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Abstract

Plants must obtain Gdrom the air for photosynthesis. The rate at which,@@n reach the
sites of fixation in the chloroplasts is determined by conductance through the stomata and
underhying mesophylhirspacesThis thesis address fundamental questions about how the
stomata and mesophyll develop, and how their structural and mechanical properties influence
leaf-level photosynthesisThe plant cell wallleterminesthe cellular architectte of the leaf by
regulating cell expansion and by determining the strength of adhesion between Thés.
guardcell walls are alsof particular interest due to theiability to undergo rapid, repeated,
reversible shape changes to regulate stomatal apexrtin this thesisthe spatial distribution

of cell wall epitopes ifrabidopsis thaliandeaf tissuewas characterised by immunolabelling
These data poird to pectic homogalacturonan (HG) as a potential regulator of mesophyll
development.A search foHGmutants revealed ondackingdemethylesterified HGut with

no striking change in cellular architectur®thers with wild-type immunolabelling but
previously reported alteratios in pectin quantityshowedsignificant increasgin intercelular
airspace Photosynthesisvas affectedn opposite ways in different linesuggesinga complex
relationship between HG quality/quantityeaf developmentand physiologyln the stomatal
complexa polar deposit of demethylesterified pectiwas identfied with potential functional
significance Additionally,callosewasimplicatedin stomatalmovementby the discovery that
callosedeficientstomataare unable to close in response to high,(&nally the relationship
between stomatal density and mesophyll cellular architectwaes investigatedand the data
equally supportd the hypotheses of directcellcell coordination, or gagxchangedriven
coordinationvia functional stomataThesefindingsprovide novel insights into the role of the
cell wall in mesophyll development and in guard cell movement. Furtherntioeg,contribute

to our understanding of the relationstgfpetweenstructure and function in leaf tissues
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Chapter 1 Introduction

The fundamental relationship betweenhe structure of a leaf and its capacity for
photosynthesis is not only a fascinating biological mystery, but one of potential agronomic
importance.lncrease incrop yieldsare required to meet global demand for food and fuel, but
traits such agartitioning of energyto useable parts of the plargre approaching optimisation

We therefore need to look to otherfactors limiting yield, such as the biochemical and
structural limitations on photosynthetic efficiency, to increase productiyiiiu et al. 2010)
Questions of how to increase piaphotosynthesis are complicated by the rapidly changing
global environment, making it important to understand how changes in plant traits might
affect yield notonly y RS NJ (i 2 R @ Q& |Ibit in & RighefCQQuRuxe FEArinerrdoye A
while increasa in the rate of photosynthesieffer the potentialto translate to an increase in

yield, this potential may not be realised depending on how the plant allocates resources

Thebody of work described in this thesssms toadvanceour understanding of hovboth the

cell wall anadhe developmental coordination between tissues regulate 8igpattern of cells

and airspaces within leaves. By examining the physiological performandgabidopsis
thaliana plants that vary in their mesophyll cellular architectunge hope to learn wich
structural features are most beneficial for efficient photosynthesis. While observations of the
specific cell wall components affecting differences in the leaves of the reference plant
Arabidopsisare unlikely to be applicable tmonocotyledonouscrop species, the broader
conclusions about gas exchange and photosynthesis in leaagbamelevantto a wider range

of plants.

1.1 Stomatal and mesophyll conductance

CQ faces multiple points of resistance on the journey from the atmosphetbe chloroplast,

which altogether result in a ~50% reduction in,€@ncentration at the sites of photosynthesis

in C3 plantgelative to atmospheric levelgFigure 1.1-A; Warren, 2008. First the boundary
layer of air around the leaf must be crossed, then entry must be gaineadst@matal opening.

The resistance posed by the stomata dependstheir density and their aperture, both of
which are regulated in response to the environment, though on very different timescales.
Stomatal density is established duritepf development ad modulated by environmental
factors including light availability, humidity and £&@ncentration(Bergmann & Sack 2007)
These same factors regulate the apertures of the stomata, which are able to respond rapidly to

environmental fluctuations.



Palisade

Mesophyll

Chloroplasts

Spongy
Mesophyll
B
Thylakoids
Cytoplasm
Plasma membrane
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Cell wall

Chloroplast double membrane Intercellular airspace

Figurel.1l: Anatomy ofleaf conductance to CO

(A) Crosssection of a typical dicotyledonous le&@@Q must pass through the stomata and tt
mesophyll airspaces to reach the site of photosynthesis in the chloroplasimatal
conductance (§ and mesophyll conductance {gare partly determined by anatomic:
features. The mesophyll consists of two cell types: elongated palisade cells, and irrec
shaped spongy cells.

(B) Mesophyll conductanct CQ can be divided into multiple sabonductance components
the intercelldar airspaces, the cell wall, thpasmamembrane, the cytoplasm, the chloropla
membranes and the stroma.

While the resistance posed by stomata (more commonly referreéddts reciprocal, the
stomatal conductancdgy)) is a popular topic of researcimesophyll conductancég,) has
received much less attentiodespite potentially accounting for up to half of photosynthetic
limitation under certain conditiongCasson & Hetherington 2010; Griffiths & Helliker 2013)
Similarly tog, the potentialg, is set during development but some dynamic regulation is also

thoughtto facilitate rapid environmental responsediel structure of the mesophyll tissue and



the extent and pattern of the air channeletween the cells which are establishedduring
development, argust some of thephysical factors determining the potentigl,. As well as
passageof CQ through the airways of the leag,, also incorporates conductandbkroughthe
cell wall (gva), the plasma membrane, the liquidhase in the cell cytoplasm and the
chloroplast membraneand stroma(Figure1.1-B; Warren, 2008. Other physical factors such
as the thickness of the cell wall and the proximity of chloroplasts to thenph membrane will
therefore affect g, The surface area of mesophyll ceisilable for CQuptake is durther key
structural parameter determining.gat the leaf leve(Evans et al. 2009achsub-conductance
that accounts for part of}, is typically expressed pamit area of exposed mesophyll cell wall
and g is usuallythe most limiting of these, though this can vary between speciesiand
relation to environmental conditiongTomas et al. 2013Rapid modulation of ,gin response
to the envirorment can beeffected by chloroplast movement, bgquaporinmediated CQ
diffusion and by the enzymatiactivity of carbonic anhydrase enzymes in the cytosol
(Terashima et al. 2011; Tholen et al. 2008has been suggested that altering, gather than

gs might offer a promising route for watezfficient crop improvemengFlexas et al. 2008)

The effect of mesophyll architaate on CQuptake has been the primary focus of this section,
but changes in cell packing mayso alter the light attenuation propertiesof the leaf and

thereby exert a dualféect on photosynthesigTerashima et al. 2011; Raven 1996)

1.2 Stomatal and mesophyll development

In contrast to animal cells, which become separated from their siblings by the process of
cytokinesis, plant cells divide by the establishment of a meternal cell wall, so ceitell
adhesion is the default statéSmith 2001)However, many plantissuescontain functionally
important spaces between cells, and these can arise by a number of mechanisms. Lytic
breakdown of cefl (lysigeny) is one possibility, and this mechanism is involved in the formation
of xylem tissue.Alternatively, spaces can be opened up between live cells by targeted
breakdown of the pedt middle lamella layer of the cell wall (schizogeny) oglywth of cell
spaces causetly turgordriven growthof the surrounding cellgexpansigenybeago et al.
2005)

In most plant tissues small airspaces can be observed at the intersebiétnween three or
more cells which often appear triangular in crossection (Knox 1992; Sifton 194550me
accounts propose thadud spaces are establishe@thennew cell walls connect to the mother
cell walls during cytokinesideffree et al. 1986)n certain tissues, such as the leaf mesophyll,
these airspaces become greatly enlarged, so a mechanism must existedaondet which

airspaces open up and which are halted at a small(3eaeis et al. 2003yWhether an airspace



is expanding or not, the cell walls at its corners are strengthened to prevent uncontrolled cell
separation(Jarvis 1998; Parker et al. 2001; Kolloffel & Linssen 1984)

Leaf epidermatissue is anexcepton to the tendency for small airspaces at the junction
between cells. Té outermost layer of leaf cells providemn important barrier to prevent
pathogens fromenteringthe leaf and to regulate water balance. It is therefore important that
epidermal ceB alheretightly to their neighbours Some connections to the environment are
however, necessary for gas exchange, and the stomata fulfil this function. Stomata comprise a
pair of guard cells that are able to change their size and shape in responseitonemental

cues, regulating the size of the stomatal pore. Stomata arise by the symmetrical division of a
guard mother cel(see alsoChapter 5, and the (presumably schizogenous) separation of a
portion of that new cell boundary to form the pore. This is the only region of cell separation
within the epidermis, and must be tightly regulated to prevent the guard paiis from

separatingexcessively

Cell separation in the inner mesophyll tissues of the leaf is very extensive, in contrast to the
situation in the epidermisand seems likely to arise by a combination of schizogeny and
expansigenyThe resulting air channels are essentialdficient diffusion of C@from the sub
stomatal cavitiedo the sites of photosynthesis, which primarily occurs in the upper, palisade
mesophyll layeralthough stomata are alsiound on the adaxial leaf surfacat slightly lower
density. Greater porosity in the lger, spongy mesophyll layer is duedarlier cessation of cell
division,greater levels of cell separation, and distinctly anisotropic growth of cells to generate
irregular forms(Sifton 1945)Understanding the differentiation of these distinct layers of leaf

mesophyll ia complexproblembecausemanylevelsof regulation are involved.

Leaf development iesponsiveto environmentalinputs such atight level and Cgavailability
andalso requires coordination of growth between different tissue lay@isukaya 2005; Teng

et al. 2006) Some studies havauggested that epidermal growth regulates the expansion and
division of other cells within the leaf(SavaldiGoldstein et al. 2007) Furthermore,
determination of leaf size is surprisingly robushd mutants inwhich cell growth or division
are affectedcan still produce leaves of a normal size by matching the other of these two
parameters to compensate for the impaired functigifsukag 2006) On a finer scale,
coordination of particular cell types is also necesssigh agatterningstomatato connect to
their underlying airspacesSuch integration of endogenous and environmental cues is bound
to be complexand may involve feedbek loops mediated bpiomechanis, phytohormones
physiology and metabolism. Bfiants with disrupted cytokinin responsefor example have

been found to have reduced levels of intercellular adhegitanvis et al. 2003as do mutants



in the R gene, which is thought to be involved in amino acid biosynthd@$ie mechanisms

by which these factors alter cellular organisation are still uncertain.

The pronounced differences in cellular architecture between the abaxial and adaxial halves of
the leaf also suggest that transcriptional control is likely to influence mesophyll patterning.
Many transcription factors have been identified that confer ab/adaxial identity. The
juxtaposition of cells with these distinct identities is required for the develept of a planar

leaf structure, so mutants in these gena® severely compromised in their leaf development
and thereforedo not offer an easyway to manipulate and compare differermesophyll
architectures(Brayprook & Kuhlemeier 2010; Efroni et al. 2010; Fleming 2a&ynstream of
these transcriptiorfactors the cell cycle directly regulates cellular architecture in plant tissues
by modulating cell division and expansiide Veylder et al. 2007A role for the cell cycle
regulatorRBRn determining mesophyll structure has previously been repoftedrcaFornell

et al. 2013) Recentwork provided further evidence for cellcyclebased regulation of
mesophyll development, but also highlighted the coexitly of this relationshigLehmeier et

al. 2017)

Ultimately, the physical target of all of these regulatory processes must be ¢llenvall, which

is discussed in greater detail in thext section.

1.3 The cell wall

The ell wall clearlyhas a direct effect on the development of mesophyll structure, and on the
development and function of the guard celidew cell walls are a prerequisite for cell division,
which determinesthe number of céls that make up a tissud.he middle lamella layer of the
wall is thought to be the main point of adhesion between cells and must therefore be altered
to allow cell separation in the mesophyll tissues and at the stomatal pore. Furthermore, the
mechanicalproperties of the cell wall are strongly related to its molecular composition
Changes in the epitopes present in the wall can regulate tudyoren cell growth, and
modulate the ability of guard cells to flex and alter the stomatal aperture in respamse t
environmental stimuliLocalised changes in the walls of a given cell cancalsgeanisotropic
growth, allowing irregular cell shapesuch as those of spongy mesophidl be obtained The

major constituents of the cell wall are detailed below.
1.3.1 Cellulose and callose

Cellulose and callose are both structural cell wall polyntiess are synthesised at the plasma
membrane and areomposed of -1,4-linked andi -1,3linked glucan respectivelfSchneider

et al. 2016)Callose is deposited in cell plates as they form, and can be detectedmetheell



walls of dividing tissue. Soon after cytokinesis is completecélese is replaced by cellulose,
which is the predominant loabearing component of mature cell wall€allose is also
associated with stress responses, and is involved in regulating the aperture of the
plasmodesmatal channels that provide connectivitytween cells (Tilsner et al. 204).
Cellulose is organised into bundles called microfibrils which form arrays throughout the cell
walls and provide mechanical strength. The directional alignment of microfibrils determines
the direction of cell growthLinkages between cellulosaicrofibrils which are mediated by
other cell wall components (belowjnust be loosened to permit turgedriven cell growth
(Braybrook & Jonsson 2016; Cosgrove 20E#pansin proteins and cell wall acidification have

both been implicated in this process.

