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Summary

Climate changwvill drive substantial changes in watersaurcesand usa across the worldwhile
population growth changing dietary preferencesd biofuel useavill require greatergriculturaloutput.
Yetfarmlandis not likely to increasehereforeyields must riseEpisodes of drought arising from an
increasngly-unstable climatewill alsobecome more frequent, severe and persistefis a resultyvater
use in agricultural productiomust be managetioth where water availability appears satisfactory and
where water stress exist&inding ovel phenotypes whichlendhigh yieldand parsimoniousvater use
could help waterefficient production and wo approachesvere consideredor the major cereal crop,

barley.

drcadian clocknutantsintrogressed into the elite variepBowman were interrogated for their

stomatal anatomical and physiological performance in relation to water Urs¢he short-term, Bowman

A& gspealedlater, and WUEearlierin the day than mutantsinder steadystate light although

dynamic responses to fluctuating light were not affected aBiestate performance did nadrise from
anatomical causesand were mordikely tohave afunctionalcause, wherdowman was sirtkmited

while clock mutants were sourdanited. Drought of increasing severity was introduced to the clock
mutants, and a mehanistic explanation of patterns of water use was sought in the production of the
chloroplastnuclear signalling molecule, phosphdenosine phosphate (PAPYAP concentration tends

to be elevated in clock mutants compared to Bowman, and is eliciteddagtit stress. Clock mutants
have better WUHInder drought than Bowman, and are more responsive to fluctuations in light, leading

to improved relative yield.

The water-useefficiency of a selection of wild barleys and landraces va¢ge characterised rativeto
elite varieties Stomatal anatomy was linked ¢, Aand WUE Wild barleys and landraces sometimes
produced better yield componentsuch as tilleringthan elite varieties despitéackingtargeted

breeding Meanwhile, phenotypic responses ofetlwild barleys were compared with the drought
tolerant variety, Bowmajunder water stress conditions at germination and at tillering. Drought is an
extreme form of WUHKisk, and water stress initiatka rangebehaviours in wild barleys that ranged
between conservative and noronservativebut were seldom cleacut in their overall phenotype.
Drought affectsstomatal densityandsizewhen initiated early in developmen®Bhysiological responses
were moreimportant at tillering Tiller number, leaf area argtowth stageeffectivelydifferentiated

between varieties, and all are valuable yield components that could be targeted by breeders
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Chapter lintroduction to the physiology and anatomy of wild and
clock mutantbarleys, and their relationship to drought.

1.1. General Introduction

Climate change is the lens through which all discussions of future environmental behaviour must be
seen(IPCC, 2014ut there are other factors that are also important to human flohiig. There are
around 7.2 billion people on earth at present, with that population expected to rise to 9.6 billion by
2050(McGuire, 2013)Population growth is just orglement of changing demand for food.
Replacement of fossil fuels with biofuels and changing dietary preferences also have a pari{fopray
et al., 2006) along with rising urbanisatiofones and Kandel, 1992he consequence is that more land
is probably not going to be made available for farming, so crop productivity will have to risenwith a
urgent requirement for a doubling of yields by 20y et al., 2013A small number of monocots are
responsible for the vast majority of all calories consumed glokallye, wheat and maize are staples for

80% of humanityMaclean et al., 2013)

Population pressures aside, climate change in itsegmés a number of additional threats that may
interact with human and plant behaviour. Rising.€@ncentrations ([C&) along with other

greenhouse gases are expected to lead to higher global mean surface tempe #€€es 2014and
recent months lave witnessed a slew of reports highlighting the critical decision points now faced by
politicians and the risks of inactigMoore et al., 2019, Watts et al., 2018)ot only are mean
temperatures expected to risdout climate extremes are becoming mezemmon, with heat waves,
droughts and extreme precipitation events expected to occur more frequently, for longer and with
greater severit(IPCC, 2014 Although there is a fertilisation effect of higher atmospib [CQ]

(Ainsworth and Long, 2005, Leakey, 20@8lping plants deliver higher yields, there are secondary
countervailing effects on ambient and leaf temperature and water use / availability which tend to

reducethe positive impact of fertilisatio(Hatfield et al., 2011, Cai et al., 2016)



One critical manner in which plants are linked with water us through evapotranspiratimprocess

by which liquid water enters #hgas phase either from the soil (evaporation) or from plants
(transpiration). The impact on climate change on evapotranspiration is of grave imporGrezger
evapotranspiratiorowing to higher temperaturewill lead to lower soil moistureontent there is a link
between stomatal conductance in the leaves and hydraulic conductance in the stem mediated by water
potential as well as direct evaporation from the g@ihsamaa et al., 200XJeteris paribushigher
temperatures will have a negative effect on yield, even with greater transpiration through the direct
thermal danage as well as the reduction in water availability in the (stdkfield and Prueger, 2015)

One of the key determinants of the rate of transpiration is the numbize and position of stomata,

small pores on plant external surfadg$etherington and Woodward, 2003)

1.1.1 Evolution development and morpholoqgy of stomata

Stomata are microscopic pores on the aerial surfaces of plants, primarily leaves, that are the nexus
between the internal (leaf) spaces and thelk atmosphergHetherington and Woodward, 20Q3)
{d2YLa4GF 1OG Fa @Fto@dSasz ol tifofddtbtgohy itktBe negdtoy G Q& N
maintain high internal water potential and manage water loss via trangpirgMorison et al., 2008)
Stomatahave been estimated to have evolvatbund 410 million years agalong with a waterproof
cuticle, and may be important in themergence of vascular planfdetherington and Woodward, 2003,
Edwards et al., 1998Jhe general morphologgf stomata has remainedssentially unchanged since
then (Beerling and Woodward, 199T7jitially, stomata were surrounded by a pair of guard cells, but
more recent evolution has included the development of subsidiary (tle/ards et al., 1998yvhich
allow rapid shuttling of solutes with guard cells for the adjustment of osmaésgure and thus
stomatal pore sizéFranks and Farquhar, 2008}ill more recently (about 500 million years ago) the
grasses evolved a distinctive dumbbstlaped stoma which facilitated stitiore rapid responses to
changing environmentalonditions(Schafer et al., 2018Jhat the stomatal complex of guard cells and

subsidiary cells is evolutionarily conserved suggests its usefulness in fine, rapid control of stomatal

2



aperture(Bertolino et al., 2019with dumbbelishaped guard cellsaving rapid stomatal responses
owing to their high surface are@-volume ratio(Hetherington and Woodward, 200B8ermitting faster

osmotic shuttlingFranks and Farquhar, 2007)

<
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Figure 1.1The variety of sizes, densities and morphologiéstomata Kidney-shaped guarétells in AArabidopss
thalianaand B)Phaseolus vulgari©umbbelshaped guard with subsidiary cells inGByza sativaand D)Triticum
aestivumd { OFf S 2F mn >Y®d wSLINBRdzZOSR FNRY . SNI2fAy2 Si

From a developmental perspective, the patterning of stomata on the epidermis is under tight genetic
control (Dow and Bergmann, 20143rass leaves grow in a polarised fashion frombaaé at the
meristemto tip, with the epidermis consisting of longitudinal files of cells, in some of which are
regularlyspaced stomatdFig. 1.1)the developmental stage of the epidermal cells as a whole is of
young cells at the base and mature cells at thg@poxdale, 2000)Six stages have been identified in
the development of stomata inrgssegHepworth et al., 2018)Undifferentiated cells proliferate in files
at the base of the developing leaf, and alternate cells enter the stomatal development pathway
(Hepworth et al., 2018)Protodermal cells that adjoiguard mother cells divide asymmetrically to
produce subsidiary cells which then mature, while the guard mother cells divide symmetrically to form
guard cells proper by elongation and maturati@ergmann and Sack, 200%tomatal development is
commonly arrested in monocots, leading to regular spacing of stomata in thei(Béegmann and

Sack, 2007)a phenomenon that is thought to be important for efficient gas exchdBgehs, 1991)
Stomatal development is determined givenleaf, by environmental sensing in leaf(the next oldest

leaf)and other previous leaved.ake et al., 2001yith earlieremerging leaves morsusceptible to



water stresqJordan et al., 1975The major abiotic stredsormone, dscisic acidaccumulated most in
young leaves, while stomatal conductance decreased most in older cotton leaves under water stress
(Jordan et al., 197%nd the plastochrorfthe rate atwhich new leaves emerge invariant under

constant temperaturewith leaves being initiatedt regular interval¢Dale and Milthorpe, 1981)

The number and size of stomata is thus under genetic control, and the range for stomatal conductance
lies between 0 and some maximum valyi.ay, a theoretical number determined by physicalinstants

(e.g. the diffusivity of water in air), stomatal density and apertared guard cell siz€ddohenyAdams et

al., 2012, Lawson and Blatt, 201Anatomicabsnax can guide insights about legf at high ight

intensities. Light intensity, ambient [gJ@nd water availability are the major environmental

determinants of stomatal density and si@tdéetherington and Woodward, 2003, DoheAgams et al.,

2012) Consequeny, environmentatonditionsduring development will have an impact on subsequent
stomatal patterning DohenyAdams et al., 20125maller stomata are expected to respond more

rapidly to shortterm changes in environmental conditions (for instance,-8eoks)(Franks and

Farquhar, 2007, Lawson and Blatt, 2014, Drake et al., 204®)h should reduce the mismatch

between the rate of change of photosynthgesnd that of stomatal conductance to waigrmawson and
VialetChabrand, 2019Wwhere changes igs may occur as much as order of magnitude slower than

for A(Lawson et al., 2010Furthermore stomatal density has been associated witlacges in maximal
rates of gas exchand€ranks et al., 2015, Mohammed et al., 20)rthermore, studies have

repeatedly shown a tradeff between size and densiffFranksand Beerling, 2009a, Lawson and Blatt,
2014)although the tradeoff differs across taxa and furthermore, there may be other influences on
speed of response than stomatal siganks and Farquhar, 2007, McAuslandl., 2016) It is usual to
distinguish the impact of larger stomata from higher stomatal density, with size negatively correlated to
speed of response to changing environmental conditions through faster shuttling of osmotica between
guard and subsidigrcells(Franks and Farquhar, 200% well as shorter diffusional pathwajEanks

andBeerling, 2009b)Stomatal density is expected to correlate positively with greater gs, lower leaf
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temperature, particularly around miday and thus maintenance of assimilation and y{€lidcher et al.,

1998)

1.1.2 Controlof stomatalaperture

The primaryabioticstresses faced by plantseachanges in light, temperatureapour pressure deficit

