of COexposure irP. deltoides, P. trichocarpa (Figure 6.3.15) or the;F
genotypes (Figure 6.3.16).
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O il
P.deltoides P. trichocarpa
Species
Treatment 0.205 ns
Genotype 0.000 ***
Treatment x Genotype 0.945 ns

Figure 6.3.15.The average height &. deltoides andP. trichocarpa on 30" August
2006. The blue bars represent the individualswae exposed to [aGPand the red
bars represent those exposed to [gCOhe standard error bars are shown. The
results of a two-way ANOVA are provided beneath ghaph (***p<0.001; ns= not
significant).
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250 ~

200 -

150 +

100 -

Average tree height (cm)

50 -

242 246
Genotype

Treatment 0.134 ns
Genotype 0.197 ns
Treatment x Genotype 0.988 ns

Figure 6.3.16.The average heights of the twg denotypes on S“DAugust 2006. The
blue colour represents the individuals that wewevgrin [aCQ] and the red represent
those grown in [eCg). The striped bars indicate genotype 242 and thtéed bars
represent genotype 246. The standard error barshaxwn. The results of a two-way
ANOVA are provided beneath the graph (ns= not §icamt).

Average tree height was stimulated as a result@f €posure in the Fbiomass
extremes (F195= 4.46, p<0.05) (Figure 6.3.17). The low biomagseznes responded
to treatment to a greater degree than the high dssngenotypes in terms of height
(Figure 6.3.17), final biomass (Figure 6.3.18) atein diameter (Figure 6.3.19). Of
the low biomass extreme group, genotype ‘1851’ aadpd most to treatment in

terms of biomass, stem diameter and height (datahcavn).

168



Chapter 6
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Biomass extreme group
Treatment 0.036 *
Group 0.000***

Treatment x Group 0.117 ns

Figure 6.3.17.The average heights of the two groups of biomasemes on 30
August 2006. The blue colour represent the indigislthat were grown in [aGPand
the red represent those grown in [eCOhe dotted bars indicate the low biomass
genotypes and the striped bars represent the haghals genotypes. The standard
error bars are shown. The results of a two-way AMCAre shown below the graph
(*p<0.05; **p<0.001; ns= not significant).
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0.3
0.25 -
0.2
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Mean biomass (K

0.05

High Low

-0.05 -

Biomass extreme group

Treatment 0.028*
Group 0.000***
Treatment x Group  0.969 ns

Figure 6.3.18 The average biomass of the two groups p&kreme genotypes on
30" August 2006. The blue colour represent the indiaigl that were grown in
[aCOy] and the red represent those grown in [g]COhe hatched bars indicate the
low biomass genotypes and the striped bars reprélserhigh biomass genotypes.
The standard error bars are shown. The results tefoavay ANOVA are shown
below the graph (*p<0.05; ***p<0.001; ns= not sifjcant).
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Mean diameter (mi

High Low
Biomass extreme gro!

Treatment 0.007**
Group 0.000***
Treatment x Group  0.692 ns

Figure 6.3.19The average stem diameter of the two groups ah&ss extremes on
30" August 2006. The blue colour represents the iddiafs that were grown in
[aCOy) and the red represent those grown in [glCOhe hatched bars indicate the
low biomass genotypes and the striped bars repréiserlarge biomass genotypes.
The standard error bars are shown. The results tefoavay ANOVA are shown
below the graph (**p<0.01; ***p.0.001; ns= not sifjoant).

CO; significantly affected cell area in the low bioraagenotypes (Figure 6.3.21) but
not the high biomass genotypes (Figure 6.3.20)s Phovides further evidence that
the high biomass genotypes were unresponsive (mst®f overall growth) to the

increased carbon availability. It is likely thatetmore productive high biomass
genotypes were unable to assimilate any furtheoorafor growth, whilst the less

productive low biomass genotypes did have the dgpéx respond, which would

explain the results observed.
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Treatment 0.431 ns
Genotype 0.000***
Surface 0.000***
Treatment x Genotype 0.833 ns
Treatment x Surface 0.937 ns
Genotype x Surface 0.000***
Treatment x Genotype x Surface 0.205 ns

Figure 6.3.20. The average abaxial and adaxial cell areas of tgh hiomass
genotypes exposed to either ambient (blue bar®levated [CG (red bars). The
standard error bars are shown on the graph. Thitsesf a three-way ANOVA are
shown below the graph (***p.0.001; ns= not sigraint).
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1000 - Adaxial

Average cell area (pm ?)

Abaxial

1712 1837 1926
Genotype

Treatment 0.042*

Genotype 0.000***

Surface 0.000***

Treatment x Genotype 0.014~*

Treatment x Surface 0.437 ns

Genotype x Surface 0.000***

Treatment x Genotype x Surface 0.194 ns

Figure 6.3.21. The average abaxial and adaxial cell areas of ole Hiomass
genotypes exposed to either ambient (blue bar®lewated [CG (red bars). The
standard error bars are shown on the graph. Theétsed a three-way ANOVA are
shown below the graph (*p<0.05; ***p.0.001; ns= sanificant).
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The specific leaf area was measured in mature $e@/®&DAP/50 DFE). There was a
general reduction in SLA in the mature leaves dhlbb deltoides andP. trichocarpa
(Figure 6.3.22)as well as the j~(Figure 6.3.23) and Fgenotypes (Figure 6.3.24)
although this was not statistically significant.

250 -

200 -

150 A

100 +

Average Specific Leaf Area (cm 2g™)
a1
o

P. deltoides P. trichocarpa
Genotype
Treatment 0.129 ns
Genotype 0.094 ns
Treatment x Genotype 0.628 ns

Figure 6.3.22. The average specific leaf area fer deltoides and P. trichocarpa
exposed to ambient (blue) and elevated (red),JCthe standard errors are shown on
the graphs. The results of a two-way ANOVA are shdwelow the graph (ns= not
significant).
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Treatment 0.061 ns
Genotype 0.271 ns
Treatment x Genotype 0.581 ns

Figure 6.3.23.The average specific leaf area of the twgénotypes. The blue colour
represents the individuals that were grown in [gC&nhd the red represent those
grown in [eCQ]. The striped bars represent genotype 242 anddtitted bars
represent 246. The standard error bars are shomenrésults of a two-way ANOVA
are shown below the graph (ns= not significant).
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Group 0.112 ns
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Figure 6.3.24.The average specific leaf area of the biomas®edrgenotypes. The

hatched colour represents the low biomass genotgpdshe striped bars represent
the high biomass genotypes. The bars coloured we bépresent the individuals

grown in [aCQ] and the red represent those grown in [¢lCDhe standard error bars

are shown. The results of a two-way ANOVA are shdywfow the graph (ns= not

significant).
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6.4  Discussion

This study has provided further insight into thepense of two phenotypically
distinct species to [eCD predicted for the year 2050. Furthermore, ‘exeém
genotypes were selected from a pedigPepulus mapping population in order to
focus on characterising the growth of high-and lplding genotypes in response to
this stimulus. The results of this second parthaf investigation have widened the

scope for further studies in this area.

6.4.1 Leaf growth ofP. deltoides and P. trichocarpa in [eCO,]

There have been several reviews published in tbeature regarding plant growth
responses to [eCGPexposure (e.g. see Ainsworth al, 2005; Drakeet al, 1997,
Norby et al, 1999; Pritchardkt al, 1999). In trees, it can generally it can be deduce
that growth is stimulated by [eGD This does however depend upon the species
under investigation, the age of the tree (Kérn€Q8) as well as the particular

environmental constraints and/or experimental etrias (Tayloet al, 2001).

Here, the results from the growth analyses (bo#tiapand temporal) were indicative
of a subtle stimulation in some aspects of planetigment as a result of exposure to
[eCOy]. In terms of leaf area, growth was stimulated/aung leaves oP. deltoides
(Table 6.3.1, Figure 6.3.1). Over time, this stiatin diminished (Figure 6.3.9). In
P. trichocarpa, the response to [eGPwas less clear, but generally stimulated over
time (Figure 6.3.9). This reflected a differencethe capacity of the two species to
respond to [eCg) i.e. the leaves ofP. deltoides were highly responsive to treatment
only during the juvenile stage of development whadi ages ofP. trichocarpa
responded positively to [eGP However, inP. trichocarpa the magnitude of the

response was less pronounced.

6.4.2 Cellular characteristics ofP. deltoides and P. trichocarpa in [eCO,]

The leaves ofP. deltoides consist of numerous small cells, which is achietgd
frequent rounds of cell division. At an equivalestage of development i.
trichocarpa however, leaves consist of fewer larger cells, wueell expansion (see
Chapter 3). Exposure to [eG)Gtaused stimulation in adaxial and abaxial epidgrm

cell area inP. deltoides, which also corresponded to an increase in lesd ar [eCQ)
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for each age category. This therefore suggests [#0;] caused increased cell

expansion rather than cell division (Gardeteal, 1995).

In P. trichocarpa there was no stimulatory effect of @On cell size. It is possible
that under ambient conditions, the cellsPotrichocarpa had reached their maximal
size. If indeed [eCg) caused an increase in cell expansion, as is stegdy the
results forP. deltoides, then it is likely that the cells &t. trichocarpa were unable to
expand further, even with an additional supply afbon. However, previous studies
have shown that the contribution of cell expandma change in leaf size as a result
of growth in [eCQ] depends on the stage of leaf development, sialigooduction

has been shown to be more important in older le@vagor et al, 2003).

Cell expansion is a process that may occur by Jatoo, or by increased
cytoplasmic mass and endoreduplication (SugimoicaSthh and Roberts, 2003).
Endoreduplication is known to affect cell size agwth rates inPoa annua

(Mowforth and Grime, 1989). However, no informatias currently available
regarding the ploidy levels in these two speciePgbulus but this could be an

important consideration for further work.

6.4.3 Leaf anatomy ofP. deltoides and P. trichocarpa

The large interspecific variation in response t€Qg with regards to cell size,
suggests thaP. deltoides exhibits a greater degree of plasticity tHartrichocarpa,
thereby allowing it to respond to the increasedaearavailability. Given the large
stimulation in epidermal cell size, it is ratherpising thatP. deltoides exhibited no
change in leaf anatomy. For example,Thiticum aestivum there was an increase in
intercellular airspaces and an extra cell layelofaihg exposure to [eC4 (Masle,
2000). However, there have been other reports inatmtyledonous plants whereby
cell expansion (and chloroplast expansion) wascedteby [eCQ], but there was no
overall change in leaf anatomy (Robertson and Ld&&5). With the increase in leaf
area producing a larger surface area for gas egehgmerhaps any alterations in

anatomy along the dorso-ventral axis is unnecessary
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6.4.4 Stomatal characteristics

Stomatal density is particularly sensitive to atptesic conditions, and has been used
to estimate [Cg] from millions of years ago (Royer, 2001; McElwand Chaloner,
1995; McElwainet al, 1999). In this experiment, G@nrichment had no statistically
significant effect on stomatal density in the abéxor adaxial surface oP.
trichocarpa (Table 6.3.3) as has been reported previouslyopulus genotypes
(Radoglou and Jarvis, 1990b) and pine (Luoneakd, 2005). Stomatal patterning and
density are established at an early stage of lea¢ldpment (e.g. Nadeau and Sack,
2002) and it can be concluded from these resutts @& had no effect on stomatal
initiation in this species. However, the resultegamted here again suggest that this
response was species specific, siAcaeltoides did respond to [eC4p with a general

reduction in stomatal density.

Stomatal numbers (measured as density and index) significantly with age
(Ceulemanst al, 1995; Tayloret al, 2003; Trickeret al, 2005).Populus deltoides has

a characteristic amphistomatous nature (i.e. stoarmf@ind on both leaf surfaces)
whilst P. trichocarpa is hypostomatous (stomata on a single surfacegrelwas a
general reduction in stomatal density on both thexeal and adaxial leaf surfaces of
P. deltoides. This differs from previous reports whereby £&richment has affected
adaxial and abaxial leaf surfaces differently (Boiket al, 2006).

The reduction in stomatal density ih deltoides grown in [eCQ] coincides with
previous reports suggesting reduced stomatal dersitorrelated with increased
atmospheric [Cg). For example, Woodward (1987) reported a reduactiostomatal
density (40% averaged across 8 woody species)imast 200 years but an increase
in [COy] of 25%. A reduction in stomatal density impliémt the plants are reducing
the number of avenues through which they acquire, Gdus having the added
advantage of reducing water loss. Indeed increassédr use efficiency in plants
grown in [eCQ] has been reported iRelianthus annus (Dafeng et al, 2001)
Phaseolus vulgaris (Radoglouet al, 1992), andPopulus deltoides (Murthy et al,
2005). Furthermore, stomatal conductance has comynbeen reported to decline in
conditions of [eC@ (Medlyn et al, 2001; Trickeret al, 2004) and inP. x
euramericana, stomatal aperture was responsible for determineaj water loss
under FACE conditions, rather than stomatal nunjbecker et al, 2005).
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The reduction in stomatal density h deltoides could simply be a consequence of
increased cell expansion in [eg(although stomatal index, which takes into ac¢oun
the ratio between the number of stomata and thebeuwf epidermal cells, has also
been reported to reduce in [eg@ the first year of growth (Trickest al, 2004).

The absolute stomatal number and inherent abdityespond to changes in the local
environment has been recognized as the influena@nahternal signal (Laket al,
2002; Woodward, 2002) conveyed from mature leavegoting leaves (Laket al,
2001). In Poplar, the mechanism is yet to be eatel but inArabidopsis the HIGH

IN CO, (HIC) gene is involved in determining stomatal numbera¢Get al, 2000).
Unfortunately no information is currently availabkgarding the existence oftiC
gene (or a homologue) Populus.

6.4.5 Nutrition

The availability of nitrogen (N) in the soil affecplant growth. Low N is associated
with a decline in photosynthesis (Neeal, 1995; Geigeet al, 2001), although this
has been disputed due to the dilution of N assediaith accelerated plant growth in
[eCO)] (Farageet al, 1998). Photosynthetic acclimation to [ef@oes not occur
when the nitrogen supply is adequate (Stitt angprd999; Faraget al, 1998).

Studies in potatoSplanum tuberosum) have shown that leaf area is reduced when the
nitrogen (N) supply is limited, thus maintainingetfN] and photosynthetic capacity
per unit leaf area (Vos and van der Putten, 1998g reduction in leaf area
associated with limited [N] is due to reduced rafdeaf expansion rather than to
reduced duration of expansion, implying an effettNosupply on the cell cycle
(Walter et al, 2003). Studies in maizeZ¢a mays) have identified an alternative
strategy to coping with altered N supply (Vesal, 2005). In this case, maize
maintains its leaf growth strategy but this is agsed with a concomitant reduction
in leaf nitrogen concentration and ultimately reedicadiation use efficiency (RUE)
(Voset al, 2005).

Nitrogen availability affects plant responses tG(®] (Geigeret al, 1999). Generally,

above-ground plant growth in [eGJOis stimulated only when accompanied by a
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concomitant non-deficient supply of N (e.g. Cusdisd Wang, 1998). For example,
Curtis et al, (1995) have shown that an increase in total leah an [eCQ] is
dependent upon N availability. Furthermore, thenstation in biomass ifPopulus
grown in FACE was found only the high N treatmdnbérloo et al, 2004). However,
there are some reports whereby N fertilisationttneat has caused an increase in leaf
nitrogen content, but with no effect of treatmealifapietraet al, 2005).

Theoretically, it is possible that the commonly agpd enhanced root growth in
[eCO)] (e.g. Lukacet al, 2003) could result in increased N uptake from sbé.
However, there is no evidence for altered N uptiakeots during [eCg) exposure
(Stulen and den Hertog, 1993).

In this experiment, a supply of nutrients was pded when the cuttings were first
planted in the chambers, but there was no subsequieiition. It is likely that the
depletion of nutrients affected the growth respotss¢eCQ], and if nutrients had
been supplied on a regular basis, perhaps a grtaterlation in growth would have

occurred.

6.4.6 CQ receptors

What determines the response to [e[2On plants, it is known that [eGDis sensed
by guard cells (reviewed in Vavasseur and Raghaeen{005)), and that
environmental signals such as light intensity awdntone levels control stomatal
aperture. For example, blue light stimulates stamapening (Talbotet al, 2006),
and ABA controls the aperture of the stomatal ptmough its influence on
membrane trafficking, ion channels and the cytastkel (Hetheringtoret al, 2001).
However, no CQ receptor has as yet been identified and until sud¢ime as this

occurs it is only possible to speculate as to teelranisms involved in the response.

Despite the fact that the mechanisms involved kogaising CQ are yet to be
elucidated, components that act to transfer theasitp the plant are beginning to be
uncovered. For example, thBC gene has been identified Amabidopsis (Grayet al,
2000). Reducing the expression BIC causes an increase in stomatal density and
index (a measure of the number of stomata compiareétie number of epidermal

cells) in young expanding leaves when mature learesexposed to [eGD This
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suggests that during ontogeny, young leaves depergignals derived from mature

leaves to dictate their developmental strategies.

Why is there a difference in growth response betwtbe two species? Is it possible
that CQ receptors are absent (or minimally expressedpimy leaf tissue and that
they develop during maturity? Is it possible thas is the case witR. deltoides, the
species that responds to a higher degree to Je@Qoung leaves, but whose growth
stimulation diminishes with time? Is there an aotagtic mechanism in plants
whereby CQ is detected and is followed by a signal transductascade but can
only cause an effect if permitted by a cell cydgulator that governs plant cell size?
This may go some way to explaining interspecifiéedences in response to [egO
Only by the identification of a C{Qreceptor in plants may this theory be addressed.

6.4.7 Yield extreme genotypes

Tree height was unaffected by treatment in both ghendparental specie$.(
deltoides and P. trichocarpa) (Figure 6.3.15) and the two; Fgenotypes (Figure
6.3.16). However, height, biomass and stem dianvetee all stimulated in [eCin
the selected Fgenotypes (Figures 6.3.17, Figure 6.3.18, FiguBel® respectively).
Above-ground biomass has previously been repodedcrease in [eC£& (Norby et

al, 1999). Stem diameter is known to be correlatett Wmibmass production in poplar
(Raeet al, 2004) and stem diameter also increases in FACBs(#orth and Long,
2005). Leaf area was also stimulated in thegEnotypes grown in [eGD The
greatest stimulation in growth occurred in the Ibiemass extreme genotypes. It is
likely that this is due to the incapacity of thegtibiomass genotypes to respond

further to increased carbon availability.

In contrast to ¢ plants, G species have the potential to respond to increased
atmospheric carbon availability.,@lants have been shown to be less responsive to
[eCQOy] in terms of photosynthesis (or the activity oé tanzymes involved therein),
biomass and vyield (Leakegt al, 2006). The response ofz(plants to carbon
availability is likely to show intra-and interspécispecies differences. In plants with

a high sink strength (i.e. many expanding leaveshahd for photosynthate will be

greater than plants with reduced sink strength @reall leaves or few expanding
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leaves). By this reasoning it is possible to imadinat the high biomass genotypes
cannot respond to [eGDsimply because they lack the means and the dgpacdo

so. The increase in carbon availability in the himbmass genotypes will confer no
advantage to growth. However, the smaller genotgpesikely to be able to respond

since the increased sugar availability may be teceonmediately into growth.

As mentioned previously, the proportion of expandedexpanding leaves affects
carbon gain in [eCg (Wait et al, 1999). In [eC@ carbon gain is greater in
expanding leaves but counteracted by reduced cayhionin expanded leaves, which
thus results in no change in biomass in [glCMWait et al, 1999). The possible
differences in the ratio of expanded to expandeayés in [eCg) and the differences

between the two biomass genotypes may thereforaiaxpis result.

The question still remains; which group has theagmecapacity for C assimilation in
future climates? In a relative comparison, low-gief genotypes demonstrate a
greater response to environmental change, whigt-yielding genotypes consistently
show greater absolute growth in both atmospherigcir@mments. Therefore the
benefit of relative versus absolute C assimilaiiorcurrent and future atmospheric

environments needs to be evaluated.

6.4.8 Source-sink regulation

The results presented in Chapter 3 provided trst iinsight into leaf growth irP.
deltoides andP. trichocarpa. It was shown that leaf growth ceases at appraeiyna
age five inP. trichocarpa (Figure 3.3.2), but age eight ih deltoides (Figure 3.3.1).
This difference in maturation rate may partiallypkn the response of the two

species to [eCg).

The results in Chapter 3 suggest that the leavés wichocarpa mature faster than
those ofP. deltoides. This implies that a larger proportion of leaves acting as
sources as photosynthateRntrichocarpa. If this is indeed the case, the reason that
P. trichocarpa did not respond t¢eCQ] could be due to the fact that growth is
completed at an earlier stage and further C aviéiflals superfluous to requirements.
In Figure 6.3.1 it was again clear that maximaf le@a was reached more quickly in

P. trichocarpa thanP. deltoides.
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6.5 Conclusion

The results from this experiment have provided saeas as to the effects of [egO
on plant growth. However, the more intricate dstaf this story are yet to be
unravelled. Of particular importance is to underdtahe differences in cellular
dimensions in plants grown in [eGJDsince this will ultimately affect the final size
and function of the mature plant. What are the @@eptors? What is responsible for
the cellular differences between the two speciethér response to [eG? Is the
regulatory mechanism for the response linked toesenmdogenous factor governing
cell size and hence organ and plant size? Thes&igne still cannot be answered,
although further research to identify any @ceptors may begin to close the gaps in

our knowledge.

The observed differences in response to [gG®the biomass extreme genotypes
have also highlighted an important area of fut@search. Given the current interest
in the potential of forest trees to mitigate thieets of increased atmospheric [§O

it is particularly interesting to note that genagpcategorised as low-yielding crops

respond to a greater degree to increased carbdalziy.
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CHAPTER 7
The Populus transcriptome: a comparative analysis of meristemic tissues and

young leaves exposed to [eCPusing two different microarray platforms

7.0 Overview

The experiment described in this chapter leadsram fthat described in Chapter 6,
where the morphological responses Ripulus to [eCQ] (using a closed topped
chamber system) were studied. From the same expetaindesign as described
previously, gene expression studies were condumtddaf samples collected frof
deltoides and P. trichocarpa grown under [aCg) and [eCQ]. Both cDNA (POP2)
and oligonucleotide microarrays (Affymetrix) weresed in order to assess gene
expression differences between these two divergmeties. The results mirror those
reported in Chapter 5, where there were few chaimggene expression as a result of
[eCO.

This was the first time the phenotypic responde@0;] (presented in Chapter 6) had

been linked to its underlying genetic mechanismeufh the use of microarrays in

these two species.
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7.1 Introduction

Microarrays are a useful genetic tool for studyghgpbal gene expression during plant
development (Brinkeet al, 2004). The application of microarray technologywai
the relative expression levels of many genes tddtermined simultaneously, with a
high degree of sensitivity (Aharoni and Vorst, 2001

Previous studies have attempted to identify difieedly expressed transcripts as a
result of plant growth in [eC£ using a range of species (e.g. Tay#bral, 2005;
Guptaet al, 2005; Ainsworthet al, 2006; Miyazakiet al, 2004). In one particular
study inPopulus, transcripts involved in cell expansion were idead in leaf tissue
(as has been shown previously, see Chapter 5)stwinil stem tissue, transcripts
involved in lignin biosynthesis were up-regulatdajt those involved in cell

expansion were down-regulated (Drugtrél, 2006).