1.3.2 Hemicellulose

The hemicelluloses are a diverse group of polysaccharides that all ihdtd)-linked
backbones and are synthesised by glycosyltransferases in tige yembranes(Scheller &
Ulvskov 201Q)Xyloglucan is the most abundant hemicellulose in dieaton primary cell
walls, whereas xylan is the predominant reellulosic component of secondary walls.
Mannans may be found in both primary ams&condary walls. Hemicelluloses, along with
pectins (below) form the cell wall matrix which interconnects the cellulose microfibrils. It has
long been assumed that they achieve stabilisation of cellulose through directcowvatent
interactions, but recen evidence is beginning to uncover a more complex network
arrangement with fewer celluloseyloglucan and more xyloglucgectin interactions than
previously thought(Cosgrove 2014)Several researclyroups have provided evidence that
hemicellulosedeficient mutants in Arabidopsis are dwedf yet viable, providing further
evidencethat other wall components, most likely pectins, must perform somdhe same

essential functiongBraybrook & Jonsson 2016)

1.3.3 Pectins

Pectins are arguapkthe most complex group afell wall molecules, varying in their backbone
structures and bearing a wide array of different side groups, many of wreghibit
consideral@ structural compleity. Pectinregionsare categorised into four main stdasses:
homogalacturonan (HGYhamnogalacturona# (RGI), rhamnogalacturonarcll (RGII) and
xylogalacturonan (XGjFigure 1.2; Harholt, Suttangkakul, & Vibe Scheller, 201Q)ike
hemicelluloses, these polymers are synthesised in the golgi, bdtaRGI have a backbone

of h-(1,4)}linked galacturonic acid residues. In HG, the simplest and most abundant form of
pectin in Arabidopsisthis backbone may dmethylesterified and/or acetylated. 1XG the
backboneadditionally carriesxylosyl residuesnd in R@I many different sidehains can be

found. Both of these are minor cell wall constituents-IRi#fers from the other pectin clases



because the backbone consists of alternating galactier acid and rhamnose residues.-RG
bears sidegroups of arabinose and/or galactose residues, and accounts f86200f cell wall

pectin(Mohnen 2008)

HG is not only the most abundant pectin but the best characterised. The mechanical properties
that HG confers upon the cell Walepend on the extent and pattern of methylesterification.
HG is delivered to the cell wall in a highly methylesterified form and can be delestirjfied

by pectin methyl esterase (PME) enzymds. certain degree of demethylesterification
facilitates cosslinking between pectin chains by calciiams, which rigidifies the wall, but if
sufficiently large stretches of demethylesterified HG are available then the wall becomes
susceptible to pectiregrading enzyme@alin & Geitmann 2012Modulation of wall stiffness

by the action of PMEs is important for cell growth, for example in the context of emergence of
primordia fom the apical meristem(Peaucelle et al. 2008)Furthermore, amechanism
involving pectic HG in the middle lamella layer of the cell wall is the most commonly
considered explanation foretl-cell adhesion, and has been evidenced by observations of cell

separation following degradation of pectipaher & Braybrook 2015; Knox 1992)

Rhamnogalacturonan Il Homogalacturonan Xylogalacturonan Rhamnogalacturonan |

O =D-Galacturonicacid ©@ @ =D-Apiose é = O-Acetyl
O =L-Rhamnose o @ ?

@ -D-Glucuronic acid @ =L-Acericacid @ =D-Xylose = Borate
® =Kdo ® =D-Dha o

Figurel.2: Schematiadiagramof pectin classes

Pectins are classified into four main classes according to their backbone structure an
chaincomposition
Figure fromHarholt Suttangkakul, & Vibe Schel(@010



1.3.4 Proteins and g lycoproteins

In addition to the main carbohydrate cell wall constituents described above, cell walls also
contain both enzymes and structural proteins, some of which carry carbohydrate attachments
(Showalter 1993) The extensins are a particulamptable group due to thai role in cell
growth, and the sabinogalactan proteingsire a large diversefamily of molecules that have
sometimes been implicated in cell adhesiafthough the mechanism remains to bkicidated

(Ellis et al. 2010; Seifert & Roberts 2Q07)

1.3.5 Summary

In summary the plant cell wall is a complex struce composed of a very wide variety of
carbohydrate and protein components. Furthermptie is a dynamic structure, constantly
being remodelled by enzymes and by biomechanical forces to allow it to fulfil its diverse

functions, many of which contribute to plant development.

1.4 Aims and hypotheses

One of the ongoing themes of reselrin our groups trying to understandhe relationship
between leaf structure and physiological function. Work to date has primarily involved the
manipulation of the cell cyclé_.ehmeier et al. 201 Hut here we focus instead on the role of
the cell wall in the development of botthe stomata and the mesophyll, and on the
developmentalcoordination between thse tissuesProgress in understanding leaf structure
function relationships has until recently been limited by the lack of suitable techniques for
efficiently and accurately emacterising the complex, 3D structure of the mesophyll tissue and
of the airspaces between mesophyll cells. Traditiondligtological approaches have been
used to examine the structure in 2D, but recent work demonstrates that a very large sample
size isrequired to obtain an accurate picture of tissue structure by this meth@theroux
Rancourt et al. 2017)Other early methods included weighing leaves before and after
infiltration with water, and naking resin casts of the internal airspaces, but neither of these
has been very widely us¢®&mith & Heuer 1981; Mauseth & Fujii 1994yestigation of the 3D
mesophyll structure has recently become mdeasible due tadvances in imaging equipment
and preparation methodgor example improved protocols for deep leaf imaging by confocal
microscopy, and the application bigh resolutionx-ray computed tomographymicroCT)o

plant tissuegWuyts et al. 2010; Pajor et al. 2013)

Our approach in this project began with the screening of leaf tissue sections with a collection
of monoclonalntibodies (mADbs) to identify cell wall components that might be involved in the
formation of the mesophyll and stomata, and in particular those with a likely role in cell

adheson or separation. Based on this information we obtained and generated a rahge



mutant lines that we expected to be affected in their mesophyll and/or stondgaklopment
due to cell wall changes. Additionally, we obtained lines that varied in their stomatal
patterning or in the functionality of their stomata, which we expectdsbato be affected in
their mesophyll structure. We characterised both the cell wall mutants and the stomatal
pattern/function mutants by microCT imaging, which provided detailed information on the
amount and distribution of airspace in the leaves, and pared the collection of these
structural measurements with established techniques for analysinglésat photosynthesis

using the LICOR gas exchange/fluorescence system.
Using these approaches, tfi@lowing hypotheses eretested

1. Different cell wallepitopes are associated witadheredand separatedwalls in the
Arabidopsis leaf (Chapter 2)

2. Genetically altering composition of leaf cell walls, particularly with respect to those
epitopes specificallyassociated with adheredr separatedwalls, will generate lines
that differ fromthe wildtype in their mesophyll cellular architecture (Chapter 3)

3. Geneticallyaltering the cell walls of stomata will alter their development and/or
function (Chapter 4)

4. Lines that vary in their stomatal patteng will also vary in their mesophyll cellular
architecture (Chapter 5)

5. Lines that vary in their leaf cellular architecture will also vary in their photbgyic

properties (Chapters 3 arf)
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Chapter 2 Characterising leaf cell wall
composition in  Arabidopsis
thaliana

2.1 Introduction

Monoclonal antibodies (mAbs) provide a useful tool for investigating the abundance and
distribution of specific molecular structures within the cell walls of plgKisox 2008)In this
chapter we exploit a wide selection of mAbs to characterise the spatial patterning of major cell
wall components within the Arabidopsis leaf. We focus in particda identifying
components with a localisation pattern that might suggest a role in differential adhesion and
separation of cellsOur ultimateaim wasto investigate the relationship between leaf cellular
structure and physiology by obtaining a panektefl wall mutants that vary in their mesophyll
structure. ldentifying cell wall componenthat might be involved in adhesion between cells

was therefore important to assist in the selection of genes to target for manipulation.

2.1.1 Timing of mesophyll differen tiation

New leaves initiate on the flanks of the shoot apical meristem (SAM). This outgrowth of new
primordia is facilitated by changes in the properties of pectic homogalacturonan (HG), which
are effected by enzyme@eaucelle et al. 2008For the first 2448 hours after initiation of a

new primordium, all cells are rapidly dividing and are histologically equivalent, but division
ceases, starting from the tip, when the leaf has reachedua 10% of its final size, and
expansion growth takes ovéEfroni et al. 2010)One challenge for defining the developmental
timing of events such as initiation of airspace formation is that the rate of plant growth and
development varies drastically depending on the growth conditions. One wayd¢umvent

this problem is to define developmental events relative to one another, providing that a robust
sequence of events can be demonstrated. This might involve transcriptional or anatomical
markers(Efroni et al. 2008)For exampleScarpella, Francis, & Berlg2004)reported that the
timing of mesophyll differentiation, as defined by a set of changes in cell shape along with the
appearance of airspaces, is strictly coordinated with the termination of procardbrakin

extension.

2.1.2 Control of mesophyll cell separation
Airspaces in leaves most likely form by a combination of schizqpesgkdown of the middle

lamella) and expansigenyairspace expansion due to cell growtfpeago et al. 2005)
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Schizogeny is an @ge process requiring the localised delivery of velbrading enzymes to
the middle lamella, while expansigeny relies on turddwen growth to extend both adhered
and separated cell walls, or to physically pull adhered walls apart. It is thought that
expansigeny is involvedh the initial opening of smallairspaces in young tissue, but that
reinforcing zones develop to providgrength to the cell wall at airspace corners, tely
limiting the extent of turgordriven cell separatiofJarvis etl. 2003) It therefore seems likely
that adhered wallsseparated wallsand reinforcing zones might all be characterised by the
localisation of specific cell wall epitoperevious studiegn stem sectiondhave foundsuch
differences for example theassociation of some pectic HG epitopes with walls lining airspaces,
and the localisation of other subtly different HG epitopes to the reinforcing zones
(Verhertbruggen et al. 2009; Willats @&t 2001) However, leaf tissues have been little studied,

perhaps due to their complex nature and irregular cell shapes.

2.1.3 Cell wall epitope detection with monoclonal antibodies

Specific cell wall epitopes can be detected using monoclonal antibodidssfriiAese probes
allow quantification of components in cell wall extracts, and can also be applied to thin
sections of tissue to observe the spatial distribution of cell wall components. Typically a
primary mAb with a known binding specificity is inculshteith the sample, and then a
secondary mAb, conjugated with a flurophore, is added to bind to the primary mAb and
facilitate visualisation by fluorescence microscopy. Alternatively secondary mAbs conjugated
with gold particles can be used to allow imagibg transmission electron microscopy to
acquire higher resolution information about epitope localisation. All of the mAbs in this
chapter recognise carbohydrate epitopes, but gmbtein mAbs also exist for certain cell wall
components, such as the lyshnieh classical arabinogalactan proteins (AGR=)g et al. 2011)
While a number of mAbs have previously baesed to quantify the cell wall components in
Arabidopsis leaf cell wadixtracts(Zablackis et al. 1995anda few have been used to label
Arabidopsis stem sections, the spatial distributions of most mAbs have not been reported in

Arabidopsis leaf tissues.

2.1.4 Aims

We screened a wide range of mAbs against yoamgl mature resn-embedded CaeD
Arabidopsis leaf sections with the aim of identifying epitopes differentially localisadhered

and separated wallsFor mAbs with interesting pattesnof localisation, morelevelopmental
time points were examined, focussing in partauon the earliest stages of leaf development
We hypothesised that adhered regions of cell wall would differ in their epitope composition
from walls bordering mesophyll airspace due to differential deposition of material, differential

in muromodification, or both.

12



13



2.2 Results

2.2.1 Hemicelluloses

Hemicelluloses are found in the primary wall and the middle lamatid have traditionally
beenconsidered ashe primary crosdinkersbetween cellulose microfibrilESheller & Ulvskov

2010; Cosgrove 2014The presencef hemicellulose epitopes is often partially masked by
pectins, which physically block the ahgmicellulose mAbs from accessing and binding their
targets(Marcus et al. 2008)We tested anthemicellulose mAbs, both on untreated sections

and on sections treated wit pectate lyase (PL) to remove the pectin and prevent masking.
Sections incubated in the buffer (CAPS) without the enzyme were also labelled as a control. As
pectate lyase ionly effective in degrading deethylesterified pectin, sections were first
treated with NgCQ to remove methyl groups: samples were labelled after only this first step

of the pretreatment as a further control.

2.2.1.1 Xyloglucan

The LM15LM24 and LM25mAbs bind toxyloglucais, which are the most abundant of the
hemicelluloses in Arabidopsi®arcus et al. 2008)We observed no binding of LM24 to
sections of mature or young leaves. Rreated sections of mature leaf also gave no LM24
signal (data not shown). LM25 binding produced a faint signal in the epidermis and vasculature
of untreatedsections ofmature and young leavegigure2.1; young leaf data not shownThis
epitope was partially unmasked by )X treatment, andwasrevealedthroughout thewalls

by PL treatment. A previously published experimerih tobacco stem pith parenchyma
sections, prdreated with PL, found thathe LM25 mAb lined intercellular spaces whereas
LM24 bound more strongly to adhered walfPedersen et al. 2012However, in the
Arabidopsis leaf we observed no such association of these epitopes with differential adhesion

and separation of cells.