(VPD, air midity relative to saturation), G@oncentration ad water stresgFig. 1.2, and stomata are
responsive to changes in all these (Blatt, 200Bgre is disparity in stomatal sensitivity and
responsiveness among different species (Lawson et al., 2012, Lawson et al., 2003, Lawson and Vialet
Chabrand, 2019)Typically, stomata in Gand C3 species open in response to increasing or high light
intensity, low internal [Cg), high temperatures and low VPD. Conversely, stomatal closure is driven by
low or decreasing light, high internal [g@nd high VPD as Weas hormones such as ABA (Outlaw,

2003, Berry et al., 2010, Ellidtingston et al., 2016, Franks and Farquhar, 2001, Inoue and Kinoshita,
2017, Mott and Peak, 2013, Poole et al., 2000, Shimizu et al., 2015;-Ctabtand et al., 2017b, Vialet
Chabrancet al., 2017¢c, Wang et al., 2008, Woodward, 1981nal transduction from abiotic stresses is
often intermediated by kinase / phosphatase pathways, by secondary metabolites and by regulation of
ion channelgAraujo, Fernie & Nuneesi, 2011)

It can betricky to separate stomatal temperature and VPD responses as saturation itself is temperature
dependent (Mott & Peak, 2013). In terms of VPD itself, there are two broad mechanisms that may
overlap (Mott & Peak, 2013, McAdam & Brodribb, 2015, Merilo eall8). Lower plants generally use
passive regulation at the leaf either by lower bulk leaf water status reducing guard cell turgor, or direct
action on the guard cell itself (Mott & Peak, 2013, Oren et al., 199@ngiosperms, there is a clear
relationship between foliar ABA levels and stomatal aperture. This relationship may be of guard cell
origin (an ABA biosynthesis pathway exists), and is also not from the xylem sap, but equally could have
another leaf tissue origin (Bauer et al., 2013, Merilalet2018) Stomatal conductance increases under
higher temperatures at constant VPD, but this may be due to lowered viscosity of water and increased

mesophyll conductance leading to increased guard cell turgor and stomatal aperture (Urban et al.,

5



20173. Photosynthetic rate is also decoupled from stomatal conductance at higher temperatures Urban
et al., 2017b).

There has been extensive study of the response of stomata to elevatefd Higher levels of atmospheric

CQ lead to a reduction in stomatal apente by the activation of anion channels antddfflux channels in

the guard cell along with €a(Araujo, Fernie & Nunesesi, 2011). Malate mediates between increased
[CQ] and the anion channel activator by an apoplastic route and this could be difieetiythe guard cell

or be mesophyll signalling (Araujo, Fernie & NuNesi, 2011, Azoulaghemer et al., 2015Reduction

of gs under kevated[CQ] is mainly due to increased activity dfdtannels, the stimulation of Celease

from guard cells and areases in Caconcentration causing stomatal closure (Brearley et al., 1997). Genes
directly affecting signalling pathways undelewated [CQ], include theSLAC (Slow Anion Channel
Associated Jlgene which has been extensively associated with stonckdalire (Laanemets et al., 2013,
Vahisalu et al., 2008). Several recent studies have also suggested a central role by carbonic anhydrase
a key regulatory factor in stomatal dynamics, with the bicarbonate ion activating SLAC1 anion channel
(Xue et al. 2011, Hu et al.,, 2010)The hormone ABA is also involved, mainly through triggering the
activation of theOST1(Open STomata)lgene, a positive downstream regulator of ABA signalling that
ultimately modulates ion channel activity in the guard cell (Chateal., 2015, Merilo et al., 2015)
although there is evidence of further AB#dependent pathways (Yamamoto et al., 2016). Other
hormones known to be involved in partial stomatal closure undevaed[CQ] include jasmonic acid
(Geng et al., 2016Y.rarslocation of sugars via phloem and the apoplast to stomata may be responsible
for a feedback phenomenon via increased apoplastic osmolarity (Kang et al., 2007) guravih cell
aSyaAray3a 2F AYOGSNYyrt adzONBAaS 02y O §eesKelly ataly 2013, |y
Bauer et al., 2013, Waadt et al., 201S)crose may not be the only carbohydrate signal, and a number of
other signals originating in the mesophyll may be involved in the process, including malate, pH change:
redox state signéihg or a vapar-phase ions (Lawson et al., 20Matthews & Lawson, 20}9

Stomatal control of aperture in response to light comes via 2 or 3 separate r(iitesl.2)Blue light is

detected by phototropins while red light may be detected either as saulteof photosynthesis in the
6



mesophyll or from the guard cell itself with sucrose accumulation in the guard cell being the oesugt
starch degradation in the guard cell chloroplast, also resulting in sucrose or malate accumidietiek
& Blatt, 2A.7, Matthews & Lawson, 2016High temperature cues at the guard cell level have recently
been elucidated with isolated guard cells respondingitghtemperaturewith phototropins, H-ATPases

and regulatory 148-3 proteins all involved, but not €amport (Kostaki et al., 2020).
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Figure 1.2Guard cell control of stomatal aperture Guard cell control of stomatal aperture Arounddawn, short
wavelengthf lightare detected by PHOT proteins which initiates a signal transduction cascade involving the
phosphorylation of a range of intermediates including Blue Light Sensitive (BLUS) and finishing wiiT Bas¢ active
transporter pumping protonsut of the cytosol into the apoplasATP used by the pump may come from the mitochondri
or from guard cell chloroplasts. In turn the lgrpolarisedmembrane potentiatauses an inwardectify K transporter,
(KAT) to allow potassium ions to enter the cBHOT also prevents Bhs from leaving the cell by downregulating the
activity of Slow Anion Channels (SLAC) and other anion transporters. Malatemay be generated by starch degradatior
throughthe activity of PEP carboxylased reduction of OAARed light indoed guard cell photosynthesisay decreas€&

to some extent, buphotosynthesis in the mesophyd likely to be more importantn either case, sucrose concentration ir
the guard cell is increased, which prompts the phosphorylation of thATHPase pump. A lo@signal is induced by red
light and is communicated to-€hannels and SLACL1 by the protein High Temperature 1 (HT1) and CBC1/2 (Converge
Blue light and C£thereby linking both blue light and red light signalling pathways. A range of additianaptirters such
as K+/H+ exchangers, chloride channel and malate importers are present on the vacuolar membitkvedolutesto
moveinto the vacuole, and water follows owing to the lower water potentlhich generates increased turgor pressure
and thereby stomatal ogning.B. The plant growth regulator Abscisic Acid (ABA) induces stomatal closure, initiating the
process within minutes of the initiation of stress. ABA is sensed within the guard cell by a cytosolicrrépRfbwhich
initiates either a phosphorylation cascade or transient increases in cytosolic calcium, which is either released from i
stores (vacuole, endoplasmic reticulum) or taken up from the apoplast. These responses initially target tiyeohetivi
anionout channel SLAY;, releasing Cfrom the cell, and leading to a depolarisation of the membrane potential. These
processes lead to inhibition ¢fie plasmamembraneH*-ATPase and *Kiptake via KATAfabidopsid< channel), and
stimulates ativity of GORK (voltag@ated Outward Rectifying' Khannel), removing from cell. Additionally, Aluminium
activated Malate Transporters (ALMT) move malate ions out of the cell. In parallel, an equivalent set of channels ope
the vacuolar membrane teeduce solute concentration. The change in solute concentration and reduction in solute
potential (becoming less negative) allows water to leave the cell by osmosis and reduces cell turgor pressure, leadin
reduction in stomatal apertureAdapted fom Santelia & Lawsof2016), Matthews, Viale€habrand & Lawson (2019), Jez:
& Blatt (2017) and Inoue & Kinoshita (2017).

1.1.3 Stomata and wateuse efficiency

Since stomata must simultaneously control potentiainflictingdemandsg for CQ to diffuse into the

plant for use in assimilation, and for water leave the plant to maintain the transpirati@am(Farquhar



and Sharkey, 1982jhere is considerable interest in targeting intrinsic water use efficiency (WOB

in for assimilation / kD out as stomatal conductance) as a means of optimising plant performance in the
context of constrained agricultural water alability for improved yieldCondon et al., 2002However,

this approach has not been without its critics, who believe that the focus on WUE (sometimes also definec
as biomass / total water used) is misleading and where effective fusater, irrespective of the quantity
involved, is the relevant dimensidiBlum, 2009) However, it has been shown that reducing stomatal
density and herebygs can give enhanced biomass for lower water use in (@&ne € al., 2019)and
barley (Hughes et al., 2017ard strategies for improving WWEr enhanced yieldsuch as increasing
assimilation rates through genetic manipulation of photosynthetic pathwagesWwell knownCondon et

al., 2004)

Steadystate measurements in the field have determined tlggis directlyproportional to A, and that
furthermore, gs is proportional to final yield mainly due to maintenance of canopy temperature
depression around the middle of the day, which should improve photosynthetic reaction kinetics and
possibly stress recovery througlon-photochemical quenchin@Guan et al., 2015, Kromdijk et al., 2016)
W{GRGRE SQ YSIFadaNBYSyida INB RSTAYSR KSNB I & (K;
day in bright sunlight in the field; ifné growth chamber or glasshouse, steady stateditions are easier

to achieve). Such measurememiave remained the mainstay of physiological research into \&htEits
components(Ainsworth and Rogers, 2007kading directly to insights of relevance to breeders, for
instance the link between highs and yield(Fischer et al., 1998Nevertheless, plards and Aresponses

even to steadystate light are not constanNg and Jarvis, 1980, Vialehabrand et al., 201&nd more
recent work has revealed a diurnal patternreponse in whicl\ approximated a square wave agea
Gaussian curv@Matthews et al., 2018nodulated bynegative feedback from sugar accumulat{®dialet
Chabrand et al., 2016, Graf et al., 2010, Haydon et al., 268)ing to reduced stomatal aperture and
slowed responses later in the afternoviialetChabrand et al., 2016)

| 26 SOSNE Ay f ROLBobsewdiida that #28ihstaGa@nébas, marginal WWE(gs?) that

is the key determinant of productivity, we can consider kinetic responses of stomata as equally valid
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sources of productity gain (Lawson et al., 201)he assimilation rate adjustgthin minutesin

response to changing liglig. 1.2pr other environmental conditionfNg and Jarvis, 1980, Whitehead
and Teskey, 1995)vhile stomatal conductance to water vapour changes but slowly, and may be as
much as an order of magnitude slower to respond (law2010). In the context of changing light
conditions, therefore, the speed at which stomatal aperture can be adjusted becomes a critical
determinant of potential productivity. A number of factors influence the rapidity of stomatal responses
to environmertal changeof which stomatal sizes commonlycited as the most important; small

stomata may be faster to respond owing to greater surface area to volume ratio, although the presence
and number of subsidiary cells may also be important \v@ahdther stomat aredumbbell or kidney

shaped while stomatal clustering may also be a considerafiloshmann and Or, 2015%tomatal

kinetic responses arise where erosimental conditions changet@nata change aperture to

accommodate the new demands. Byasuring the rate of change gfandA, greater understanding is
reached and novel targets for breeding are genergfdven, 2014, Lawson and Vial#tabrand, 2019,
Lawson and Blatt, 2014luctuatingight intensity, VPDO(vapour pressure defit, the difference

between the levels of moisture in the air and saturatianil temperature are the variablésat aplant

is most likely to experience during the ddig. 1.2)stomata open and close much more slowly in
response to the changing envinment (by around an order of magnitudelative to the speed of
photosynthetic responseu et al., 2016, Lawson and Blatt, 2014, McAusland et al., 2016, Lawson et
al., 2010) These response rates can be modelad parameterised, for instance by a simple

exponential growth model with start value, irda K @ f dzS | y Rbeindireadily @pued asl v
parametergVialetChabrand et al., 2017b, Vial€habrand et al., 2013More recently this work has

been extended beyond simple step changes in an enmental variable to continually fluctuating

values (for instance in light levels) to mimic natural conditions, although this work remains in its infancy