In general, few transcripts with statistically sigrant differences in expression due
to [eCQ] have been identified in leaf tissue using micrags. In the study by Druart
et al, (2006) there were 95 G@esponsive transcripts in leaves, but almost three
times as many were identified in stem tissue. Igldraet al, (2005) the CQ effect
was shown to be dependent upon developmental age,omy eight differentially
expressed transcripts in young leaves and 31 in-s&ture tissue (Chapter 5 and
appendix 1). In the case of FACE experiments, allsmanber of statistically
significant differentially expressed transcriptssHaeen attributed to possible post-
translational modifications being responsible tog bbserved phenotypic differences
associated with growth in [eGD(Taylor et al, 2005), or due to the nature of the
FACE system itself (Ainswortkt al, 2006).

Microarrays can be considered to be a ‘closed sygterimrose and Twyman, 2006)
where only the probes that are deposited onto itaysacan be measured. The most
appropriate microarray platform depends entirelgruthe hypothesis in question. It
may be that a global scan of the genome would bst mygpropriate to address the
question. However, a more targeted selection obgsowith a high degree of
replication may be more appropriate for more foedsstudies. Here, two different
microarray platforms (cDNA and oligonucleotide) weansed as a global screen to

identify transcripts that may be responsive to [¢)CO
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The overall aim of the experiment was to link chesgn growth and development
following growth in [eCQ] (presented in Chapter 6) with underlying genereggion
data, using microarrays. In the first part of tkpeximent, cDNA microarrays (POP2
(Sterky et al, 2004)) were used to assess gene expression, asebasconducted
previously forP.x euramericana (Chapter 5). However, in this case meristematic
tissue and young leaves were used for the hybtidisa The meristematic tissue
represented the youngest growing leaf materiall atidergoing differentiation
processes. This material was sampled for hybridisah order to assess how €0
may affect growth at the initial stage of developimevith the aim of identifying
important candidate genes involved in these presesth the second part of the
experiment, young leaf samples were hybridised be poplar Affymetrix
(oligonucleotide) microarray platform. It was thieme possible to compare any
differentially expressed transcripts in order tcentify robust candidate genes

involved in the CQresponse.

This experiment was conducted in a single growiegsen in a closed topped
chamber (CTC) experiment. The use of CTCs is padity advantageous since they
provide a controlled and homogeneous environmerylémts to grow. However, they
do have the disadvantage that they are deemed lesbaepresentative of a ‘true’
biological system than, for example, FACE experitaeFACE systems are designed
to be representative of an ecosystem, but theplacemore likely to be subjected to
strong environmental fluctuations when comparethtwe controlled conditions such
as CTCs. Given our previous experience with meagugene expression in trees
grown in FACE (Chapter 5), it was thought that demin gene expression as a result
of growth in [CQ] would be easier to identify without the intervegieffects of
environmental heterogeneity associated with FAGkeré& are no previous reports of
gene expression studies conducted Pondeltoides and P. trichocarpa, grown in
[eCOy] using CTCs.
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7.2 Materials and methods
The experimental design for the CTC study was acrdeed in the materials and

methods section in Chapter 6.

7.2.1 POP2 cDNA microarrays

On the 1% August 2006 (43 DFE), leaves from four biologicaplicates (for each
species, per treatment) were sampled for transcnigt analyses. These leaves
represented a spatial profile (i.e. leaves 1-10e(@hl’ represents the first fully
unfurled leaf from the shot meristem and ‘10’ reymre@s a mature leaf) and the
meristematic tissue (the unfurled bud of leavesth®t shoot meristem). Upon
sampling, each leaf was picked and put into a apelled foil bag and subsequently
flash frozen in liquid nitrogen. The samples wesms$ported on dry ice and stored at
-80°C.

RNA was extracted from the meristematic tissue laatlage two oP. deltoides and

P. trichocarpa (sampled on the 1“7August 2006). The RNA guality and gquantity was
assessed using the Nanodrop spectrophotometeryanithiing a 1% agarose gel. For
the microarray design, one biological replicatewgran [aCQ] was randomly paired
with another biological replicate from the [eg@eatment for each species. This is
illustrated in Figure 7.2.1. The samples were tdibed onto the POP2 microarray
according to the protocol in the materials and m@shsection in Chapter 2. The data

were analysed using B-statistics.
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P. deltoides P. trichocarpa
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Figure 7.2.1.The design of the POP2 cDNA microarrays for the Gperiment.
The design of the arrays was the same for Botieltoides andP. trichocarpa. Each
arrow represents a single hybridisation. The bloeeb represent exposure to [afO
and the red boxes represent exposure to jeCthe four individual biological
replicates from each leaf age (SAM= meristemasisug) and species were arbitrarily
paired with a random biological replicate from tigposite treatment. The age groups
for a single treatment group for a single speciggrasent the same biological
replicates since the RNA was extracted from thgdeahat were part of the spatial
growth profiles (see Chapter 6). The red arrow eepnts the single failed
hybridisation which was subsequently removed frobeanalysis.

7.2.2 Affymetrix microarrays

A second set of leaves (the tagged leaves) werplsdron the 17, 24", 3% August
and 7" September 2006 (43, 50, 57 and 64 DFE, respeg)ivEhese represented the
leaves used to construct the temporal growth graféscribed in Chapter 6.

The samples collected on the™A&ugust 2006 (43 DFE) were used to assess gene
expression using the Affymetrix oligonucleotide migrrays. These samples
represented the youngest unfurled leaves. Total Ri& extracted (described in
Chapter 2) from eight samples (two biological regies from each d?. deltoides and

P. trichocarpa exposed to either [aGPor [eCQ]). The RNA quantity and quality
was assessed using the Nanodrop spectrophotonzet&? agarose gel and the

Agilent Bioanalyser.
The samples were sent to the Nottingham Arabido@&isck Centre (NASC)

Affymetrix  service to be run on the Poplar Affymetr chip

(http://affymetrixArabidopsis.info/). The Poplar gene chip (25-omer) consists of
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56,055 transcripts, including all UniGene clust&STs and mRNAS, predicted gene

transcripts, poplar controls and rRNAs.

Each biological replicate was hybridised on a €nghip. Prior to hybridisation, the
quality of RNA was again checked using an Agileraa®alyser to ensure the RNA
had not degraded during transit. All hybridisatiossanning and analysis were
completed by NASC. The results were provided in fG6Bnat in the form of .CEL
files. The data on the .CEL files were normaliseA normalisation). The data was
analysed with B-statistics using the affyimGUI (éehallet al, 2006) package in R
(www.r-project.org). In Genespring, each slide fransingle species and treatment
was randomly paired with a second slide from theesapecies but different treatment

in order to create am silico dual channel analysis.

7.3 Results
7.3.1 cDNA microarrays

In total, 15 POP2 microarray hybridisations werecgssful. The single failed
hybridisation represented a compariso ofieltoides (age two, [aCg): [eCO;]). The

results of the successful hybridisations are itated in Figure 7.3.1.

The results from the B-statistics are given in aylde 2. The cut-off value for this
statistical analysis was a ‘B-value’ of 0 (thus resgenting a 50:50 chance of
differential expression). InP. trichocarpa, there were just two ESTs in the
meristematic tissue and only a single EST in the @gp leaf tissues that met this
criterion. However, irP. deltoides, there were 23 and 39 in the meristematic and age
two leaf tissues, respectively. The ESTs represgntiXYLOGLUCAN
ENDOTRANSGLYCOSYLASE were again (see Chapter 5) shown to be up-regliate
response to [eCH(PU03171, PU20530 were both up-regulated in ageléaves of
P. deltoides). The ESTs representing trypsin and protease itoingb (PU30100,
PU08678, PU08378, PU12876, PU29344, PU12387) wama-degulated in age two
of P. deltoides (with the exception of PU12876 which was up-reterda This
represented a substantial proportion of the diffealy expressed transcripts and
suggests that protein turnover may have been affaat the young leaf tissue Bf

deltoides as a result of increased carbon supply.
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P. deltoides P. trichocarpa

Meristematic
tissue
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Figure 7.3.1.The results from Genespring analysis of the 1®es&ful hybridisations conducted on the meristentasue and leaf age
two of P. deltoides andP. trichocarpa grown in [aCQ] or [eCQ). Each line represents a single EST (expressatl lgast 3/4 arrays, or in
the case oP. deltoides age two, 3/3). Each vertical line represents glsiarray within the group. The solid horizontalirepresents a 0
change in expression, whilst the dashed lines septewo-fold up-or down-regulation.

191



Chapter 7

Further analysis was based on the fold-changd &Sal's that were present following
microarray hybridisation, rather than filtered acling to their statistical significance.
The lack of statistical support for differentialpegssion does limit the conclusions
that may be drawn from the results, but this apgromas simply used to investigate

any expressional differences in [egO

7.3.1.1 Venn diagrams

In order to conduct some species and age compariadhe microarray data, sets of
Venn diagrams were constructed in Genespring (Egur3.2 and 7.3.3 respectively).
The Venn diagrams were constructed with the remerd that the EST must have
been present in at least 3/4 of the arrays frorhgheicular group (3/3 in the case of
P. deltoides, age two). Reducing the stringency of the requinet® (e.g. expression in
2/4 microarrays) would have generated a larger mundd transcripts but also
increased the risk of generating false positiveptmducing type | errors. Therefore
using data that was consistent across three diguofmicroarrays was chosen as the
appropriate level of stringency since the trangsriwere present in 75% of the
available data. Lists of the transcripts represkimeeach category are available in

appendix 3.

Interestingly, there were very few G@esponsive genes. This is true of bdéth
deltoides and P. trichocarpa, in both the meristematic and the young leaf @#ssu
Furthermore there were few, if any, transcriptst thare differentially regulated
between the two comparative factors (representeédemmiddle light grey section of
each Venn diagram), suggesting that any differeticscould be attributed to [eGO

were not consistent across species (Figure 7.8 23@groups (Figure 7.3.3).
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Up-regulated Down-regulated

Meristematic
tissue

Age two

Figure 7.3.2 Venn diagrams illustrating the species compassorade from the
microarray data. The numbers in the white sectegmasent ESTs iR. deltoides that
were two-fold (or more) up-or down-regulated inethirout of four microarrays. The
numbers in the dark grey section illustrate the £8ilP. trichocarpa that were two-
fold (or more) up-or down-regulated in three oufair arrays. The numbers in light
grey represent the ESTs that were commonly up-emdegulated inP. deltoides
andP. trichocarpa.

Up-regulated Down-regulated

P. deltoides

P. trichocarpa

Figure 7.3.3. Venn diagrams illustrating the age comparisons enfom the
microarray data. The numbers in the white sectgmasent ESTS in the meristematic
tissue that were two-fold (or more) up-or down-feted in three out of four
microarrays. The numbers in the dark grey sectiastiate the ESTs in leaf age two
that were two-fold (or more) up-or down-regulatedthree out of four microarrays.
The numbers in light grey represent the ESTs thatewcommonly up-or down-
regulated in both the meristematic tissue and \wgddaves.
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7.3.1.2 Gene Ontologies

The GO information was used to elucidate the famsti of the differentially
expressed transcripts identified in from the micraygs. The data from the two-fold
(up-and down-regulated) list was used to constihetGO classification pie charts in
Genespring (Figures 7.3.4 and 7.3.5). The resuligest some small differences in
the functions of the genes that were differentiaflgulated in response to [eg@n
both species and age groups. For example, in ageRwrichocarpa transcribed
more genes involved in growth and development thdner the meristematic tissue of
that species or indeed &f deltoides, where developmental transcripts are down-

regulated in the young (age two) leaves.
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Down-regulated Up-regulated
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Figure 7.3.4 The Gene Ontology information was constructed gistenespring foP. deltoides in both age groups. The requirements for
inclusion in the pie chart was that the EST was-foéd up-or down-regulated in at least three of #wailable four microarrays that were
conducted for each species/ age comparison (33eirtase oP. deltoides, age two). Each segment shows the GO categomyg aldth the

number of ESTs that represent that segment.
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Down-regulated Up-regulated
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Figure 7.3.5.The Gene Ontology information was constructed u§iegespring foP. trichocarpa in both age groups. The requirements for
inclusion in the pie chart were that the EST was-teld up-or down-regulated in at least three @& #vailable four microarrays that were
conducted for each species/ age comparison. Egohesg shows the GO category, along with the nurabBISTs that represent that segment.
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7.3.1.3 Pathway analysis

The results from the GO analysis proved usefukaviging a general overview of the
classifications of the transcripts that were twigf@or more) differentially expressed
in the microarray experiment. To provide furthefommation into the specific
pathways that may have been affected by treatnteet, AraCyc pathway tool
(Mueller et al, 2003) was used (http://www.arabidopsis.org). Hére average results
for the entire data set for each species-age categonparison (e.gP. deltoides,
meristematic tissue) was imported into the softwasgich painted the results onto a
metabolic pathway map. This proved to be valuabl@roviding a global view of
pathways that may be affected by [ef€xposure, allowing further exploration into
the responses of the individual transcripts invdlue the pathway in the particular

species and age group being investigated.

One such investigation highlighted a portion of t@alvin Cycle as being up-

regulated in the meristematic tissueRofdeltoides (Figure 7.3.6). Hence, all of the
transcripts present on the cDNA microarray invohedthe Calvin Cycle were

identified and cross-referenced against the resafltthe microarray data (Figure
7.3.7). However, upon closer inspection of the Ef8Vslved in the Calvin Cycle, the
results suggested that there was a general dovutatemn in expression levels, thus
highlighting the variable nature of the results.
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Figure 7.3.6 The metabolic pathway tool ‘Aracyc’ was useddentify any pathways
that may have been affected by [ef@ the microarray analysis. The diagram
illustrates a portion of the results frdf deltoides (meristematic tissue), which was
directly cut from the Aracyc software output. Tlegent on the left of the diagram
represents the Aracyc display for the Calvin Cyaleth the results from the
meristematic tissue d?P. deltoides painted directly onto the map, according to the
expression levels on the right of the diagram. Ehtdck spot on the diagram
represents a product, whilst each line represems enzyme required for the
conversion.
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Figure 7.3.7.The Calvin cycle oP. deltoides (meristematic tissue). Each coloured box signifiesngle EST and is positioned adjacent to the
enzyme (in the blue box) that it represents. Thelpuboxes represent the products of the reaclibe.colour of each EST box represents its
expression level (red= up-regulated in [ef@reen = down-regulated, yellow= no change). Bboelers around each enzyme and product box
represents the portion of the Calvin Cycle theyamsociated with (blue=carboxylation, green=, réidacpurple=regeneration).
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+ Fructose bisphosphate aldolase
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Figure 7.3.8 Each spot represents the average expression paiugene model. The
data was obtained from the microarrays conductethermmeristematic tissue &f.
deltoides exposed to [aC£) and [eCQ]. The point marked in green illustrates the
gene models that were more than two-fold down-igggdl in [eCQ|. The red points
show the gene models that were two-fold or moreagpHated in [eC¢g). The yellow
points illustrate gene models that demonstrated tkan a two-fold difference in
expression levels between [agGnd [eCQ]. The horizontal lines on the graph
represent two-fold differences in expression. Thezontal line at ‘1’ represents no
change in expression level.

The 94 ESTs in the Calvin Cycle pathway analysigue 7.3.7) represented a total
of 35 gene models (results displayed in Figure8].3By inspection of the average
intensity values per gene model (Figure 7.3.8) @ated with the Calvin cycle
(Figure 7.3.7), it is clear that there were a v@mnall number of transcripts that were
differentially expressed and the majority of resutir the gene models showed a less
than two-fold change in [eGDin the meristematic tissue & deltoides. There were
only three exceptions; fructose-bisphosphate addola
(estExt_Genewisel v1.C_LG_16144), which was upletgd (4.98-fold difference),
and the EST representing a phosphoglycerate kimdaed transcript
(gw1.111.2058.1) (2.10-fold difference). The EST presenting fructose-2,6-
bisphosphatase (estExt_fgenesh4 pg.C_LG_12027higasy down-regulated (0.07-
fold difference).

200



Chapter 7

GA is known to influence plant growth. There arenmaenes involved in the
biosynthesis of GA. One of the key enzymes in thmcgss is GA20 oxidase (see
Figure 7.4.1). Overexpression of GA20 oxidase iplgohas been shown to cause an
increase in plant height (Erikssoet al, 2000). The Aracyc pathway analysis
highlighted GA as being differentially expressedaagsult of growth in [eC£in P.
trichocarpa, age two. However, further exploration into thi®wed that only a single
transcript involved in the biosynthesis of GA wap-ragulated. This transcript
represented GA20 oxidase, which was up-regulatdd/éyfold in this species.

7.3.1.4 Leaf growth candidate genes

Potential leaf growth candidate genes were idewtifrom the literature and cross-
referenced with the cDNA microarray data in ordedétermine whether or not they
were responsive to GQreatment. In particular, the focus turned to tit@ascripts

thought to be involved in adaxial-abaxial cell pating.

The results for each individual EST represen¥d@BY andKANADI (both involved
in abaxial cell patterning (Siegfriedt al, 1999; Kerstetteret al, 2001)) and
ARGONAUTEL (involved in adaxial cell patterning (Kidner andaNlenssen, 2004))
on the cDNA microarrays are shown in Figure 7.38e average results for each
gene model representing the candidate genes anshdable 7.3.1.

YABBY was up-regulated in response to L0 the age two leaves of both species
(Table 7.3.1). This is quite clear i deltoides as shown in Figure 7.3.9, where the
individual EST results are shown. By averaging ssrgene model¥,ABBY was up-
regulated by 6.70-fold in age two &. trichocarpa. However, this result was
complicated by the fact that there was some coraitke variation in EST expression
levels in P. trichocarpa (6=14.9 in age two, data not shown). The expression o
ARGONAUTEL, was only slightly up-regulated in age two leagéboth P. deltoides
(1.61 fold-difference) an®. trichocarpa (1.25 fold-difference).
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Figure 7.3.9.The expression levels of ESTs representing ab@XsBBY and KANADI) and adaxial ARGONAUTE) patterning genes. Each
coloured box signifies a single EST and the colayresents its expression (red= up-regulated iOjgG@reen= down-regulated in [eGO
yellow= no change). All data for the ESTs that wavailable on the POP2 microarray are providedhengraph. The expression data from all
four groups of microarrayd>( deltoides, age 2;P. deltoides, meristematic tissue (‘SAM’)P. trichocarpa, age 2;P. trichocarpa, meristematic
tissue (‘'SAM’)) are represented in the figure.
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YABBY
Gene Model P. deltoides P. deltoides P. trichocarpa P. trichocarpa Annotation

SAM Age 2 SAM Age 2
estExt_fgenesh4 pg.C LG _XVI0541 1.42 7.02 - 1.9lant-specific transcription factor, YABBY family
protein
estExt_Genewisel v1.C_1270153 0.68 - 0.64 0.47 Axial regulator YABBY1 (YABBY1)
eugene3.00011153 0.99 1.17 1.08 1.20 Argulator YABBY3 (YABBY3)
grail3.0018017701 0.58 - 0.90 - Axial regataY ABBY1 (YABBY1)
grail3.0023002901 0.39 2.36 1.78 1.37 Plaecdic transcription factor, YABBY family
protein
grail3.0035001101 0.79 1.19 1.17 0.85 Aregjulator YABBY1 (YABBY1)
grail3.6958000101 - - - Axial regulator BBY1 (YABBY1)
gwl.1.9758.1 1.04 1.48 1.17 0 52 Plant-dpeciranscription factor, YABBY family
protein
gwl.XVI.2137.1 - - - 40.57 Plant-specific nsaription factor, YABBY family
protein
Average 0.84 2.63 1.12 6.70 -
ARGONAUTE 1
Gene Model P. deltoides P. deltoides P. trichocarpa P. trichocarpa Annotation

SAM Age 2 SAM Age 2
grail3.0031006602 1.06 1.54 0.87 1.44 Aggda protein (AGO1)
grail3.0122002801 0.58 1.68 1.34 1.06 Agrgda protein (AGO1)
Average 0.82 1.61 1.10 1.25 -

Table 7.3.1.The average expression values for each gene mepdsenting eitheYABBY or ARGONAUTE for P. deltoides andP.
trichocarpa (both age two leaves and the SAM (meristematsuéy). A global expression value is provided atibiom of each table.
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7.3.1.5 Cell cycle candidate genes

The results from the cellular analysis of the gtoptofile trees showed that cell area
(adaxial and abaxial) was affected by &€xposure (Figures 6.3.3 to 6.3.6). It is
highly conceivable that any phenotypic differenagesellular growth as a result of
exposure to [eCg involve a change in the transcript abundanceenfeg that affect
the progression of the cell cycle. Therefore thta dibtained from the microarrays
was closely examined for transcripts such as cgclicyclin dependent kinases
(CDK'’s) and CDK activating kinases (CAK'’s) in ord&r ascertain their expression
differences in the two species, leaf ages and {@fatments. The results are presented
in Table 7.3.2.