LM15bound only very weakly to our untreated sections of mature and young leaves (young
leaf data not shown), buPLtreatment of mature leaf sections revealed a little more binding
throughout the walls, especially in the epidermiggure2.2). The other preareatments made

no difference to the signal intensity compared to the untreated sections. This mAb has a
different specificity to LM24 and LM25, which may explain the weaker signal that we observed
(Pedersa et al. 2012)Similarly to LM24 and LM25, LM15 has previously been associated with
key adhesion points in the stem tissues of a humber of species, but we observed no specific

binding to airspace corners in the Arabidopsis mesoMaircus et al. 2008)
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2.2.1.2 Mannan

Mannans may be found in both primary and secondary waflsangiosperms and have
proposed roles in structure and storage. We tested twati-snamnan mAbs that have
previously been shown to bind to the cell walls of Arabidopsis st@ascus et al. 2010)n
the leaf, LM21 bound to untreated leaf sections irpanctate pattern, and signal wasot
alwaysassociated witrcell walls possibly indicatingletection inthe endomembrane system
This pattern was consistent between mature and young leaviggi(e2.3; young leaf data not
shown).PL pre-treatment revealed_M21 bindinghroughoutthe walls, mostlyat low intensity
but with some very bright areasfasignal. The other pretreatments were comparable to
untreated sections. The unmasking by PL was consistent with the strong increase in signal
intensity previously observed bylarcuset al. (2010 following PL treatment of stem sections.
We did not, however, detedtM22binding in mature or young leaves, or in any of the-pre

treated sectiongdata not shown)

2.2.1.3 Xylan

Binding of the ati-xylanmAbsLM10 andLM11was very specific to the vasculatuleM11is

able to recognise @roader range of epitopes, and binding of this mAb was the most
consistent, observed in mature and young leaf sectidrigufe 2.4; young leaf data not
shown). LM10 binding varied between replicates at both leaf stages (datahowetn). These
results are consistent with known xylan abundance only in secondary walls oyldamis,

and with labelling experiments in Arabidopsis stem, in which both mAbs were found to bind to

the vasculaturéMcCartney et al. 2005)
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Untreated

Na,CQ

CAPS

PL

Figure2.1: LM25(anti-xyloglucan)

The LM25 mADb recognises a xyloglucan epitope. We observed very faint signal in the ep
and vasculature of untreated control sections, and slightly miotense signal following
Na,CQ pre-treatment. The CAPS buffer caused no change relative to thE@l&reatment,

but pectate lyase (PL) in CAPS buffer unmasked the LM25 epitope throughout the cell wi
Blue images (left hand side) are calcofluor stain@deen images (right hand side) show t
secondarymAb signal in the same region of the secti@ontrols with no primary mAkhowed
no secondary mAb sign&cale bars represenDpm. Ab = Abaxial, Ad = Adaxial
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Untreated

NaCQ

CAPS

Figure2.2: LM15(anti-xyloglucan)

The LM15 mADb recognises a xyloglucan epitope. We observed vengifgial in untreated,
NaCQ and CAPS buffdreated sections. Pectatate lyase (PL)-peatment resulted in a
slightly stronger signal, especially in the epidermis.

Blue images (left hand side) are calcofluor stained. Green images (right hand sidethsh
secondarymAb signal in the same region of the sect{@ntrols with no primary mAlshowed
no secondary mAb sign&cale bars represenDpm. Ab = Abaxial, Ad = Adaxial.
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Untreated

Na,CQ

CAPS

PL

Figure2.3: LM21 (antimannan)

The LM21 mAb binds a mannan epitope. We observed sparse, punctate signal, not exc
in the cell walls, inuntreated, NaCQ and CAP®eated sections. Pectate lyase (PL)-p
treatment revealed additional LM21 signal throughout the cell walls.

Blue images (left hand side) are calcofluor stained. Green images (right hand side) sh
secondarymAb signal in th same region of the sectio@ontrols with no primary mAlshowed
no secondary mAb sign&cale bars represenDpm. Ab = Abaxial, Ad = Adaxial.
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Figure2.4: LM11(anti-xylan)

The LM11 mAb binds a xylan epitope. Signal linked to LM11 was observed exclusivel
vasculature.
The Bue image (left hand sidé$ calcofluor stainedThe geen image (right hand side) shev
the secondarymAb signal in the same region of the secti@ntrols with no primary mAk
showed no secondary mAb sign8kale bars repres¢ 50um. Ab = Abaxial, Ad = Adaxial, \
Vasculature.
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2.2.2 Pectins
As the main component of the middle lamellnd given previous repts of roles in cell
adhesionand control of cell expansiompectins were a strong candidate for a role in mesophyll

airspace formatiorfDaher & Braybrook 2015)

2.2.2.1 Homogalacturonan

Homogalacturonan (HG) accounts for approxisha 65% of pectin in most dicgedors
(Mohnen 2008) The HGoackbone consists dfi 4)-linked galacturonic acid residues, and can
be substituted with acetyl or methgéter sidegroups. Newly synthesised HG is heavily
methylesterified but these methydster groups can be removeth muro by the action of
pectin methyl esterase (PME) enzymes. A number ofld@timAbs are available that recognise

slightly different forms of HG with differing extents apaltterns of demethylesterification.

The JIM5 andIM7 mAbs were raised against carnsstie and bind HG epitopes with differing
degrees of methylesterificatiofKnox et al. 1990)JIM5 is able to bind epitopes with a lower
degree of methylesterification than those recognised by JIMWe. found JIM5 bindingvas
variable betweenour samples. In mostases punctate signal was observed in cell walls of
mature and young leaf sections, and in some cases the epitope appeared to be associated with
the vasculature. In contrast JIM7 signal was consistently strongugiwaut the cell walls of
leaves of both ages, with perhaps slightly stronger signal associatecadlitredcell walls
(Figure2.5).

The JIM5 and JIMimAbs have since been largely superseded by more recently developed
LM18,LM19 and LM2@Verhertbruggenet al. 2009) Among these mAbs LM20 requirde
greatest degreeof methylesterification for binding and LM18 the least, while LM19 binds a
somewhat broader range of epitopes than the others. In our mature and young leaf samples
the epitopes recognised by all three of these mAese apparent to some degeethroughout

the cell walls(Figure2.6; young leaf data not shownYhe brightest LM20 signal was at cell
junctions,whereasthe brightest LM19 signaliasin adheredcell walls The pattern of LM18
signal was similar to that of LM19 but at lower intensity. This stronger signal intensity in
adheredwalls is unlikely to be due simply to increased wall thickness since an eqtivalen
increase in calcofluor signal is not observelhese data perhaps suggest a role for
demethylesterified HG, detected biM19 in cellcell adhesion within the mesophyll. LM20
may be localised to cell junctions due to an active role in cell separatiotprorersely, to limit

the further separation of cellsVerhertbruggenet al. (2009 labelled tobacco stem pith
parenchyma with these three mAbs and reported that both LM19 and LM20 gave the

strongest signal in walls bordering airspgacehile LM18 was not detected unless sections
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were subjected to alkaline preatment to remove methydster groups, thus artificially

generating the LM18 epitope.

We also labelled sections with the 2F4 mAb, which is specific to catcasslinked H@.iners
et al. 1989) Despite previous detection of this epitope by 2F4 in Arabidopsis inflorescence

meristems, we observed no binding in leaf sectifPsaucelle et al. 20Q8lata not showi

2.2.2.2 Xylogalacturonan

We found no evidence foxylogalacturonan in theédrabidopsideaf, as reported by the LM8
antibody. LM8 binds to highly xyloseabstituted regions of pectin, although the epitope
structures that it recognises hee not beenpreciselycharacterisedWillats et al. 2004)The
epitope detected by LM®as previously been associated with cell separation in a wide range
of angiosperm species incling in Arabidopsis root caps, but always in the context of cells

bound for complete detachment, unlike the leaf mesophyll cells which only partially detach.

2.2.2.3 Rhamnogalacturonan -I

Rhamnogalawronan I(RGI) is a more complex polysaccharide than HG, with a backbone of
alternating galacturonic acid and rhamnose residues, and variable side chains composed of
arabinose and galactose. We observed no binding of LM9, which recognises feruloyj}ed (1

i -D-galactan, or of LM6, LM13 or LM16, which recognise arabinan epitats et al.

1998; Clausen et al. 2004; Verhertbruggen et al. 2d@¢a not showh

LM5, which binds (&) -D-galactanwas the only antRGI mAb to bind to mature or young
leaf sections, and showed amtriguing binding pattern. Some LM5 signal was observed
throughout the cell walls, bustrongest signalwasin the anticlinalwalls especially in young
leaves.This patterrwas most obvious in the palisade layer due to the megutar cell shapes

in this tissue(Figure2.7). Localisation to tangential walls was observed previously in tomato
petioles, perhaps suggesting @nsstent association between this epitope amew cell
divisions(Jones et al. 997)
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JIM5

JIM7

Figure2.5: JIM5 and JIM7anti-HG

The JIM5 and JIM7 mAbs bind HG epitopes with different degrees of methylesterification
binding produced a very sparse, punctate signal, whereas JIM7 binding produced a
signhal throughout the cell wall8Blue images (left hand side) are calcofluor stained. Gr
images (right hand side) show the secondarib signal in the same regimf the section.
Gontrols with no primary mAlshowed no secondary mAb sign8ktale bars represenOpm.
Ab = Abaxial, Ad = Adaxial.
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LM18

LM19

LM20

Figure2.6: LM18, LM19 and LM2(anti-HG

The LM18, LM19 and LM2tnAbs bind to HG epitopes with varying degrees
methylesterification. LM18 and LM19 recognise demethylesterified pectin and gave
throughout the walls with more intense signaladheredcell walls. LM19 gave more inten:
signal than LM18. LM20 recogasshighly methylesterified pectin and gave the strongestai
at the corners of airspaceBlue images (left hand side) are calcofluor stained. Green im
(right hand side) show the secondamAb signal in the same region of the secti@ntrols
with no primary mAbshowed no secondary mAb sign&icale bars representOpm. Ab =
Abaxial, Ad = Adaxial.
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LM5Mature leaf

LM5Young leaf

Figure2.7: LM5 (anti-RGl)

The LM5 mAb recognises an-R&pitope. LM5 gave a low level of signal in anticlinal wall
mature leaf sections, and in young leaf sections this binding pattern was more pronounce
Blue images (left hand side) are calcofluor stained. Green images (right hand side) sh
secondarymAb signal in the same region of the secti@ontrols with no primary mAkhowed
no secondary mAb sign&cale bars represenbfim. Ab = Abaxial, Ad Adaxial.
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2.2.3 Glycoproteins

Some arabinogalactan proteins (AGPs) have been previously implicated in cell adhesion
(Johnson et al. 2003; Dorgarnell et al. 2013)However, ve observed no binding for five of

the nine anti-AGP mAbs testedrable2-1), and the pattern of binding of the other four was

not obviously related tadheredor separated walls

LM14 showed the most signal of the aAlGP mAhgshoughthis was still sparse, punctate, and
often not associated with a cell wall, perhaps indicating detection of the epitope within the
endomembrane systenSignalaried somewhatfrom sparse punctate binding to more dense
patches of signal including some brigheas of cell wallThe epitope was detected in the
described pattern in both mature and young leavBsetreatment with PL, as described in
2.2.1, unmaskedadditionalLM14 throughmore extensive regions dhe cell walls of the leaf,
with arguablystronger patche®f signalin someadheredwalls compared to those bordering
airspace [tigure2.8). Uniform LM14 binding was previously reportedArabidopsistem, with

a punctate pattern irthe cortex(Moller et al. 2008)It is possible that epitope bound by LM14

may also appear on some pectin structures.

Binding of the remaining three anAGP mAbs was weak, variable or both (data not shown).
JIM16 binding was high inconsistent between samplesometimes completely absent,
sometimes in the vasculature, and on one occasion also along the outer side gfitleenais.
These results are hard to explain but were not followed up due to the absence of binding in
the mesophyll. This mAb has been reported not to bind to glutaraldefiixdd, resin
embedded samples, so ihay also have beenunstable following our preparation protocol
(Knox et al. 1991)Mac207 which binds some membranrbound and some soluble AGPS,
producedextremely sparsesignal patchesThe distribution of the signalappeared random
though it was consistently associated with cell walls, and some signal was observed in all
mature and young leaf stions examinedPennell et al. 1989) M2, which was raisg¢tagainst
soluble AGP epitopegroduced a faint signal in the vasculature in some mature and young
leaves(Smallwood et al. 996) S me punctate bindingvas observedn nonvascularcell walls

but this was highly variable between samples.