(Matthews et al., 2018, VialeZhabrand et al., 2017a)
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Crops with C3 metabolism, from legumes to cereals, showed a wide
diversity of kinetic responses when modeli@gdcAusland et a).2016) Furthermore, modelling
suggestedurther interactions between species and the speed of opening of stomata compared to
speed of closingMcAusland etl., 2016)which in turn led to the proposal thdhere are a wide range
of options available to manage dynamic water requirements for coalioggsideCQ demands for
assimilation. Stomata in legumes, for instayggpear to prioritise limiting wateloss when closing
while failing to prevent stomatal limitation @gfwhen light levels increag@icAusland et al., 2016,
Lawson and Blatt, 2014rasses have rapid responses, both in opening and closing iwateted

conditions compared to many dicofgKumar et al., 2017, Munns et al., 2010, Qu et al., 2016)

1.1.4 Artificial selection in crops major developments and bottlenecks

The Fertile Crescent of the Near East withesaedstonishing revolution in technology between 10,000
and 8,000 BC. The emergence of settled farming populations from nomadic pastdradisieen

associated withthe domestication of a number of crogallaby et al., 2017)a process of cultural

change for humans and change in allele frequency for plants. Data are emerging that suggest the rate o
evolution of domestication traits (for instance, nehattering spikesn the eaj was not constant for

crops such as wheaf (iticum monococcujror barley Hordeum vulgarg(Allaby et al., 2017)
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Furthermore, desirable traits did not emerge simultaneously. Changes in grain size and shape were two
of the earlier features of domestication, appearing to evolvthin centuries. Meanwhile the classic

domestication trait- non-shattering spikesonly evolved some-2000 years late¢ Fuller, 2007)

Added in to this mix is the debate over the number of times that a ceredbdikey has been
domesticated. In the earlier years of the"2Gentury, a multorigin domestication was given wide
credence(Aberg, 1938, Harlan and Zohary, 19@8)t by the late 2t Century, this view had changed to
one that sawthe Fertile Crescent abe origin of all subsequent barley varieties, which gradually spread
Eastand West towards Europe and Central Asia, and finally to South Asia, Africa an@Badinat al.,
2000) This interpretation remained somewheontentious, and more recergenetic work has

identified at least one other centre @farleydomestication East of the Zagros mountains in Central Asia
wherethe range ofwild barley H. vulgare ssppontaneun) extends as far as Kyrgyzstan, Afghanistan
and wesern Pakistar{Morrell and Clegg, 200.7turopean, Near Eastern and Ethiopian barleys certainly
appear distinct from those found in Central, s and Southern gia based on haplotype frequencies
(Morrell and Clegg, 200,Ayith additional claims for independent domestication extendasgfar East as
the Tibetan plateagDai etal., 2012) Ay f Ay S A GK ! 6S NEvedwidbikyI A y | f

there (Aberg, 1938)

Following the earliesta@mestication and adoption of fortuitous mutations such as 1stiattering spikes
(Fuller, 2007)crops such as barley enjoyed increasing specificity to locales, environments and farming
methods by selectiofNewtonet al., 2010)Before the advent of planned breeding programmes, which
were initiated toward the end of the nineteenth centunglative to modern elite varietieshese diverse
cultivars were characterised by genetic heterogeneity both within and acersstgpes(Newton et al.,

2010) These varieties are commonly known as landra@esen, 1998) They are distinguished today

not by high yield but yield stability, particularly through adaptation to the local environment and disease

resistanceg(Piffanelli et al., 2004)An example of the rediscovery of desirable adaptaimthe
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discovery of themlo powdery mildew resistance gene in Ethiopian barley landréegtnelli et al.,

2004) now being introgressed into elitturopearcultivars.

With planned breeding programmes came a focus on high peldeover other indicatorsof breeding
success such as disease resistg@even, 1998)Yetdespite a broad expectation that landraces would
rapidly disappear from the global seedbank, in fact cultivation of landragesssped in moremarginal
areas. For the reasons cited above, includiisggase resistance, adaptation to local environments and
general yield stability, the last being an important consideration for subsistence fa(@wren, 1998
Newton et al., 2010)Nevertheless, in regions where the environment was favourable for cultivation of
crops such as barley, landraces did largely disappear in the early decades of the twentieth century
(Zeven, 1998)Today hese landraces provide an important potential resource for modern breeders, but
care must beexercised as it is known that diversity has been lost in a number of collections, and that
duplications are very likefNewton et al., 2010Nevertheless, many of the landraces that now exist in
global collections offer the potential to overcome atii stress arising due to climate change in regions
as diverse as the north of Scotland and the Mediterranean adimteagudo et al., 2019, Mahon et al.,

2016, Dawson et al., 2015)

From the middle of the lastentury, crop improvement programmes made the next series of advances
(Backes et al., 2008)hich wereinstrumental in improving global access to calories, particularly in
developing nations such as Mexico, The Philippamedndia(Evenson and Gollin, 2008yen though

there was considerable heterogeneity in benefits to consumers compared to producers and in regional
terms (Evenson and Gollin, 2003}he Green &/olution targeted harvest index (the proportion of

biomass used by humans) through the use of séwarfing gens, and targeted nitrogen use efficiency

to improve yields along with increased inputs aftifeers, pesticides and watend other farm
management practiceEvenson and Gollin, 20Bingham et al., 201Newton et al., 201}l More

recently, thelimits of the advances of the Green Revolutiondnédecome cleawith yield plateaus

identified in many critical production regiof®awson et al., 20155rassini et al., 2013, van Ittersum et
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al., 2013. The introduction of the seimdwarfing gene has had downstream consequences, with the
growth-inhibiting DELLA protein also reducing the capacity of plants to absorb nitbpenal., 2018)
Redressing that imbalance would be a great boon to farmers, sgeefunputs such as fertilizers must
fall to meet climate change goals around fossil fuel use, maintenance of soil health and water quality

(FAO, 2015, IPCC, 2019, van Ittersum et al.,,2018 al., 2018, Newtoet al., 2010.

It is against this backdrop that breeders have turned to the diversity in oldetGpeen Revolution)
germplasm as a potential source of novel opportunities to escape from the trap of arithmetic yield gains
where geometric ones are need¢@rassini et al., 2013)n an attempt to bridge the yield gap identified

by Ray et a2013) the search for novel germplasimcrops has therefore led to a resurgence of

interest in the landraces and wild relatives of major crops, including béBlagkes et al., 2003,

Brozynska et al., 2016, Lopes et al., 2015, Malystii@et al., 207, Maroof et al., 1995, Newton et

al., 2009, Wang et al., 201 Along with wild barley accessions in global collections, landraces offer
exciting possibilities to introduce resistance to biotic and abiotic stresses into modern varieties in light of
breeding bottleneckgBackes et al., 2003, Brozynska et al., 2016, Dawson et al., #0ttbome

evidence of success already as genetic diversity in crops may have increased in recgnbapades

Wouw et al., 2010) One of the difficulties with the existing collections of wild barleys and langrése

the lack of genotyping and phenotyping that has been carriedatvton et al., 201Q)although the
publication of the barley genom@ayer et al., 2012Vill assist gene discovery and identificationda

by extension marker assisted breedifigwton et al., 2010)

1.1.5 The impact of drought on anatomy, physiology and productivity in cereals

One of the predictedansequences of climate changeais increase in the severity, frequency and

duration of waer stress episode@PCC,2014) 9 EGNBYS 4+ i SNJ adiNBaa Aa 2
but terms are loosely defined and vary from species to species. For instative hmodel C3 dicot
Arabidopsighaliana, mild to moderate drought is defined 89% of field capacitfactual mass of water

compared to mass of water in saturated, frdeined potsYHarb et al., 2010Q)ut this may not apply to
14
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to abiotic stress such as limited water availability can often be resolved intecawwwasting behaviours:
plants withconservativeohenotypes prioritise survival over growth, while plants witmn-conservative
phenotypes do the oppositéCaine et al., 2019, Chapin, 1980, Valladares et al., 200)in the
conservative phenotype, two further behaviours can be distinguishedaperom stress (or potential
stress) andvoidanceof stresg(Farooq et al., 2009Plants that use the escape lmhour favour early
maturation to ensure that the annual lifeycle is completeteead of late season droughtshi$ ensures
survival at the cost of a shorter growing season and thus lower yield. By contrast, the avoidant plant will
use mechanisms that rede water loss (the first of which is to close stomata) as well as seeking to
maintain turgor; these behaviours also have clear yield consequéReesoq et al., 2009Non
conservative plants seek toaintain higher water potentials by continuing to use the available soil
moisture. Therefore, the nooonservative phenotype witnesses open stomata under drought, along
with enhancedeactive oxygen speciggtoxficationand increased used of osmoprotects such as
proline (Claeys and Inze, 2013, Harb et al., 20EQ) breeders seeking to improve yield, ron
conservative traits are preferred. Highgy a nonrconservative trait, is known to drive higher

assimihtion and by extensiogield under welwatered conditiongFischer et al., 1998, Wong et al.,