In the meristematic tissue Bf deltoides, transcripts encoding the cyclin required for
progression from G1 to S phase (CycD3) were uptaegd in [eCQ], along with
other transcripts involved in the progression & ¢ell cycle, such as CAK assembly
factors.KRP4, a gene which acts to inhibit the cell cycle, wasvd-regulated in this
species in response to treatment. The A-type cyeli@re generally up-regulatedin

trichocarpa in both the young meristematic tissue, and thet@gdeaves.
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Gene Model

fgenesh4_pm.C_LG_VIII000144
grail3.0017029801

estExt_fgenesh4 pg.C_LG V1250
estExt_Genewisel v1.C_LG_[1X2293
grail3.0040026601
grail3.0016020101

estExt_fgenesh4 pg.C_LG_XV0856
eugene3.00400102
eugene3.00050513
grail3.0011035801
eugene3.00440167
esteExt_Genewisel v1.C 1330021
estExt_fgenesh4 pm.C_LG 111144
estExt_fgenesh4 pm.C_LG_V0169
fgenesh4_pg.C_scaffold_70000176
estExt_fgenesh4 pg.C_LG_1X0044
estExt_fgenesh4 pm.C_LG_V0693
eugene3.03180006

gwl.111.684.1

Chapter 7

P.delt P.delt P.trich P.trich Annotation
2 SAM 2 SAM
0.83 0.96 2.52 0.85 Ania-6a type cyclin (RCY1)
1.28 1.24 1.39 0.51 Cyclin delta-2 (CYCD2)
162 284 0.71 0.87 Cyclin delta-3 (CYCD3)
0.74 1.300.58 0.69 Cyclin delta-3 (CYCD3)
0.67 281 0.65 1.18 Cyclin delta-3 (CYCD3)
1.45 0.97 0.89 70.&yclin family low similarity to microtubule-bindg protein
TANGLED1
- - 1.89 - Cyclin family protein
1.08 - 0.47 0.31 Cyclin family
- - - 1.85 Cykmily protein similar to cyclin D3.1 protein
0.82 1.43 1.44 0.30 Cyclin family protein
0.88 0.77 0.68 0@yclin family protein
1.25 1.030.94 0.98 Cyclin family protein
- - 0.55 - Cyclin family protein
- 0.650.40 0.52 Cyclin, putative
1.19 - 154 4.58 Cyclin, putative similar to A-type cyclin
- 1.170.34 - Cyclin, putative similar to B-like cyclin
3.48 0.82 4.03 0.52 Cyclin, putative similar to B-like cyclin
1.28 0.16 0.87 - Cyclin, putative similar to B-likgclin
- - 0.71 2.67 Cyclin, putative similar to cyclin A2

Table 7.3.2 The expression data for transcripts related toayelle progression. Each value represents the geengoression change for each
gene model in each hybridisation category (B.gleltoides, age two). The figures in blue represent thosewlese two-fold or more down-
regulated upon growth in [eGP The figures in red represent the transcripts$ wWexre two-fold or more up-regulated when growrie@0,].
The annotation for each gene model was derived fPopulus DB. P. delt= P. deltoides, P. trich= P. trichocarpa, 2= age two, SAM=

meristematic tissue.
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Gene Model P.delt P.delt P.trich P.trich Annotation
2 SAM 2 SAM

estExt_Genewisel v1.C_LG_V0004 0.27 0.82 0.29 0.67 cyclin, putative similar to mitotic cyclin @@pe

fgeneshd4_pm.C_scaffold_40000107 - 1.12 0.81 - cyclin, putative similar to mitotic cyclaR-type

estExt_fgenesh4 _pm.C_1630014 1.23 1.100.86 0.96 cyclin-dependent kinase / CDK

estExt_fgenesh4 pm.C_LG_IX0727 1.16 1.06 0.85 1.09 cyclin-dependent kinase / CDK

eugene3.00060233 - 0.42 - - cyclin-dependent kinase, putative / CDK,

estExt_fgenesh4 pg.C_LG_XVIIIO897 0.97 0.84 0.66 0.77 cyclin-dependent kinase-activakimgise assembly factor-
related

eugene3.00061321 - 6.47 - - cyclin-dependent kinase-activatkigase assembly factor-
related

estExt_fgenesh4 pg.C_LG_XVI0424 - - 1.02 - cyclin-related

fgenesh4_pg.C_LG_1X000743 0.83 1.29 30.9 0.96 -cyclin-related

grail3.0056004201 1.39 1.30 - - expressed protein contains low similarityeyclin G-
associated kinase from [Rattus norvegicus]

gwl.1.2495.1 - 1.10 0.33 0.87 kip-related protein 3 (KRP3) / cyclin-depentkinase
inhibitor 3 (ICK3)

gwl.XVIl.448.1 0.26 0.46 0.88 1.31 kip-related protein 4 (KRP4y¢lm-dependent kinase
inhibitor 4 (ICK4)

estExt_fgenesh4 pg.C_LG_ V0508 1.19 1.110.73 1.07 kip-related protein 6 (KRP6) / cycliepgndent kinase
inhibitor 6

grail3.0008033601 1.13 1.46 1.05 61.®rotein kinase, putative similar to cyclin-depentkinase
cdc2MsE

Table 7.3.2 continuec The expression data for transcripts related tbayale progression. Each value represents theageeexpression
change for each gene model in each hybridisatitegoay (e.gP. deltoides, age two). The figures in blue represent thosewleae two-fold
or more down-regulated upon growth in [eiO'he figures in red represent the transcripts tere two-fold or more up-regulated when
grown in [eCQ]. The annotation for each gene model was derivexh Populus DB. P. delt= P. deltoides, P. trich= P. trichocarpa, 2= age
two, SAM= meristematic tissue.
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7.3.2 Affymetix microarrays

Four samples from each species (two grown in [d@@d two in [eCQ]) were sent
to NASC (http://affymetrix.arabidopsis.info) to bhybridised on the Poplar
Affymetrix gene chip. For each species, the genpscfrom leaf samples grown in
[aCQO,] conditions were randomly paired with those froe€ (3] conditions in order
to create a dual channel experiment in order tesasdifferential gene expression (per

species) as a result of Géxposure.

The gene expression assessment by the use of fiimetfix microarray platform
showed thaf. trichocarpa exhibited greater changes in expression in yoeagds
thanP. deltoides (Figure 7.3.10, appendix 4). I deltoides there were 45 transcripts
that were two-fold or more up-(17) or down-(28) ukged in [eCQ. In P.
trichocarpa, there were 292 transcripts that were up-(134)oevn-(158) regulated in
[eCO.

The Affymetrix data from both species were analygsihg B-statistics. There were
no transcripts that had a B-value greater thaD®a6hance of differential expression)
in either species. When filtered according to follditnge only, there were two
transcripts that were consistently regulated byeast two-fold between the two
species. These two transcripts were L-asparagi(Rip\ffx.47668.1.A1_at) and a
WRKY family transcription factor (PtpAffx.10586.21Sat). The WRKY transcription
factor was, on average, down-regulatedPirtrichocarpa (0.11-fold difference) but
up-regulated inP. deltoides (2.09 fold difference). Conversely, L-asparaginases
up-regulated inP. trichocarpa (3.32 fold difference) but down-regulated B
deltoides (0.38-fold difference).

The results from the Affymetrix microarrays werengmred with the cDNA
microarrays on the basis of gene model. The reshltsved that the expression data
across the two platforms were inconsistent sineeetlwvere no genes that were found

to be consistently up-or down-regulated in eithprcses.

207



Chapter 7

Marmalized Intensity (og scale)

001

P. deltoides

MNormalized Intensity (oo seale)

01—

P. trichocarpa

Figure 7.3.10.The youngest unfurled leaves fdeltoides andP. trichocarpa were
sampled 43 DFE and hybridised onto the Poplar Affyim gene chip available at
NASC (http://affymetrix.arabidopsis.info). The ddtam each gene chip from one
condition was arbitrarily paired with the data framsecond chip exposed to the
second condition (for a single species). The resofitthese pairings are shown for
each species. Each line represents a single olodeotide. The red colour indicates
up-regulation in [eCg) and the green represents down-regulation.
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7.4  Discussion

There are many reports in the literature regardmeguse of microarrays as a global
screen for gene identification, particularly inatgn to studying the effect of a
treatment (e.g. Street al, 2006). The advantage of the use of microarraysasthey
can be used as a complete global screen, wherésdikely to reveal novel genes
previously not connected to the variable in questidlternatively, the technology
allows more targeted screening to be performedutiirahe selection of particular

probe sets. Here, it was been used in the fornmgegt

Microarrays have been used in previous experimenigsvestigate the response to
[eCO] in leaf tissue (e.g. Chapter 5) but only a few,€€sponsive transcripts were
identified. The aim of this experiment was to lectkanges in growth and development
following growth in [eCQ] (results presented in Chapter 6) with gene exwas

data, collected from two different microarray ptaths in order to identify any robust
CO,-responsive genes. Further to previous reportg hevas shown that there were
again rather few changes in gene expression asudt i CQ treatment in either

species.

7.4.1 Leaf development and patterning in [eCg)

There are a plethora of genes that affect leaf 4fr@and development. The majority of
these genes have been discovered in mutationaysmsalusing model organisms,
particularlyArabidopsis. The expression of those genes is important iregorng leaf
dimensionality particularly under the local conalits dictated by the surrounding

environment.

Leaves are asymmetrical structures which are addptedifferent functional roles;
light capture on the adaxial surface, and gas exgtan the abaxial surface. The
formation of cell layers is thought to be, at leasipart, due to the actions of the
PHANTASTICA-like transcription factors which act to repres® texpression of
KNOX genes in the meristematic region (Fleming, 200&). emerging model
suggests thakKNOX genes act to maintain cells in an undifferentiadtade and that
PHAN promotes adaxial tissue differentiation by repres&NOX gene expression.
The establishment of adaxial-abaxial polarity isfirdel early in primordium

formation and is known to involve a subset of depeiental genes includinglass
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1l HD ZIP (PHABULOSA and PHAVOLUTA), YABBY and KANADI transcription
factor families (Bowmart al, 2002).

Members of theYABBY family are transcription factors which are knovenaffect
abaxial cell patterning (Kim and Cho 2006; Kerstett al, 2001; Sawaet al, 1999;
Siegfried et al 1999). The results from the cDNAcmarrays suggested that the
YABBY genes and the ESTs representff®BBY family proteins were generally up-
regulated in [eCg) in P. deltoides (age two). On average, across gene models,
expression was highly up-regulated ki trichocarpa (age two). However, the
expression values for each gene model represeWAB8Y were extremely variable.
It is possible that this result represents a degfesedundancy inYABBY family
members (Bowmaset al, 2002), a trait that is also true of tKEANADI transcription
factor family (Eshedtt al, 2001). Despite the response differences betweemwihe
species, [eCg) did cause a general increase in the expressioABBY. Hence it
might be inferred that leaf development is promatedeCGy] in young leaves via

increased expression of such transcripts.

KANADI is a second gene family that also determines abeglapatterning in the
leaf. KAN encodes Golden®fabidopsis response-regulator/ Psrl (GARP)
transcription factors (Kerstettet al, 2001). Expression oKANADI is restricted to
young leaves (Kerstetteat al, 2001). KAN2 was down-regulated in [eGDin P.
deltoides by more than two-fold in age two leaves and theistamatic tissue.
However, it was two-fold up-regulated in age twoPRoftrichocarpa (no data was
available for the meristematic tissue of this spgci The fact that a second set of
genes involved in abaxial cell patterning were egutated inP. trichocarpa in
response to [eCAis particularly interesting. Again, a clear specidifference has
been highlighted.

There are also a distinct set of genes that afféakial cell patterning. These include
PHB, PHV and REV (Emery et al, 2003). These genes all encode Class Il
homeodomain/leucine zipper (HD-ZIP Ill) transcrgsti factors (McConnelkt al,
2001; Otsugat al, 2001). These transcripts are controlled by microRNiacluding
MiRNA165 and miRNA166). There was no expressiorath davailable from the
cDNA microarrays forPHB, PHV or REV (in either species or at either age).

210



Chapter 7

However, ARGONAUTE1 (AGO1) was differentially regulated in response to,CO
This gene is known to regulate miRNA165 and miRN&&a&d therefore has a role in
adaxialation (Kidner and Martienssen, 2004). Byraging the values for each EST it
was shown thaAGO1 was fractionally down-regulated in the meristemagsue in
[eCOy] (0.82) but slightly up-regulated in response r@atment in age two leaves
(1.61). TheAGOL1 transcript was slightly up-regulated in age twal aneristematic
tissue of P. trichocarpa (1.25 and 1.10 respectively). It is possible tllaits
‘switching’ from down-to up-regulation representsl@velopmental transition iR.

deltoides, which was absent iR. trichocarpa.

No information was available from the cDNA micraar data regarding the
expression of other leaf patterning genes suchAS$MMETRIC LEAVESL,
ASYMMETRIC LEAVES? andERECTA (lwakawaet al, 2002), which are thought to
be involved in adaxial-abaxial polarity in leave&i(et al, 2003). Given the effects of
[eCOy] on the other cell patterning genes, it is possilsimilar effect is possible in
these transcripts as well, although this is mespculative.

In a typical angiosperm, following the establishingihadaxial-abaxial identity comes
further development of the leaf tissues i.e. thengttion of the cell layers. The results
from the leaf anatomy study suggested that abaatlpatterning was affected by
[eCQOy] in young leaves oP. trichocarpa. Interestingly this also corresponds to the
results in Chapter 4, although in this case it wksar that cell production was
increased. These leaves exhibited differencesdrstitucture of the spongy mesophyll
layer of the leaf. Intracellular air spaces werer@ased in the young leaves f
trichocarpa grown in [eCQ]. This pattern coincides with increased expressbn
transcripts involved in abaxial cell patterningerdéfore suggests a possible link

between phenotypic leaf anatomy, abaxial cell paittg genes and Gnrichment.

The differential expression of leaf patterning gebetween the two cell layers could
account for the differences observed between therled meristematic tissue and the
young leaves in this experiment. In both specigprassion levels were lower in the
meristematic tissue than the age two leaves, and thflecting a developmental
expression pattern. However, there was also ardifte in expression between the

two speciesKANADI gene expression was down-regulated in both ageyaaes of
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P. deltoides andYABBY was up-regulated in age two only, whilst both gewere up-
regulated in [eCg) in all the available data fdP. trichocarpa. Interestingly, there
was little visible difference in leaf anatomy fdret young leaves oP. deltoides,
suggesting that the expression of these genes reapalticularly important in
governing leaf structure upon carbon enrichmdnt.trichocarpa demonstrated
increased expression of both genes in both aggarés in response to [eGJCand

also demonstrated altered leaf anatomy.

7.4.2 The Cell Cycle

Previous studies have shown that increased canmtakility leads to increased leaf
size (e.g. Tayloet al, 2003). By definition, there are two ways in whidhist can
occur; cell production or cell expansion. The resubresented in Chapter 6
demonstrated that cells responded to [g@@th increased cell size, hence suggesting
that cell expansion is affected. Taking this intmsideration, it might be imagined

that the increased carbon may be affecting an itapbcell cycle checkpoint.

The D-type cyclins have been proposed as an immpoctanponent in the response to
[eCQO,] (Taylor et al, 2003) since their expression is affected by sucensdlability
(Rhio-Khamlichi et al, 2000; Lorenzet al, 2003; Healyet al, 2001). Upon closer
inspection of the microarray results, it was fodhdt cyclin D3 was up-regulated in
P. deltoides (age two). The expression of D-type cyclins isegafly associated with
regulating cell number (Dewiti al, 2003). Abaxial cell number increased in [eTO
in young leaves (age two) &f deltoides (Figure 6.3.6) and this may be attributed to

increased expression of cyclin D3 at this age categ

CycD3 is required for the G1/S phase transitiothef cell cycle (Rhio-Khamlichét

al, 2000). It controls cell number in developing leabgsregulating the duration of
the mitotic phase and timing of transition to engides (Dewitteet al, 2007). The fact
that CycD3 has been shown to promote mitotic dgtirather than endocycles could
be due to either a role as a mitotic cyclin, heaffecting G2/M kinase activity and
entry into M phase, or that expression of CycD3sealcommitment to mitosis during
the G1/S phase transition (Dewitteal, 2007). Cytokinin expression has also been

shown to be necessary at this phase of the cdk ayorder to induce the expression
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of CycD3 (Rhio-Khamlichiet al, 1999). However, there was no transcriptional data

available regarding cytokinin expression levelghis experiment.

An increase in cell area as a result of growthel@@] has been shown in a number of
different species, including chalk grassland h€Resris and Taylor, 1994) and bean
(Ranasinghe and Taylor, 1996). The stimulationah area due to [eC{ has been
attributed to increased cell wall extensibility ¢la et al, 1994; Ranasinghe and
Taylor, 1996) and supports the findings of increaX&T activity (one of the key
enzymes involved in cell wall loosening and growth). deltoides grown in FACE
conditions in Chapter 4. Here XET activity was assel by expression on the POP2
cDNA microarrays and was again generally up-regdlah response to treatment,
particularly in P. deltoides (data not shown). This again provides evidencehef

enzymes’ role in morphological response to [gO

7.4.3 Hormone signalling

The results from the Aracyc pathway analysis suggethe expression of transcripts
involved in the biosynthesis of GA was up-regulatedeCQ)] in P. trichocarpa
leaves (age two). Specifically, GA20 oxidase, & kazyme in the GA conversion
pathway, was up-regulated by five-fold in [eOGA is a hormone involved in a
variety of plant responses. It is mostly renownadits effects on plant height (Busov
et al, 2003) although germination, flowering and leaf giioware also affected by its

activity.

The knowledge of the effects of the GA on plantnigpes have mainly been drawn
from numerous mutant studies that have been coaduct date. GA mutants have
been produced in a variety of species including (egram, 1984), rice (Suge and
Murakami, 1968),Arabidopsis (Koorneef and Van der Veen, 1980) and Poplar
(Busov et al, 2003). Such studies have shown that a reducticBAnlevels causes
delayed flowering (Olszewskt al, 2002), defective floral development (Tyleral,
2004; Chengt al, 2004) and altered leaf morphology (Hetyal, 2002; Sakamotet

al, 2001; Hayet al, 2004). InPopulus, increased GA biosynthesis by overexpression
of GA20 oxidase caused increased tree height aam sliameter (Erikssoet al,
2000).
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The fact that GA20 oxidase, a major enzyme in tAeb@synthetic pathway, was up-
regulated in [eCg) may go some way to explain the increased plaighte@bserved
in [eCQy] (particularly inP. trichocarpa, Figure 6.3.15). However, GA is also known
to elicit other responses in plants such as ineckasll elongation in rice (Matsukura,
1998) due to increased cell wall extensibility. thermore, GA has been shown to
affect XET activity (Smithet al, 1996). It is possible that GA controls the directaf
cell growth in monocots by controlling the oriemat of cellulose microfibrils
(Matsukura, 1998) which may be controlled by cadtimicrotubules and are known
to be affected by GA and auxin (Shibaoka, 1994 )weicer, the relationship between
GA and cell expansion/ elongation is not clearcesiGA had also been shown to
promote cell division in rice due to the actionhi$tone H1 kinase and cyclin genes
(Sauteret al, 1995).

The biosynthesis of GA is a complex process invgvia large number of

intermediate molecules (Figure 7.4.1).
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Figure 7.4.1.The major GA biosynthetic pathways in higher par®A, and GA
represent the bioactive GAs whilst gAand GA are their inactive catabolites.
Diagram adapted from Olszewsdtial, (2002).

If the activity of GA was truly affected by [eG[D one would imagine a number of
other transcripts involved in the biosynthesis & 6 also be up-regulated. This was
not the case and so limits the conclusions thabeagrawn from this result. However,
some other transcripts associated with the GA mspo(e.g. GASA) were
differentially regulated in [eC§. The GASA4 transcript has been shown to be up-
regulated in meristematic tissues, but has beeoc@ssd with cell division rather
than cell expansion (Aubeet al, 1998). GASA4 was not differentially regulated in
either the meristematic tissue (1.04-fold changdgaf age two (1.34-fold change) in
P. trichocarpa. However,GASA2 was up-regulated in the meristematic tissud>.of
trichocarpa (5.07-fold change), as w&ASA3 (3.69-fold change).
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7.4.4 Photosynthesis

It is generally well documented that prolonged gitown [eCQ] leads to a down-
regulation in photosynthesis. Previous reports hembcated a reduction in the
abundance of transcripts encoding Rubisco uponsexpdo [eCQ (e.g. Chengt al,
1998). Here, microarrays were used as a globaésdeeidentify any transcripts that
were changing in response to £@eatment. By the use of pathway analysis software
it was possible to focus on putative mechanism®lued in the response to the
stimulus and which underlie the phenotypic diffeenthat were observed.

The results from AraCyc highlighteBRUCTOSE BISPHOSPHATE ALDOLASE
(At4g26530) as highly up-regulated in responseeto(] in P. deltoides (age two).
This enzyme is involved in the conversion of dilpydracetone phosphate to fructose-
1, 6-bisphosphate in the ‘regeneration’ sectiothef Calvin Cycle. This initial result
warranted further investigation since photosynthésis generally been reported to be
down-regulated upon exposure to [ef@®ence this led to a closer inspection of the
Calvin Cycle and its associated components in otdedetermine whether the
transcript abundance was affected by increasedwaalailability. Despite the up-
regulation of the transcript encoding fructose bagphate aldolase, it was clear that
there was a general down-regulation of the expvassif the other transcripts
involved in the Calvin cycle in the young (age tvedves ofP. deltoides grown in
[eCQO,). Similar results have been reported previously desociates of the Calvin
Cycle exposed to [eCP(Li et al, 2006),such as sedoheptulose-1,7-bisphosphatase,
phosphoribulokinase, phosphoglycerokinase, andldhge and small subunits of
Rubisco (Nieet al, 1995).

The down-regulation of photosynthesis in plantsagran [eCQ] has been attributed
to an inadequate sink capacity of the plant (Ainglwvet al, 2004). It is probable that
the increased sugar supply generated by an iniikease in photosynthesis by
exposure to [eCg) is involved in a feedback system in order to tat further
photosynthetic activities (Paul and Foyer, 200Mh).tHis experiment however, the
transcript studies were conducted on young expgnidaves ofPopulus, and it has
been reported in the literature that whilst leaaes expanding, sugar associated
repression of photosynthesis and its associatetipsodoes not occur (Mooee al,
1999; Van Oosten and Besford, 1996). It is theeefbkely that an alternative
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mechanism is involved in the down-regulation of @edvin cycle related transcripts.
For example, Wait and co-workers have shown that rdtio of expanding to
expanded leaves affects the response to jpCAait et al, 1999). Furthermore, the
lack of photosynthetic acclimation to [egGn young leaves has been attributed to a
high degree of sucrose metabolism hence resultingni already repressed state of
photosynthetic gene expression (Jang and Sheer}).19%e effect of [eCg)
acclimation in young leaves has also been attribute altered hormonal levels
(Moore et al, 1999) since there is cross talk between sugar anghdne signalling
pathways (e.g. see Jang and Sheen, 1997; Mbate1999) although the mechanism

in these two species Bbpulusis yet to be deciphered.

7.4.5 Affymetrix microarrays and platform comparisons

Two different microarray platforms were utilisedthis experiment in order to assess
gene expression. These two platforms were the RIDINA microarray (Sterkyt al,
2004) and the Affymetrix oligonucleotide microarréyww.nasc.nottingham.ac.uk).
It is rather surprising that the results from th® tplatforms were inconsistent with
regards to the most responsive species tp &f@ichment in terms of gene expression.
In the case of the cDNA microarrays deltoides was most responsive, whilBt
trichocarpa was most responsive in the case of the oligonudeamicroarrays.
Previous comparative analyses of microarray tedugies have also shown
inconsistencies across platforms, with oligonudteomicroarrays often displaying a
greater number of differentially expressed tramisrcompared to cDNA platforms
(Yauk et al, 2004). A reduced sensitivity of cDNA compared tagohucleotide
platforms leading to a decreased responsivenedseaasreported previously (Hughes
et al, 2001; Liet al, 2002).

Inconsistencies can be introduced at many diffestéajes during cDNA microarray
experiments (Yangt al, 2002). Given the results of transcriptomic analysgsoplar
to [eCQ] have previously shown subtle changes in gene esipresit was deemed

appropriate to further mine the data following thiéal analysis.

The results from the two experiments were compdrased upon differentially
expressed (defined as two-fold regulated) trantriphis was completed using gene

model as the common reference point. It was rasiigprising that there were no
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transcripts that were consistently differentialjgulated between the two platforms.
This is surprising, given the fact that the leareshe sample study were all young
tissues. Despite the fact that the RNA used formttaidisations were sampled from
different leaf ages (meristematic tissue and ageitvthe cDNA microarrays, and age

one in the oligonucleotide Affymetrix microarray)ese results are still surprising.