Extensin glycoproteins belong to the same superfamily as the AGPs and are involved in cell
growth. None of the five mAbs tested displayady binding to matureor youngArabidopsis

leaf sections Table 2-1). The epitope recognised by LM1 may be monglealon specific
(Smallwood et al. 1995)JIM11, 12, 19 and 20 have previously been used to challenge cryo
sectiored or fresh tissue butit is possible that they werainable to bind to fixed and

embedded sample€Smallwood et al. 1994; Smallwood et al. 1996; Wang et al. 1995)
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2.2.4 Epitopes found on multiple cell wall component classes

Two of the mAbs that we tested bind epitopes that can be found attached tegsmigps on
multiple classes of cell wall molecaleTheLM12mAb was raised against a synthetic epitope
and binddferuloylated arabinosyl and galactosyl epitop&sis mAb did not give a signal in our
mature or young leaf section¥he LM23 mAb was raised aggtia pectic epitope from apple
and binds a wWosyl residue found both in hemicelluloses (xylans) and pectins
(xylogalacturonanglPedersen et al. 2012We found no evidence of LM23 binding in young or
mature leaves However, one previous report found that the epitope svanmasked by
alkaline pretreatment, so we may have been unable to detect it since we only labelled

untreated sectiongManabe et al. 201{9lata not shownTable2-1).

Untreated

PL

Figure2.8: LM14 (antAGP)

The LM14 mAb recognises an epitope that is most commonly found on AGPs, though m
be found on pectins. LM14 bindimgoduced a parse, punctatgattern of signalin untreated

sections. Prdreatment of sections with pectate lyase (PL) unmasked the LM14pmpi
throughout the cell wallsBlue images (left hand side) are calcofluor stained. Green im
(right hand sideghow the secondary Ab signal in the same region of the sec@mtrols with

no primary mAbshowed no secondary mAb sign&lcale bars represeBbum. Ab = Abaxial
Ad = AdaxialNote: these images were produced DySam Amsbury.)
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Table2-1: Summary of antibodietested onresinrembedded leaf sections for which no bindii

was observed.

Antibody Binding Specificity

LM24 Xyloglucan

LM22 Mannan

2F4 Calcium crostinked pectin
LM8 Xylogalacturonan

LM6 (1,5)-h-L-arabinan

LM9 Feruloylated (4)- -D-galactan
LM13 Linearised (B)-" -L-arabinan
LM16 Processed arabinan
JIM4 AGP glycan

JIM8 AGP glycan

JIM13 AGP glycan

JIM14 AGP glycan

JIM15 AGP glycan

LM1 Extensin

JiM11 Extensin

JIM12 Extensin

JIM19 Extensin

JIM20 Extensin

LM12 Feruloylated polymers
LM23 XylaniXylogalacturonan
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2.2.5 Changes in cell wall epitope patterns during development

In most cases binding patterns in the initial screen were the same in young and mature leaves,
suggesting at examining everearlier leaf stagesnight be necessary teeveal the changes

that occurin the cell wallto allow mesophyll cells to separate to form airspace. Indeed,
although the cells in the young leaf sectidhat we screenedvere more densely paekl than

in the mature leaf sectionsthere were already some cledntercellular spaces visible.
Observations that we made by confocal microscopy suggested that initial separation of cells

occurs when the leaves are still too small to embed individuadta(dot shown).

A subset of mAbs thaalready showed soméinding in Arabidopsisleaf mesophyll were
selected for further study over aedelopmental time course which included embedded
primordia with the youngest leaves attached. Plants for this studyevgeown for 14 days on

agar plates and all leaves embedded individually. Representative images from the youngest
individual leaf stage that we examinedO{lLleaf) are presented along with images of very
young shoot crossections(Figure2.9). AsmAbs that did not bind either leaf stage in the
initial screen were not carried forwarthoughthere isa chance thathese epitopes could be

detected in yomger leaves than we examined.

The antiHG mAbs that we tested showed some interesting changes early in the development
of the leaf. In the mature leaf, the LM20 mAb gives strong signal at airspace corners,
suggesting that there is a large amount of highly methylesterified HG thei®wHsi also true

in very small leaves that we embedded for the development series. However, when we
examined the meristems and very earliest leaves and leaf primordia, we observed much more
LM20 signal. On close inspection, localisation to cell junctiorssstith apparent. Conversely,
LM19 signal was less bright in the rosette centres than in the youngest leaves. JIM7 signal was

consistent between these two very early stagasdnot as strong as in mature tissue.
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10" leaf at 14 days

No mAb

JIM7

LM19

LM20

Figure2.9: Developmental changes in HG distribution
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In contrast to mature tissued-{gure 2.6), LM20 signal was the strongest in the young
tissues of the plant shoot (centre of rosette). By the time leaves had reached a sufficient
embed individually, the epitope compositiasf the cell walls had already shifted to conte
more demethygsterified pectin, recognised by LM19. JIM7 signal was more consit
between these two young tissue stages, but less bright than in mature tiSSigese2.5).
Images show crossections through a younigaf (left hand side) and rosette (right hand sic
at the stages indicated. Scale bars repredsfipm (left hand side) or 8Q@m (right rand side)
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2.3 Discussion

In this chapterwe sought to characterise the composition cell walls of Arabidopsis leaves in
terms of the distribution of specific carbohydrate epitopes. We challenged thin tissue sections
with a wide range of mAbs and observedest within the leaf structure each component was
localised. We hypothesised that some cell wall components would be specifically associated
with adhered or separated cell walls. Such adhesretated components would be logical
targets for genetic maniputeon, by which means we hoped to generate a panel of cell wall

mutants with varying cellular architecture.

2.3.1 Cell wall components in Arabidopsis leaves

We identified a number of hemicellulose, pectin and glycoprotein epitopes that are present in

the cell wal of Arabidopsis leaves. The cell wall composition of Arabidopsis leaves had been
previously described, but the experiments concerned were carried out on extracted cell wall

material and therefore did not provide any spatial information about the locatirabf

epitopes to different cell type§Zablackis et al. 1995)

Although many of the mAbs that we tested appeared not to bind to Arabidopsis leaf cell walls,
where we did observe binding, our results wdeggely consistent with expected epitope
localisations based on the literature. For example we found xyloglucan, the most abundant
hemicellulose in dicgledors, throughout the cell walls (once masking by pectin had been
removed), and we found xylan only in the vasculature. We observed a nurfibs epitopes,
some of which were abundant throughout the cell walls, as one would expect given that HG is
the predominant pectin in dicgtedors. We also observed signal from one of the &l

mAbs LM5 which bound throughout the walls but gave mudhoager signal in anticlinal
walls. These data offer novel information about the spatial distribution of certain cell wall
epitopes, but our screen certainly cannot be considered exhaustive. We limited our search to a
set of mAbs that were readily availaeb&nd that could all be tested using the same hoet.

Other probes are availabl@ecluding other mAbs that require a different section preparation
and/or labelling methodcarbohydrate binding modules, and cell wall stains, such as Yariv
reagent which detets AGPgGilbert et al. 2013; Seife& Roberts 2007)Furthermore, more
detailed information could be gleaned by examining the same set of mAbs at higher spatial
resolution by immunogold labelling. This would reveal the cell wall layer with which each
epitope is associated. A recent sfudf the cell wall in Arabidopsis meristems reported signal
from both LM13 and LM24, neitherf avhich we tested on such young tissue on account of

having observed no binding in mature or young lea&mng et al. 2016)

One challenge of interpreting mAb binding pattern data is that many mAbs bind a range of

epitopes, and this range hamt yet been tightly defined in many cases. Our observations of
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the HGbinding mAbs are a prime example of this type of difficulty. When the LM18, LM19 and
LM20 mAbs were published, LM19 was reported to be most similar to JIM5 while LM20 bound
a similar egope to JIM7(Verhertbruggeret al. 2009) It was therefore unexpected wheour
experiments consistently showed very simipatterns of signal between LM19 and JIM7, and
showed LM20 only at airspaces cornersore like the punctate JIM5 signathan the
ubiquitous JIM7signalThesedifferences can be explained by small differences in the binding
affinity of each mAb for various pectin epitopes, but for many mAbs this remains to be tightly
defined. Technological advances in the production of carbohydrate microarrays offer
promising neans to better understand mAb binding profiles in the futfRedersen et al.
2012; Moller et al. 2008)Accurate interpretation of mAb localisation experiments also
requires knowledge of the ways in which the sample preparation method might influbece
binding of different mAbs.These issues were addressed in detail in a recent review

(Verhertbruggen et al. 2017)

2.3.2 Cell wall components with a potential role in airspace formation

Of the cell wall epitopes that we identified in Arabidopsis leaves, the different forms of pectic
HG bound by the LM19 and LM20 mAbs appeared tahieeonly ones to localise to areas of

the cell wall that suggested a potential role in cell adhegkigure2.10). While both of these
mAbs were able to bind throughout the walls, LM19 gave a slightly stronger signal in adhered
walls, and LM20 gave the strongest signal at the corners of airspacegefhéps suggests

that the HG epitope recognised by LM19 could be involved in adhesion between cells, and that
the epitope recognised by LM20 might have a role in limiting the extent of cell separation at
the airspace cornersor in actively promoting sepation at these points Furthermore, we
observed changes in the abundance of different HG epitopes early in leaf development, which

could be involved in the establishment of patterns of cell adhesion or cell expansion.

HG is well known to be a significaminstituent of the middle lamella, and a role for HG in-cell

cell adhesion has previously been widely suggested and evidenced in other species and tissues
(Daher & Braybrook 2015 he existence of specialised areas of cell atathe corners of
FANELIF OSas NBFTSNNBR (2 3 WNBAYT2NDAy3a 12yS§:
of highly demethylesterified HG have been localised to these areas in some tissues using the
LM7 mAb(Willats et al. 2001)We did not examine the binding pattern of this mAb as it
required a different preparation method to those we screened. However, it is intriguing that

the LM20 mAb that we found lotising to these same zones recognises a highly
methylesterified form of HG, in contrast to LM7. One possible explanation could be that newly
synthesised pectin, recognised by LM20, is deposited just behind the reinforcing zone. This

seems more plausible &m a direct role for the LM20 epitope in reinforcement, especially
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given that LM20 signal was not observed at all airspace corners. Calciuntirdkogs between
demethylesterified HG has also been proposed to confer mechamsitahgth on the
reinforcingzone. The 2F4 mADb is specific to calcium cliogked pectin, but our attempts to

label mesophyll sections with this mAb did not give any si@uiaérs et al. 1989)

Airspace

Figure2.10 Representation of LM19 and LM20 localisation

Thecentral triangle represents a crasectional view of an airspace between three cells. -
epitope recognised by LM2@hich binds to highly methylesterified HG, gives the strong
signal at the airspace corners (indicated in blue). The epitope recognised by LM19, whic
to demethylesterified HG, gives the strongest signal in adhered walls (indicated in red).

Our results suggested that forms of HG with varying degrees of methylesterification might be
involved in differential adhesion and separation between cell walls in the mesophyll, and this
idea is consistent with published observations in other tissues. Thigestayl that modifying

the extent and/or pattern of HG methylesterification might generate differences in the cellular
architecture of the leaf. HG is methylesterified in thelgiapparatusbefore it is exported to

the wall, then demethylesterifieth mura In the next chapter we focus on the groups of genes
that control these activities and which may therefore cause changes in the cell wall pectin

properties if their expression is altered.

2.3.3 Conclusions

Overallour findings were consistent with publisheatcounts of the composition Arabidopsis
cells walls, but these data provide a novel insight into the spatial distribution of those
components within the leaf tissues. The distributions of forms of HG with different degrees of
methylesterification suggestethat pectin methylesterification would be a logical target for

manipulation to try to generate mutants with varying mesophyll cellular architecture.
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Chapter 3 Cell wall pectin and mesophyll
cellular architecture

3.1 Introduction

Building the cell wall can be considdras a threestage process: synthesis of components;
targeted delivery of the components to the correct part of the cell wall; amdmuro
modifications, also requiring appropriate delivery of the requisite enzyfbegesqudremblay

et al. 2015; Daher & Braybrook 2015; Wolf, Mouille, et al. 2002y immunolabelling results
(Chapter 2 suggested that different forms of pectic homogalacturonan (HG) were associated
with adheredand separated cell walls in Arabidopsis leaf mesophyll. We were interested in
whether these epitop patterns were essential for development of normal mesophyll
structure. Given that the different forms of HG that we observed are generiateduro by
pectinmodifying enzymes, mutants lacking these activities were a clear priority in our
investigation. €rtain mutants in pectin biosynthesis and delivery genes have previously been
reported to influence the final level of esterified pectin in the cell wall and, in some cases, to
reduce cell adhesion, so these were additional candidates for control of leldlac

architecture.

3.1.1 In muro pectin m odification

Enzymes including pectin methylesterases (PMEs) and pectin acetylesterases (PAEsS) can
modify the sidegroups of waHocalised pectin, while polygalacturonases (PGs) and pectate
lyases (PLs) can cleave thmlecular backbone if access is available via a sufficiently long
demethylesterified stretch(Sénéchal et al. 2014PMEs are of particular interest for this study

as they influence the levels of the pectin epitopes bound by the LM19 and LM20 mAbs
described in the previous chapter. The activity of #hesizymes is regulated in part by the

antagonistic action of their proteinaceous inhibitors (PMEIS).