1979) But work on water stress has recently shawispecies such asrabidopsisrice and barleyhat

plants withreduaed stomatal density (SD) are capable of maintaining yield compared to high SD plants
through a reduction irgs (Hepworth et al., 2015, Caine et al., 2019, Hughes et al., 2R1vay well be

that since stomatal desity was also accompanied by a reduction in stomatal size this could explain the
impact on yield, since smaller stomata are expected to react mapally to changing conditions,

offering an alternate route to yield maintenance (but not increase) visess®d conservatisifQu et al.,
2016 Bertolino et al., 2019, Caine et al., 2019, Hughes et al., 2017, Lawson and BlattTa2014

reiterate, the behaviour of the nenonservative plant serves to improve yield under milder droughts

relative to conservative plants and is therefore a desirable breeding trait, but under severe droughts,
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non-conservatism may end in plant death and thus no yield ghMalhns et al., 2010, Claeys and Inze,

2013) althoughin extremis grasses have the ability to switch stratediglsinns et al., 2010)

As has been disesed, stomatal responses diverge according to the consercativeconservative
phenotype under water stress which may vary not only between species but even within genotypes for
T. aestivunor H. vulgargMunns et al., 2010)Skelton et al(2015) using a different but analogous
schema (isohydranisohydry)also identified conservative behaviours with rapid stomatal responses
and the maintenance of higher leaf water potential compared to behaviours that appear more non
conservative hat include open stomata and higher rates of carbon assimilation-ddoservatism is
more-closely associated with slower stomatal responses under drought compared to conservative rice

cultivars, which had moreapid response$Qu et al, 2016)

It is clear that barley is neconservative in general at the onset of str¢kinns et al., 210)but

whether that behaviour can change as drought progresses and becomessengee is not so certain,
although some evidence exists thavariable phenotype along these lines exists in some grasses
(Balachowski et al., 2016jcluding barlefMunns et al., 2010)There is certainly pressure on
researchers to identify ideotypes that emphasise conservative behaviours under the threat of climate
change(Bertolino et al., 2019where moreextreme conditions require cultivars that prioritise survival

as much as growtfClaeys and Inze, 2013)

1.1.6 Theplantcircadian clock

The earth is locked into a 24 hour cycle of days aghtsiof varying length, and this cycle contains
important information that can be useldly organismgo anticipatefuture environmentachanges over
periods from hoursto daysup to seasons and yearSubstantially all eukaryotess well as cyanobacteria
possess a circadian clogla series of interlocking negative and positive feedback I¢Bjus 1.3} that
allow an organism to monitor and interact withish24 hour diel) cycle(Goldbeter, 2008, Kondo and

Ishiura, 1999)The existence of the clock in pla has beemppreciatedd A Yy OS 51 NB Ay Qa (A
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multiple independent evolutions of the cloak different phylasuggestive of its importance (Kondo and
Ishiura, 1999)In plants, the circadian clock consistaipfto four major groups of transcription €&ors
that are elicited at specific times of défyig. 1.3) and that operate as an entire mutualgpendent
system (Goldbeter, 2008\round dawn, the proteinksATE ELONGATED HYPOQOHY).and
CIRCADIAN CLOCK ASSOCIATEIAL) repress the transcriptiof the PseudeResponse Regulator
(PRRgenesPRR5PRRANd PRRYvhose productdiave expression peakisroughthe middle of the
day;of the Evening @nplex(EComprising.ux ArrythmdLUX, Early Flowering &LF3andEarly
Flowering 4ELF% and ofthe Timing Of Chlorophyll A/B ExpressligqiiOC) (Hicks et al, 1996, Doyle et
al., 2002, Nusinow et al., 201Hsu and Harmer, 2014Fhe midday group reciprocally repres€aSAl
andLHY while the Evening Complex downregulates expression of the middayp gs welland TOC1
represses transcription of elements of all the other three main components of the; ¢inaky, the EC

indirectly promotes LHY and CCA1 acti@tgu and Harmer, 2014uang and Nusinow, 20116

17



Tablel.1: Phenotypes of mutants &y circadian clock genesAn thalianaand timing of peak
expression of those gene8dapted from Hsu & Harmer, 2014

Gene Timing of peak Function Overexpression  Lossof-function
expression phenotype phenotype
I CCAl Morning ITranscription factor IArrhythmic Short period
LHY Morning Transcription factor Arrhythmic Short period
PRR5 Afternoon Transcription factor Long period Short period
PRR7 After dawn Transcription factor Long period Long period
PRR9 After dawn Transcription factor Short period Long perpd
RVES Afternoon Transcription factor Long period Long period
ELF3 Evening Transcription regulator Long period Arrhythmic
ELF4 Evening Transcription regulator Arrhythmic
LUX Evening Transcription factor Arrhythmic Arrhythmic
TOC1 Evening Transcriptbn factor Arrhythmic Short period
ZTL Evening Fbox protein, blue light receptot Long period

The plant circadian clock can receive inputs from multiple sources, both external (such as light and
temperature) and internal (the concentrations ofrimeonessuch as ABA, sugars or metal iofdnano
et al., 2006, Hayden et al., 20Xysakina et al., 201Ruiz et al., 201&omers, Devlin & Kay, 1998,
Webb et al., 2019)This work will focus in particular on the impact of light on the chxcthat is the
biggest environmental stimulus to the clock (Millar, 20Q3yht reception is mediated by a number of
receptors tuned to specific wavelengths of ligHthytochromes(PHY)Qyptochromes(CRY,)Zeitlupe
(ZTLpndUltraviolet Receptor 8 UVR3 (Ahmad & Cashore, 1993, Bognar et al., 1999jllar, 2003
Sharrock & Quail, 1989ariously, the phytochromes detect red and far red ligite by crytochromes
blue forZeitlupeand phototropinswhile UVB is detected by UVR8hmad & Cashmore, 1993, Bognar
et al.,1999,Kim et al., 2007Sharrock & Quail, 198@Dakenfull & Davis, 201 #urthermore, it is clear
that the detection of light entrains the circadian claokorder to synchronise it with the external
environmentnotably at dawn and dusk, with phytochromand cryptochromestanding outfor the
extent of their effect on the clociMillar, 2003 Oakenfull & Davis, 20LAVhile mechanisms are yet to
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be elucidated in fullthese photoreceptors pass information to the cenwatillator causing an

acceleratiorof the clock proportional to light intensity (Oakenfull and Davis, 2017).

LNKs
Midday
PRR9S PRR7 PRR5 RVES

Morning Evening

LHY CCcAl \l . wx || ELF3 || ELF4 |

Figure 1.4 The core oscillator of the plant circadian clock. At the start of the day, CCA1 and LHY (blue) bind to and r
promoters of midday (orange) and evening (green) geimedudingLUX ELFand ELF4a process mediated by a complex
formed of COP10, DET1 and DDB1. Moving further into the day, the psesplinse regulators PRR9, PRR7 and PRR5
association with TPL represklYand CCAZ¥xpression. The evening complex,rfaad of ELF3, ELF4 and LUX redp&iR9
andLUXexpression. However, LWD, which binds to ELF3 upregi®&BOPRRZNd TOCZxpression. TOCL1 itself is
maximally expressed at night, and represses the main elements of the morning, midday and evenin@gendHY,
PRR9, PRR7, TOC1, EllBAUX The transcription factor RVES8 upregula®RR&and TOClexpression as well as other
evening complex elements. PRR5 repreg®¢E8ranscription. LNK genes work with RVES8 to indlo€landPRR5
expression. Finallgegradation of PRR5 and TOCL1 is associated with ZTL.

The red light receptordPHYAE), are broadly distinguished by two isoforms based on the ratio of red to
far-red light, with the inactive Horm converted to the activesHorm in the presence of red light
(Oakenfull & Davis, 2017, Sharrock & Quail, 1989). InterestPglyA signals are integrated into the
clock by ELF4 whiRHYB interacts directly with the evening complex praeii FZand LUXand along

with PHYA, PHYD aRtHYE mediathigh intensity red light signalling to the clogkolmos et al., 2011

Li et al., 2011Qakenfull & Davis, 201¥eom et al., 20)4Meanwhile, the cryptochromes (CRY1, CRY2)

have homology with similar animal light receptors in sensing (dnd UVA) light and at low red or

19



blue light intensity, appear to interact with PH{&mad & Cashmore, 1993, Lin et al., 2008, Lin & Todo,
2005, Millar, 2003)There are two phototropins (PHOT1 & PHOT?2) which are also blue light sensors that
affect plart behaviour although they affect circadian rhythms independently of the core oscillator

(Litthauer, Battle & Jones, 2016i et al., 201p

Having detected and integrated external signate tircadian clocls in a position to modulateultiple
outputsthat affect a wide range of plant activitieldgu & Harmer, 2094This may be toespond to
biotic stresses such as pathoganr abiotic stresses such as drought or cdltl CRepeat Binding Factor
proteins (CBFB) as well asnanagingdevelopmentally irportant events such as flowering tinelsu &
Harmer, 2014Shim et al., 201A&Vang et al., 2011But the timescales can be short; for instance the
daily cycle of starch storage and use is under clock coftmalf et al., 2010, Horrer et al, 2016\t even
shorter timescales, stomatal opening and photosyrsisare also subject to circadian influend2odd et
al., 2005, Hassidim et al., 20Hennessy & Field, 199prrer et al., 201} Stomatal control of
aperture is influenced by a specific pathway tisatesponsive to blue liglasind involves the degradation
of starch granules in the guard cell chloroplast which would suggest a link to the circadiammetbck,
which, as outlined below, has a different phase to the surrounding mesophyll (Horrer é18,,2ndo
et al, 2016)It has emerged that individual tissues have clocks that operatiffaring period lengthsin
particular, that mesophyll and stomatal guard cells in the tiiér in their peak amplitude by up to 11
hours in freerun (i.e. consint light) conditions, possibly as a result of symplastic isolation owing to the
lack of plasmodesmat@ndo et al., 2016Yakir et al., 2011 Furthermore, the Evening Complex genes
are generally expressed at higher levels in the vasculature than ingéksephyll of leavewith the
vasculature clock domitiag the mesophyll clockvhile theyoperate on different phasefEndo et al.,
2016).0ther work has shown that ZTL, which is both a light receptoaacmwmponent of the clock has
an important role to plg in controlling the photoperiod ajs and A (Dodd, Parkinson & Webb, 2004).
Theztl mutation inArabidopided to a longer photoperiod in LL conditions for bgttand Aresponses,
odzi adG2YlFGlf O2yRdzO0G1 yOSQa LISNR 25hougdxtansiéhiod Sy RS R
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assimilation (Dodd, Parkinson & Webb, 2004). More recently, Simon(20aD) have shown the
importance of the clock to in managing WUE across a rangeaiidopsisnutants. In particular, the EC
mutantself3andlux had variousha significantly lower WUE and unchanged WUE compared to WT, with
significant declines iaccumulated biomass and water use for both mutants (Simon et al., 22@y

driver of differences in transpiration was changes in rosette area (Simon et al, Eisyhere,

successive studies have shown the importance of circadian control of plant productivity under LL

conditions for a range of crop species with pgakA and WUE varying widely (Resco de Dios, 2017).