As part of the microarray analysis, transcriptst tware consistently differentially
regulated as a result of growth in [e@ere identified by means of a cross-species
comparison. Only two transcripts were identified esnsistently differentially
expressed across species; a WRKY family transonpti factor
(PtpAffx.10586.2.S1_at) and L-asparaginase (PtpAif868.1.A1_at). However,
rather than being consistently differentially exgsed, both transcripts demonstrated
opposite expression patterns in the species cosgpariThe WRKY transcription
factor was more than two-fold up-regulatedAndeltoides, but more than twofold
down-regulated irP. trichocarpa. Conversely, L-asparaginase was more than two-
fold up-regulated inP. trichocarpa but more than two-fold down-regulated h
deltoides. WRKY transcription factors have a number of rolesplants, including
regulating the pathogen-induced defence prograiad, $enescence and trichome
development (reviewed in Elgemt al, 2000; Ulker and Somssich, 2004). The
differences in expression of the WRKY transcriptfantors and the L-asparaginase,
suggests that the importance of the transcriptdejgendent upon the species in

question.

7.4.6 Statistical analysis of microarray data

Given the amount of data produced in each micrgagsgeriment, an appropriate
strategy for analysis is required. Here, Bayesi@l) étatistics were used as a way of
testing the significance of the data from both¢B&A and Affymetrix microarrays.
B-statistics are the log-odds that a gene is diffeally expressed. For example, if the
B-value is 1.5, the likelihood of differential exgssion is exp (1.5) = 4.48, and (4.48 /
(1+4.48)) =0.82 or 82% chance of differential exsien. In both the cDNA and
Affymetrix microarray experiments, there were fefngny, transcripts with a B-value
of O (representing a 50% chance of differential regpion). However, B-statistics
have been used successfully in previous microagrgeriments used to investigate

the transcriptional profiles of different membeifsaonatural population dPopulus
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nigra. In this particular experiment, the B-value wa@epresenting a 99% chance of
differential expression), and more than 300 EST¢ this criterion (L. Graham,
unpublished data). This stark contrast clearly destrates that either [eG[thas little
effect on gene expression, or that microarraysnatean appropriate technique for

assessing such transcript profiles.

In order to further explore the microarray datailakde, the expression data for
candidate genes were extracted based on fold-chaageer than statistical
significance. The variability in the expressionE$Ts representing the same gene
model was illustrated in Figure 7.3.7 and 7.3.9sH#pproach was useful for gaining
greater insight into the effects of [egQobn particular genes of interest, but the
variability of the data uncovered this way demaatsil why this approach is not

appropriate for analysing microarray data.

7.4.7 The CQ response

The results presented in this chapter have providether evidence that [eGD
induces rather few significant changes in the tesiscript profile. This has been the
general conclusion from previous results in treEasylor et al, 2005; Guptaet al,
2005; Druartet al, 2006). A similar result has also been shownAmabidopsis
ecotypes (Miyazaket al, 2004). In this particular experiment, there werg abd 186
transcripts that were up-, and down-regulated,eetpgely. The functional categories
of the up-regulated transcripts included; metabolid7%), defense (10%), redox
control (6%) and unknown function (50%). The res@iiom the experiment suggested
that fluctuations in the local environmental coiwtis at the FACE site contributed to
the results for the transcript profiles (also hyyasized to be a contributory factor to
the results of the transcriptomic study at the EBBFROE site, described in Chapter
5). In the experiment described in this chapt@iCE&were used in order to reduce the
impact of environmental heterogeneity associatatl wield grown crops. However,
the resounding message remains the same; jJe@@uced few changes in the

transcript profile oPopulus leaves.
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75  Conclusion

The use of microarrays is an important genetic foolidentifying patterns of gene
expression. Whilst their ability to detect subthepeessional differences may be
limited (due in part to the multiple stages whem®rs may be introduced), it is still
an excellent technique to be used as a screewjiagjdor more in-depth investigation
to follow up any initial findings from phenotypinalyses.

The results have also shown that the type of micagaplatform used greatly
determines the data outcome. The assessment of) yeaves by cDNA microarrays
suggested tha®. deltoides showed the greatest expressional differences,aakéx

trichocarpa was the most responsive according to the Affymedata. This further
shows that adequate experimental design and dadmpretation are extremely

important in such studies.
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CHAPTER 8

The proteome ofPopulus grown in [eCO,]

8.0  Overview

The general consensus in the literature suggeatsetbvated atmospheric [GJQpromotes
plant growth. However, previous results in thissieéhave illustrated that there are rather few
changes in gene expression as a result of thisemaental perturbation. This therefore leads
to the question of where is this growth control ulaged? Is it truly regulated at the
transcriptional level and microarrays are simply sensitive enough to detect the changes? Is
it due to post-translational modifications? Thevesrs to such questions are not known. In
this chapter, a proteomics experiment was conduatedder to study differences in protein

expression betwedn deltoides andP. trichocarpa grown in [aCQ] and [eCQ)].

The leaf material was collected from semi-matusvés ofP. deltoides and P. trichocarpa
grown in the CTC experiment described in Chaptefwo-dimensional gel electrophoresis
experiments (2-DE) were used to assess the prpteiiles of these samples. The results of
the analysis showed that [egChad no effect on protein expression in either g=eci
Therefore the answer to the underlying mechaniddirgy the response to increased carbon

availability remains to be elucidated.

Despite this result, the experiment in this chapiesented a unique opportunity to study
differential protein expression between the twghhy divergentPopulus species. A total of
140 proteins were statistically significantly diiéatly expressed betweéh deltoides andP.
trichocarpa. The proteins were identified using tandem massctspmetry. Differentially

expressed proteins included antioxidants and timv&dved in photosynthesis.
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8.1 Introduction

Proteomics is an analytical tool used for deterngrthe protein complement of the genome.
It is an increasingly important technology, parly in the field of ecological genomics,
where important questions and concepts that argatdn our understanding of biological
systems remain to be answered. The use of trabtaerics alone is not sufficient to address
such issues given the large number of transiticsso@ated with the progression from
transcript to functional protein (e.g. post-tratisiaal modifications). Furthermore, transcript
abundance does not correlate with translated prdesiels (Gygiet al, 1999). However,
proteomics and transcriptomics are not mutuallylesitee technologies. Integrated with
metabolomics, these technologies constitute aésystbiology’ approach to understanding

biological variability.

Biological systems are hierarchical, beginninghet evel of DNA and progressing through
MRNA, proteins, protein interactions, informatiopathways, informational networks, cells,
networks of cells (tissues), organisms, populatimingrganisms and finally, ecologies (Ideker
et al, 2001). ‘Systems biology’ is an all-encompassingitesed to describe the integration of
information from these different levels (termed thgstem elements’) in order to build a
picture of the biological system.

The immense progress in molecular biology in regeatrs has led to the generation of a vast
amount of data from a plethora of experiments erargithe effects of various biotic and
abiotic stresses. The use of technologies such MA& Bequencing, transcriptomics and
proteomics have permitted a global (or near globssessment of individual system elements
(Ideker et al, 2001). However, in the ‘post-genomics’ era thesealso now a need to
understand functionality within the context ofarig organism (Minorsky, 2003). Associated
with the increase in information gained from exp®nts on various system elements, there is
a concomitant necessity to improve bioinformatics fodelling the system. It is the
modelling of the system (i.e. creation of an &lico plant’) that will result in a greater
understanding of plant growth and development,erathan examining the system elements
in isolation (Minorsky, 2003; Kitano 2002).

Proteomics is a particularly important platformcant removes some of the assumptions and
ambiguity surrounding transcriptomic studies (Thenaad Klaper, 2004). The technology

provides the link between the protein complemert @@ underlying genetics. There are a
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number of different strategies that may be adoptgaroteomic assessments, which fall into
two general categories; gel-based and non gel-bd%exinon gel-based techniques include
ICAT (Gygi et al, 1999) and ITRAQ (Ros&t al, 2004; Zieske, 2006). The most commonly
reported proteomic platform for studies in plastshe gel-based 2-DE (two-dimensional gel-
electrophoresis) method (O’Farrell, 1975; Scheeieal, 1975; Klose, 1975). In such

experiments, proteins are separated in the firsiedsion by differences in pH, and further

separated in the second dimension according teidwdil molecular weight.

The majority of plant proteomic studies conducteddate have focussed on crop plants
particularly in relation to water stress, e.g. gr&d@incentet al, 2007), rice (Salekdeé& al,
2002; Ali and Komatsu, 2006), and maize (Ricca&tdil, 2004). Proteomic studies in forest
trees are becoming more frequent, with reports-DE2analyses in pine (Gioet al, 2005)
and inPopulus following drought stress (Plomiogt al, 2006). Given the promise for this
technology and the clear merits of its applicatithrere are surprisingly few studies of the
proteome upon plant growth in [eGOTo the best of my knowledge, such an analyss ha
only been conducted iArabidopsis (Bae and Sicher, 2004) but not in forest treess Th
experiment therefore represents the first experiragits kind to try and reveal the effects of
increased carbon availability by examining the @rotomplement of the genome.

Previous studies into individual protein changesréfation to growth in [eCg& have
particularly focussed on differences in photosytthgroteins such as Rubisco (e.g. Siclter
al, 1994). A general down-regulation of photosynthesid lowered leaf nitrogen content is
associated with growth in an enriched £&mosphere. It has been estimated that Rubisco
constitutes 25% of total leaf nitrogen (Webbkeal, 1994) and it has been shown that Rubisco
protein content is reduced in [eg@Chenet al, 2005; Chenggt al, 1998). Furthermore, the
transcripts that encode Rubisco (elgS andrbclL) are also reduced in [eGJQChenget al,
1998). Given the fact that Rubisco is the most danh protein on Earth (Dralat al, 1997)
and ultimately determines the photosynthetic cdjigisi and hence overall productivity of
the plant, such detailed research into its behavimder future atmospheric conditions is
warranted. However, this is only one story withive fprotein elements of the system. It is
likely that other important proteins are also diatially expressed when exposed to an
enriched CQ environment, although their identities remain &dbucidated. It is known that
the content of photosynthetic proteins (other tRaiisco) within the system are altered in

response to growth in an enriched £f&mosphere. For example, the regeneration of RuBP,
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(as well as the carboxylation of RuBP) is knowrinat photosynthetic capabilities (Chen
al, 2005). It may therefore be predicted that the tDalRycle proteins involved in the

regeneration of RuBP would also differ in [e§O

From the results reported previously in this thesig those available in the literature, the

general consensus is that [ef&imulates plant growth. However, this cannotelplained

by large changes in the transcript levels as asddsgtranscriptomic studies (Chapters 5 and
7). Perhaps the sensitivity of such a techniqueisadequate for such studies, or perhaps it is

not at the level of the gene where the controégitated.

Here, a 2-DE proteomic analysis of semi-mature deanfP. deltoides and P. trichocarpa
exposed to [eCg in the CTC experiment (described in Chapter 6jascribed. To the best

of our knowledge this is the first time such anrapgh has been tested in forest trees exposed
to [CO,] predicted for 2050.
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8.2  Materials and Methods

The leaf material was obtained from the CTC expentrdescribed in Chapter 6. Leaf age
four (where age one was defined as the first futifurled leaf on day one of the experiment)
was sampled from four biological replicates Rfdeltoides and P. trichocarpa from each
experimental treatment (thus representing 16 laafpdes). The material was obtained from
the same biological replicates used for the miecegaanalysis (and to construct the spatial
leaf profile) described in Chapter 7. The leavesewsampled on the 17th August 2006 (43
DFE).

8.2.1 Protein extraction

Protein extraction was performed on the 16 leafpasn Frozen leaf material was finely
ground in liquid nitrogen using a pestle and morigpproximately 500mg of tissue was
transferred to a 10ml Oakridge tube (pre-weighemyyhich 8ml of cold precipitation buffer
(10%TCA and 0.07% 3 mercaptoethanol in acetone) wdded. The sample was
homogenised by inversion and the proteins wereigitated by storing the vial at -20°C

overnight (with inversion whenever possible).

Following precipitation, the samples were centrifdgt 12,0009 (-4°C) for 30 minutes. The
supernatant was removed and the resultant pellete washed twice with 10ml of cold
rinsing buffer (0.07% [3-mercaptoethanol in acetofiée tubes were inverted to facilitate
mixing and to ensure thorough washing of the pellbe samples were stored at -20°C for
two hours for the washing steps and then centrifuagel 2,008 g (-4°C) for 30 minutes. The
ensuing supernatant was removed and the pellets dvesd under vacuum (200mbar). When
the pellets were dry (after approximately threerepthe samples were reduced to a powder
using a glass stick. The tubes were re-weighedderao calculate the weight of the pellet

from the original weight of the tube.

The solubilisation buffer (8M Urea, 2M thiourea, 2APS, 1% DTT, 0.5% proteinase
inhibitor cocktail, 1% ampholytes 4-7 and 3-11 i#H.®) was added to the powered sample
(from 5 to 1% solubilization buffer per mg tissue in order totain approximately 1.5ml of
solubilised pellet). The samples were centrifugé@,JO0 x g for 10 minutes) and the
supernatant was transferred into a fresh 2ml mig®tube. The protein extract (supernatatnt)

was stored at -20°C until use.
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8.2.2 Protein quantification

The concentration of protein was quantified by sgghotometry using the RC DC protein
assay (Bio-Rad, California, USA) according to thanefacturer’'s recommendation. Briefly,
the dye reagent was prepared by diluting one gatteodye solution to four parts of distilled
de-ionized water. The solution was filtered throdyhatman #1 filter paper to remove any
particulates. Ovalbumin was used to create theepra@tandards and to calculate the protein
concentration of each sample. In total, seven avalb standards were prepared, representing
1 to 5Qug protein. 1@l of each protein sample were transferred intoearticuvette. 3.5ml of
the diluted dye reagent was added to the cuvettelan solution was allowed to incubate at
room temperature for 15 minutes. The absorbancemessured at 595nm on a Genesys 10
Bio UV-Vis spectrophotometer (Thermo Electron Cogtimn, Massachusetts, USA). Each
protein sample was assayed twice. Its protein comas estimated using the mean of both

measures.

8.2.3 1-DE gels

The quality of the protein extraction was assesss#dg SDS-PAGE (2 mini gels with 10
wells each, and a loading capacity of 20ul). Théocl@crylamide resolving gel (40%
acrylamide/bis-acrylamide (37.5:1) (25%), 1.5M {$18.8) (25%), SDS (0.1%), MQ water
(47.5%), TEMED (0.1%), and APS (0.05%)) was casb ia gel rig. A small volume of
isobutanol was added to the gel after it had beest to ensure a smooth, flat surface layer.
Once set, the isobutanol was removed and the 49taaude stacking gel (40% acrylamide/
bis-acrylamide (37.5:1) (10%), 0.5M Tris (pH6.8%6%2), SDS (0.1%), MQ water (65%),
TEMED (0.1%), and APS (0.05%)) was cast directlytgm of the running gel. For loading,
1yl sample was added to @9Laemmli mix (0.5M Tris-HCI (pH 6.8), 10% SDS, 10%
glycine, 5% 2-B mercaptoethanol, trace of blue lmpmenol). From this mix, 20 was
loaded onto the gel. Molecular markers were loadetie spare wells. Both gels were run at
the same time in Laemmli running buffer (25mM TA2M glycine, 0.1M SDS in diD) for

85 min at 25mA, until the blue bromophenol reactiedbottom of the gel.

1-DE gels were silver-stained according to theof@ihg protocol. They were fixed using a
solution containing 50% ethanol and 5% acetic acidH,O. After 30 minutes, the gels were
washed using a 50% ethanol solution. After 10 nesuthe gels were washed with distilled
water and left for a further 10 minutes. The getsavtransferred into a sensitising solution

(0.02% sodium thiosulphate in gBl) for one minute. This was followed by two was(esch

226



Chapter 8

of one minute) with distilled water. The gels weéneubated in a 0.1% solution of silver

nitrate (chilled to 4°C prior to use) for 20 minsitd he gels were washed twice with distilled
water (one minute for each stage). The gel wasfeared into a developing solution (0.04%
formalin, 2% sodium carbonate in @b for approximately ten minutes when the desired
level of band staining had been achieved. A 5%i@@atid solution was used to stop the
reaction (10 minutes). The gels were scanned fatigwa final wash in dkD for five minutes

on a M141 Image Scanner using the LabScan softwW@mersham Biosciences,

Buckinghamshire, UK).

8.2.4 2-DE gels

IEF was conducted using 24cm IPG strips with adingH range of 4-7 (Bio-Rad) using an
IEF Protean cell (Bio-Rad). The strips were in-gehydrated with the protein extract as
follows. They were left for 2 hours to allow forgsave rehydration before adding paper wicks
at each electrode and actively completing the redty@h for 12 hours at 50V. The focusing
programme was ; 30 minutes at 200V with linear riagp30 minutes at 500V with linear

ramping, 1h at 1000V with linear ramping and 90G6K90000Vh with rapid ramping.

Each protein extract was run in duplicate. Priordoning the SDS-PAGE, the strips were
equilibrated for 15 minutes in 30% glycerol, 6M ay&0mM Tris-HCI pH 8.8, 2% SDS, 1%
DTT followed by 15 minutes in the same buffer iniethDTT had been replaced with 2.5%
iodoacetamide. SDS-PAGE was run in an 11% acrylard@®% acrylamide/bis-acrylamide
(37.5:1) (27.5%), piperazine diacrylamide (0.3%)) Zris (pH8.8) (0.5M), SDS (0.15M),
MQ water (46%), TEMED (0.5%), and APS (0.03%)) hooast gel (24x20cm) using an
Ettan system in which up to 20 gels can be runairalgel. Once equilibrated, the strips were
transferred on top of the 2-D gels and sealed with% hot agarose solution (diluted in
Laemmli running buffer with a trace of blue bromepbl). The gels were run overnight
according to the following programme ; 20V for dmaur followed by 150V for 12 hours. At
the end of the run, the blue bromophenol line leadhed the bottom of the gel.

The gels were stained using the Protl1Sil staifSigma-Aldrich, Suffolk, UK) according to
the manufacturer’s instructions, outlined here. geés were fixed in a solution containing
50% ethanol, 10% acetic acid in gbifor at least one hour. The fixing solution wasosed
and replaced with a 30% ethanol solution and waghe80 minutes. The gel was washed for

a further 30 minutes in did. The ethanol was decanted and replaced with sitisation
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solution (1ml ‘Proteosilver Sensitizer’ solution ®®ml dHO per gel). After 10 minutes the
gel was washed twice with dB (10 minutes per wash). The gels were stained (1ml
‘Proteosilver Silver’ solution in 99ml diD per gel) for 10 minutes and immediately washed
for one minute with dbD. The gels were developed (5ml ‘ProteoSilver Depet 1’, 0.1ml
‘Proteosilver Developer 2’ in 95ml @B per gel) for up to 10 minutes, until the appraf&i
level of staining had been achieved. The developiag stopped with 5ml ‘ProteoSilver Stop
Solution’ (per gel) and incubated for five minutégally the gel was washed with gbl and

scanned immediately.

8.2.5 Image analysis

Each scanned image was saved as a .TIFF file. & tiftsix replicates per species per
treatment (thus representing a total of 24 gelslewsesed for further analysis. The image
analysis was conducted using the Progenesis SarmeSptvare, PG240 (Nonlinear
Dynamics, Newcastle Upon Tyne, UK). A common refese was selected from the gel
portfolio (representind. deltoides, [eCQy]). For alignment purposes, each gel was ‘warped’
onto this single reference gel in Progenesis. Calmmed, spots were detected using the
automatic function within the software. This wadawed by a manual check, to ensure the
perimeter boundaries encompassed a single prgteinanly. Where necessary, spots were

manually divided using the cutting tools availaioi¢he software.

The background was corrected using the ‘Lowest oanBary’ option in Progenesis. Here
the background per spot was calculated by tracitigeaoutside its boundary. The lowest
pixel intensity within this area was deemed thekbeaund intensity for that spot. The data
was normalised using the ‘Total Spot Normalisatioption in Progenesis. Here, the volume
of each spot was divided by the total volume oftspo the image and a scaling factor was
applied to this value. The scaling factor was dakedl by multiplying the spot value by the
total area of all spots across the images. Thihotetompensated for differences in spot
densities.
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8.2.6 Statistical analyses

A full factorial ANOVA was performed on the normsdid value for each protein in order to
determine whether treatment effects in the two isgewere of significance. The ANOVA
analysis was conducted using the statistical progring language R (www.r-project.org)

according to the following linear model:

Yi=Gi+ Tj+ (GT); +&;, (1)

wherey;; denotes protein level measured for spegiaad treatment j, with<'i <2, andl<j<

2. The terms G andT; measure the effect of the species and treatmesyectvely. The
interaction term(GT); accounts for the interaction between species apatnbent ands;
accounts for residual variance. An adjustment Far false discovery rate (Benjamini and
Yekutieli, 2005) was made on tipevalues of the individual effects. Any protein spath an
adjustedp-value ofp<0.001 associated to a specific effect was deemdthve a significant
change attributed to the specified effect.

The results of this analysis showed that there wel@ proteins that were differentially
expressed between the species. There were nonmdkeit were differentially expressed as a
result of treatment in either species.

Following the statistical analysis of the resuksch of the 140 proteins was manually
checked in Progenesis in order to validate theltsesé total of 96 spots were selected for
identification. The selections were based uponissidl significance and by a manual

inspection of the spots in the computer software.

Each selected spot was manually excised and traedfsto a 96 well plate. The spots were
sampled in duplicate and the sample plate wasdsttre20°C until required.

8.2.7 In-gel digestion

To destain each spot, [d5of potassium ferricyanide (2% wi/v) andSodium thiosulphate
(3.2% wl/v) were pipetted into each sample well.eApproximately ten minutes (when all
spot stain had disappeared), the solution was rethand the spots were washed three times
with dH,O (15Qul for each wash), until the colour had disappeat&@.l acetonitrile (100%)
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was added to each sample well in order to dehydnatspots. After ten minutes, the solution
was removed and the samples were left to dry anrtmmperature for 20 minutes. For the
digestion, 2Qg trypsin was eluted in 2Q0HCI (1mM) and 45Q! of ammonium bicarbonate
(50mM) was added. 20 of the solution was added to each well and [e&7C overnight.

To extract the hydrophilic peptides, 10f ammonium bicarbonate (50mM) was added to
each well and left at room temperature. After temutes the resulting solution was
transferred to a new sample plateull6f a solution containing acetonitrile (47.5%) rfac
acid (5%) and dbD (47.5%) was added to the original sample platextoact hydrophobic
peptides. After ten minutes the resulting soluticas transferred to the second sample plate
along with the hydrophilic peptide extract. The tvagth the acetonitrile/ formic acid/ ¢B
solution was repeated thrice more. After the fimakh the plate was placed in a speedvac to
reduce the volume to gbper well. Finally, 1.2Ql of formic acid was added to each sample
in the plate.