ThePMEgene family has approximately 66 members in Arabidopsis and these aidhsdéd

into PMEs(group 1/ type 2)and pro-PMEs(group 2/type 1)(Wang et al. 2013)The group 2
pro-PMEs bear an i S NI A yaprELINB LIS v Q O 2¢yial peptidel aidda ddrifain I & A
with sequence similarity to PME3olie et al. 2010}t has been demonstrated that cleavage of

the pro region is required for apoplastic tatgng of group 2 PMESVoIf, Rausch, et al. 20Q9)

and that it is specifically the transmembrane domain within the signal sequence that
determines cell wall localisatiofDorokhov et al. 2006)The PMElike domain has been
proposed to have autinhibitory actvity, perhaps preventing premature

demethylesterification of pectin in the endomembrane systgiwolf, Mouille, et al. 2009)
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Boschet al. (2005 present some evidence in support of this idea: truncation of the PMEI
region impairs plant growth, but can be partially rescued b¥xpression of the missing pro
domain. It remains to be discovered by what mechanism intracellular pectin

demethylesterification due to a lack of PME atitthibition impairs plant growth.

Once PMEs reach the wall their activity can be controlled not only by separate PMEI proteins,
but by many other factors, ranging from pH and cation concentrations to the degree and
pattern of methylesterificationof the substrate(Sénéchal et al. 2014; Jolie et al. 20 IMES
candenethyS & G SNA FT& LISOGAY Ay | WNIYR2YQ 2NJ I o6f 2071 6A:
thought to be associated with plant and fundg@VEs respectively, but it is now clear that the
situation is more completMicheli 2001) The mode and extent of PME action has important
consequences for the properties of the pectin network: extensive blockwise
demethylesterification can allow access to lytic enzymes, weakening the wall, whereas limited
demethylesterification carhave the opposite effect, stiffening the wall by facilitating calcium
mediated crosdinking between pectic polymer&Sénéchal et al. 2014; Peaucelle et al. 2012;
Ngouémazong et al. 2013j is also important to note that pectins can play different roles in
different layers of the cell wall: an adhesive function is proposed in thddlen lamella,
whereas changes in primary wall pectin are more often associated with regulation of growth
(Palin & Geitman2012)

3.1.2 Pectin biosynthesis

Pectins are synthesised in the golgi lumen by the action of at least 67 different enzymes,
although relatively few specific actors have been confirmed to datelerson 2016; Atmodjo

et al. 2013; Mohnen 2008Homogalacturonan (HG), our pectin of interest, is both the most
abundant and the simplest in structural terms. It comprises a backbore(bf)-linked D
galacturonic aid (GalA) residues with metlegter side groups, attached at the C6 position and
possible Gacetylation at the @ or O3 positions Figure 1.2; Harholt et al. 2010; Caffall &
Mohnen 2009)

Sterling et al(2006)were the first to provide biochemical demonstration of the activity of an
enzyme with a suspected role in pectin biosynthesis in ArabidoB#i&lTIremains the only
biochemically confirmed Arabidopsis pectin biosynthesis gene, though other members of the
GAUT (GALACTURONOSYLTRANSREBRABEhave been identified and implicated in pectin
biosynthesiqLevesqudremblay et al. 2015)GAUTL1 is a GalA transferase, involved in building
the polygalacturonan backbone. Other family members include GAUT7, thought to anchor
GAUT1 into the golgi memdne (Atmodijo et al. 2013)and GAUT8 (also known as QUAL),
which has a puttive role in pectin backbone synthegBouton et al. 2002)
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No PAEs have yet been confirmed in Arabidopsis, but better progress has been made
discovering PME$Anderson 2016)QUA2 and QUA3 are members of the 2gene QUA
(QUASIMODO) family, characterised by their common possession of a specific
methyltransferase domain sequeng8terling et al. 2006)Perhaps unexpectedly, given that
QUAZ is thought to encode a methyltransferase, quantification of pectins extracted froa2

(also shown in the allelitsd2 mutant) showed that its dwarf phenotype and reckd cell
adhesion stemmed from a reduction in total HG rather than any change in the pattern or
extent of methyésterification(Mouille et al. 2007; Krupkova et al. 200%) contrast, absence

of the CGR2 and CGRETTONOLGRELATButative methyltransferases has been shown

to reduce the level opectin esterification in the cell walKim et al. 2015)There is much still

to be discovered about the specific roles of the many enzymes involved in synthesising even

the simpler pectic polymet

3.1.3 Delivery of pectin and pectin -modifying enzymes to the cell wall

Delivery of pectin and of pectimodifying enzymes is the least wstudied of the three
processes required to build the pectin component of the cell wall. It has been assumed for
some tme that pectin must be packaged into getigirived vesicles and delivered via the actin
cytoskeleton, but even this has only recently been partially evidefgaderson 2016; &in &
Geitmann 2012; Mohnen 2008The highly conservedRi2/3 (ACTINRELATEBROTEII/3)

actin nucleation complex is critical for correct actin filament organisation and cell shape
morphogenesis. It has been proposed to play a role in delivery of cell wall components, though
published evidence to support this idea remains scdideet al. 2003; Deer & Braybrook
2015) Dyachoket al. (2008) were able to observe an ultrastructural change in cell wall
thickness at some threway cell junctions irarp2 mutant roots, and mutations in two other
members of the complex both have a reduced cell adhesion phenotype in thecbtyl,
though a causal change in the cell wall was not demonstr@tathur et al. 2003)However,
aberrant pectin methylesterification levels have been observed in these mutants (Firas Bou

Daher, unpublished data).

Localisation of cell wall molecules by their targeted deliverythat of their modifying
enzymes, has been best studied in the context of pollen tube grdRatin & Geitmann 2012,
Bosch & Hepler 20055patal heterogeneity in pectin epitopes associated with differential
local wall extensibility has been confirmed in this system, though whether it is caused solely by
differential regulation of PME enzyme delivery and/or activity, or whether differentiaveisli

of pectin molecules from the golgi is also involved, remains unkr@wmderson 2016)Studies

of pollen tip growth also led to the inguing suggestion that pectin desthylesterificationcan

be partly regulated byrdocytosisof PMEIs, which is another actitependent processRdckel
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et al (2008)identified two interacting, pollerexpressedPMElswith opposite activities with
respect to growth promotion/repression, and showed that only one of them was found in

endocytic vesicles, providing a mechanism for fine, local control of PME activity.

3.1.4 Aims

Based on the localisation of the LM19 and LM20 antibodi€hapter 2 we hypothesised that
altering the distribution of HG efmipes with varyingevels of denethylesterification would
affect the cellular organisation of the leaf by modifying the degree of adhesion between
neighbouring cellsDaher & BraybrooK2015) suggest that the similarity in relative pectin
esterification levels between certain methyltransferase mutants and wildtype plants provides
evidence that, at least in some cases, quantity rather than quality of pectin may be the key
regulator of cell adhesio In this chapter we obtain and generate a range of transgenic
Arabidopsis lines with known or expected alterations in the quantity and/or quality of pectic
HG in the cell wall. We use the aforementiongdal, qua2 and arp3 mutants to investigate

the relaionship between cell wall composition, leaf cellular architecture and -lkeadl

physiology.

Note: The plant lines described in sectid2.3and 3.2.4were analysed in one experiment.
Data for all three lines are presented as combined figures, bugtteemutants are discussed

separately fron arp3.
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3.2 Results

3.2.1 Identification and characterisation of leaf -expressed PMEgenes

3.2.1.1 Gene expression analysis

Having identified modification of pectimethylesterificationas a potential regulator of cell
adhesion we ught to identify genes regulating this function. We examined publicly available
microarray data to identify thoseMEgenes most likely to have a role in mesophyll airspace
formation. TheSchmidet al. (2005) microarray includes a number of leaf developmental
stages; we examined data from all rosette leaf tissue samples frol® Gawn oncompost

under continuous light. To select confirmed and putatRBIEgenes for investigation, we
compared the ArabidopsBMEgene lists fromWanget al. (2013)to the list of genes returned

08 &aSIFNODKAYy3I F2N WLISOGAY YSiKetSadiSNIasSQ Ay
generated a workingdt of 75 genes, 50 of which were common to both sources and nine of

which were not on the microarray.

Expression of aPMEgenes was plotted against leaf developmental stagigure3.1), which
showed a group of 17 genes that were clearly much more highly expressed in leaves than the
other PMEs For nine of these most highly expressed genes, up to three mutant lines were
obtained from NASC, and thairsertion positions checked using SIGNAL and TAIR to select
insertions in exons where possibl&aple 3-1). Plants from NASC were genotyped and, if

necessary, selfed to obtain homozygous seed.
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Table3-1: PMEmutant linesin highly leafexpressedyenesobtained for immunolabelling.

Gene Insertion Mutant
AT3G14310 (PME3) Gk329D07
AT3G10720 SALK 021426

SALK_122120

SALK_006529

AT3G49220 (PME34) SALK_062058
AT4G02330 (PME41) SALK_008958
AT4G33220 (PME44) SALK_071362
AT2G26440 (PME12) SALK_058895

SALK_ 117817

AT5G09760 SALK_075984
AT1G53840 (PME1) SALK_120021
AT1G11580 SALK_067447

SALK_121787
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Figure3.1: Graphical representatiomrabidopsisPMEgene expression

Relative expression levels BMEgenes at various leaf growth stages (plant age and leaf number) of (confirmed and puRl)enes
according to theSchmid et al(2005) microarray. Plotted expression values are the mean of three replicates. Most genes show a low |
expression, but a distinct group of 17 genes are moderately to highly expressed in all sahmgegnes indicated were selected fi
characterisation based on highest peak expression values, and availability of knockout lines from NASC (Nottingham A&tbidog&ntre A
full list of genes presentedn this graptcan be found irAppendix 1
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3.2.1.2 Growth on compost and immunolabelling

Homozygoupme mutant plants from NAS@ere grown oncompostand monitored to look

for differences in growth and gross phenotype. Most plants looked indistinguishable from Col
0 by eye Figure3.2). Two plantoof SALK_00652e were a little smaller, but all other plants

of that genotype within and between the threéndependentSALK linesvere Col0-like. In

this absence of a gross visual phenotype, plamsd for immunolabelling analysisere

genotyped tore-confirm that they were homozygous as expected.

Samples were taken from fiwgeekold plants and embedded for immunolabelling with JIM7,
LM19 and LM20 antibodies to see whether any change in pectin epitope localisation could be
detected. Thepme3line GK-329D07 a mutant in the most highly le@xpressedPMEgene
according to the microarray data, showed an absence of the LM19 epitope in the mesophyll, in
contrast to the wild type Kigure3.3). However, this was not paired with an increase in the
LM20 epitope, suggesting that pectin may still be being modified, but that the resulting
epitope is not recognised by LM19. This is in contrast toptime6 mutant in which loss of
stomatal LM19 is paired with an increase in LM20nsbury et al. 2016)All other lines
examined showed no difference in the distribution of the three examined pectin epitopes

within the leaf transverse sectien(data not shown).

We hypothesised that the pattern of pectin epitopes that we observed in the wildtype was
functionally related to the formation of airspace in the leaf, and that alteration of the pectin
epitope pattern would be paired with a changel@af cellular architecture. From the sections
used for immunolabelling, there was no very striking difference betweempthe3mutant and

the wildtype. Unfortunately this mutant was not discovered in time for it to be analysed by
microCT (see 2.3.2) in thieneframe of this project. Using this approach in the future would

allow detection of any changes in porosity and airspace distribution.
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Figure3.2: Growth of pme mutants
Images of alpme knockout lineqas indicatedgfter five weeks of growth ocompostunder

short day conditionshowed no obvious phenotypic differences between lines at the wil
plant level.
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Figure3.3: pme3immunolabelling with anttHG mAbs

Immunolabelling of thegpme3 knockout mutant (GK329D07) revealed an absence of LM
bindingin the leaf mesophyks reported by the LM19 mAb, in contrast to our observation:
Col0 wildtype plants. JIM7 and LM20 produced similar signal paiteyrthose observed in
Col0. Scale bars represen®fam.
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3.2.2 Generation and characterisation of mesophyll -targeted PMEI overexpression

lines

3.2.2.1 Generation of transgenic lines

As acomplementaryapproach to obtaining knockout mutants try to study the effectsof
reduced PME activity, we generated transgenic lines expressing proteinaceous PME inhibitors
(PMEIs) under the mesophwlbecific promoter pCAICARBONIC ANHYDRASEoWik et al.

2004) with the aim of reducing the activity of multiple potentially mesopfadtive PMEs
simultaneously (Figure 3.4). PMEI overexpression lines undethe 35S promoter have
previously been generated for the investigation of Rtipendent pathogen defencdgionetti

et al. 2007) but we were unable to obtain seeds.