Control of theFlowering TiméFT) gene is onef the major regulatory activities of the clofKalverde et
al., 2004)The Evening Compl€kC)s closely asociated with a number of plant activitied lossof-
function mutations in any of its core elemerts, elf3 or elf4 give rise taan arrhythmic phenotype in LL
conditions (Huang & Nusinow, 2018} F3 associates with Constitutive Photomorphogeni©P (¢ and
GiganteaGl) promoting Gl degradatiowhich provides a link tdqT) viaConstangCQ (Hsu & Harmer,
2014, Onouchi et al., 2000Evening Complex (EC) proteins directly repress expresskimytdchrome
Interacting Factor 4 & BPIF4& PIF in relation to hypocotyl extension (Hsu & Harmer 2014, Nusinow,
2014) ElsewhereArabidopsislf4 mutants flower early in long daymd are etiolated, while they are
generally arrhythmic under constant light with individual seedlings continuing to show \wgtdaricity
(Doyle et al., 2002)lis epistatic taELF4n the control of flowering time (Kim et al., 2018enerally,

the Evening Complex is required to suppress to pathway to flowering until it is seasonally appropriate

(Huang & Nusinow, 2016).

1.1.7 The cicadian clock and stomata

From a shorterm perspective, stomata must integrate multiple internal and external signals
(Hetherington and Woodward, 2003h which guard cells appear to be relatively isolated from the rest
of the leaf where the onset of dawn and dusk are anticipated by stonfBtzdd et al., 2004)and where
the circadiarOf 2 01 RANBOGft & I FFSOGa | yR ADodIRBIGIEES)HisK S

process, in which responses are said tayhged (i.e. modified, in this case by the circadian clock) is
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closely linked to stomatal apertui@lotta et al., 2007)Stomata open ahead of dawn in the expectation

of inaeasing photosynthesis, and close long before dusk, possibly owing to the accumulation of sugars
by day or the consumption of starch by nig@raf et al., 2010, Dodd et al., 201Burthermore, the

evidence is clar that a coincidence of internal clock time and environmental clock time is critical in
maximising yieldDodd et al., 2005)0n this basis, plants lacking or heavily impaired in circadian clock
function might be presumed to suffer a lack of fithgfs instancdux mutants have recently been

shown tobe unable toopen stomatan a clockdependent manner as part of a defence response (Zhang
et al., 2019) However, in nomatural environments such as agriculture, where otherwise-non

favourable genes can proliferate (consider rairattering spikes in cead crops, for instanceyhere

human control of the environment allows these deleterious genes to suruive clock is known to

have an impact on cereals such as wheat and barley (Turner et al., 2005, Beales et al., 2007, Allaby et
2017).0ne of themore interesting introgressions into Bowman as described above was atdha

locus, which was identified with an eartyaturity phenotype(Zakhrabekova et al., 2012, Lundqvist,

2014) A number of alleles wereeédtified ateam10andeam8 (Druka et al., 2011)and in the 1960s,

the variety Mari was developed from one of tkam-8 mutants, a variety whose early maturing
characteristics were advaagjeous in the long but cool summers of Sweden but perhaps surprisingly also
the Colombian highlands, where avoiding late summer drought was more impdtiantiqvist, 2014)

in either event, flowering time is an important determinant of final yield in conjunction with

environmental variable§/Niegmann et al., 2019)

More recently, these mutations havmeenassociated with specific geneHvELF& the case obam-8
andHvLUXnN the case ofam-10, with the underlying genes orthologs AfabidopsigFaure et al., 2012,
Campoli et al., 2013T heelf3 andluxmutantsin barley had notably disrupted expression of floral
regulator genes such as &iid concurrent irpairments in gene expression of the core circadian
oscillator under constant lighFaure et al., 201Z2ampoli et al., 2033 The luxmutation gave rise to

non-rhythmic reduced expression of HvCCAL1 but upregulation of HvRRE87 LL while thelf3
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mutation shifted the phasand reducedSlexpressiorand severely attenuatetllvCCAgxpression also

in LL(Faure et al., 2032Zampoli et al., 20)3Nevertheless, residual rhythmicity was observed in
gene expression levels GICAlnd TOCIn the eam8 barleylines, and in theeam-10 mutants,

the pseuderesponse regulators PRR37 and PRR73 retained some functionality under LL
conditions (Faure et al., 2012, Campoli et al., 2013). Both these results suggest an impairment

but not elimination of the oscillator dhe clock.

1.1.8 Stomatal responses to environmental stress

Stomatal conductance (and by extension, average stomatal aperture) has long been correlated with
assimilation and by extension, yigldondon et al., 2002, Frser et al., 1998, Faralli et al., 202893 two
mechanismg open stomata allow greater G@iffusion into the plant while the exit of water permits
greater evaporative cooling to take plafearquhar and Sharkey, 198&nhproving the reaction kinetics
of the photosyntheti@pparatus which are hampered at high temperatuggéarquhar et al., 1980Y hat
stomatal aperture is progressively reduced under drought is aestdiblished phenomeno¢rarquhar
and Sharkey, 19827ssimilation4) may not be notably limited by stomatal aperture in unstressed
conditions, but that aperture does become the major limitationfdunder malerate drought(Farooq

et al., 2009) where the size of the pore restricts gdiffusion into the leaf, leading to lower internal
[CQ] and thereby, lower assimilatioffrarquhar and Sharkey, 198®)hile higher leaf temperature at
lower stomatal conductance (via smaller aperture) is another cause of limitgemguhar and Sharkey,
1982) Observations in the field have shown declining transpirationfandder mild drought in barley
and other cerealg¢Lipiec et al., 2013put the link between water use and photosynthetic output is not
always clear even when yield declines, suggesting a conservative phenotype is at work, with lower

biomass itself an adaptive respon@eollins et al., 2013)

There are other drivers of plant behaviour above and beyond the conservatweconservative

dichotomy. Sensitivity to drought may have changed over time, as modern cultivars appear to have
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stronger responses to drought than older spring wheat varidiasan et al., 2015br instance,

showing relaitvely lowergs under water stress. Meanwhile, mature leaves generally dgitbrough

local sensing of water status, while in young leaves,-toethoot signalling of soil moisture status
prevails(Chen et al., 2013pgain modulating emergent phenotypes even under an overall preferences

for one behaviour (such as conservatism) over another.

1.1.9 Mechanisms of response to water stress

Abscisic aciABA)s the bestknown hormonerelated to water stress (Bradford & Hsiao, 1982). ABA is
releasedby the rootsandelicits a range of responses in plarathough anumberof other hormones

are known to vary in abundanees water potential fallswith auxinsandgibberellinsgenerally
decreasingn concentrationwhile ethyleneand jasmonic acidse(Bradford & Hsiao, 198%eng et al.,
2016). One of the earliest plant responses to stress is stomatal closuosnjunction with a range of
other effects such as reduced shoot growth and Eae, and maintenance of root elongatjaithough
direct sensing of osmotic potential is also a possible route by which water stress is detected at the leaf
(Franks & Farquhar, 200Bradford & Hsiao, 1982tomatal closure iprimarilydriven by anio

channel activity (Yamamoto et al., 201@mong the channels affected ise SLACprotein with

carbonic anhydrase playing a central regulatory role with the bicarbonate ion activating the SLAC1
channel(Vahasilu et al., 2008, Yamamoto et al., 20@A triggers the activation of Open Stomata 1
(OST1) which regulates ABA activity downstream at the guard cell ion channels, akinotiogr

pathwayexist (Chater et al., 2015, Merilo et al., 2015, Yamamoto et al, 2016).

One emergent area of research imesponses to drought has emerged in Phospldenosine

phosphate [PAP] signalling. It has been clear for many years that there must be signalling pathways
between the nucleus and plastids (such as the chloroplastaied anterograde signalling) by
messergers such as transcription factdidodd et al., 2005, Dodd et al., 201Bgually, the loop must be
completed for signalling from the plastid to the nucleus (retrograde signalling), and small metabolites

are oftenbelieved to be responsible, including sugars, DHAP and MBdiE# et al., 2015, Phua et al.,
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2018) One such small signalling molecule turns out to be PAP, invoked in theARARpathway
(Litthauer et al., 2018, Estavillo et al., 20lihfler environmental stress such as drought or elevated
light intensity(Estavillo et al., 201Bnd may turn out to be a major integrator of retrograde signalling

with impacts on growth and developme(®hua et al., 2018)

PAP is a bproduct of the assimilation of sulphates from the environment for the production of cysteine
or glutathione(Bohrer et al., 2015hat is present in low concentrations throughout the d&lktavillo et

al., 2011) SALISALtlphosphatase is responsible for preventing the accumulation of PAP, degrading it
to AMP and Pat the chloroplast and the mitochondr{®hua et al., 2018 However, SAis inactivated

by oxidative stress, such as occurs during drought. The inactivation of SAL1 leads to an increase in PAF
concentration” which diffuses throughout thelt PAP binds with exoribonucleases (XRNs) and causes
repression of XRN activity at the nucleus, causingegplation of stressesponse genef.itthauer et

al.,2018)

It has been clear for some time that the circadian clock aided plants in responding appropriately to
stress(Dodd et al., 2005, Hsu and Harmer, 2054)d thus ought to mediate between drought stress
andplant activities. Yet although some signals were known which improve drought tolerance
(Hundertmark and Hincha, 2008}he best understood is probably abscisic acid (ABA), which
downregulaes ion channel activity in guard celiderilo et al., 2015) and although norABA channels
are also knowrfYamamoto eal., 2016) the problem has been to understand how the chloroplast can
signal stress to the nucleus (retrograde signalling) given the integration of plastid and nuclear genes
(Estavillo et al., 2011Pornsiriwong et al2017)extended our understanding of ABA signalling and

showed that the SALRAP pathway linked to abscisicid inducel stomatal closure.