8.2.8 Protein identification

The peptide mixtures were analysed by on-line @pilHPLC (LC Packings, Amsterdam)
coupled to a nanospray LCQ ion trap mass spectesm@hermoFinnigan, San Jose,
California). 1Qul of peptide digest was loaded onto a 300um x 5@ BepMap trap column
(Dionex). The peptides were eluted from the trajpmom onto a 7pm inner diameter x 15cm
C18 PepMapTM column (LC Packings) in solvent A. tikgs were eluted using a 0-40%
linear gradient of solvent B (solvent A was 0.1@#nfic acid in 5% acetonitrile and solvent B
was 0.1% formic acid in 80% acetonitrile) in 35 otes. The separation flow rate was set at
200nl min'. The mass spectrometer was operated in positiveriode at a 2kV needle

voltage and a 3V capillary voltage.

Data acquisition was performed in a data-depenaecle, alternating a full scan MS over the
m/z range 300-1700, a zoom scan on most intense mhadull scan MS/MS on that ion.
MS/MS data were acquired using anZ unit ion isolation window at 35% relative collisio

energy.

The resulting data were examined with SEQUEST udhmg BioWorks 3.3.1 software
(ThermoFinnigan). The protein database was compaofsddta from all available tissues from
The Institute for Genomic Research (TIGR) (httppbio.dfci.harvard.edul/tgi/cgi-
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bin/tgi/gimain.pl?gudb=poplar) and information d¢metsequenced genome available from JGI
(http://genome.jgi-psf.org/Poptrl_1/Poptrl_1.hortmalh This produced a total of 314,640
sequences. The search parameters within the seftware set to allow for two missed
trypsin cleavages. Only the proteins containing twonore matched peptide sequences were
retained for further analysis. Any redundant seqasnwere removed from the analysis.
Finally, the data was BLASTed against the Swisg Beguence database. The data may be
accessed at the following web address; http:/attnii.fr/outils2/MassAnalysi8opulusCO?2/.

8.3  Results

The results from the 2-DE experiment showed tharethwere no proteins that were
significantly different between plants grown in @4 and those in controlled conditions
(Figure 8.3.1 and 8.3.2). However, further analysevealed 140 proteins that were
significantly different between the two speciestire investigation;P. deltoides and P.
trichocarpa. A total of 96 spots were selected for peptidenifieation purposes (Figure
8.3.3).
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8.3.1. Identifying CO,responsive proteins

Amhient[CO,] Elevated [CO,]

Figure 8.3.1.Representative 2-DE gels from leaf tissudofleltoides grown in [aCQ] (left panel) and [eCg) (right panel). The results from
the statistical analysis showed that there wer€@gresponsive proteins iR. deltoides.
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Ambient [CO,] Elevated [CO,]

Figure 8.3.2.Representative 2-DE gels from leaf tissu€dirichocarpa grown in [aCQ] (left panel) and [eCé&) (right panel).The results from
the statistical analysis showed that there wer€@gresponsive proteins iA. trichocarpa.
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8.3.2. Species-specific protein expression

Populus deltoides Populus trichocarpa
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Figure 8.3.3.Representative 2-DE gels from leaf samples coliefriam P. deltoides (left panel) andP. trichocarpa (right panel). The position
of each spot that was identified for excision iditated by a red perimeter, along with its ideagifion number. In particular cases multiple
excisions were made per spot.
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P. deltoides P. trichocarpa

Figure 8.3.4.In some instances, the software was unable tordiffate spot boundaries,
clearly visible to the human eye. The spot detecti@as therefore subsequently completed
manually following a visual inspection of the géelfie example here (spot ‘2510’) shows one
such example. IrP. deltoides (left frame) the spot was detected by the softw@lee
perimeter line) but manually cut (green lines).sTtierefore led to the excision of five spots
(A-E, yellow arrows) from the initial spot. Two dgowere also detected R trichocarpa
(right frame) which were also excised and iderdifiesing tandem mass spectrometry. This
diagram also shows an example of the presencefadsei certain spots (red arrows)
depicting species specific expression. Here spaw&s present ifP. deltoides, but absent in

P. trichocarpa.

The full annotations for the spots that were idediby MS/MS are provided in Table 8.3.1.
In total there were 22 proteins that were iderdif&es more highly regulated i trichocarpa

and 52 inP. deltoides. However, in 15 cases, multiple excisions were enaer spot and in
two cases (spots 2177 and 2510), excisons in lp&biess were necessary. This was in order
to clarify whether the same protein was represerdedvhether the presence of one protein

was masking the identification of a second (Fighie4).
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Annotation

Glyceraldehyde-3-phosphate dehydrogenase A, chloroplast
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Transcription factor BTF3

Acetyl-CoA acetyltransferase, cytosolic 1

Transcription elongation factor B polypeptide 1

Uncharacterized aminotransferase y4uB

Ribulose bisphosphate carboxylase small chain, chloroplast
Ribulose bisphosphate carboxylase small chain, chloroplast

Dihydroflavonol-4-reductase
Dihydroflavonol-4-reductase

Chloride intracellular channel 6
Soluble inorganic pyrophosphatase

Chlorophyll a-b binding protein 6A, chloroplast
Chlorophyll a-b binding protein 6A, chloroplast

Alanine aminotransferase 2

Ribulose bisphosphate carboxylase large chain

Superoxide dismutase [Fe], chloroplast
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L-ascorbate peroxidase 2, cytosolic
Endo-1,3;1,4-beta-D-glucanase
Peroxidase 12
Nucleoside-triphosphatase
Nucleoside-triphosphatase

Bifunctional 3'-phosphoadenosine
synthetase 2

5'-phosphosulfate

Phenylalanine ammonia-lyase

NADP-dependent D-sorbitol-6-phosphate dehydrogenase

Ribulose bisphosphate carboxylase large chain
Ribulose bisphosphate carboxylase large chain
Ribulose bisphosphate carboxylase large chain

Glyceraldehyde-3-phosphate dehydrogenase B, chloroplast
Glyceraldehyde-3-phosphate dehydrogenase B, chloroplast

Anter-specific proline-rich protein APG
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Ribulose bisphosphate carboxylase large chain
Ribulose bisphosphate carboxylase large chain

Anter-specific proline-rich protein APG

Anter-specific proline-rich protein APG

Vacuolar protein sorting-associated protein

Heat shock 70 kDa protein

Ribulose bisphosphate carboxylase large chain

Auxin-binding protein ABP20
Auxin-binding protein ABP20
Auxin-binding protein ABP20
Auxin-binding protein ABP20

Superoxide dismutase [Mn], mitochondrial
Glutathione S-transferase 6, chloroplast
Superoxide dismutase [Mn], mitochondrial

Carbonic anhydrase, chloroplast
Carbonic anhydrase, chloroplast

Quinone oxidoreductase-like protein At1g23740, chloroplast
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Glyceraldehyde-3-phosphate dehydrogenase B, chloroplast
Glyceraldehyde-3-phosphate dehydrogenase B, chloroplast

Probable plastid-lipid-associated protein 11, chloroplast

Auxin-binding protein ABP20

Glyceraldehyde-3-phosphate dehydrogenase A, chloroplast

Anter-specific proline-rich protein APG

Chloride intracellular channel 6

Acylamino-acid-releasing enzyme

4-hydroxy-3-methylbut-2-en-1-yl diphosphate synthase

Peptidyl-prolyl cis-trans isomerase CYP20-2, chloroplast

Pyruvate dehydrogenase E1 component subunit alpha-1,
mitochondrial precursor

2-oxoglutarate dehydrogenase E1 component, mitochondrial

Glutamine synthetase cytosolic isozyme 1
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Polyphenol oxidase, chloroplast

Probable complex | intermediate-associated protein 30

Subtilisin-like protease

ATP synthase delta chain, chloroplast

Glutamine synthetase cytosolic isozyme 1-1

Anter-specific proline-rich protein APG
Anter-specific proline-rich protein APG

Carbonic anhydrase, chloroplast
Carbonic anhydrase, chloroplast

Glyceraldehyde-3-phosphate dehydrogenase B, chloroplast

DNA-damage-repair/toleration protein DRT100

LL-diaminopimelate aminotransferase, chloroplast

Glycyl-tRNA synthetase 1, mitochondrial
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3294 D— Q43468 Heat shock protein STI 6.45 17 140.26 28.06 65503.4
3295 D— P34105 NADP-dependent malic enzyme 6.47 15 120.25 20.05 81916.6

3311 —l 3311A P24007  Ribulose bisphosphate carboxylase small chain, chloroplast 6.39 2 20.35 9.39 30721.4

3311B P24007 Ribulose bisphosphate carboxylase small chain, chloroplast 4  40.37 9.46 36008.4
3341 D— Q43848  Transketolase, chloroplast 586 12 110.25 20.98 68851.5
3367 D- P12858  Glyceraldehyde-3-phosphate dehydrogenase A, chloroplast 6.69 18 100.26 23.98 50278.3
3374 [ Q9M5K2  Dihydrolipoyl dehydrogenase 2, mitochondrial 6.61 17 170.33 38.29 69809.2
3404 ﬂ. P24007  Ribulose bisphosphate carboxylase small chain, chloroplast 567 1 10.24 7.07 31199.9
3405 i- P24007  Ribulose bisphosphate carboxylase small chain, chloroplast 562 1 10.19 3.25 30721.4
3407 [ Q9ZT66 Endo-1,3;1,4-beta-D-glucanase 537 2 2021 10.42 25851.4

Table 8.3.1.The full annotation from the MS/MS data analysikeTrelative abundance of the spot was calcula@u the normalised data
output from Progenesis (see section 8.2.5). Theevdars represem. deltoides and the black bars represéhtrichocarpa (+1 standard error).
The percentage coverage, number of peptides, scwreanolecular weight were all obtained from theQBEEST data output. The percentage
coverage represents the amino acid coverage girduicted protein. The score represents a valuedbagon the probability that the peptide
was a random match to the data in the SEQUEST asgallhe pl was estimated from the position ofsfat on the gel. The numbers of
peptides identified for each protein are also iat#id in the table.
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In order to consolidate the annotation informatitire data for each species were grouped
according to GO annotation available using the 2[@® software (Conest al, 2005). The
GO annotations for the significantly differentialexpressed proteins are shown in Figure
8.3.5 and Figure 8.3.6. The results clearly indiaatarge difference in functional roles of the
proteins that were found to be differentially e)xqmed between the two species. Rn
trichocarpa, the selected proteins were found to fall intoefimnain categories; protein
binding, transferase activity, hydrolase activibycleotide binding and signal transducer
activity. In P. deltoides however, the proteins represented 17 functionedgeaies. In this
case the highest proportion of proteins were caisg as having oxidoreductase activity.

However, inP. trichocarpa, the highest proportion of proteins were categaorias ‘protein

binding'.
ligase activity, 4 vitamin binding, 1N nucleic acid binding, 1 metal cluster binding, 1
W protein binding, 10
activity, 1
nucleotide binding, 3
lyase activity, 4\
trans cription factor /
RNA polymerase Il activity, 1
trans cription factor———mM8 —M—— .. R
activity, 1 - oxidoreductase activity

16

peroxidase activity, 1

hydrolase activity, 7

transferase activity, 8

ion binding, 12
cofactor binding, 6

Figure 8.3.5.The GO results for protein spots with a higherraauince inP. deltoides. Each
segment of the chart is labelled with a moleculaction category, along with the number of
proteins that fall into that category. All GO anattins were retrieved using the Blast2GO
software.
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signal transducer
activity, 1

nucleotide binding, 1

protein binding, 4

hydrolase activity, 2

trans ferase activity, 2

Figure 8.3.6. The GO results for protein spots with a higherrataince inP. trichocarpa.
Each segment of the chart is labelled with a md&ctunction category, along with the
number of proteins that fall into that categoryl IO annotations were retrieved using the
Blast2GO software.
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8.4  Discussion

The aim of this experiment was primarily to usetpomics to identify any differentially
expressed proteins B deltoides andP. trichocarpa grown in an enriched GCenvironment.
This represented the first study of its kind and waanatural progression from a number of
previous attempts to identify differentially expsed transcripts in plants grown in [egO
(for example, see Chapter 7; Taydal, 2005; Guptaet al, 2005; Druartt al, 2006).

8.4.1. Proteomics and [eCg)

The general consensus from various transcriptotuidiess in plants grown in an enriched
COyenvironment is that there are few changes in gepeession levels. It has been predicted
that this may be due to post-translational modifices (Tayloret al, 2005). A proteomics
experiment was constructed in order to determinetidr [eCQ] elicited changes in protein

profiles.

This study represented the first of its kind byestigating protein profiles d?opulus grown

in [eCQy. Historically, 2-DE gels have been widely used asmeans of identifying
differences in protein profiles. There are a numiienon-gel based alternatives available,
such as ICAT (Isotope Coded Affinity Tags) (Tao @&webersold, 2003; Gygit al, 1999) and
iTRAQ (Isobaric Tags for Relative and Absolute Qufaration) (Applied Biosystems,
www.appliedbiosystems.com; Roatsal, 2004; Zieskeet al, 2006). However, despite the fact
that there are some limitations associated withugeeof 2-DE gels, the advantages of its use

in primary studies such as this are unquestionable.

Previous applications of 2-DE gels in proteomicyehancluded drought (Salekded# al,
2002), high temperature (Ferremaal, 2006), low temperature (Ammnet al, 2006) and salt
stress (Kawt al, 2004). There has only been a single report ofguDE gels to identify
CO,-responsive proteins in plants (Bae and Sicher4R0@ this study of thé\rabidopsis
proteome, there were no spots that were consigtenéisent in one treatment and not the
other. The six proteins that they identified by lgsia of the 2-DE gels and characterized by
MS/MS were a myrosine precursor, luminal bindingotein I, 3§ hydroxysteroid
dehydrogenase/isomerase protein, nucleoside diimasmajor latex related-protein and
photosystem Il oxygen evolving complex 23. Howewgance the proteins that were identified

in the study were present in both treatments, & wancluded that [eCPdid not have a
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major affect on protein expression Arabidopsis (Bae and Sicher, 2004). Similarly, the
results from this experiment iRopulus have also shown that [eG]JChas no affect on the
protein profile of either species.

The identification of proteins whose abundanceeddt as a result of [eGPwas conducted
using a statistical significance of p>0.001. Whilss is a particularly stringent analysis, this
level of significance has been used in other studiePopulus (e.g. Plomionet al, 2006).
Reducing the stringency of the statistics wouldease the risk of type Il error. The results do
reinforce those of the two transcriptomic studiesspnted in this thesis (Chapters 5 and 7),
where it was shown that there were no major chaimggene expression due to exposure to
[eCO,). Therefore the cause of the changes in plant hadoggy as a result of growth in
[eCQ] is still to be answered. As suggested previouslig, possible that trees demonstrate a
plastic response to [eGPor that a number of small changes in gene/pratpression act

additively to affect growth responses. Howeverhlmiggestions are merely speculative.

8.4.2. Interspecific differences in protein profile

Despite the fact that the main aim of this study wa identify CQ-responsive proteins, a
secondary set of results illustrated the interdpedifferences in protein profiles of.
deltoides andP. trichocarpa. Of the spots that were selected for identificatiy MS/MS, 52
demonstrated higher abundancePindeltoides and 22 inP. trichocarpa (Table 8.3.1). It is
particularly interesting that the proteins that evétentified were categorized into different
functional groups. It is possible that the diffaréanctional roles of the proteins iR.
deltoides and P. trichocarpa represent their different geographical origims. deltoides
originates from the warm, dry climates of the Sek#fst of the United States of America,
whilst P. trichocarpa originates from the North-West, where it is sutgdcto milder, wetter
conditions (Figure 3.1.1).

A number of previous studies have used proteonsca means of unraveling the complex
nature of population biology. For example, 2-DEsgbhve been used to study natural
variation in eightArabidopsis ecotypes (Chevalieet al, 2004). This study permitted the
identification of the major proteins in each ecatyprhis allowed each ecotype to be
distinguished from others by their characteristiot@in profiles. Different isoforms of the

same protein were also identified in this studyisTias also the case with some of the
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proteins identified irP. deltoides andP. trichocarpa, where the same protein (characterized
by its accession number) was excised from diffesgts in different locations on the gel,
thus having different molecular weight/ pl (e.ge s@ihydroflavanol reductase (P51103),
Glyceraldehyde-3-phosphate dehydrogenase B (P128%bEndo-1,3; 1,4-beta-D-glucanase
(Q9ZT66) in Table 8.3.1).

In P. trichocarpa, a number of photosynthetic proteins were idesdifisuch as the small
(P24007) and large (A4GYRS8) chain subunits of Ribkal bisphosphate carboxylase. This
links in with previous data that has shown high tpegnthetic rates in this species (as
compared td°. deltoides) (Rodriguez-Acosta, 2006). The proteins of patic@abundance in
P. detoides included those involved in glycolysis (e.g. Glyaldehyde-3-phosphate
dehydrogenase), hormone signaling (auxin-bindingtgim), photosynthesis (Ribulose
bisphosphate, transketolase, chlorophyll a-b bipgirotein), and cell wall growth (endo-1,3;

1,4-beta-D-glucanase).

8.4.3. Leaf ontogeny

This experiment was conducted on developing leéxgs 4) in both species because it was
hypothesized that the effect of [egQvould have maximal difference at that stage dyrin
ontogeny. However, one of the limitations assodiatéh this experiment, and on work with
these species in general, is the assumption thde#ves of the two different species were of
the same developmental age. The two species do diieesnt growth strategies and it is
possible that the leaves were of slightly differstatges of development. This therefore means
that the proteins that were identified may not hdeen species specific, but due to

differences in leaf ontogeny.

8.4.4. Proteomics and population biology

The use of proteomics in studies of populationaraze has also encompassed the mapping of
Protein Quantitative Loci (PQL) onto the genomeiéllamentet al, 1999). Protein quantity
may be regarded as a quantitative trait, and wiéhavailability of segregating populations
and genetic maps, it is possible to locate geneagmns of interest (Thiellemest al, 1986;
Costa and Plomion, 1999).

Given the fact that there is an Fapping population available from tlre deltoides x P.
trichocarpa (Family 331 (Bradshaw and Stettler, 1993)) itestainly possible that a similar
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approach may be taken in order to investigate émetc determination of protein products in

Populus.

8.5  Conclusion

Whilst there are some limitations associated withuse of 2-DE gels, in this particular case
they were an invaluable tool for the first expennnéo investigate changes in protein
expression iPopulus leaves as a result of exposure to [gC® was clear that there were no
differences in protein profiles due to growth i€{&] in eitherP. deltoides or P. trichocarpa.
This result was not entirely unexpected given theklof support for changes in gene
expression due to [eG[xhat have been presented both in previous chapfehis thesis and
also in the literature. However, it is particulantyeresting that this experiment has permitted
the identification of proteins whose abundanceeddt between the two species. This is the
first time this has been done in these two spediks.wide genetic resources (e.g. pedigree
mapping population and a genetic map) that ardablaimean that further experiments may
be conducted in the future in order to investightegenetic determination of protein quantity

in Populus.
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CHAPTER 9

General discussion
9.1 Thesis overview
This thesis has examined the respons®apulus to [eCQ] by utilising a combination of
analytical techniquesPopulus is a model tree genus and hence a perfect caedidat
assessing the effects of [egg@n plant growth and development. There are thodsaof
reports in the literature regarding the effect$e@@O,] on plant morphology and physiology.
There are also reports of using cDNA microarraysassess transcriptional changes (e.g.
Druart et al, 2006; Guptaet al, 2005). However, the work detailed here has integra
methods to examine plant growth and developmemte gxpression (including both cDNA
microarrays and Affymetrix oligonucleotide chipg)da for the first time, protein profiles.
This thesis is unique in the fact that it represethie first attempt to begin to develop a

‘systems biology’ approach to understanding thewjncand habit oPopulus in [eCQ).

The studies were conducted on three different speaf the Populus genus; P. X
euramericana, P. deltoides and P. trichocarpa. Two different experimental design systems
were used to expose the trees to [gCOACE rings and CTCsopulus euramericana has
been used in a long-term FACE study (EUROFACE) dimae elucidating differences in
carbon sequestration as a result of growth in ahhi@O environment
(www.unitus.it/euroface). Previous studies havewshahat this species was responsive to
[eCQO,] (e.g. Ferriset al, 2001; Tayloret al, 2003) and hence it was a suitable candidate for
one of the first experiments of its kind, which amat identifying genes (through the use of
cDNA microarrays) involved in the respon&eapulus deltoides andP. trichocarpa have also
been shown to positively respond to increased cadvailability (Raeet al, 2007), and, due
to their contrasting growth mechanisms, were alseduto further identify mechanisms

governing the response to [egO

The results showed that leaf growth was slightijmglated by [eCG@l, particularly in young
leaves. Interestingly, the cellular analysis intkdathat cell expansion, rather than cell
division, increased due to [eGOThe results from the transcriptomic studies cstestly
showed that there were few transcripts whose egpesdiffered significantly between
[aCOy] and [eCQ]. This was confirmed by a proteomic study wherevdts found that there
were no proteins whose abundance differed sigmifigabetweenP. deltoides and P.

trichocarpa.
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9.2 Morphological changes in [eCg]

Leaf growth was slightly stimulated by [egut this was dependent upon leaf age (Figure
6.3.1). The majority of studies that have been megoto date have generally demonstrated
growth stimulation due to [eCGD For example, there are reports of almost a 30G¥ease in
leaf area as a result of G@xposure inP. trichocarpa (Raeet al, 2006). The maximal
percentage increase was in the youngest leavés déltoides (80%, table 6.3.1) but the

stimulation diminished with time.

Perhaps the most interesting result from the mdggheal data was that of the cellular
analyses. The results in Chapter 3 highlighteddifferent leaf cellular strategies employed
by P. deltoides andP. trichocarpa. The leaves oP. deltoides contain a large number of small
cells compared t®. trichocarpa, which has a smaller number of large cells (FigBu®7,
Figure 3.3.8). However, the increased cell sizEigure 6.3.5 showed that cell expansion was
stimulated in [eCg). Conversely, the cells d?. trichocarpa did not increase in size. It is
possible that under ambient atmospheric conditidmsse cells were as large as they could
possibly be and application of further €ad no affect due to a physical constraint on cell

size.