ThreePMEIlgenes were selected for cloningtPMEIland AtPMEIZ as used by.ionettiet al.
(2007) are native Arabidopsis genes, only naturally expressed in pollen. In case th
misexpression could be counteracted planta we also clonedAdPMEI1from kiwifruit
(Actinidia deliciospin the hope of circumventing any endogenous controls in Arabidopsis.
PMEI proteins were first identified in the closely related kiwi spedietnidia chinensis
(Balestrieri et al. 1990; Giovane et al. 2Dpadd have been predicted to interact with a number
of Arabidopsis group 2 PMEs expressed in Arabidopsis vegetative t{faye®l et al. 2014)
For each of these threPMEIlgenes the full coding sequence wasngd. This included the
signal peptide that targets the protein to the membrane. Only #iEMEIZ2and AdPMEllines
were ready for characterisation within the timeframe of this project. At least three
independent T lines, with paired sister lineontrols, were selected for characterisation of

each construct.

3.2.2.2 Growth on compost and immunolabelling

Compostgrown plants were monitored over five weeks of growth. Most mutant lines were
indistinguishable from Cdl or their segregating sister lines at the grosemdtype level,
though there was considerable growth variation among the plants in genErglre 3.5).
Some lines appeared paler in colour, suggestingwer density of chloroplasts. This could
either be due to reduced cell density, or due to the construct having inserted in an undesirable
position in the genome. The latter seems likely given that other independent lines carrying the
same constructs di not share this phenotype. Samples for immunolabelling with the- anti
pectin mAbs JIM7, LM19 and LM20 were taken from mature leaves efvée&old plants.
Sections of all lines displayed patterns of mAb binding indistinguishable froi &@otheir
segrayating sister linesHigure 3.6). This does not preclude the possibility of a quantitative
change in pectin esterification in the mutants but, as neacldifference was detectable by

immunolabelling, the lines were not characterised further.
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Figure3.4: pCA1:AtPMEl1construct map

Example map of eompleteexpression vector used to generé@/Eloverexpression lineKey
features of the modified pMDC32 plasmidre marked including the pCAl promoter, th
inserted gene (in this casAtPMEL), and the hygromycin resistance gene for selectior
plants. The primers used to generate the insert andnpoter, and those used for colony PC

sequencing and genotypingre also indicated. Primer sequences astetl in Materials anc
Methods
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pCAL1L:AtPMEIZ2C

pCA1:AtPMEI2Gsister



pCA1:AdPMEIID pCA1:AdPMEIID-sister

Figure3.5: Growth of pPCA1PMEllines

Most of the transgenic lines that we generated to expr&dElgenes (as indicated, le
column) in the mesophyll did not grow abnormally @@mpostcompared to their segregatin
sister lines (right column) or GOl There was some variation in plant size throughout
population, and some lines were noticeably pale, but this was deemed unlikely to be du
direct effect of the transgend?ots are60x@mm.
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pCA1:AdPMEIIB pCAl:AdPMEIJA

pCAL1:AdPMEIIC

pCA1:AdPMEIID

Figure3.6: Immunolabelling of pPCA1EMElIlines
No cleardifferences in HG epitope localisation were detected in any of these transgenic

(constructs as indicated). Segregating sister lines were also immunolabelled and, agex
showed no differene from CoD (data not shown)Scale bars represendgm.
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3.2.3 Characterisation of quasimodo pectin biosynthesis mutants

3.2.3.1 Growth on compost

Two lines impaired in pectin biosynthesis and with reportedly aberrant cell adhesion were
obtained: qual (Bouton et al. 2002and qua2 (Mouille etal. 2007; Frank et al. 2002B0th
mutants displayed abnormal growth owompost (Figure 3.7). The qual mutant was
considerably dwarfed, as previdysdescribed, and had much rounder leaves than a wildtype
plant, with a paler green colour, suggesting lower chlorophyll content.dtia2 mutant has

also been described as dwarf, though under our growth conditions dwarfing compared@o Col
varied, with aily a subtle size reduction in many cases. It also had relatively longer petioles

and a more irregular leaf surface topography.

3.2.3.2 MicroCT imaging

The disrupted mesophyll phenotype of tiggasimodolines was confirmed and quantified by
microCT imagingF{gure 3.8-A). MicroCT (micro computed tomography) is anay based
technique thatmeasures sample density, allowing airspaces and cellular material to be easily
distinguished, and thereby providing insights into the amount and distribution of airspace
within leaves(Pajor et al. 2013)This revealed a significant increase in porosity in lupth
mutants fFigure3.8-B). Interestingly, this change in porosity was distributed differently in the
two mutants. While both showed some increase in palisade porosity, qogl was
signifiantly more porous than Cdl in this tissueKigure3.8-D). In the spongy mesophyjual

was barely more porous than G| whereasqua2 was significatly more porous than both
other lines Figure3.8-E). The porosity increase mua2 manifested itself as a shift to fewer,
larger air channels, whilgualhad fewer channels still, but a very similar channel size té)Col
(Figure3.8-F,G. There was a smabkignificant difference in thickness between the twaoa

lines Eigure3.8-0), which could be one factor in the enhanced rates of photosynthesjgag

(below).

The exposed surface area of mesophyll cells to the intercellular space is considered an
important factor regulating the pential for CQ uptake, but this factor was largely unaffected

by the changes in cellular organisation in theamutants, with the only statistically significant
difference from CaeD being a slight elevation in thqual overall andpalisade mesophyll
surface area(Figure 3.9-AB). There wereno significant differences in spongy mesophyll

exposed surface area between any of the liflegure3.9-O).

3.2.3.3 Gas exchange analysis and stomatal characteristics
The structural imaging was paired with gas exchange analysis to examine the physiological

performance of these plants. The fragile nature of theal mutant made it challenging to
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apply the leaf clamp without damage to the plagualwas less able than CG0lto assimilate

CQ across a range of GOoncentrations ftigure3.10-A) or under high light Eigure3.10-B).
Despite elevated stomatal demgi(Figure3.11-A), qual stomatal conductance (gwas a little
lower than wildtype (though also more variable), except at high(l€af internal C®
concentratior), perhaps suggesting a smaller dynamic range for stomatal movefdata not
shown) Higher stomatal density was not simply due to the dwarf mutant having smaller cells,
as the stomatal index was also elevaig&igure3.11-B). It is unclear how the cell wall defects
reported in qual would cause a change in stomatal patterning; perhaps it could be a

compensatory developmental response tg to overcome compromised gas exchange.

In contrast, thequa2 mutant consistently outperformed GOl under all C® conditions
(elevated Vnax the maximum rate of carboxylatiomnd A, the maximum assimilation under
saturating Cg Figure3.10-A), and matched the Cdl response to changes in incideight
(Figure 3.10-B). The measured sgof the qua2 mutant was the same as G0l under all
conditions tested(data not shown)and stomatal density was also the same as0Qligure
3.11-A), suggesting that the improvement in assimilation was not related to any stomatal
change. Stomatal index was slightly elevated, indicating an increase in stomata relative to
other epidermalcells, but this would not be expected to alter photosynthesis on aapea

basis Figure3.11-B).

We were unable to obtain reliable data @ual stomatal CQ responseusing the bioassay
method due to the difficulty in peeling strips of epidermis from these fragile leaves. Attempts
at qua2bioassays have provided quite variabdsults but do not suggest a strikingly aberrant

stomatal opening or closinresponse (data not shown).

3.2.3.4 Immunolabelling

We took an immunolabelling approach to see if any qualitative change in pectin epitope
distribution could be detected in theua2 pectin biosynthesis mutant. We found no visible
change in the binding pattern dfie antipectin mAbs that we examinedrigure3.12). This is
consistent with published data that found a reduction in HG quantity rather than in the pattern
or degree of methylesterification in extracted wall matei(iglouille et al. 2007; Bouton et al.
2002)
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Col0 arp3

qual qua2

Figure3.7: Col0, qual, qua2andarp3 growth oncompost

The qua mutants have been described as dwarf. This phenotype was most obviapsin
whereas under our growth conditions dwarfing qQfia2 was more variableand never as
extreme as qual Thearp3 mutant grew to a similar size to G0lbut had broader leaves
MeasurementqCQ and lightresponsecurves followed by microCT scamgre taken on the
largest leaves at 382days after germinations. Thesmdgeswere captured 42 dgs after
germination. Pots are 60%6nm.
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Figure3.8: Porosity ofCol0, arp3, qualandqua2leaves

(A) Representative 3e2nderings of microCT image data for e@téint line. Samples represer
the regions used for quantitative analysis (1.1AwniNote these renderings were generate
by Dr Andrew Mathersat the Hounsfield Facility, University of Nottingham

(B) Leaf porosit the proportion of the leaf volume occupied by airspad#fered significantly
between lines (Onevay ANOVA, £14=7.34, P=0.003).

(C) There were only slight differences in leaf thickness between lines, with a sigraficant
different betweenqualandqua2(Oneway ANOVA, §474.36, P=0.023).

(D) qual had significantly higher palisade mesophyll porosity thanQCalith other lines
intermediate (Onewvay ANOVA, £1474.10, P=0.028).

(E) qua2 had significantly higher spongy mesophyll porositarihall other lines (Oneay

ANOVA, k14=7.02, P=0.004).

(F) The averaggqua2 air channel diameter was greater than that af other lines (Onevay

ANOVA, £14=6.03, P=0.007).

(G) The pattern of differences in the density of air channels in the leaf was the opposite
pattern in channel size, with a significant difference between epcdimutant and CoeD (One

way ANOVA, §,=5.77, P=0.009).

These data are derived from ionoCT images from 1.1nfmleaf regions.All error bars
represent the standard error of the meaiN=5except forarp3 where N=3. Letters indicat
groups of lines that are not significantly different from one another according to the hpms
Tukey test (p<@5).
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Figure3.9: Mesophyll surface area exposed to airspaiceCot0, arp3, qualandqua2leaves

(A)qualhad a significantly greater exposed mesophyll setfacearea than Ce0D, with the
other lines intermediate between these (Omay ANOVA, £4=5.91, P=0.008).

For separatepalisade and sponglayer analysesthe total perimeter of airspace isingle
representative Bces was compared.

(B) The perimeter othannelsn the gualpalisade tissue was significantly greater than tha
Col0 andqua2(Oneway ANOVA, £14~=11.85, P=0.0004).

(C) There were no siditiant differences in exposed surface area in the spongy meso
(Oneway ANOVA, F14=1.21, P=0.343).

These data are derived from microCT images from 1Arwaf regions.All error bars
represent the standard error of the mealN=5except forarp3where N=3

Letters indicate groups of lines that are not significantly different from one another acco
to the posthoc Tukey test (p<0.05).
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Figure3.10: CQ andlight response curvesf Col0, arp3, qualandqua2

(A) Thequal plants had a reduced rate of photosynthesis at all values ;pi@ conversely
qua2 had increased photosynthetic ratearp3 responded tochanges inCQ concentration
similarly to CaeD. ForCQ responsecurves N=4 for Cdl andarp3, and N=5 for bothqua
mutants.

(B)qualhad reduced maximum photosynthetic rate under saturating lighp3 plateaued at
a lower photosynthetic rate than GOl but not as low agual qua2behaved very similarly tc
wildtype. For light curves, N=2 except fjualwhere N=3.

All error bars represent the standard error of the mean
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Figure3.11: Stomatal density and index dfol0, qual, qua 2and arp3leaves

(A) Stomatal densityliffered between lines (Onraay ANOVA, £,0=3.91, P=0.024), thoug
only thequalandquaZ2lines showed a significant difference in the pbst test (p<0.05).

(B) Stomatal indexshowed more significanvariation between lines than stomatal densit
(Oneway ANOVA, #£=13.56, P<0.0001). The pdsic test showed thatqual was
significantly different to each of the other lines (p<0.05).

N=6 for all lines. Stomatal and epidermal cell counts were conductethe abaxial leai
surface onlyAll error bars represent the standard errortbe mean Letters indicate groups o
lines that are not significantly different from one another according to the bost Tukey tesi
(p<0.05).
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Figure3.12: qua2 anti-HGimmunolabelling
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Immunolabelling of thequa2 mutant with JIM7, LM19 and LM20 aftiG mAbgevealedno

cleardifferences compared to GOl plants although in this experiment both thgua2 mutant

and the CaD control showed less binding of LM20 compared to previous observations-o
0. The samples appear different thicknesses, in contrast to the comparison by microC
could be due to leavesf less comparable sizes being selected embedding given the
notable variation inqua2 growth. Scale bars represer@um. (Note: immunolabelling of the
gua2mutant was carried out by Alexandros Phokas).
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3.2.4 Characterisation of arp3, aputative pectin localisation mutant

3.2.4.1 Growth on compost and microCT imaging

We obtained a mutant line in thARR gene, which we grew for five weeks on compost. The
arp3 plants grew to a similar overall size to ©Oplbut had a greater leaf width to lengthatio
under our growth conditionsKigure3.7). MicroCT scanning revealed that this mutant did not
differ significantly from wildtype overall, or insitspongy or palisade layer, in any of the

parameters measured-{gure3.8, Figure3.9).