It is known that osmotic stress (such as that induced by drought) induces accumulation of PAP and
extends the circadian peridd.itthauer et al. 2018) Litthauer et al(2018)observed that SAL1
expression was probably a result of the diel cycle rather than constitutive nuclear clock expression. They

showed that the sallmutant, similar toxrn mutants had delayed expression of the clock g&@Al
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showing the influence of [PAP] on clock activities. And it appears that increasing [PAP] itself is enough t
make the clock run slowdLitthauer et al., 2018)where the hormone was sprayed directly on the leaf.
However it is not known whether the clock induces changes in [PAP], hence interacting with responses
to abiotic ¢ress such as drought. Litthauer et @018)did show that PAP concentration was increased

in plants subjected to osmotic stress, and that the circadian periodewt@nded. What was not

attempted was the use of clock mutants with no / limited clock function in a drought experiment to
understand the impact of the clock directly on [PAP] and hence the status of retrograde signalling in
those mutants. This is importato consider as stomatal responses to drought are influenced by the
clock, which promotes the production of stresdated genes ahead of water deficits in the afternoon in
order to extend stomatal openin@darmer et al., 2000rnd it is reasonable to suppose thata source
limited crop such as barlgperrago et al., 2013¢xtending stomatal opening to increase total

assimilation would be a desirable strategy.

Climate change, population growth, changing dietary preferences and availability of water remain set to
be the key drivers of breeding efforts in the coming decadlaproving water use efficiency by gaining a
better understanding of the coordination betweggand A under changing conditions as mediated by
understanding stomatal anatomy and behaviour remains critical to improving crop varieties. Barley is an
excellmt model cereal crop as well as being an important food in its own right, and many important
collections exist of mutant NILs, which includes lines impaired in their circadian clock function as well as
landraces and wild barleys, giving the researcher ipleliavenues to consider in the search for novel

phenotypes.

Meanwhile, climate change will drive more frequent, severe and persistent drought episodes, and thus
is a significant threat to farmers, particularly in mened regions. Plants are often catagsed by their

level of conservatism under drought, and roonservative types are generally preferred under current
conditions. Nevertheless, future drought risks may give rise to selection pressure for alternative

phenotypes, including moreonservativeones while yield must be maintained or improved. Elsewhere,

26



a pathway has been identified which links the signalling molecule, PAP to tfegulation of stress
response genes under drought; it remains to be seen whether it is possible to identifyghetiof the

clock on PAP expression doglextension, he impact on stomatal behaviour.

The intention of the series of experiments described below was to explore some of the ways in which
light and water availability affectegk, A, WUE, yield and transpation. Chapter 3 describes the process

of exploring the impact of mutations idvluxand Hvelf3cultivars to LL constant light and LD conditions

to mimic the work of Faure et al. (2012) and Campoli et al. (2013) on gene expression. Next, an attempt
was nade to explore the phenotype of the barley mutants over developmental time, again in line with
the work of Faure et al. (2012) and Campoli et al. (2013). To extend our understanding of the extent of
the photosynthetic / stomatal phenotype, further maniptitans involved progressively mommplex

diurnal light treatments that involved exploring the effect of acclimation to morning light conditions in

the afternoon while the impact of driving photosynthesis / stomatal opening and closing through
changes inight intensity were also considered. Chapter 4 considered the natural variatganAmand
WUEand overall yield of a range of wild, landrace and elite barleys in a polytunnel and well as growth
chamber with the general aim of establishing watese pheotypes. A variety of light regimes were

used to explore the phenotypes, including step changes from low to high light, light response curves anc
G response curves. The next two chapters sought to extend the work on water use efficiency to drought
respongs in the barley mutants (Chapter 5) and wild barleys / landraces (Chapter 6). Chapter 5
considers the effect of drought stress of varying degrees on developmental as well as physiological
phenotypes in the EC mutants along with examining the possibildyretrograde signalling (PAP)

pathway existing in barley. Chapter 6 also explores the impact of transient and developmental drought
on development, physiology and yield, this time in the wild barleys. Here, diurnal light regimes and light
response curvewere used to examine the impact of light gg AandWUEnotably in terms of shokt

term stomatal responses under drought.
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1.1.10 Aims and objectives

With climate change, population growth, dietary preferences and water availability all impinging on food

produdion requirements, there is a clear need to develop new varieties of crops which are more

productiveca I A YAy 3 Y2NBE WONRBLJI LISNJ RNRLIQ® hyS {1S& NRa

more frequent, severe and persistent, and néswgenic clok mutant barleys, wild barleys and landraces

all offer the possibilityo find a diversity of responsés behaviourto changing environmental conditions

in balancing assimilation and stomatal conductance. Stomata are critical in regulatingp@ie and

water loss, and make their presence felt in the short term in physiological responses, but in the longel

term, are part of the integrated processes that lead to overall yield.

The studies described below aimed to develop an understanding of natural earatwild and landrace
barleys compared to elite varieties in their physiological responses. A second aim was to develop ou
understanding of the role of the clock in governing physiological processes. Both these aims were pursue
in the context of a neetb improve yield through the discovery of novel traits. The aims were met by the

following objectives:

1. Tousegas exchange measurements to explore steady state and kipkyisiologicatesponses
to light intensity in clock mutants and wild / landraceless (Chapters 3 & 4).

2. To employ water stress to understand theteraction between drought and light on
developmental and instantaneoyshysiological responses in clock mutants and wild / landrace
barleys (Chapters 5 & .6)

3. To assess the variation in ydebutcomes resulting from genotypic differences either in clock
mutant or wild / landrace barleys (Chapter$3

4. To understand the effect of the clock on retrograde signalling in plants under drought stress

through PAP assays (Chapter 5).
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Chapter 2:Materials and Mé&ods

2.1. Plant materials

Barley, a model organism for crop research owing to its relatively small diploid ggb@awson et al.,
2015) was selected for the series of studies describetbw. It is a desirable model in the context of
this research owing to its extensive Noi#outh rangdrom Sweden to Ethiopia, and its ubiquity as a

crop in Asia, Europe and the Ameri¢Badr et al., 2000)

2.1.1 Circadian clock mutants

Near Isogenic Lines (NILs) were created in a Bowman background in thédra8ésnge of mutants
assembled in Sweden and elsewhdeggely as a consequence of electragmetic mutagenic research
(Lundqvist, 2014)Bowman itself is a-eow springbarley developed in the US as a drougpierant

plant and registered in 198&-ranckowiak et al., 1985)ywo NIL mutants were investigated here. BW284
is an early maturing mutant at theam10locus, later identified as a mutation in thé/LUXgene

(Campoli et al., 2013BW289 is an even earlilowering mutant associated with theam8locus,which

has more recently been cloned and found toHyeELF8Faure et al., 2012)

2.1.2 Elite, landrace and wild barleys

A second thread in these studies was to identify natural variation in a range of elite, landrace and wild
barleys. Initially thisvork was conducted with the help ttie commercial breeding firkWS UK Ltd,
including varietal selection. Where possible, a wide combination of two ardwixypes, spring or

winter habits and malt vs feed varieties was selected. Material was soureediiVS UK Ltd, The

University of Adelaide, Australia and John Innest@ Germplasm Resources Unit.
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Table2.1: List ofelite, wild and landrace barleys, and their key selection criteria

Variety Type Rows Habit Use Source
B3733 wild 2 Winter - JIC GRU
B3736 wild 2 Winter - JIC GRU
B3745 wild 2 Winter - JIC GRU
Alpha Landrace 2 Spring Malt KWS UK Ltd
Bere Landrace 6 Soring Malt JIC GRU
Dea Landrace 6 Winter Feed JIC GRU
Eire6-Row Landrace 6 Spring Malt KWS UK Ltd
Golden Archer Landrace 2 Spring Malt JIC GRU
Hatif de Grignon Landrace 6 Winter Feed JIC GRU
KWS Irina Elite 2 Spring Feed / Malt KWS UK Ltd
KWS Kosmos  Elite 6 Winter Feed KWS UK Ltd
KWS Orwell Elite 2 Winter Feed KWS UK Ltd
KWS Sassy Elite 2 Spring Malt KWS UK Ltd
KWS Wintmalt Elite 2 Winter Malt KWS UK Ltd
Maritime Elite 6 Spring Feed University of Adelaide

2.2. Plant growth conditions

All plants wereplanted into Levington F2+S seed and modular compost except in the cémge of

polytunnel trial, where plants were initially grown in F2+S, but were pricked out into bare soil.

2.2.1 Polytunnel field trials

15 varieties were grown in 6 randomised blocks witluldle guard rows surrounding them at the KWS

field site at Thriplow in Cambridgeshire between March and July 2016. Three groups of varieties were
selected: 4 wild barleys originating in Central Asia; 5 Northern European landraces and 6 elite cultivars.
Thelandrace and elite cultivars were selected to offer a range of ear types (2awv)6 habits (winter /
spring) and endises (malt / feed). The plants were germinated in modular pots in Levington F2+S at the
site including an initial 5 day stratificatiomthe dark at 4C. Tley were then transplanted to a

polytunnel for the duration of the experiment, being randomised into 6 blocks with one biological

replicate per block. They were not given any additional fertiliser, but they were regularly watered.
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2.2.2 Glashouse trials

Multiple trials were conducted at the glasshouse facility of the University of Essex, Wivenhoe Park,
Essex. The unit had light augmentation to a minimum of 2861 m? s? light between 7am and 7pm
dailyusing sodium vapour lampgith a colar temperature of 2700K (General Electric Inc, Boston,
Mssacheussetts, USAIl experiments were randomised in 6 or 8 block designs, with one biological

replicate per block.

2.2.3 Growth chamber trials

Additional trials relating to Chapter 4 (see below) wergied out in a growth chamber at the

University of Essex. 6 replicates of 4 landraces (Eitev6, Golden Archer, Hatif Dea, and Hatif de

Grignon) and of the elite cv KWS Irina were grown in a Fitotron growth chamber (Sanyo Electric Co. Ltc
Kadoma, Osak Japanyvith light delivered by fluorescent lamps with a colour temperature of 5000K

They were grown in two batches, one of Eire and Archer with Irina, and one of Dea and Hatif de Grignor
with Irina,under 840nmol n1? s square wave light for 12h ligleycles a4°C, 50% relative humidity

12h dark cycleat 162C and 50% humidity

2.2.4 Phenotyping platform trials

A number of trials relating to the impact of drought on physiology were carried out in the plant
phenotyping platform (PSI, Drasov, Czech Repuddithe University of Essex. In some experiments,
plants were automatically watered to a target weight using an integral balance. In others, plants were
handweighed and rewaterednladdition, in some experimenfmots were allowed to dry at their own
rate; in others, pots were rewatered relative to the rate of drying of the slowest drying pot. The
experimental conditions in the platform were ZD temperaturen the light and dark under 12h light

and 12h darkand at 50% humidity. Light intensity was ligaitto 400umol nmi? s* Photosynthetically
Active Radiation (PAR}ing Valoya NS1 lights (Valoya Oy, Melkonkatu, Helsinki, Finland) at a colour

temperature of 4800K
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Experiments involving thermal imaging used thtegrated FLIR A655sc (FLyRen AB, Tidy, Sweden)
thermal camera as part of the phenotyping platform. Low light conditions wereu#@f) m2 s PAR
used elsewhere on the phenotyping platform. High light conditions wergufl n2 s PAR (the limit

of the Heliospectra LX601C (Heliospectia &oteborg, Sweden) light source available).