It has long been suggested that XETs play a keyirothe growth response to [eg@e.g.
Ferriset al, 2001). Using th®. deltoides andP. trichocarpa samples from the BangorFACE
experiment it was finally possible to test thisahe The quantification of XET activity was
shown to be increased in [egln P. deltoides, the species that attains final leaf size by cell
production. This therefore suggested that cell egjpm was affected by increased carbon
availability (a result that was clearly seen in tbell growth analyses in Chapter 7).
Furthermore, transcripts encoding cell wall loosgnfactors (e.gENDOXYLOGLUCAN
TRANSGLYCOSYLASE) were up-regulated in [eGD(Chapter 5). The XET/XTHSs represent
a large gene family (reviewed in Roseal, 2002). It is likely that there is a degree of
redundancy between family members therefore anratmeasure of expression is difficult.
Given the evidence presented here, perhaps a rfudhgeted investigation into XET/XTH
expression and/or cell wall biosynthesis pathwagsaaresult of C@ exposure is now

warranted.
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9.3 Microarrays and [eCQOy]

Two microarray experiments were presented in thissis, one of which involve®.x
euramericana, and the other involve®. deltoides andP. trichocarpa. The general trend in
the results suggested that any phenotypic diffe®neere not reflected by substantial
changes in gene expression. This was observedpetefically suggesting that it represented
a consistent trend iRPopulus species. The first transcriptome studyHnx euramericana
(Chapter 5) showed that any changes in gene expnesgre more dependent upon leaf age
rather CQ treatment (Tayloet al, 2005). The lack of C&responsive genes was mirrored in
P. deltoides andP. trichocarpa (Chapter 7), although in this case the magnitudthefCQ

response observed was dependent upon the micrqaatéyrm chosen.

9.3.1 An additive effect?

A possible explanation for the observed respons¢e@Q)] is that there are a large number
of transcripts involved in the GQesponse, all of which have a small additive éfigmon
growth. This prediction would indeed support theadty that plants maintain their usual
function when grown in an enriched carbon environinaad it may simply be a case that they
increase the ‘machinery’ necessary to photosyrzbeat a faster rate. If this is the case,
microarrays may not be sensitive enough or prowdeugh information to assess gene

expression on samples exposed to [CO

9.3.2 Magnitude of the response and experimental gign

Experiments have shown that increasing the JJGm 400 ([aCQ]) to 1200umol mot
caused greater differences in gene expression dham concentration of 800umol rifol
(Druartet al, 2006). This highlights the importance of desigrting experiment to address the
hypothesis in question. For example, the aim ofpidyger by Druart (2006) was to find €0
responsive genes by exaggerating the JC®© concentrations that are unlikely to be
experienced. In this thesis however, the aim wasodel responses to future atmospheric
conditions and so a [CPof 550ppm was used as a target. The differenedeaf growth
reported in this thesis may have been too smalligtect any transcriptional differences.
Perhaps expression studies with samples demonstretireme differences in leaf area (such
as a 300% difference in the casePoftrichocarpa reported in Raet al, (2007)) may have
highlighted more C@responsive transcripts.
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9.3.3 Phenotypic plasticity
As defined by Helmutlet al, (2005), the effects of climate change on spea@spanse can
broadly be categorised into three mechanisms;

1) Genetic adaptation via natural selection (a slaeversible change in allele

frequency in a population)

2) Arapid physiological response (a reversible ‘stterin’ solution)

3) Phenotypic plasticity
Phenotypic plasticity may be defined as the abibify a genotype to produce diverse
phenotypes in response to an environmental chaigedifferences between phenotypes may
be due to behavioural, morphological or physiolagichanges. Such responses confer
increased tolerance to differing environments amhck enhanced fitness under such
conditions. Therefore if high fitness can be acht\wy a plastic response, there is no
requirement for directional selection and no adaptiifferentiation from the sourd@riceet
al, 2003).

In plants, phenotypic plasticity is an importantama&nism by which they have the ability to
withstand environmental heterogeneity. This theeefresents a problem for scientists, since
the mechanisms controlling organ size are com@dcly the fact that plant morphogenesis
includes plasticity in order to allow adaptation ¢thanging environmental conditions
(Horiguchiet al, 2005). In one particular example the D-type cylimhich were shown to be
differentially regulated in [eC£ (Chapter 7), have been proposed as key proteaishable
flexibility as environmental conditions fluctuatérancis, 2007) hence lending support to the
notion that plant plasticity governs the respousgE€Q)].

Phenotypic plasticity may improve organismal perfance, but it may not necessarily
improve fitness (Helmutlet al, 2005). For example, plasticity may involve a tradein a
particular aspect of growth or development, such esallocation of resources. Alternatively,
it may affect complex biological interactions, thalering community dynamics (Helmuéh

al, 2005). By this reasoning, building a better pietaf the transcriptional response to [eLO
would require the integration of other aspectslahpmorphology, such as stems and roots.
For example, it is likely that [eCfPcauses a change in the root to shoot ratio (Cartts
Wang, 1998). Therefore future studies should wwoinvestigating changes from the

perspective of the whole plant, rather than appgeslan isolation.
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9.3.4 Technical limitations associated with microaays and [eCQ] studies.

Microarrays are an extremely useful technique &®easing gene expression. However, the
results obtained will only ever be as represerdat¥ the probes that are attached to the
platform for hybridisation. The results in Chaptérand 7 clearly showed that the type of
microarray platform chosen greatly influences tbsuits of the analysis. In Chapter 5, the
comparison of two different microarray platformsogled that there were 6322 consistent
gene models represented on both the POP2 and PKIME microarray platforms. Only
five gene models demonstrated a consistent twokmdlation between the two platforms is
astonishing, especially given the fact that the am represented the same biological
replicates at the EUROFACE site. In Chapter 7 @@ dvas filtered according to gene model
in order to identify those that were consistendgulated between cDNA and oligonucleotide
microarray platforms. In the case of the cDNA marays,P. deltoides appeared to be the
species that was most responsive to [gC&nce it demonstrated a greater number of
transcripts with two-fold differences in expressibetween the controlled and treated
samples. However, when young leaves of both spegere hybridised onto Affymetrix
microarrays it wa®. trichocarpa that demonstrated the greater response, with adapping
transcripts between the cDNA and Affymetrix micragss. Although the samples hybridised
onto the Affymetrix microarray constituted diffetelbiological replicates and different leaf
ages (Affymetrix, age one; cDNA, meristematic tessar age two), this difference between

the two is remarkable.

CO; is required for photosynthesis in order to provide energy needed for survival. By
increasing the concentration of this gas, photdmgis will still occur and the plant will still
undertake all of the processes required to maimoiductivity. Therefore the question arises;
‘Are microarrays sensitive enough to detect retatihanges in gene expression as a result of
CO, exposure?’ Given the number of standardisatiomestarequired in a microarray
experiment, would an absolute measure of gene ssipre be more appropriate in such
studies? During the process of a microarray exparimand in the subsequent statistical
analysis, the material in question is measured stathdardised. For example, for the
hybridisation one begins witkmg of tissue to extract RNA, and thgmg RNA is used to
synthesize cDNA and the samples are subsequentipioed. Following hybridisation, the
data is normalised (Quackenbush, 2002) in ordeedace variability. Perhaps it is the nature
of the numerous standardisation stages during rthgrgss of the experiment that influences

the final result. Perhaps a more sensitive teclengyich as gPCR is more appropriate. Indeed,
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there were similarities as well as discrepancida/den gPCR and microarray data (Chapter
5). However, qPCR is only possible with a prior sketdentified candidate genes, a process
which usually involves the use of microarray daadhough a literature-based filter for

candidate genes is also appropriate.

9.4 Proteomics and [eCQ

The proteomics experiment in Chapter 8 was theé difsts kind to assess protein abundance
in Populus samples grown in [eCP The only other study in the literature used 2-fpdts to
assess the protein profile Afabidopsis grown in [eCQ] (Bae and Sicher, 2004). The results
presented here showed that there were no proteasliffered in abundance between [a{O
and [eCQ)], thus confirming the results from the microaresgperiments. Further experiments
could be conducted on the protein samples in otdeconfirm this initial finding. For
example experiments could be conducted on matuaé damples rather than young,

expanding leaves.

9.5 Future directions

9.5.1 Leaves, stems and roots

Carbon allocation will depend on a number of ddfarfactors, including the availability of
other resources such as light, water, soil nusi¢lbrneret al, 2006). The availability of
resources may drive allocation to other parts efgtlant such as roots, stems and reproductive
organs, as well as leaves. Furthermore, it isVikieht the longevity of carbon being retained
in these organs is likely to be highly variable.eféfore decoupling leaves from other
possible organs as avenues for carbon assimilatiag be too restrictive and a more
integrated approach is more appropriate. Condudiimiper studies on leaves, stems and
roots could provide further information as to tlileets of [eCQ] on overall plant growth and

development.

9.5.2 Yield extreme genotypes

The results of the phenotypic behaviour of the tglam [eCQ] showed that there were rather
small changes in growth. The greatest differencatsvéen the controlled and the treated
plants were seen in the yield extreme genotype® framily 331, in Chapter 6. This has
highlighted an important area of future researdvefsthe current interest in the potential of
forest trees to mitigate the effects of increadeabapheric [CQ, it is particularly interesting

to note that genotypes categorised as low-yieldasponded to a greater degree to [gCO
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Perhaps it will be possible to identify the meclsams regulating the response to [efL(D

these extreme genotypes, since they exhibit the masked changes in growth.

9.6 Closing statement

The results presented in this thesis have camthlen the availability of a wide range of
genetic and genomic resources. It represents the dkperiment of its kind by using a
combination of morphological, transcriptomic andtppmic analyses to assess the response
of Populus to [eCQ]. It has unearthed some interesting and ratherpewed results and

paved the way for further focussed studies to belgoted.
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APPENDICES
Appendix 1

(Chapter 5)

The ESTs with positive B-statistic values and asged p-values. The M value represents the regulaif the EST (e.g. a negative number
indicates down-regulated expression in elevatedpeoed to ambient [C§). A B-value of O represents a 50% chance ofedétial
expression.

Young leaves

Identifier Annotation M B p
PU28532 Leucine-rich repeat family protein 1.62.22 0.341
PU27165 GDSL-motif lipase/hydrolase family protein 1.89 1.95 0.341
PU20530 Xyloglucan 1.64 1.05 0.467
PU20437 Calcium-dependent protein kinase isofo(@R>2K?2) 2.03 0.80 0.467
PU09556 Harpin-induced family protein 1.46 €.50.527
PU09305 GDSL-motif lipase/hydrolase family protein 257 041 0.552
PU08476 Proline-rich family protein -3.6  0.38.467
PU05763 Polcalcin, putative / calcium-binding pollallergen 1.78 0.05 0.564
Semi-mature leaves

Identifier Annotation M B p
PU10409 No annotation available -2.47 3.42 5.0
PU12448 Ras-related GTP-binding protein, putative -5.76 3.24 0.025
PU28637 Potassium transporter (KUP1) -2.40 3.0R059
PU11724 Suppressor protein SRP40 -3.56 2.19890.
PUO00177 GATA transcription factor 1 (GATA-1) 1. 1.67 0.135
PU08917 Chloroplastic RNA-binding protein P67 0.20 1.38 0.026
PU22860 Chloroplast inner envelope protein-related -1.62 1.09 0.162
PU25517 Heavy-metal-associated domain-containiotgpr -5.82 0.95 0.087
PU06984 Pyruvate kinase, putative -6.31 0.9308D
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PU21852
PU21030
PU12050
PUO5072
PU06234
PU09638
PU08927
PU22579
PU10293
PU11079
PU04471
PUO7311
PU10127
PU26674
PU29459
PUO6463
PU02302
PUO3360
PUO06179
PUO8744
PUO8796
PU28466

Ras-related protein (ARA-3) / small GTPdoug protein -3.84 0.73 0.162

Expressed protein 1.87 0.72 0.162
Heat shock protein -1.64 0.61 0.162
Elongation factor 2, putative / EF-2 974 0.61 0.138
Adenylate kinase family protein 5.25600. 0.138
T-complex protein 1 alpha subunit -1.9469 0.162
Eukaryotic translation initiation factor -2.26 0.49 0.162
Nodulin MtN3 family protein -1.35 0.380.162
Endomembrane protein 70, putative TM4 famil 473 0.36 0.162
COP9 signalosome complex subunit 7ii 43.0.34 0.162
ATP-dependent Clp protease proteolytic siibu -4.76 0.30 0.162
F-box family protein -1.24 0.29 0.162
WWE domain-containing protein / ceo protein 2.14 0.28 0.162
CTP synthase, putative / UTP-ammonia ligase -5.46 0.21 0.162
60S ribosomal protein 220 0.19 0.162
60S ribosomal protein-related -2.1170. 0.162
Peptidyl-prolyl cis-trans isomerase 151 0.17 0.162
Aspartyl-tRNA synthetase -3.62 0.131682.

No annotation available -1.10 0.13 62.1
Expressed protein 400 0.08 0.162
Expressed protein -3.78 0.06 0.162
ARF GTPase-activating domain-containinggdno -1.33 0.03 0.162

287



Appendix 2

(Chapter 7)

The ESTs with positive B-statistic values and asded p-values. The M value represents the reguaif the EST (e.g. a negative humber
indicates down-regulated expression in elevatedpeoed to ambient [C§). A B-value of O represents a 50% chance ofedéitial
expression.

P. deltoides

Meristematic tissue (23)

Identifier Annotation M p B
PUO05576 Hydroxyproline-rich glycoprotein family pem 1.43 0.092 3.29
PC20402 - 1.39 0.092 2.95
PU11070 - 1.29 0.092 2.80
PUO7079 Cullin family protein 3.00 0.1233@.
PU20844 Ubiquitin extension protein 6 (UBQ6) 28 0.164 1.70
PU09585 Polyubiquitin 0.96 0.164 1.70
PU05891 Expressed protein 1.03 0.166 1.32
PU12148 GDSL-motif lipase/hydrolase family protein 0.93 0.180 1.00
PU22002 Expressed protein similar 191 0.1®me2
PU21461 Heat shock protein 70 1.40 0.18010.
PU03249 Polyubiquitin (UBQ14 1.14 0.180 0.87
PU07813 RNA-dependent RNA polymerase 0.90 8®.D.82
PU10395 Leucine-rich repeat family protein 151. 0.180 0.79
PU20266 Expressed protein 1.17 0.180 0.68
PU11177 9-cis-epoxycarotenoid dioxygenase 51.0.180 0.63
PU04341 Zinc finger (C2H2 type) family protein -1.33 0.180 0.62
PU20339 DC1 domain-containing protein 1.13180. 0.55
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PU03968
PU31226
PU11403
PU01249
PU21460
PU04238

P. deltoides
Age two (39)

Identifier

PU08833
PU31076
PU00482
PU20958
PU24969
PU30100
PU20553
PU08678
PU27331
PU30951
PU00912
PU00326
PU23451
PU10779
PU12956
PU00028
PU10690

Polyubiquitin (UBQ10) (SEN3) senescence@ated protein
Hypothetical protein

Expressed protein

Expressed protein

Heat shock protein 70

Expressed protein

Annotation

Cys/Met metabolism pyridoxal-phosphate-ddpet enzyme family protein
Expressed protein

L-ascorbate peroxidase 1

Omega-3 fatty acid desaturase

Threonine ammonia-lyase

Trypsin and protease inhibitor family prote

Cupin family protein

Trypsin and protease inhibitor family prote

Protease inhibitor/seed storage/lipid feanmotein (LTP) family protein
Oxidoreductase, 20G-Fe(ll) oxygenase fapribyein
Calmodulin-binding family protein

Expressed protein

C2 domain-containing protein

Expressed protein

23.6 kDa mitochondrial small heat shock

Zinc finger (Ran-binding) family protein

Pentatricopeptide (PPR) repeat-containiotgin

289

1.03 0.180 0.51
0.82 0.18010.5
0.85 0.185 0.35
0.93 0.185 0.29
1.69 0.18280.
1.60 0.185 0.14

M p B
-3.13 0.075 4.04
-4.09 0.115 2.63
-2.82 0.2156
-1.95150 1.54
-2.94 0.1186
-2.01 0.115 1.41
-2.26 0.115371
-1.84 0.115 1.37
-2.12 0.115 1.11
-3.38 0.115 1.10
09. 0.115 1.10
-1.94 0.115 1.03
3.00 18.10.99
-1.75 0.115 0.96
7.49 0.115 0.89
-3.95 0.115 0.82
-2.37 0.115 0.77



PU25700
PUO8378
PU02292
PU29068
PU12876
PU31077
PU20132
PU09704
PU09807
PU04282
PU29344
PU23265
PU02164
PU09687
PUO3171
PU11811
PU12387
PU11347
PU30059
PU20530
PU02188
PU25144

UDP-glucoronosyl/UDP-glucosyl transferasaily protein
Trypsin and protease inhibitor family prote
Lesion inducing protein-related similaOi@F
Pectate lyase family protein

Trypsin and protease inhibitor family prote
Protease inhibitor/seed storage/lipid feanmotein (LTP) family protein
Gibberellin-regulated family protein
Expressed protein
Phytochrome-interacting factor 4 (P1F4)
O-methyltransferase family 2 protein
Trypsin and protease inhibitor family prote
17.6 kDa class | small heat shock protein
Eukaryotic translation initiation factor 6
BAG domain-containing protein
Xyloglucan:xyloglucosyl transferase
Peptidyl-prolyl cis-trans isomerase

Trypsin and protease inhibitor family prote
Formate dehydrogenase
Endo-1,4-beta-glucanase, putative / cslula
Xyloglucan:xyloglucosyl transferase, putati
Expressed protein

Phosphorylase family protein
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-1.62 0.115 0.65
-2.02 0.115 0.64
6.18 0.115 0.62
-1.64119 0.61
-2.90 0.119 0.58
-2.24 0.115 0.56
1.96 0.115 0.54
5.70 0.115 0.49
5.66 0.115 0.48
-2.28 0.130 0.47
-2.06 0.119 0.47
547 0.115 0.42
5.37 0.115 0.39
5.36.116 0.38
452 0.132 0.38
175 0.115 0.31
-1.82 0.130 0.28
-4.95 0123 0
-2.63 0.139 0.18
1.64 0.139 0.10
461 0.130 0.07
-1.87139 0.02



P. trichocarpa
Meristematic tissue (2)

Identifier Annotation M p B
PU20450 phosphatase-related weak similarity to @hbsphatase-like 3 1.42 0.398 0.36
PU26552 transcription factor jumonji (jmjC) domaiantaining protein 1.10 0.398 0.23

P. trichocarpa

Age two (1)
Identifier Annotation M p B
PU20249 basic endochitinase -2.54 0.358 0.3
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Appendix 3

(Chapter 7)
The annotation and average expression levels &8s represented in the Venn
diagrams in Figures 7.3.2 and 7.3.3.

P. deltoides

Meristematic tissue

Down-regulated (36)

Identifier Expression  Annotation
PC20402 0.38 -

PU27641 0.46 Expressed protein

PUO05576 0.37 Hydroxyproline-rich glycoprotein féymprotein
PU12629 0.07 Auxin-responsive GH3 family protein
PUOQ7079 0.12 Cullin family protein

PUO7708 0.47 -

PU05979 0.18 Nodulin family protein

PU02435 0.15 Nascent polypeptide associated conafjdaa chain
protein

PU28146 0.54 Polyubiquitin (UBQ14)

PU04541 0.13 Nucleolar protein

PU08424 0.14 GYF domain-containing protein

PU22002 0.19 Expressed protein

PU10299 0.50 Peptidase M3 family protein

PU12403 0.20 -

PU20083 0.44 Scarecrow transcription factor farpriytein
PU02065 0.35 Endomembrane protein 70

PU01307 0.34 Expressed protein

PU21460 0.28 Heat shock protein 70, putative / HEP
PU20845 0.27 Protein kinase

PU21923 0.32 Calcium-dependent protein kinase

PUO08723 0.38 Expressed protein

PU21744 0.31 Pentatricopeptide (PPR) repeat-aontaprotein
PU22403 0.15 Hypothetical protein

PU11070 0.41 -

PU10616 0.51 CP12 domain-containing protein

PU08634 0.11 CCAAT-box binding transcription factabunit B
PU08407 0.47 CBL-interacting protein kinase 10RK10)
PU03249 0.45 Polyubiquitin (UBQ14)

PU20844 0.42 Ubiquitin extension protein 6 (UBQG6)
PU04238 0.30 Expressed protein

PU03968 0.49 Polyubiquitin (UBQ10) (SEN3) seneseesssociated
protein

PU26290 0.30 Hypothetical protein

PU21461 0.38 Heat shock protein 70, putative / HEP
PU20266 0.54 Expressed protein

PU20339 0.45 DC1 domain-containing protein

PU10038 0.37 -
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Common toP. deltoides andP. trichocarpa
Meristematic tissue
Down-regulated (1)
Identifier Expression Expression  Annotation
P. deltoides  P. trichocarpa
PU05891 0.49 0.32 Expressed protein

P. trichocarpa

Meristematic tissue

Down-regulated (11)

Idenitifer Expression  Annotation

PU03727 0.46 Expressed protein

PU30008 0.42 Seven in absentia (SINA) protein

PU20010 0.53 -

PU10242 0.51 Expressed protein

PU29120 0.51 Adenosine kinase 2 (ADK2)

PU11403 0.38 -

PU11568 0.42 Heavy-metal-associated domain-cdantaprotein

PU26552 0.47 Transcription factor jumoniji (jmj@)ndain-containing
protein

PU20450 0.37 Phosphatase-related weak similari@/miD

phosphatase-like 3
PU21815 0.49 -
PUQ7815 0.25 Expressed protein

P. trichocarpa

Meristematic tissue

Up-regulated (5)

Identifier Expression  Annotation

PU24842 3.69 Gibberellin-regulated protein 3 (GA$A
PU20204 2.19 Metallothionein protein, putative @A)
PU08798 2.54 Phosphoesterase family protein
PU25150 3.47 Metallothionein protein, putative (@A)
PU29397 2.60 Hydrophobic protein (RCI2A)
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P. deltoides

Meristematic tissue

Up-regulated (12)

Identifier Expression  Annotation

PU26992 2.14 Expressed protein

PU28826 2.23 Glycine-rich RNA-binding protein (GRP
PU04341 2.52 Zinc finger (C2H2 type) family protei
PU12354 5.75 Expressed protein

PU00287 5.06 Expressed protein

PU04202 4.07 Expressed protein

PUQ7693 2.41 Phosphate-responsive 1 family protein
PU26576 3.50 -

PU10757 2.79 4-coumarate-CoA ligase

PU02965 2.31 Nuclear transport factor 2 (NTF2)ikaiprotein
PU20282 1.98 Expressed protein

PU20278 3.13 -

P. deltoides

Age two

Down-regulated (13)

Identifier Expression  Annotation

PU06682 0.27 GDP-mannose pyrophosphorylase (GMP1)
PU28060 0.37 Ceramidase family protein

PU23814 0.06 Expressed protein

PU21460 0.33 Heat shock protein 70, putative / H5P
PUO6571 0.42 Two-component responsive regulator
PUO7079 0.13 Cullin family protein similar

PU08367 0.43 Hydroxyproline-rich glycoprotein féymprotein
PU12158 0.31 -

PU12098 0.42 Leucoanthocyanidin dioxygenase
PU12477 0.30 -

PU09203 0.25 Vacuolar processing enzyme

PU27456 0.12 Hypothetical protein

PU11811 0.09 Peptidyl-prolyl cis-trans isomerase

Common toP. deltoides andP. trichocarpa
Age two (1)
Identifier Expression  Expression Annotation
P. deltoides  P. trichocarpa
PU05792 0.33 0.35 Luminal binding protein 1 (BiP-