3.2.4.2 Gas exchange analysis and stomatal characteristics

Our gas exchange analysis showed tlp3 mutants responded tochanges inCQ
concentrationsimilarly to CeD (Figure3.10-A) but appeared unable to utilise high levels of
light as fully Figure3.10-B). Examining the changes in stomatal conductance over the course
of the light curve revealed that tharp3 mutant had lower stomatal conductance at high light
compared to wildtype (data nathown). Over the course of the & curve,arp3 conductance
was slightly lower than Cdl, with both converging at the very highest L&@ncentrations
(data not shown). Critically, tharp3 stomatal conductance at ambient €Qhe condition
under which tke light curve was performed) was reduced, suggesting that the lower light
saturated assimilation value observed was due to, Gitation. This suggests tharp3

stomata respond differently to G@oncentration changes compared to €ol

We further invesigated thearp3 stomatal C@Qresponse phenotype by performing a bioassay
on epidermal peelsRigure3.13-A). Tresedata supported the ideghat the reduced stomatal
conductance at ambient G@bserved in the LICOR experimemuld bedue to a reduced
stomatal aperture under these conditionsalthough the observed difference was not
statistically significantThearp3 stomata also seemed toave a greater maximum aperture
under low C@conditions indeed the only statistically significant difference in the data set was
betweenarp3 stomata under ambient and low G@eatments This experiment needs to be
repeated with a greater sample sizedtatistically confirm the patterns observeBven before
measuring the dimensions of the stomata, the shape change in this mutant was strikingly
different to Col0, with many stomata appearing extremely bowed outwards when induced to

open by low C@levels(Figure3.13-B).

Stomatal density and index cties revealedo significant difference iarp3 density or index

compared to Ce0 (Figure3.11-A,B).
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3.2.4.3 Immunolabelling

We investigated the effect of thearp3 mutation on pectin epitope patterns using an
immunolabelling approach. Theath suggested that therp3 mutant may haveless of the
LM20 epitope(highly methylesterified HG), usually obsenatdeinforcing zoneat mesophyll
airspace cornerssompared toCol0 (Figure3.14). Previous data from stem tissue suggested
that the levels of demethylesterified pectin are reduced (Firas Bou Daher, unpublished data)
but we did not see a clear change in LM19 or JIM7 binding in thebsdetions Some large
areas of signal were detected with all three aAts mAbs at the epidermis, perhaps suggesting
a defect in cuticle formation, or possibly related to the previously reported misshapen (less

lobed) epidermal cell phenotypii et al. 2003)
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Figure3.13: arp3 CQ response bioassay

(A) The stomata of tharp3 mutant were less open than those of @blunder ambient CO
and attained a greater maximum openingnder low CQ@ Statistical tests confirmed

significant effect of CQOtreatment and a significant interaction between C@eatment and
genotype, butdid not detect the differences between the lingSwoway ANOVA: Gerype

F1=1.01 P=0324; CQ treatment k»=31.93, P<0.001; Interaction4=3.83, P=0.33). Planned
posthoc Tukey tests confirmed a significant different betwesp3 low and ambient CO
treatments only (P<0.001).

(B) Representative images of @ohndarp3 stomata in epidermal peels exposed to the Ic
CQ treatment in the bioassay. The stomataap3had a distinctive, bulging shapBcale bars
represent ®um. (Note: these bioassays were carried out by Sarah Carroll)
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Figure3.14: arp3 anti-HGimmunolabelling
Immunolabelling suggested that the HG distribution of #3 mutant is similar to that ol

Col0, although less LM20 signal was detected in this mutami3 appears to have some larg
pectin deposits at the epidermis that are not observed in@@&cale bars represeBOum.
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3.3 Discussion

In this chapter we aimed ot find and characterise mutants with altered pectin
methylesterification levels or a change in total pectin. We hypothesised that altered
expression of genes encoding these activities would lead to alterations in leaf cellular

architecture, and that thign turn would affect the physiology of the leaves.

3.3.1 Altering PME activity in muro
We took a dual approach to try to downregulate pectin demethylesterificafiormurq
generatingPMEloverexpression lines and investigating insertional mutant8NMEgenes.We

used an immunolabellinrbased screening approach to identify mutants of interest.

ThePMEllines that we generatedinder thepCAl promoter had no effect on the localisation

of pectin epitopes as reported by the JIM7, LM19 and LM20 mAbs. This coulé be f@ilure

of the lines to reduce PME activity, or could simply indicate that any increase in methyl pectin
was not of sufficient magnitude to cause a detectable change in epitope pattern. As other
more promising mutants were emerging for analysis, egpi@n checks were not pursued at
the RNA or protein level, though previous successful expression of theAtR#IEIcoding
sequences under the 35S promoter suggest that any differences in our lines may be due to the
pCal promoter acting less stronglifurthermore, the 35S::PMEI lines previously reported
showed only a 16% elevation in pectin metsikrificdion in extracted cell wall material and

no obvious effects on gross phenotype other than an increase in root length; it is possible that
these mutaris would also show no striking change in the localisation pattern of pectin

epitopes(Lionetti et al. 2007)

While high expression of a gene is not necessarily indicative of high activity, we were
successful in discovering a dramatic decrease in LM19 epitope level pmig@mesophyll on

this basis. PME3 interacts withe PMEI1 and PMEI2 proteins overexpressed in our transgenic
lines, providing further evidence that the transgenic PMEI overexpression lines that we
generated have a farom-comprehensive effect on reducing PME activity as they do not
recapitulate the pme3 LM1%labelling phenotype (Lionetti et al. 2007) Reduced
demethylesterified pectin content (reported by Pam1l antibody signal) has been observed in
pme3wall extract, and this was related to a reduction in cell adhesion which improved the
efficiency of mesophyll protoplastin@ionetti et al. 2014)Raiola et al(2011)measured a 40%
increase in pectin methgsterificaion in pme3wall extracts, and also showed an increase in
both Paml1 and JIM5 antibody binding in immunodot assays. It would be informative to see
whether JIM5 and Pamlabelling ¢ pme3leaf sections showed a spatial element, in addition

to the reported change in abundance of these epitopes, relative teDCAlfurther study using

Paml as a proxy for pectin methgterificaion in wall extracts showed thaPaml leved in
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pme3wall extracts vere well within observed natural variation among Arabidopsis accessions,
althoughqua?2 also included in the study, showed Pam1 levels below even the most extreme
natural variantgFrancocci et al. 2013pome of the natural variants identified Byancoccet

al. (2013)might make useful additions to our mutant collection for investigating the effect of
the cell wall on leaf cellular architecture, although it might be difficult to disentangle any
pectin methylesterification effects from other possible varied aspects of their phenotypes.
Overall these data suggesthat future investigation of thepme3 cellular architecture may

reveal reduced adhesion and thus altered airspace in the leaf.

While our immunolabeiihg approach did not show changes in the distribution of different
pectin epitopes imgua2 mutant walls,alterations in the quantity of pectin in thgua mutants

are well established in the literature, and there is some unpublished evidence of cell wall
differences in thearp3 mutant (Firas Bou Daher, unpublished data), though more detailed
characterisation of these changes would be valuable. Our immunolabellirmgp8fleaves
suggested reduction in highly methylesterified HG, which localises to airspaaeers inCot

0 plants. This result was in contrast (though not necessarily contradictory) to the previous,
unpublished observations, which suggested an effeatt the arp3 mutation on

demethylesterified HGevels

A suite of mutants that vary in either their pectin quality (gpgne3d or pectin quantity (e.g.
the quag provides a useful tool for investigating the relative importance of these two factors.
Existing evidence in the literature suggests that either carchtical, independently of the
other, depending on the context. For examBethkeet al. (2014) report that changes in
pectin quality inpme41lmutant plants are detrimental to pathogen defence, whereas changes
in total pectin had no effect on resistance. In contrd3aher & Braybrook2015)point to the

qua2reduced cell adhesion phenotype as an example of the importance of overall pectin level.

3.3.2 Investigating the mesophyll cellular architecture of cell wall mutants
While the structure of the pme3 mutant has not yet been analysed by microCT, thm

mutants andarp3were investigated in detail.

We did not find evidence for reduced mesophyll cell adhesion in aE8 mutant. Cell
detachment has been reported in the hypocotylofitants in ARP2/3 complex gen@dathur

et al. 2003)but other tissues studied have normal ceflreesion in these mutantsNo aberrant

cell separation has been reported in tlaep3 leaf epidermis, but it does display distorted
trichomes and reduced labg of epidermal pavementells. Although we showed that the
mesophyll structure is not unusual with respect to its airspace distribution, it would be

interesting to examine mesophyll cell shapes to see if they too are more regular in their 3D
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outline. MicroCT imaging is unable tdistinguish individual cell outlines, so a confocal

microscopy approach would be a more appropriate method for testingdieis

The two pectin biosynthesis mutantgqual and qua2 both showed an increased porosity
relative to CoD, consistent with pubshed evidence that they have reduced cell adhesion.
qua2 showed the more extreme porosity increase, which may relate to the greater HG
reduction in this line (50% HG reductionqua2 (Mouille et al. 2007)25% HG reduction in
qual(Orfila et al. 2005) Mouille et al.(2007)note that the phenotypes ofjualandqua2are
similar in a number of respects including dwarf stature, reduced cell adhasidmeduced
GalA (galacturonic acidcontent, although the enzymes that they encode have different
activities in the pectinbiosynthesis pathway While we selected these mutants for
characterisation based orboth their altered pectin andtheir reduced cell adhesion
phenotypes, it remains unclear whether one of these factors directly causes the other, or
whether other pectinbased changes in cell wall properties are responsible for the differences
in cellular architecture that we observedaher & Braybrook(2015) suggest that these
mutants are affeatd in the pectin of the middle lamella, directly interfering with adhesion, but
Vergeret al. (2016)recently provided evidence thahe situation is more complex: in a double
mutant of qua2 and esmdl(an ofucosyhransferase), normal cell adhesion was restored but
HG remained at the reduced level typicalgpfa2 Altered flexibility and extensibility of the
primary wall(Ralet et al. 20083nd even altered cell division patter(Srank et al. 2002)ould

additionally or alternatively play a role in setting leaf architecture.

3.3.3 Do changes in the cell wall lead to changes in physiology via an effect on
mesophyll cellular architecture?
Given tte lack of an aberrant cellular architecture phenotype in #np3 mutant, we did not
necessarily expect to find differences in its physiological performance, and indeedGhe
response curve showed no difference from -GolHowever, a reduction in the maximum
assimilation rate under high light at ambient £@d us to observe that tharp3 stomata
behave differently from those of GOl both in that they are less open under aiett CQ, and
they open wider at low COconcentrations The importance of the actin cytoskeleton in
stomatal movement has long been recogniggdlkmann & Baluska 1999; Kim et al. 1989%]
more recent work has demonstrated a specific role for the ARP2/3 confpieat al. 2013;
Jiang et al. 2012Previous assays of stomatal movermanarp2 and arp3 mutants have used
light or ABA(abscisic acidp stimulate shape change, whereas we were able to demonstrate a
response to COboth in epidermal peels and in live plants. Furthermore, these studies focus
on aberrant vacuolar fusion betimur in the mutant§Gao et al. 2009)and potential cell wall

effects have not been investigated. Ounioservationthat the arp3 stomataare able toopen
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wider seems likely to relate to a difference in the cell wall, possibdyaltered pectin

composition.

Thequaland qua2 mutants both showed significant differences in their physiology, although
the increase in porosity in these mutants could notthe driver of physiological cihae in

both cases since the mutatiot®d opposite effect®n photosynthesiselative to Col0. There

are many possible explanations for the compromised performaricpial Some of these are
visually obvious, such as the dwarf stature of the plants, the fragile nature of the leaves when
handled, and the pale leaf colour. The literature revealsers, such as disrupted vascular
tissue due to a decrease in xylagnthase advity (Orfila et al. 2005)Given tke range of
reported and observed defects gual, the poor physiological performance of this mutant is

unsurprising.

The qua2 mutant is the more interesting of the two in the context of our study because the
reason for its enhanced ability to assimilat®,@ not immediately obviouther recent work

from our lab successfully demonstrated a link between cell cycle gene misexpression, leaf
cellular architecture and ledével photosynthesiglLehmeier et al. 2017)One line was
identified in which reduced porosity led improved photosynthesis through a combination of
increased density of photosynthetic tissue and increased mesophyll conductance {(g.LO

In contrast, qua2 has increased leaf porosity but an increase assimilation; is this
physiological change due the changes we observed in cellular architecture, or despite them?
Thequa2line showed no significant difference in the surface area of mesophyll cells available
for CQ uptake, so given that this factor is unchanged, perhaps the larger airspaces improve
gas exchange by assisting the bulk flow of gasses through thélgmafi; untested possibilities
include an improvement in light attenuation properties, though this wolédsurprising in a
more porous leaf, or a change in the amount of chlorophyll and/or rubiddarther intriguing
possibility is that the changes in pectin structure reduce the resistance of the cell walbto CO
diffusion @.a)(Evans et al. 2009We have not yet compared the biomass or seed yield of the
qua2 plant to Col0, but this would be an interesting line of enquiry; presumably the higher
pectin content in the wildtype, and linked cost to assimilation, is driven by the dwarf
phenotype, conferring a greater reduction in productivity and thereby fithess at the whole

plant level.