2.3. Light Regimes

The mainstay of these studies were controlled measurements of plants in IRGAs. A number of different

approaches were used according to the requirements of the experiment.

2.3.1 Constant light

To gairan insight into the physiology of the circadian clock mutants, a condigsiritsetup was used. The
middle portion of the third leaf of the main tiller was placed in the chamber of an ADC LCpro IRGA (AD
Bioscientific Ltd, Hoddesdon, Herts, UK) and illiminS R dzy RS NJ O 2 y (PP AR Thaa resu nn n
of the plant was simultaneously illuminated at the same light intensity using a Heliospectra LX601C LE
lamp; plants were not otherwise exposed to external light sources. External air was supplied Résthe

via a carboy to maintain constant [€OWhile no attempt was made to manage humidity, leaf
temperature was controlled to 2Z. Each run lasted 5 days, with data for the first day being discarded

while the plant acclimatised to the new conditions.

2.3.2 Diel light

An extension of the constant light design was to include periods of square wave light on 12h 12h light
dark cycles. Experimental sep was as per section 2.3.1, except that after acclimatisation overnight in
the ADC LCpro IRGAs, plants were sgddo alternating 12h:12h cycles of light (1000l n? s1) and

dark (Oumol n? s?) over two days. The LED light source was also timed to run concurrently with the

light-dark cycles in the IRGA.
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2.3.3 Fluctuating light

Physiological responses to changingtligvels were the mainstay of this workour fluctuating light

regimeswere used:

1) In the first, the plant was acclimated in a LICOR 6400 IRGA (LICOR Inc., Lincoln, Nebraska) to Ic
f AIKG AyGSyasttiewd mAZINI> Y@ RKR2dzNR 06STF2NBE2d A 3IK

tlw F2N StSOSYy K2dzNB O t ! vwn?eg PAR fail &fifa)f0.5mMAUBNES | &

2) LY FRRAGAZ2YZ LI I yGa @?SWERihaCORJIRGAIS RS hodiis
K

RSONBIaSR #8'PMmmnTF2NI2AOYKNE 0STF2NB 6SAYys AyO

t!lw F2Nl ndp K2dzZNE 06SF2NB TAyEHPARr ihdldasydSD

hours.

tflyda 6SNB I 00t R¥PARIALIROR IRGAMefane the Statfof the

mSF adz2NBYSyYy G LISNRA2R® [ AIKG 2&PARSof sixthduss. TNEB NghtA vy S

d

AyiSyaride ola AyONBl w#SR2U2vMMKAAING VR &) O

t!lw F2NI M K2dzNJ GKNBS GAYSasZ?2s6BAR®BNIG hdurs. T A Y I §

AH tftlyda oSNB OOt AYIFGAASR T2 NIstPAR fok@5dzdlis.

LISNA2Ra 2F Ff 0SNYIsttAlynad) KAYFRK o2vpe AR weeaber 2Yf Y

beforen

S AyildSyairde ol a AsyRARBMH4SD Bohrs. THe intansity was than2 f

NB R d

6A Y

F LILX ASRXZ 0ST2NB I TR PAR. ndp K2dzNB |G wmnan

2.4. Modelling leaf gas exchange, chlorophyll fluorescence and thermal
imaging
2.4.1 Gas exchangelRGA

Four main methods were used to model leaf gas exchange:
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2.4.1.1 Assimilation responses to changing ligatQ curves

Plants were acclimated at high ligh 6 m p n /2s'PAR} dnd thfen exposed to steadily declining light

f S@Sta 2F mMpnnI MHPAI MMAAI dnn I 2stPARDeing givedupp n n
to two minutes for assimilation to decrease after each step change down in V& was maintained at

1 KPa, temperature at 22, and [Cg) at 400umol mol. Data were modelled using the methods

outlined in Buckley and Dig2015)into v, the initial slope between lighhtensity andJ, the calculated

rate of electron transportp, the convexity of the curve of light agaidsand Jitself.

2.4.1.2 Assimilation responses to changing internab] G8-G curves

tftlyda 6SNB OO0t AYl (SR #sliPARA0GuOEN NGl EG) And th&an®xpdsedd M H
to regularly changing reference [g®alues of 400, 250, 150, 100, 50, 400, 500, 600, 800, 1000, 1250,
1500. Plants were given up to 3 minutes to settle following a change . [¥nperature was set to

22°C and VP 1 KPa. The data derived from the measurementedi{€ substomatal [CQ, andA)

were modelled according to the equations and methods suggested by SH2K&F, 2016using the
Farquhar et al(1980)model of photosynthesis. Five parameters were extracteday/@hich models

the first phag of the increase idfollowing an increase in;@ the electron transport rate which

describes the curve after its inflection point; amBU or triose phosphate utilisation, which describes

the final part of the curve as it approaches steatigte. Tle final two parameters wer&, background
respiration during the day angl, mesophyll conductance, the latter presumed to be limiting. Of these,
the first two parameters were considered of particular importance, as.\describes the level of
activationof Rubisco andthe RuBP regeneratieimitation of the Calvin Cycle.

2.4.1.3 A gsand responses to step changes in light intensity

Step changes were run either astandalone measurement, at22> m Yt *t5 +TVyR nn
where, following a period of acclimation, light intensity in a LICOR 6400 IRGA was increased from 100
>Y28®slv!l w (2 wmmPebPARAf Bpfto ai howr as part of an ongoing fluctuating light
experiment (in paitular, see 2.3.3.3 and 2.3.3.4 above). The changes were modelled in a simplified

version of the equations used by Vialehabrand et al2017b)
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QQ Q Q Q Q

Where ghin is the minimum predicted steaelstate value ofA or gs, gnaxthe maximum predicted value of
Aorgsand_ is the time constant and can be thought of as the time taken to increasegperdient
variable from gin to 63% of gax Naive Bayesian estimators of initial values for theand ghaxwere
derived from the first and last values of the step change. The parametas initially estimated at 5
minutes. From these data, two furth@arameters can readily be derived; the first gives the maximum

slope of the equation:

0 0

"0
w T o)

And the second the stomatal limitation @ calculated by finding the time taken to reach 95%@f g

for assimilation. The timtaken to reach 95% must be:
p Q T8O L

Giving the value offf 3_ as the solution to the equation and the valuefmust be:

Q. ¥ Q Q Q

These equations can be used with step changes of increasuhecoeasing light, which may have
different profiles(McAusland et al., 2016particularly forgs, and consequently different meanings

(Lawson and Blatt, 2014)

2.4.1.4 A gsand WUEresponses to steaestate light intensity.

There are a number of possible approaches to descriptivdelling of steadystate behaviour of gas
exchange through time under constant conditions. One method is Gaussian mo@dkitibews et al.,
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2018) An alternative approach, used in climate modelling is to partition the curves into their mean,
standard deviation and centroid, (described as their mean, amplitude and phase), and use these
parameters to compare @erimental conditiongYin and Porporato, 2017Jhe adantage of this

approach is that, unlike Gaussian modelling, it does not presuppose any form of distribution, Gaussian

or otherwise.

2.4.2 Gas exchangeporometry

A DeltaT AP4 porometer (Delt@ Devices, Burwell, Cambs, UK) porometer was used to measure
stomaal conductance during the first study comparing the drought responses of clock mutants (see

Chapter 5). The device was recalibrated before each batch of measurements.

2.1.1 Chlorophyll fluorescence

Three techniques were used for chlorophyll fluorescence thaegm understanding @ I OK  LJ I y (i
photosynthetic capacities and efficiencies. Dadapted measurements ¢fv/Fmtypically lie close to
0.83(Baker, 2008and values much below that suggest a plant is stressed, in all cases, the plants were
dark-adapted for at least 25 minutes and up to ongun. Under actinic light, (50@mol nt?s* or 1000

umol n? s depending on the study), the main parameter of interesEi Q k tixYogErating efficiency

of Photosystem II, bu€ @ Q kti@&Yn@ximal quantum efficiency of Photosystem Il is also of inteas

the efficiency factorC lj Q rel@t€sdhe two. Finally, the rate of heat loss (Nemotochemical

Quenching, NPQ), calculated@s” Q kd@aws energydependent quenching, state transitions and

photoinhibition processes that dissipate excess ené@pnty et al., 1989, Baker, 2008)

Point measurements ofdforescence were made using the Hansatech FMS system (Hansatech
Instruments Ltd, Pentney, Norfolk). Whdkiaf measurements were made on a Technologica

Fluorlmager (Technologica, Colchester, Essex).
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2.5. Leaf and stomatal characteristics

A number of estimatewere made consistently throughout these studies of stomatal anatomical
characteristics, as well as a number of estimates of leaf area, specific leaf area and leaf thickness.
Stomatal anatomical features were captured using dental silicone impressions, wéiie painted with

a thin coat of nail varnish when dried. The nail varnish was removed from the impression using Sellotap
and mounted directly on to a slide. Slides were then viewed at 100x magnification for stomatal and
epithelial counts, and at 400xagnification for measurements of stomatal pore length and guard cell
length on an Olympus BX60 microscope (Olympus Corp., Shinjuku, Tokyo, Japan), the method having

first been described by Weyers and Johan@&feyers and Johansen, 1985)

It was posible to calculate the maximum expected valuegefrom the anatomical datg the

anatomicalgsnax This links stomatal size and density with physical diffusion constants of water vapour:
O & WO & EMWDOAQIB T0oa “I¢ Mo6 I

Whered is the diffusivity of air in wate) the stomatal densityAnaxthe maximal rate of
assimilation(calculated from an@ response curvey,the molar volume of air anbthe stomatal pore

length (Dow et al., 2014)Stomatal index (Sl) was calculated as:
YOp mMAYO € a dEXQB A TMBOCE & XA O DN VODE | QO w
Leaf area was calculated in one of two ways. In intact plamisyoestmatSa ¢ SNB YI RS dza.
method (Kemp, 196Q)
0D QO QU NI QEWMD1 'QWMENHME QAR € Qe 0

Alternatively, for harvested samples, a LICOR LI3100C Area Meter (LICOR Inc., Lincoln, Nebraska, US)

used. If the fresh mass of a leaf was known, then its specific leafcardd be calculated:
YN QOB QB0 6 61 DOI @ i i

And by extension, assuming the density of the feafg cn?, then leaf thickness is:
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0 QYO QE WIYi "YO D01 i IO @b O i
Using the methods outlined in Vile et €2005)