294



P. trichocarpa

Age two

Down-regulated (22)

Identifier Expression  Annotation

PU03416 0.38 Xyloglucan:xyloglucosyl transferase
PU02394 0.17 Cysteine proteinase

PU28733 0.39 5-methyltetrahydropteroyltriglutardadenocysteine
PU20378 0.25 -

PU25527 0.49 Trypsin and protease inhibitor farpiigtein
PU20554 0.31 Cysteine proteinase

PU00208 0.31 Minichromosome maintenance familygino
PU08456 0.41 Haloacid dehalogenase-like hydrdsdy protein
PU06916 0.39 Cucumisin-like serine protease

PU29375 0.43 Hydrophobic protein

PU26544 0.44 Protein kinase

PU10962 0.51 -

PU08234 0.17 Expressed protein

PU10725 0.24 -

PU10690 0.51 Pentatricopeptide (PPR) repeat-agontaprotein
PU10814 0.39 -

PU13048 0.40 Expressed protein

PU26321 0.50 beta-ketoacyl-CoA synthase

PU22118 0.39 Expressed protein

PU23402 0.31 Trypsin and protease inhibitor farpiigtein
PU12876 0.46 Trypsin and protease inhibitor farpiigtein

P. deltoides

Age two

Up-regulated (12)
Identifier Expression  Annotation

PU09645 411 Protein kinase family protein

PUQ09587 3.87 Expressed protein

PU08964 2.78 Cytochrome P450

PU25164 3.28 C2 domain-containing protein

PU21210 3.04 Expressed protein

PU12349 5.30 TIP120 protein

PU04285 3.74 Expressed protein

PU04191 9.81 Expressed protein

PU0O0019 3.33 Galactosyl transferase

PU07208 8.58 Zinc finger (C3HC4-type RING fingtmnily protein
PU07185 2.94 Leucine-rich repeat transmembraneipriinase,
putative

PU04356 2.78 Pyruvate decarboxylase family
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P. trichocarpa

Age two
Up-regulated (10)
Identifier Expression
PU00226 2.99
PU00968 4.72
PU09889 2.45
PU00259 2.29
PU01007 2.51
PU24805 2.80
PU23618 4.69
PU29854 2.65
PU13279 2.00
PU09319 2.64

Meristematic tissue
Age 2

P. deltoides (35)
Identifier Expression
PC20402 0.38
PU27641 0.46
PU05576 0.37
PU12629 0.07
PUO7708 0.47
PU05979 0.18
PU02435 0.15
protein

PU28146 0.54
PU04541 0.13
PU08424 0.14
PU22002 0.19
PU10299 0.50
PU12403 0.20
PU20083 0.44
PU02065 0.35
PU01307 0.34
PU20845 0.27
PU05891 0.49
PU21923 0.32
PU08723 0.38
PU21744 0.31
PU22403 0.15
PU11070 0.41
PU10616 0.51
PU08634 0.11
PU08407 0.47
PU03249 0.45
PU20844 0.42

Annotation

Expressed protein

40S ribosomal protein
2-oxoacid-dependent oxidase
Exonuclease

Eukaryotic translation initiationttac
High mobility group

SOUL heme-binding family protein
Dehydrin

Dehydrin family protein

Expansin, putative

Annotation

Expressed protein

Hydroxyproline-rich glycoprotein féymprotein
Auxin-responsive GH3 family

Nodulin family protein

Nascent polypeptide associated conafjdra chain

Polyubiquitin (UBQ14)

Nucleolar protein

GYF domain-containing protein
Expressed protein

Peptidase M3 family protein
Scarecrow transcription factor farpilytein
Endomembrane protein 70
Expressed protein

Protein kinase

Expressed protein
Calcium-dependent protein kinase
Expressed protein
Pentatricopeptide

Hypothetical protein

CP12 domain-containing protein

CCAAT-box binding transcription factabunit B
CBL-interacting protein kinase 10RKK10)
Ppolyubiquitin (UBQ14

Ubiquitin extension protein 6 (UBQ6)
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PU04238 0.30 Expressed protein

PU03968 0.49 Polyubiquitin (UBQ10) (SEN3) seneseesssociated
protein

PU26290 0.30 Hypothetical protein

PU21461 0.38 Heat shock protein 70

PU20266 0.54 Expressed protein

PU20339 0.45 DC1 domain-containing protein

PU10038 0.37 -

Age two

Down-regulated

P. deltoides (12)

Identifier Expression  Annotation

PU06682 0.27 GDP-mannose pyrophosphorylase (GMP1)
PU28060 0.37 Ceramidase family protein

PU05792 0.33 Luminal binding protein 1 (BiP-1)
PU23814 0.06 Expressed protein

PUO6571 0.42 Two-component responsive regulator
PU08367 0.43 Hydroxyproline-rich glycoprotein féyrmprotein
PU12158 0.31 -

PU12098 0.42 Leucoanthocyanidin dioxygenase, petat
PU12477 0.30 -

PU09203 0.25 Vacuolar processing enzyme

PU27456 0.12 Hypothetical protein

PU11811 0.09 Peptidyl-prolyl cis-trans isomerase

Common to age two and meristematic tissue
Down-regulated
P. deltoides (2)
Identifier Expression Expression  Annotation
P. deltoides  P. trichocarpa
PUO7079 0.13 0.12 Cullin family
PU21460 0.33 0.28 Heat shock protein 70

Meristematic tissue

Up-regulated

P. deltoides (12)

Identifier Expression  Annotation

PU26992 2.14 Expressed protein

PU28826 2.23 Glycine-rich RNA-binding protein (GRP
PU04341 2.52 Zinc finger (C2H2 type) family protei
PU12354 5.75 Expressed protein

PU00287 5.06 Expressed protein

PU04202 4.07 Expressed protein

PUO07693 241 Phosphate-responsive 1 family protein
PU26576 3.50 -

PU10757 2.79 4-coumarate-CoA ligase

PU02965 2.31 Nuclear transport factor 2 (NTF2)ikaiprotein
PU20282 1.98 Expressed protein

PU20278 3.13 -

297



Age two

Up-regulated

P. deltoides (12)

Identifier Expression  Annotation

PU09645 411 Protein kinase family protein

PUQ09587 3.87 Expressed protein

PU08964 2.78 Cytochrome P450

PU25164 3.28 C2 domain-containing protein

PU21210 3.04 Expressed protein

PU12349 5.30 TIP120 protein

PU04285 3.74 Expressed protein

PU04191 9.81 Expressed protein

PU00019 3.33 Galactosyl transferase

PUQ07208 8.58 Zinc finger (C3HC4-type RING fingtmnily protein
PU07185 2.94 Leucine-rich repeat transmembraneipr@inase
PU04356 2.78 Pyruvate decarboxylase family protein

Meristematic tissue

Up-regulated

P. trichocarpa (5)

Identifier Expression  Annotation

PU24842 3.69 Gibberellin-regulated protein 3 (GASA
PU20204 2.19 Metallothionein protein, putative @A
PU08798 2.54 Phosphoesterase family protein
PU25150 3.47 Metallothionein protein, putative @A)
PU29397 2.60 Hydrophobic protein (RCI2A)

Age two

Up-regulated
P. trichocarpa (10)
Identifier Expression  Annotation

PU00226 2.99 Expressed protein

PU00968 4.72 40S ribosomal protein

PU09889 2.45 2-oxoacid-dependent oxidase
PU00259 2.29 Exonuclease RRP41

PU01007 2.51 Eukaryotic translation initiationttac
PU24805 2.80 High mobility group

PU23618 4.69 SOUL heme-binding family protein
PU29854 2.65 Dehydrin (RAB18)

PU13279 2.00 Dehydrin family protein

PU09319 2.64 Expansin
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Meristematic tissue

Down-regulated

P. trichocarpa (12)

Identifier Expression  Annotation

PUOQ3727 0.46 Expressed protein

PU30008 0.42 Seven in absentia (SINA) protein

PU20010 0.53 -

PU10242 0.51 Expressed protein

PU05891 0.32 Expressed protein

PU29120 0.51 Adenosine kinase 2 (ADK2)

PU11403 0.38 -

PU11568 0.42 Heavy-metal-associated domain-cdantaprotein
PU26552 0.47 Transcription factor jumoniji (jmj@)ndain-containing
protein

PU20450 0.37 Phosphatase-related

PU21815 0.49 -

PUO07815 0.25 Expressed protein

Age two

Down-regulated
P. trichocarpa (23)
Identifier Expression  Annotation

PU03416 0.38 Xyloglucan:xyloglucosyl transferase

PU02394 0.17 Cysteine proteinase (RD21A)

PU28733 0.39 5-methyltetrahydropteroyltriglutardadenocysteine
methyltransferase

PU20378 0.25 -

PU25527 0.49 Trypsin and protease inhibitor farpiigtein

PU20554 0.31 Cysteine proteinase (RD21A)

PU05792 0.35 Luminal binding protein 1 (BiP-1)

PU00208 0.31 Minichromosome maintenance familyegino

PU08456 0.41 haloacid dehalogenase-like hydrdiasdy protein

PU06916 0.39 Cucumisin-like serine protease

PU29375 0.43 Hydrophobic protein

PU26544 0.44 Protein kinase

PU10962 0.51 -

PU08234 0.17 Expressed protein

PU10725 0.24 -

PU10690 0.51 Pentatricopeptide (PPR) repeat-agontaprotein

PU10814 0.39 -

PU13048 0.40 Expressed protein

PU26321 0.50 beta-ketoacyl-CoA synthase

PU29211 0.34 Phosphoinositide-specific phosphsépa (PLC2)

PU22118 0.39 Expressed protein

PU23402 0.31 Trypsin and protease inhibitor farpiigtein

PU12876 0.46 Trypsin and protease inhibitor farpiigtein
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Appendix 4

(Chapter 7)

Gene lists from the Affymetrix microarrays conductel for P. deltoides and P. trichocarpa.

P. trichocarpa
Down-regulated (158)
Affymetrix identifier
PtpAffx.146922.2.A1 at
PtpAffx.10586.2.S1_at
Ptp.6958.1.S1_s_at
PtpAffx.2311.2.A1_at
Ptp.2399.1.S1 s at
PtpAffx.153051.1.A1_at
PtpAffx.10803.1.S1_at
PtpAffx.14721.1.S1_at
Ptp.5332.1.S1_x_at
PtpAffx.158492.1.S1_at
Ptp.2164.1.S1_s_at
PtpAffx.987.4.S1_a_at
PtpAffx.135026.1.S1_at
PtpAffx.2179.1.S1_at
PtpAffx.10911.1.S1_at
PtpAffx.152367.1.S1_at
PtpAffx.14116.1.S1_at
PtpAffx.675.9.S1_s_at

PtpAffx.119343.2.A1 a_at

PtpAffx.31211.1.A1_at
PtpAffx.203877.1.S1_at

Expression

0.06
0.11
0.12
0.12
0.13
0.13
0.14
0.15
0.15
0.15
0.15
0.16
0.16
0.16
0.16
0.16
0.17
0.17
0.17
0.17
0.17

Gene model

eugene3.00090672
estExt_fgenesh4 pm@& IL0624
eugene3.00140929
estExt_fgenesh4 _pm.C 10800
estExt_fgenesh4 _pg.CIM1@32
estExt_Genewisel vi@ V12439
estExt_fgenesh4 pg® V1432
estExt_fgenesh4 pg®& 11840
estExt_Genewisel v1.CXI®E633
estExt_Genewisel VG 1X3026
grail3.0007034202
estExt_Genewisel MIGC XVI10181

grail3.0011008901
eugene3.00110945
grail3.0007034202
estExt_Genewisel VilG& 111841
grail3.0046016501
gwl.207.4.1 gwl1851.1
eugene3.00140929
grail3.0046016501
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Amotation
similar to glucosyltransferase -like protein
WRKY family transcription factor
coglliransferase like
glutamine-dependent asparagine synthetase
putative DnaJ
ATP sulfurylase
putative DnaJ protein
salt-tolerance zinc finger protein
glutamine-dependent asparagine syrntbeta
KMW/Ramily transcription factor
Expressed protein
AQ\domain protein
utatiRe protein : stem-specific protein
WRKY family transcription factor
Dormancy-associated protein
Putative protein
lucagyltransferase like protein
dormancy-associated protein



PtpAffx.203877.1.S1_x_at
PtpAffx.36367.1.S1_at
PtpAffx.38305.1.S1_at
Ptp.5265.1.S1_x_at
PtpAffx.730.2.S1_at
PtpAffx.74101.1.A1_at
Ptp.5332.1.S1_at
Ptp.3396.1.S1_s_at
PtpAffx.49881.1.A1_at
PtpAffx.94207.1.S1_at
Ptp.7317.1.S1_at
PtpAffx.2179.2.S1_at
Ptp.3337.1.S1_s _at
Ptp.4832.2.A1_s_at
PtpAffx.61554.1.S1 s at
Ptp.987.1.S1_at
PtpAffx.139063.1.S1_at
Ptp.5265.1.S1_s_at
Ptp.7711.2.A1_a_at
PtpAffx.2311.1.S1_s_at
PtpAffx.84734.2.S1_at
PtpAffx.93656.1.S1 s at
Ptp.3380.1.S1_at
Ptp.3327.1.S1_s_at
PtpAffx.43573.2.A1_at
PtpAffx.224322.1.S1_s _at
PtpAffx.4795.1.A1 s _at
Ptp.6281.1.S1_at
Ptp.2629.1.S1_s_at
PtpAffx.4795.1.A1 a_at

0.18
0.19
0.19
0.19
0.19
0.20
0.20
0.20
0.20
0.20
0.21
0.22
0.22
0.22
0.22
0.22
0.22
0.23
0.23
0.23
0.23
0.23
0.24
0.24
0.24
0.25
0.25
0.25
0.25
0.25

grail3.0046016501

gwl1.1.6556.1

grail3.0020002201
eugene3.00140672

grail3.0013010301

gwl.ll.2417.1
esteExt_Genewisel v1.C IIA)633
eugene3.00050488

estExt_fgenesh4 pgG XI0435
estExt_Genewisel MVil& 111818

eugene3.00050086
eugene3.00191070
eugene3.00060795
gwl.lll.2417.1
estExt_Genewisel v1.C_ 10608
grail3.002101650118@021016401
eugened3.00140672
eugene3.00091201
estExt_Genewisel MIGC IX3026
estExt_Genewisel VI XIII2678
estExt_GenewiselC IG 18988
estExt_Genewisel v1.CXM2908
estExt_Genewisel vi@ V12439
eugene3.00031524

esteExt_Genewisel v1.C 3988
estExt_fgenesh4 pg.CVILE71
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dormancy-associated protein
DEBEAH box RNA helicase

TPA: DVL10 [Arabidopsis thaliana]
atiypeiprotein

imilar to putative hydrolase
WHRHKamily transcription factor

salt-tolerance zinc finger protein
teiptonase-like protein

Expressed protein

tat-binding protein

ChNamain protein
atipeitprotein
R family transcription factor
hypothetical protein
glucosyltransferase like protein
atiymiprotein
-glDEdse glucosyltransferase
glutamine-dependent asparagine syrgbeta
SCARECROW gene regulator-like
4-coumarate-CoA ligase -like protein
ripening-related protein - like
ATP sulfurylase

4-coumarate-CoA ligase -like protein
unknown protein



Ptp.2176.1.S1_at
Ptp.4035.1.S1_at
Ptp.4945.1.A1 at
PtpAffx.4462.1.S1_at
PtpAffx.101182.1.A1 at
Ptp.6986.1.S1_at
PtpAffx.20626.1.S1_at
Ptp.8041.2.A1_s_at
PtpAffx.10075.1.S1_at
PtpAffx.209941.1.S1_x_at
PtpAffx.84734.1.S1_a_at
PtpAffx.10586.1.S1_at
Ptp.3327.1.S1_at
PtpAffx.4010.2.A1_a_at
PtpAffx.6322.3.A1_a_at
Ptp.7530.1.S1_x_at
PtpAffx.202465.1.S1_at
PtpAffx.158231.1.A1_at
PtpAffx.2759.3.A1 a_at
PtpAffx.209941.1.S1_at
PtpAffx.249.639.S1 _a_at
Ptp.662.1.S1_s_at
PtpAffx.998.1.A1 at
PtpAffx.608.3.S1_at
PtpAffx.120153.1.S1_s at
PtpAffx.136423.1.S1_s_at
PtpAffx.608.2.A1_at
PtpAffx.222339.1.S1_at

0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.26
0.26
0.26
0.26
0.27
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.29
0.29
0.29
0.29
0.29
0.30
0.30
0.30
0.31

esteExt_Genewisel v1.C 1624
grail3.0020002201
estExt_Genewisel v1.C_ 8038
fgenesh4_pg.C_LG_X00129
estExt_fgenesh4 pra@& XVI110207
fgenesh4 pg.C LG 1001468
eugene3.00020187
eugene3.00170087

eugene3.00110845
estExt_GenewiseC MIG_ XI112678
estExt_fgenesh4 pm@& IL0624
esteExt_Genewisel v1.C_ Mz9K8
fgenesh4_pg.C_LG_IXDID
estExt_Genewisel vl@®& XIV0616
estExt_Genewisel v1.ZD0Hb
fgenesh4 pg.C_LG aamy
grail3.0021016501il§r8021016401
fgenesh4 _pg.C_LG_XI0009
eugene3.00110845
eugene3.00130614
estExt_fgenesh4 pg.C \L@355
eugene3.00160232
eugene3.00060844
estExt_GenewiselC VIG_VII0038
gwl.lV.2436.1
eugene3.00060844
grail3.0064018101
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putative DnaJ protein
4-coumarate-CoA ligase -like protein
glycosyl hydrolase family 17
putative zinc finger protein
putative protein
utatpe DnaJ protein
ochondrial carrier protein family
9-cis-epoxycarotenoid dioxygenase
SCARECROW gene regulator-like
WRKY family transcription factor
ripening-related protein - like
expressed protein
calcium-transporting ATPase 1
photosystem Il polypeptide
putative RHO GDP-dissociation inhibitor 1
glucosyltransferase like protein
9-cis-epoxycarotenoid dioxygenase
cold stress protein
Csf-2-related
tatpee protein
thranilate N-benzoyltransferase - like protein
xyloglucan endotransglycosylase
emir (miraculin)
thramilate N-benzoyltransferase - like protein
type 1 ribosome-inactivating protein musarmin 1



PtpAffx.129974.1.S1 s at 0.31 eugene3.00110845 9-cis-epoxycarotenoid dioxygenase

Ptp.5112.2.S1_a_at 0.32 grail3.0092008201 KMW/Ramily transcription factor
PtpAffx.57533.1.S1_a_at 0.32 estExt_fgenesh4 dg3C X1V0981 putative lysosomal acid lipase :
PtpAffx.33735.1.S1_s_at 0.32 estExt_GenewiseT MIG_VI2708 serine:threonine protein kinase-liketpin
PtpAffx.84025.1.S1_at 0.33 grail3.0030001201 -
Ptp.1510.1.S1_s_at 0.33 estExt_Genewisel v1.CXING201 putative protein
PtpAffx.205722.1.S1_at 0.33 gwl1.V.1006.1 epdial calcium-transporting ATPase
PtpAffx.4337.2.S1_at 0.33 fgenesh4 _pm.C_scafftsd 000007 putative transporter
PtpAffx.4337.1.A1 s _at 0.33 fgenesh4_pm.C_LG_I0Z0B putative protein
PtpAffx.163109.1.S1_s at 0.33 gwl1l.66.741.1 utative protein
PtpAffx.63624.1.A1_at 0.34 gwl.XI.1041.1 aaim-binding protein
PtpAffx.105555.2.51 s at 0.34 grail3.0033005901 expressed protein
PtpAffx.4337.1.A1 _a_at 0.34 fgenesh4_pm.C_LG_I0Z0B putative protein
Ptp.6961.1.S1_at 0.34 - -
Ptp.3855.1.S1 a_at 0.35 grail3.0001112401 tatipe protein
PtpAffx.127511.1.A1_at 0.35 fgenesh4_pg.C_LG_X0B854 O-methyltransferase
PtpAffx.211473.1.S1_at 0.35 gwl.X1V.821.1 QADODULIN-RELATED PROTEIN 2
PtpAffx.4733.7.S1_s_at 0.35 estExt_fgenesh4 pirC V0266 glutamine synthetase
PtpAffx.30585.1.A1_at 0.35 - -
PtpAffx.27878.2.51_a at  0.36 grail3.0058009901

estExt_fgenesh4 pg.C 640197 glutaredoxin
Ptp.2274.1.S1_s_at 0.36 estExt_fgenesh4 _pg.ClI1&)0 putative protein
Ptp.7126.1.S1_at 0.36 eugene3.00061405 chairt alcohol dehydrogenase
Ptp.5922.1.S1_s_at 0.36 estExt_fgenesh4_pm.Cl02G2 light regulated protein
Ptp.7015.1.S1_s at 0.37 eugene3.01070081 atiymiprotein
PtpAffx.133294.1.A1 at 0.37 fgenesh4 pg.C_LG_ 00876 -
PtpAffx.201861.1.S1 at 0.37 fgenesh4 pg.C_LG (o2 aldehyde dehydrogenase
PtpAffx.10446.2.S1_at 0.37 gwl1.111.1493.1 aigyl hydrolase family 9
Ptp.866.1.S1_s_at 0.37 estExt_Genewisel v1.CVUG556 ethylene responsive element binding fa8&tor
Ptp.1448.2.S1_x_at 0.37 eugene3.00060718 allotbionein-like
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PtpAffx.202000.1.S1_at
PtpAffx.31347.1.A1 at
PtpAffx.59002.1.S1 s at
PtpAffx.13918.1.S1_at
PtpAffx.27878.3.A1_a_at
Ptp.536.2.A1_at
PtpAffx.216927.1.S1_at
Ptp.7045.2.S1_at
Ptp.2230.1.S1_at
PtpAffx.206414.1.S1 at
PtpAffx.152340.1.S1_s at
PtpAffx.88104.1.A1 at
PtpAffx.203845.1.S1 s at

PtpAffx.224739.1.S1_at
PtpAffx.205086.1.S1_at
PtpAffx.200551.1.S1_at
PtpAffx.10911.2.A1_at
Ptp.2777.1.S1_s_at
PtpAffx.2768.1.S1_at
PtpAffx.294.3.S1_s_at
PtpAffx.9739.1.S1_at
PtpAffx.212222.1.S1_at
Ptp.7361.1.S1_s_at
PtpAffx.249.48.S1 x_at
PtpAffx.10446.1.S1_a_at
PtpAffx.211014.1.S1_x_at
PtpAffx.12076.1.A1_at