To date only one study has been published linking changes in cell wall pectin to alterations in
cellular architecture and photosynthesi/eraduwageet al. (2016) characterised previously
described mutants that misexpress€&RG(cotton-related golgi) gene¢Kim et al. 2015)An
increased degree of pectin metlegterificdion (CGROX2 overexpression) was found to

correlate with increased airspace, decreased cell density, and increased biomass, and vice
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versa. Both lines had lower levels of photosynthesis tharD@uol an area basis, but expression

on a volume basis may haweade for a more useful comparison as the knockout mutant was
much thinner, and this effect was therefore difficult to disentangle from the reported increase
in gn. LikeQUA2, the CRGgenes are predicted to encode methyltransferases, but in contrast to
qua2, this leads to a detectable change in the degree of pectin meshstificaion in the
mutant cell walls. This once again raises the question of the relative importance of the
amount of pectin versus quality of the pectin in terms of its pattern andlegree of methyl
esterification. Since mutants in both of these gene groups affect leaf cellular architecture and
photosynthesis, we can conclude that both the quality and quantity of pectin in the leaf are

important for normal mesophyll development.

3.3.4 Conclusions and future work

The work described in this chapter prov&daew insights into the cellular structure and
function of the widely studiedjua2 mutant. These data provide a valuable addition to the
small but growing body of knowledge relating ceddll properties to leaf physiology via
changes in cellular architecture, and demonstrate that, in addition to the importance of the
degree of pectin methgsterificdion (Weraduwage et al2016) the quantity of HG also
affects leaf structure and function. Further experiments are required to explain the enhanced
assimilation iqua2mutant leaves. While tharp3actin nucleation mutant was not unusual in

its mesophyll structure, our re#is did suggest a previously overlooked role for the cell wall in
its aberrant stomatal COresponse phenotype. Specific changes in the guard cell wall
composition are yet to be defined for this mutant, but if proven would provide a novel aspect
to ongoingresearch relating guard cell wall structure to stomatal function. Finally, we confirm
that the previously described reduction idemethylesterified pectin in pme3 mutant wall
extractscorresponds to a complete los$ the epitope recognised by tHeM19mAb in the leaf
mesophyll. Characterisation of this mutant using the same approach that we adopted for the
other mutants described in this chapter will help to further our understanding of the

interaction between pectin in the cell wall, mesophyll structuard leaflevel physiology.
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Chapter 4 The role of the cell wall In
stomatal development and
function

4.1 Introduction

Stomata are pores on the surface of plant organs, most notably on the leaves, that allow
gasses to move between the external environmentd athe interellular airspaces. The
development and the dynamic movement abmiata allow regulaion of gas exchangen
different timescales the density of stomata is determined during leaf development in
response to the environment (se€hapter 9, and shorteiterm environmental response is
achieved through modulation athe stomatal aperture. Each stomate comprises a pair of
guard cellsderived from thedivison of one guard mother cell The middle portion of the
dividing wall thickens and separates to create the p@hao & Sack 199®igured.l). Guad

cells musthave special cell wall structural propertiesaohieve local separation of the cell wall

at the pore while maintaining contact at the guard cell tips, andfdoilitate repeated
movements In this chapter we seek to identify components oé thell wall that may be
involved in the differentiation of guard cells, and in maintaining adhesion between the guard

cell pair in the long term.

4.1.1 Stomatal function

Adjustment of stomatal aperture allows optimisation of stomatal conductance, balatioéng
uptake of C@for photosynthesis with the loss of water by transpirati@tomata are able to
respond to a wide range of environmental cues to achieve this, including temperature,
humidity, light quality and quantity, and atmospheric £@tomatal conductance is also
influenced by the circadian rhythm of the plant and other endogenous signals, includihg Ca
signalling and the concentration of the growth hormone ABBscisic acid)Assmann & Jegla
2016) Stomatal movement is driven by modulation of the turgor pressure within the guard
cells. Changes in guard cell water potential, causetkdistribution of cations, leatb water
influx or effux, which respectively increase decrease the cell volume, thereby distorting the
shape(Franks et al. 2001)
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Figure4.1: Key stomatal dimensions

Changes in stomatal pore area are calculated from measuremeriteedéngth and width of
the pore (s2e Materials and Methods)lhis isnormaliseal for differences in stomatal size k
dividing by the stomatal complex area, which is calculated in the sameWyefer to the

adheredguard cell walls on either side of the pore as the tip walls.

4.1.2 Stomatal cell walls

Once a cell has beedetermined as a guad mother cell (seeChapter 5for stomatal
patterning) it must divide and differentiate to form a pair of specialised guard cells.
Developmentof a functional stomatal pore relies on highly controlled cell separation. The
middle lamella between the two guard cells must be largely broken down, but at the tip walls
it must remain intact.Despite the clear importance of this stage of stomatal dewelent,

nothing is known about the components of the cell wall that facilitate the change.

Other aspects of the stomatal cell wall have received a little more attention, particularly those
involved in the dynamic stomatal shape changes that allow rapidsanditive environmental
response. The importance of the radial arrangement of cellulose microfibrils has long been
recognised, and the pectic polymers arabinan and homogalacturonan (HG) have also both
been implicated in stomatal movement by modulationcefl wallflexibility (Jones et al. 2003;
Amsbury et al. 2016)Guard cell walls are asymmetrically thickened, with the thicker inner wall
around the pore This has long been thought tmntribute to forcing the guard cells to bow
outwards when turgor pressure increasesbut recent modelling work challenges this

assumption(Carter et al. 2017)Furthermore, the waxy, hydrophobic cutictn the leaf
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surface protrudes over the stomatal pore, forming a structure called the cuticular ledge. This
may be involved in preventing pathogens and/or water droplets from entering through the
a02YrFadFsT FyR AYy WaSlf Ay 3 oseditmeveativatef losik et ab K Sy
2007)

One unusual feature aftomatal cells is that they are not connected to rstomatal cells by
plasmodesmataThese channels cross most plant cell walls to provide symplasti¢iraaity
between cdls. The two guard cells ar¢hought to be synplastically connected by
plasmodesmata in the tip wallsvhich may be important for balanced, symmetrical stomatal
shape chage, but the stomata are syphastically isolated from other neighbouring cells

(Willmer & Sexton 1979)

4.1.3 Aims

In this chapter we seek to identify cell wall componentattimay play a role idetermining the
appropriate pattern ofadhesionand separationbetween the stomatal guard cells. Using
enzyme treatments and genetic approaches, we investigate the effects of removal of specific

cell wall components on stomatal €@sponse and mechanical properties.
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4.2 Results

4.2.1 ldentifying cell wall components potentially regulating guard cell adhesion

Previous work in ouresearch grougocussed on identifying cell wall components with a role

in guard cell flexibilityAs inthe mesoplyll cell wall project (se€hapter 2, this investigation
began with an immunological screen of transverse sections of Arabidopsis leafusiaga

panel of monoclonal antibodies (mAb&msbury et al. 20165tomata are easy to locate in the
transverse view, and the thickened inner wall around the pore is clearly visible. However, from
this viewing angleit is almost impossibl¢o locate the adhered tip wall@Figure4.1) and to
compare them with the separated walls around the pore. We repeated asetulof the
immunological screen on paradermal sections of stomata as only the binding ¢4@ntiAbs
JIM7, LM19 and LM20 had previousBenexamined in this orientation.

Smilarly to the original screenwe found thatmany of the antibodies tested did not bind to

any region of the stomatal cell wallgble 4-1). As we preiously reported(Amsbury et al.
2016) JIM7 bound throughout the guard cell and epidermal pavement cell walls, while LM20
was excluded from stomata and LM19 was localised to the ends and tip walls but absent from
the walls of the poreperture (Figure4.2). Other antipectin mAbs also boundor exampleve
observed faint LM18 signal in a similar pattern to LM19 in some stofkta not shown).

Both of these mAbs bind subthifferent epitopes ofdemethylesterified HG.The LM6anti-
arabinan mAbgave a very weak signal all cell walls of the stomata but nah other

epidermal cellg¢data not shown)

Very little hemicellulose was tlcted in untreated sectiongust sparse, faint signal frofmoth
LM21(anti-mannan)and LM25anti-xyloglucan)not associated with angarticular cell type or
region figure4.3). Theanti-hemicellulosemAbs were testedurther on sections prédreated

with NaCQ followed either by no further treatment, CAbuffer treatment or pectate lyase
(PL) in CAPS buffer. Tha@Q@Q treatment causes dmethylesterification of pectin, confirmed

by a reduction in the JIM7 signal. It also revealeovhalevel ofLM15(anti-xyloglucankignal in
some young stomata, and weak LM25 binding throughout the walls. Thesteeification by
NaCQ allows the PL enzyme to access and degrade pectin, further unmasking the
hemicellulose element of the wall. The CAPS buffer treatment showed no difference tg NaCO
treatment done, other than a further reduction in JIM3ignal intensity PL treatmengreatly
increased theLM25 signal and slightly increased the signal from LM15 and LE42di-
xyloglucan) However, none of these antibodies bound in a pattern that suggested any role in

adhesion or separation along the boundary between guard cell pairs.
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Ore mADb that was not included in the original screen of transverse sections was aabode
antibody. Previous reports have implicated radial callose arrays in stomatal movement in some
species(Peterson et al. 1975; Apostolakos et al. 2018t instead we found that some
stomata had an abundance of callose in taheredtip wall (Figure4.4). (Note: initial labelling

with the anticallose mAb was carried out on sections of the Ler Arabidopsis ecotype).

Overall these immunolabelling results suggested thandthylesterified HG and callose were

both specifically localised to areas of the stomatal tip wall and were therefore candidates for a

role in adhesion between the guard cell pair.

Table 4-1: Antibodies for which ndinding was observed in the transverse and paraukr

sections of stomata

Antibody Binding specificity No guard celll No signal
signal observed
confirmed (paradermal)
(transverse)

2F4 Calcium cros$ined HG Y Y

LM5 (14) -D-galactan Y Y

LM8 Xylogalacturonan Only after PL Y (PL treatmen
treatment not tested)

LM9 Feruloylated(1,4)-manno Y Y

oligosaccharides

LM10 Xylan Y Y

LM11 Xylan Y Y

LM13 Linear (15)-" -L-arabinan Y Y

LM16 RGI associated processed arabinan | Y Y

LM12 Feruloylatedpolymers Some signal Y
observed

LM22 Mannan Y Y

LM14 Arabinogalactan proteins Some signal Y
observed

JIM16 Arabinogalactan proteins Y Y
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No mAb

JIM7

LM19

LM20

Figure4.2: Labellingstomata with antipectin mAbs

The JIM7, LM19 and LM20 mAbs bind to epidermali@estas we previously reporte
(Amsbury et al. 2016)JIM7 and LM19 bind tdemethylesterifiedpectin in the stomata
whereas LM20 is excluded from thestata, suggesting a lack of highly esterified pectin.
Blue images (left hand side) are calcofluor stained. Green images (right hand side) sh
secondary Ab signal in the same region ofdketion. Scale bars represer@n.
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Untreated Pectate lyas¢reated

No mAb

LM25

LM15

LM21

Figure4.3: Labelling stomata with anthemicellulose mAbs
In untreated sectiongleft hand side)little hemicellulose could be detected except sor

xyloglucan, indicated by the faint LM25 signal. Ortr@ated sections(right hand side)the
LM25, LM15 and LM21 epitopes were unmaskedleSzars represent @um.
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Calcofluor Anti-callose mAb

S N

Figure4.4: Tip walls contain callose

Stomata were labelled with an artallose mAb, which gave a strong signal at the tip wa
many stanata and in the new walls of divity guard mother cells. These seas are from the
Ler ecotype of Arabidopsis rather than the usual@diut we would not epect this to affect
the result and confirmed tip wall callose localisation in-Gakith aniline blue stainRigure
4.11). The bBue image (left hand sida$ calcofluor stained. Thea@en image (right hand side
showsthe secondary Ab signal in the same region ofgletion. Scale bars represer@2n.

4.2.2 Functional consequences of degrading specific cell wall components

4.2.2.1 Stomatal response to CQ

To investigate the functional significance of stomatal pectin and callose we conducted a
bioassaymeasuringstomatal response to G epidermal peels from enzyngigeged leaves

of four-week old,compostgrown Col0 Arabidopsis plantd={gure4.5-A). Leaf samples were
treated for four hours with polygalacturonase (G 2(IN3)-D-glucanase to remove pectin or
callose respectively from the cell walls. Control samples were treated with asglis a

general cell wall degrading treatment, or with the buffer in which the enzymes were diluted.

Buffertreated controlsexhibited the same behaviour that we had previously observed in
untreated Col0 stomata, significantly increasing or decreasing their stomatal aperture under
low or high C@respectively. The cellsatreated samples were still able to show the same
pattern of response to CQbut the stomata were more closed than the buffer control at each
CQ level possibly due to reduced ability of the damaged walls to withstand and recover from
changes in turgor pressurd’Gtreated samples showed a very small poresarunder all
conditions althoughinterestingly a small opening response was still observed under loyw CO
The closing response seemed to be entilelst, but stomata werealreadyessentially closed

under ambient conditions. -(1,3)-D-glucanasereated somatal apertures were the same as
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