0.37
0.37
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.39
0.39
0.39

0.39
0.39
0.39
0.40
0.40
0.40
0.40
0.41
0.41
0.42
0.42
0.42
0.42
0.43

fgenesh4 _pg.C_LG 1M@13B
estExt_Genewisel v1i@ VII0556
estExt_fgenesh4 dg3C X1X0409
estExt_fgenesh4 pm@& IV0578
grail3.0058009901
grail3.0045025401
grail3.1564000301
gwl.1V.2436.1
grail3.0033005901
fgenesh4_pg.C_LG_VY0O3b
eugene3.00150904

eugene3.00040414

fgenesh4_pg.C_LG_1V000428
fgenesh4 _pg.C_scaffold 16707000001

fgenesh4_pg.C_LG_REXB
eugene3.00091601
gwl.l.9744.1
eugene3.01070081
gwl.125.52.1

eugene3.00061170
estExt_Genewisel v14Z0180
estExt_fgenesh4 _plgGC X1X0409

grail3.0001031201
estExt_fgenesh4 pg®& X0149
fgenesh4_pm.C_LQ020Q
fgenesh4 _pg.C_LGIORD226
estExt_fgenesh4 pgG L0599
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unknown protein
ethylene responsive element bindingdac
glutamate dehydrogenase
nodulin - like
glutaredoxin
peeatine finger protein
expressed protein
lemiirdculin)
esged protein

glutamate dehydrogenase 2

hypotheticaepr
subtilisin-like protease
colyyl hydrolase family 1
utatpve protein
hwtiagd protein
utatipe reverse transcriptase
unknown protein
glutamate dehydrogenase
tatipe DnaJ protein
drought-induced protein like
glycosyl hydrolase family 9
phosphoenolpyruvate carboxylase kinase
expressed protein



PtpAffx.86916.1.A1_ at
PtpAffx.162370.1.S1_at
PtpAffx.22704.2.S1_at
PtpAffx.20317.2.S1_at
PtpAffx.4559.1.A2_s_at
PtpAffx.202769.1.S1 at
PtpAffx.92352.1.S1 _a_at
PtpAffx.4733.3.S1_at
PtpAffx.95760.1.A1 a_ at
PtpAffx.207984.1.S1_at
Ptp.2165.1.S1_at
PtpAffx.203864.1.S1 at
Ptp.4476.1.S1_a_at

PtpAffx.156265.1.S1_at
PtpAffx.34437.2.S1 at

PtpAffx.78536.1.S1_at

PtpAffx.11491.1.S1 at

PtpAffx.219700.1.S1_at
PtpAffx.1601.3.S1 x_at
PtpAffx.210813.1.S1_at
PtpAffx.148817.1.S1 at
PtpAffx.207697.1.S1_at
PtpAffx.7589.1.S1 s at

0.44
0.44
0.44
0.44
0.44
0.44
0.44
0.44
0.44
0.45
0.45
0.45
0.45

0.46
0.46
0.46
0.46
0.46
0.47
0.47
0.48
0.48
0.50

grail3.0042013901
estExt_fgenesh4 pigGC V1110748
estExt_fgenesh4 pg®& X1110172
grail3.0130000201
eugene3.01650006
gwl.111.2328.1
eugene3.00060298
eugene3.00090586
fgenesh4_pm.C_LGOW¥Y
eugene3.00081064
esteExt_Genewisel v1.C 1DG02
fgenesh4_pg.C_LG_DABB
eugened.00150904

estExt_fgenesh4 pg.C_2320019

gwl.VI1.693.1
eugene3.00010573
estExt_Genewisel v1200051
gwl.lV.2596.1
eugene3.00280038
eugene3.00060718
grail3.0079017801

estExt_Genewisel vil& XIII0762

eugene3.00080465
eugene3.00081063
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floral homeotic gene APETALAL
ribonuclease
putative cytidine deaminase - like
proline-rich protein

uralnium tolerance associated - like protein
peptide transporter

pressed protein
putative fatty acid elongase

putative phosphoenolpyruvate carboxylase

photosystem Il type | chlorophyll a :b bingiprotein
O-methyltransferase

glutamate dehydasgen
tglnate hydroxypeptidase
nknown protein
ABC transporter family protein
nmaidrinsic protein (MIP)- like
ABC transporter permease protein-like
metallothionein-like protein
hypothetical protein
MtN3-like protein

putative phosphoenolpyruvate carboxylase



P. trichocarpa
Up-regulated (134)
Affymetrix identifier

PtpAffx.39736.3.A1_a_at  2.18
PtpAffx.5103.1.51_a at  4.34

Ptp.4151.1.A1_s_at 4.24
Ptp.5131.1.S1_at 2.17
PtpAffx.209959.1.S1_at  2.28
Ptp.5186.1.S1_at 2.49
Ptp.3951.1.S1_at 2.52

PtpAffx.91812.1.S1_s at 2.35
PtpAffx.135376.1.S1_at 2.89
PtpAffx.249.558.A1 a at 25.08
PtpAffx.138763.1.A1_at 2.27
PtpAffx.202059.1.S1_at 2.16
PtpAffx.115895.1.51_s at 2.39
PtpAffx.4290.2.A1_at 2.16
PtpAffx.210205.1.S1_at 2.10
PtpAffx.153960.1.A1_at 2.11

PtpAffx.8690.1.A1_at 2.20
PtpAffx.3955.2.S1_at 2.20
PtpAffx.33897.1.S1_at 2.80

PtpAffx.158042.2.A1_a _at 2.11
PtpAffx.213445.1.S1_s at 2.24
Ptp.5046.1.S1_at 2.68
Ptp.2985.1.S1_at 2.56
PtpAffx.30330.1.A1_at 2.51

PtpAffx.208576.1.S1_at 2.66
PtpAffx.2752.1.S1_at 3.51

Expression

Gene model

eugene3.00081724
eugene3.00870003
estExt_fgenesh4 pm.CXMH0021
gwl.XVI.379.1
eugene3.00110893

gwl.1.700.1

gwl1.X.5933.1
estExt_GenewiseC IG 112639
estExt_fgenesh4_pgGC 10284

grail3.1757000202
eugene3.00021169
eugene3.00820009
grail3.0049006403
grail3.0031007801

eugene3.00121203
estExt_fgenesh4 pg.C \UG0179
estExt_fgenesh4 pg® L0833
fgenesh4_pg.C_LGOBGD270
eugene3.00160714
eugene3.00820009
gwl.XI.1732.1
eugene3.00090512
fgenesh4_pg.C_LG_’863B0
estExt_fgenesh4 pg.C IDE83
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Amotation

cytochrome p450 family
putative protein
lipoxygenase AtLOX2
UDPeglse glucosyltransferase
unknown protein
Exprepsetdin
coppena oxidase
pectinesterase (pectin methylesterase)
putative annexin
cytosolic O-acetylserine(thiol)lyase
cytochrome P450
putative glycerophosphodiester phosphodiesterase
hokgsmate synthase

btiksin-like serine protease
expressed protein
expressed protein
putative protein
expressed protein
ipeiglyycerophosphodiester phosphodiesterase
unkn@natein
yb family transcription factor
expressed protein
putative annexin



PtpAffx.60092.1.S1_at
PtpAffx.87600.2.S1_at
Ptp.4185.1.S1_at
PtpAffx.153960.1.A1_s_at
PtpAffx.5103.1.S1 s _at
PtpAffx.200143.1.S1_at
PtpAffx.77835.1.S1_at
Ptp.1442.1.S1 x_at
PtpAffx.23537.2.A1_at
Ptp.7985.1.S1_at
PtpAffx.225371.1.S1_s at
PtpAffx.1235.1.A1 at
PtpAffx.25946.1.S1_at
PtpAffx.220774.1.S1_s_at
PtpAffx.1741.1.S1_a_at
PtpAffx.2522.4.S1_at
PtpAffx.58533.1.S1_at
PtpAffx.8550.3.S1 a_at
Ptp.5373.1.S1_s_at
PtpAffx.202059.1.S1_x_at
PtpAffx.219280.1.S1_x_at
Ptp.4364.1.S1_at
Ptp.4107.2.S1_a_at
PtpAffx.5103.2.A1 x_at
PtpAffx.7936.2.A1 a_at
PtpAffx.209732.1.S1_at
PtpAffx.159543.2.A1_a_at
PtpAffx.8143.1.S1 s _at
PtpAffx.101117.1.A1 at
PtpAffx.70015.1.A1_at

2.53
2.40
2.65
2.47
4.23
3.38
2.96
2.79
2.27
2.33
2.54
2.34
2.28
3.47
2.61
13.63
2.58
3.92
2.44
2.32
2.32
2.67
2.54
5.29
2.43
2.28
5.48
2.58
3.61
2.51

gwl.XVIII.2818.1

eugene3.00820009
eugene3.00870003
estExt_fgenesh4 pigGC 10284
gwl.182.19.1

gwl.XIX.1560.1
fgenesh4 _pg.C aichf1 93000016
eugene3.00141311
gwl.X.5935.1
eugene3.00190336

grail3.0022032101
eugene3.00190357
estExt_Genewisel v1.CXMB224
eugene3.00021169
gwl.2535.2.1
grail3.0074012402
estExt_fgenesh4 pg.G0D02
eugene3.00870003
estExt_Genewisel vI(D420
eugene3.00110333
eugene3.00060878
eugene3.01210023
estExt_Genewisel v1i@ VI0902
grail3.0047009702
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utative 4-coumarate:CoA ligase 2
putative glycerophosphodiester phosphodiesterase
putative protein : storage protein
putative annexin
pbbnol oxidase

puat R2 family peptide transporter
3-hydroxyisobutyryl-coenzyme A hydse

opper amine oxidase
putative protein : storage protein
fatty acid elongase - like protein
apyrase
cytochrome b5
cytochrome P450
DSE-motif lipase:hydrolase protein
osteyulfotransferase-like protein
unknown protein
putative protein
dehydroquinate dehydratase:shikimatedteggnase
Cyclin D6:1
leucoanthocyanidin dioxygenase-like protein
NADPH-ferrihemoprotein reductase (ATR2)
myb family transcription factor



PtpAffx.3989.1.S1 at
PtpAffx.211991.1.S1 at
PtpAffx.152696.1.S1_at
PtpAffx.28382.1.S1_at
PtpAffx.32431.1.S1_at
PtpAffx.224650.1.S1_s_at
PtpAffx.7936.1.A1_at
PtpAffx.214488.1.S1 at
PtpAffx.249.577.A1_at
PtpAffx.112753.1.A1 s at
PtpAffx.105086.1.S1_s at
Ptp.4107.1.S1_at
PtpAffx.249.14.A1 x_at
Ptp.3508.1.S1_at
PtpAffx.201927.1.S1_at
PtpAffx.2286.3.S1_a_at
PtpAffx.122427.1.S1_at
Ptp.871.1.S1_at
PtpAffx.7214.1.S1 s _at
PtpAffx.207006.1.S1_s_at
PtpAffx.147010.1.A1_at
PtpAffx.212290.1.S1_at
PtpAffx.249.9.A1 at
PtpAffx.47668.1.A1 at
PtpAffx.218021.1.S1_at
PtpAffx.34799.1.S1_at
PtpAffx.67540.1.A1_s_at
PtpAffx.215217.1.S1_at
PtpAffx.33787.1.A1 at
Ptp.4458.1.S1 s at

2.43
2.34
2.40
2.49
2.43
2.62
2.61
2.44
3.60
3.75
3.24
2.77
28.36
3.51
2.71
2.52
3.30
2.59
2.56
2.87
2.68
2.66
10.18
3.32
2.84
2.66
2.92
2.71
3.33
2.85

grail3.0049017002
fgenesh4 pg.C LG Xi1ZB1
gwl.57.332.1
estExt_Genewisel vil& XV0224
gwl.X.1458.1
eugene3.00101070
estExt_Genewisel v1@420
eugene3.00181018
estExt_GenewiselCvILG 18330
estExt_GenewiseC M1IG 18330
estExt_fgenesh4 pg.C_00&30
estExt_Genewisel v1.C M3 1KO
eugene3.00020896
gwl.11561.1.1

estExt_fgenesh4 pg.C_L®28B
grail3.0010009501
fgenesh4 pg.C_L@00R272

gw1.XIX.1560.1
estExt_Genewisel v1G X3770
estExt_Genewisel v D931
fgenesh4 _pm.C_saafft87000008
gwl.1X.1617.1
fgenesh4_pm.C_stfftB7000008
fgenesh4 _pg.C_saffit0000012
estExt_Genewisel v1i@ V4161
estExt_fgenesh4 pm.CXN\M®571
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utapve water channel protein
hypothetical protein

regped protein
cytochrome b5

oy hydrolase family 1

dehydroquinate dehydratase:shikimate delygtiase

hypothetical protein

hypothetical protein
hypothetical protein
unknown protein
unknown protein
hypothetical protein
taghione transferase
cytochrome b5
hypothetical protein
myrcene:ocimene synthase

tagive PTR2 family peptide transporter
putative L-asparaginase

flavonol 3-O-glucosyltransferase-pketein

pea CDC21 protein

flavonol 3-O-glucosyltransferase-|iketein:
ankyrin-repeat-containing protein-like
cytochrome p450 family
glutathione transferase



Ptp.5023.1.S1_s at
Ptp.6689.1.S1_at
PtpAffx.159543.1.A1_at
PtpAffx.249.12.A1 x_at
PtpAffx.3541.1.S1_at
PtpAffx.221813.1.S1_at

PtpAffx.2522.1.A1 a_at
PtpAffx.203697.1.S1_at
PtpAffx.4.3.A1 x_at
Ptp.5347.1.S1_s at
PtpAffx.249.13.A1 x at
PtpAffx.120725.1.A1_at
Ptp.4364.1.S1_s_at
PtpAffx.249.20.S1 x_at
PtpAffx.160390.2.A1_at
PtpAffx.17014.1.A1_at
PtpAffx.249.23.A1_a_at
PtpAffx.249.23.A1 x_at
PtpAffx.222340.1.S1 at
PtpAffx.3539.1.S1 a_at

PtpAffx.201911.1.S1_s_at

PtpAffx.4.1.A1 a at
PtpAffx.201911.1.S1 at
PtpAffx.4.4.A1 a at
PtpAffx.224821.1.S1_at
PtpAffx.162311.1.S1 at

PtpAffx.218513.1.S1_s_at

PtpAffx.25980.1.S1_at
PtpAffx.202805.1.S1_at

4.29
2.85
11.99
46.05
4.05
4.45

74.75
3.37
8.93
3.08
65.60
3.17
412
52.79
3.37
4.10
25.05
22.26
10.47
4.22
3.93
11.67
3.94
14.35
5.02
4.04
39.89
7.63
5.64

gwl.l.4122.1
fgenesh4_pg.C_LG_VI000243
eugene3.00060878
estExt_GenewiselCvlG X3770
gwl1.40.791.1
fgenesh4_pg.C_LG_00&B2

estExt_fgenesh4 ph@®& V1532
gwl.lV.1792.1

estExt_Genewisel v1.CXI\®250

fgenesh4 _pg.C_LG_ 184
grail3.0074012402
estExt_fgenesh4 pg@& X0093
estExt_Genewisel vi@ XV0083
eugene3.00410022
estExt_fgenesh4 ph@& X0093
eugene3.00100092
estExt_GenewiseXC va40646
eugene3.00130815
gwl.1.1557.1
grail3.0001024001
gwl.1.1557.1
grail3.0001024001
eugene3.00121141
estExt_Genewisel v1460155
gwl1.1.9788.1
eugene3.00120122
gw1.111.1280.1
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preadenosine phosphosulfate kinase
unnamed protein product

leucoanthocyanidin dioxygenase-like protein

unkngrotein

S-adenosyl-L-methionine:jasmonic acid caybo

methyltransferase (JMT)
glycosyl hydrolase family 19

oglse-6-phosphate:phosphate-translocator precursor

glutathione transferase

eroist sulfotransferase-like protein
trypsin inhibitor homolog
flavanone 3-hydroxylase-like protein

trypsin inhibitor homolog
DYWT? protein
terpene synthase:cyclase family
expressed protein
glycosyl hydrolase family 19
pssed protein
glycosyl hydrolase family 19
GDSL-motif lipase:hydrolase-like protein
expressed protein
prolylcarboxypeptidase-like protein
utatpe flavonol sulfotransferase
known protein



Ptp.6874.1.S1_s_at
PtpAffx.225728.1.S1_at
Ptp.2908.1.A1_at

PtpAffx.215154.1.S1_at

Ptp.6057.1.S1_at
PtpAffx.200558.1.S1_s at
PtpAffx.22414.1.S1 at
PtpAffx.75508.1.A1_at
PtpAffx.1169.13.S1 a at
PtpAffx.24335.1.A1_at
Ptp.6755.1.S1_at
Ptp.8030.1.S1_s_at
PtpAffx.42186.1.A1 at
Ptp.6755.1.S1_x_at
PtpAffx.159832.1.A1 a_ at
PtpAffx.149991.1.A1 s at
PtpAffx.121276.1.A1 at

PtpAffx.204221.1.S1_at
PtpAffx.9044.2.51_at

4.82
4.93
4.65
11.21

4.80
12.79
5.14
5.17
5.70
5.55
9.26
5.60
5.95
9.16
6.21
15.21
17.25

7.95
8.15

fgenesh4_pg.C_LG_IVO®O060
eugene3.65260001
gw1.XI11.2464.1
gwl.XIX.631.1

gwl1.1.9239.1

gwl1.1.9788.1
grail3.0191001701
estExt_fgenesh4 pgG XVI0273
estExt_fgenesh4 dg3C VII1167
eugene3.00121209
gwl.X1X.2223.1

estExt_Genewisel v11D640
gwl.X1X.2223.1

fgenesh4 pg.C_etdh{fl93000002
grail3.0040008002
fgenesh4_pg.C_LG_00R232

fgenesh4_pm.C_LG_DAESB
gw1.1.9239.1
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Anthocyanin 5-aromatic acyltransferase
acyltransferase -like protein
DNAlibase-like
a@&:nosyl-L-methionine:jasmonic acid carboxyl
methyltransferase (JMT _
putdBueoanthocyanidin dioxygenase
prolylcarboxypeptidase-like protein
expressed protein

CONSTANS B-box zinc finger family peah
utatpve protein

simitaDr4(protease inhibitor)
cytochrome b5

samib Dr4(protease inhibitor)
signal peptidase subunit
glycine-tRNA ligase precursor
S-adenosyl-L-methionine:jasmonic acid @ayb
methyltransferase (JMT)
myb family transcription factor
pueateucoanthocyanidin dioxygenase



P. deltoides
Down-regulated (28)
Affymetrix identifier
Ptp.6735.1.S1_a_at
PtpAffx.216821.1.S1_s_at
PtpAffx.16371.3.A1_at
PtpAffx.215082.1.S1_at
PtpAffx.215992.1.S1_at
Ptp.6679.1.A1_at
PtpAffx.218009.1.S1_s_at
PtpAffx.215081.1.S1_s_at
PtpAffx.2057.1.S1_s_at
PtpAffx.204075.1.S1_s_at
PtpAffx.69877.1.A1_a_at
PtpAffx.47668.1.A1_at
PtpAffx.11916.1.S1_a_at
PtpAffx.212818.1.S1_s_at
PtpAffx.5430.5.S1_at
Ptp.5150.1.S1_s_at
PtpAffx.200430.1.S1_s_at
PtpAffx.224440.1.S1_at
Ptp.5249.1.S1_at
PtpAffx.203271.1.S1_at
Ptp.5150.1.S1_at
Ptp.6580.1.S1_a_at
PtpAffx.204078.1.S1_s_at
PtpAffx.88399.1.A1_at
PtpAffx.3155.1.A1_at
Ptp.5321.1.S1_at
PtpAffx.47213.1.S1_at

Expression

0.31
0.31
0.31
0.32
0.33
0.34
0.35
0.36
0.36
0.36
0.37
0.38
0.38
0.39
0.40
0.41
0.41
0.42
0.43
0.43
0.44
0.44
0.46
0.46
0.47
0.47
0.48

Gene model

gwl.1V.4286.1
eugene3.01170079
fgenesh4_pg.C_scaffi3@000007
eugene3.00090950
eugene3.18780001
gwl.117.213.1
fgenesh4 pg.C_scaffi880000
gwl.lV.4286.1
eugene3.00081409
estExt_Genewisel v1(D981
fgenesh4 pg.C_LG_ROOD6
eugene3.00150645

fgenesh4 _pg.C_LG_VIIOB032
gwl1.1.8997.1
eugene3.00090964
gwl.X11.1231.1
grail3.0018035401
fgenesh4_pg.C_LG_VII000320
esteExt_Genewisel v1.CVIIB54
gwl.1V.4286.1

gw1.11.3380.1

fgenesh4 _pg.C_scaffd@7000083
fgenesh4 pg.C_LG 1001601
gwl.111.2017.1
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Amotation
ycgbyl hydrolase family 1

egurhin-like protein

anthranilate N-benzoyltransferase
anthranilate N-benzoyltransferase

gurein-like protein

anthranilate N-benzoyltransferase

ycgbyl hydrolase family 1
expressed protein

putative L-asparaginase
MADS-box protein
terpene synthase:cyclase family
putative trypsin inhibitor

theamilate phosphoribosyltransferase

putapixaein
hypothetical protein
putative trypsin inhibitor
glycosyl hydrolase family 18
ycgbyl hydrolase family 1
pdpttransport - like protein
putative protein
glycosyl hydrolase family 17
umea protein product



Ptp.5321.1.S1 s _at 0.49

P. deltoides

Up-regulated (17)

Affymetrix identifier Expression
PtpAffx.9932.3.S1_a_at 2.08

Ptp.4947.1.S1_s_at 2.09
PtpAffx.10586.2.S1_at 2.09
PtpAffx.222499.1.S1 s at 2.19
Ptp.1280.1.S1_at 2.21
PtpAffx.47285.1.S1_s at 2.24
PtpAffx.7336.1.A1_at 2.36
PtpAffx.3575.3.S1_at 2.45
PtpAffx.69503.1.A1_at 2.51
Ptp.2326.1.S1_s_at 2.81

PtpAffx.14646.1.A1 a_at 2.88
PtpAffx.250002.1.S1_s_at  3.13
PtpAffx.102427.1.A1 s at 3.23
PtpAffx.43661.1.A1_at 3.40

Ptp.7376.1.S1_a_at 3.76
PtpAffx.12353.1.A1_at 3.94
PtpAffx.54408.1.S1_at 5.34

gwl1.5405.1.1

Gene model
eugene3.00030462
eugene3.00660215
estExt_fgenesh4 pm.C IL@524
eugene3.00660215
eugene3.00051523
eugene3.00660215

gw1.X1.2669.1
grail3.0001065201
estExt_Genewisel v19D2®6
eugene3.00011774
grail3.0041013401
gw1l.9190.1.1
eugene3.00130049

gwl.XVIII.2856.1

eugene3.00080459
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glydogirolase family 17

Amotation
utatige pectin methylesterase
tiyeupaotein
WRKY family transcription factor
putative protein

psttirase (pectin methylesterase)

putative protein

GD8ilotif lipase:hydrolase-like protein
imilar to gibberellin-regulated proteins

putative pectin methylesterase

MADS-box protein

xyloglucan endotransglycosylase

xylmgn endotransglycosylase