2.6. Yield andyield components

Thee studies focused solely on abegsund harvests for assessments of biomass. For immature

plants, fresh biomass, dry biomass and number of tillers were measured. Tillering is an important
element of yield in barley where floret number is fixed (unlikevireat) (AHDB, 2018) ater shootsare

often aborted, so the number of fertile ears tilleis also of interest. When plants were allowed to

develop to maturity, fresh biomass measurements were irrelevant, but a number of additional measures
could be used. Harvest Index (grain mass / laieg) is a key indicator of yield potent{gvenson and

Gollin, 2003)while thousand grain weight (TGW) is a widespread measure of plumpness ig grain
desirable characteristic, particularly in malting barleys, and is closely related to grairenperplant

and grain mass per plajdAHDB, 2019)

2.7. Measuring the concentration of phosphadenosine phosphate

PAP was extracted from leaves as described in Estavillo(20&ll) Metaboites were extracted from

150-300 mg tissuground in a pestle and mortar chilled in ligihNgusing 1 mL 0.81 HCI with incubation

on ice for 15 min and centrifuged twice at 16,0000 nc/ F2NJ p YAy d ¢ KS &dzJ
G2 1tT1n >[ |/ wmciticardBRINGOMON®HPQY LJ n0 YR RSNAGI GA&
(w/v) chloroacetaldehyde solution with incubation at 80°C for 10 min, and centrifuged for 45 min at
16,000g at 4°Cas described in Litthauer et §1018) Twenty microliters of the supernatant was injected

into an Agilent 1100 HPLC system connected to a FLD &188int) fluorescent detectn PAP was
analysedbyreverseJK I &S |t [/ dzaAy3 | [dzyl p >Y [/ MYyoHU Mr
was equilibrated for 0.2 min with 95% (v/v) of buffer A (5.7mM;[CH)s]aNHSQand 30.5 nv KHPQ,

pH 5.8) and 5% (v/v) buidf B (67% [v/v] acetonitrile and 33% [v/v] buffer A), followed by a linear

gradient for 53 min up to 50% (v/v) of buffer B. The column waegrélibrated for 7 min with 5% (v/v)
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buffer B. PAP concentration was calculated relative to a commercially deatalbdard (Santa Cruz

Biotechnology; s210760) as described in Litthauer et(@018)

2.8. Statistical analysis

All statistical analyses were conducted in the Ristigal computing environment using R as developed

in RstudidR Core Team, 201&)ata were assessed for normality using the Shaplilk Test All

statistical analyses were modelleding generalised linear models. The dependent variable in each case
was compared to between one and three possible factors in the fixed effects (typically variety, where
appropriate, treatment and occasionally tinod-day if repeated measures were useddaminimal

models derived. In addition, block was always considered a random effect. In certain circumstances,
time-of-day, day and ambient temperature were also considered as random effects if the circumstances

dictated, and these are described in theent chapters.
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Chapter 3Circadian clock mutants of the barley Bowman may have
novel phenotypes relating to water use efficiency
3.1. Introduction

From the 19Ps, a number of mutantsyften but not alwaysjnducedby irradiation with xrays were
discovered and desiable mutations bred into commercial cultivargor instance the successful early
flowering variant Mari, which was widely planted in Sweden from the 1980sutant population was
established from the early 1980s which created Near Isogenic Lines (Nkeg)mutants crossed into a
Bowman backgrounéDruka et al., 2011Yhe latter being a commercial spring variety developed in the
late 19709(Franckowiak et al., 1985)wo mutantsin this populationthat are of particukr interest are
BW289 and BW284h& BW284 variant containing the mutation found in Mand which drives heading
3-12 days earlier than Bowman, depending on day len@itancowiak, 2014)They are impiaed
respectively at the evening clock gertdlIf3 (Faure et al., 20123nd HVux1 (Campoli et al., 2013poth

of which are homologues dfircadian cloclgenes(Calixto et al.2015)that found as part of the EiD
Arabidopsighaliana(Nusinow et al., 2011Mutations of this sort are known to invoke an early flowering,
photoperiodinsensitive phenotypg€Cockram et al., 200€)breeding for this locus extended the range of
barley into morenortherly climates such as Sweden artdtlee same time allowed farmers in hotter

regions to harvest earlier, reducing the risk from summer drou¢@tckram et al., 2007)

In youngbarley seedlings, clock genes were foundraspond tostress gene outpufsuch as the ABA
response geneABA Insensitive BvABIY, butthemselveshad a limited impact ophysiological traitgs
andA (Habte et al., 2014)tis not known if trese physiological responses in seedlings persist further into
development, but it appears unlikely since clock mutants have a-estdblished earlflowering
phenotype The Evening Complex is known to be the locus for the integration obgemwbus and
environmental signals, including key genes regulating photosynttiEgisr et al., 2017)Meanwhile,
circadiantype rhythms have been observed iplants over diurnal timeframes, with significant
heterogeneity observed between herbaceous crop species in sinusoidal light re@itagkews et al.,

2017) Other recent work has shown the importancestomatal anatomy in stomatal kinetic responses
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to changing light level@vialetChabrand et al., 2017bWe expect mutations in clock genes to have an
impact on the manner in which dawn and dusmie predicted; clock gene expression is clearly cyclical in
many pathwaygHarmer et al., 2000and is closely related to physiologicaltputs (Dodd et al., 2005)
such as stomatal apenta (Hassidim et al., 201 With a mnsequent impact both on kinetic and steady

state performance ofjs, Aand WUE

The aim of this study was investigate the impact of the clock on stomatal conductance and assimilation
rate, and by extension WUiia Bowman and the two clock mutants deibed above Two possible routes

to improving WUENclude improving stomatal responses to changes in light levels or peak performance
over longer (diurnal) timescale§tomatal conductance and assimilation were characterised early in
development (pre Gnath Stage 31) over the course of a dKjnetic and steadgtate performance were
assessed separately. In the first part, the intention was to study the impact of cultivar (Bowman, BW284
and BW289) on steadstate physiological responsés confirm the reftionship with gene expression
levels (Faure et al., 2012, Campoli et al., 20lB}he second, to complement this with kinetic response
data to changing light levels in terms of cultivars. Finally, an attempt was made to characterise
developmental phenotpes such as early flowering in the context of tiller, leaf formation and biomass

the light of the early maturing phenotype of these mutations (Faure et al., 2012, Zakhrabekova et al.,
2013, Campoli et al., 2013)hese data were used telate physiolay to phenotype, notably in terms of
stomatal anatomyand also leaf water contenWith the impairment to theicircadian systemthe barley

clock mutants should have a reduced ability to anticipate time of day, and therefore their rates of
assimilation ad stomatal conductanceould differ from Bowmanover diurnal timescaledt was also
hypothesised that the impaired ability to predict dawn would influence the speed of response of stomata
to changing conditions, and this should interact with time of delye impaired adaptation to diurnal
cycles should drive the clock mutants to exhibit lower biomass and phenotypes linked to poor

synchronisation with photoperiod such as etiolation and smaller leaves.
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3.2. Methods

Thirty-six plants of the specied. vulgare L(cv Bowman, cv BW284 and cv BW289) were grown in 2
separate batches between 21/11/2017 and 23/01/2018 and 20/02/2018 and 26/03/264&h
randomised into 6 blocks with one biological replicate per block, in the glasshouse of the University of
Essex, WivenhoBark, Colchester. Supplementary lighting was supplied by sodium vapour lamps if PAF
fell below 200umol n2 s light between 0700 and 19:00 daily. Minimum daytime temperatures were

20°C and 1%C at night.

3.2.1 Assessment of functioning of the circadian clock

The functioning of the circadian clock was assessed according to the methods outlined in Chapter 2.

3.2.2 Functioning of clock mutants in Ielight diel cycles

Eight seeds each of Bowman, BW284 and BW289 were planted on 1/11/17 in 0.5L pots and stratified fo
4 days at 4C before being placed in the glasshouse at the University of Essex. Each plant was assigned

to one of eight blocks, with one replicate per block.

3.2.3 Steady state measurements gfand Aunder constant high light

Thirty-four individual plants of tree different cultivars of the speciel. vulgareL were grown;
respectively twelve, eleven and eleven individuals of cv Bowman, cv BW284 and cv BW289, in a glasshol

at the University of Essex, between 11/2/2017 and 28/6/2017 and between 7/4/2017 ar@03/B.

Between 32 and 47 days after sowing (DAS), eight plants from each cultivar were selected, and the midd
portion of the 3% leaf of the main stem placed in the cuvette of an ADC LcPRO IRGA. Plants were allowe

G2 aSidtsS T2N dzUmAs2t Inwdp (KRSIYNEAS B L2 a1S R> Yiiz2? sSWPAR, K 2 d

6ST2NB FAYAAKAYI G6AGKSIPARFAYIE ndp K2dNE Fid n >
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3.2.4 Evaluation of kinetics afs and A under step changes in light

Separately, eighteen individuals of three different cultivakshe speciedH. vulgareL were grown in a
blocked design; six each of cv Bowman, cv BW284 and cv BW289, in the University of Essex greenhou
between 2/10/15 and 12/2/16 and between 18/12/2015 and21/4/2016. Between 21 and 32 DAS, each
plant was run throgh a diurnal step change protocol using &€br 6400 IRGA. Two variants the

YSGK2R 6SNB dzaSRo tflyia 6SNB SELR &S RSIPARDEfgfe | f

[N

KS fA3IKG AyaSyairide ¢&s'®@ARgf O NBrl TiS procesLwasirapeated for\62 |
GAYSas 6AGK M K2 dzN3stPAR. (hkh&othBryidRiang fantsiwere exposedito cofistant
f AIKG I+ G 2ghfor® houry iefore Fcycles of leligh light were applied with 1 hour of low light

at the end as before.

3.2.5 Data modelling of kinetic and steadtate physiological @a

3.2.5.1 Kinetic modelling

The step changes sections 3.2.2 and 3.2.3 above were parameterised using a simplified version of tr

growth model derived by VialéZhabrand2017b)as follows:

Q. Q Q Q Q
Where gnin Was the predicted value observed at low lightaghe predicted maximal value and(tau)
the time constant associated with an increase of 63% from the minimum to the maximum viiueivie
Bayesian estimators applied to each value.
3.2.5.2 Steadystate modelling
Values during the steaestate periods for section 3.2.2 were parameterised using a simple model
devised by Yin and Porporaf@017)to avoid singoidal modelling of informatiodeficient datasets, or
the use of the Fast Fourier Transfofon similar reasons. Each steady state datase®for gswas

broken down into its mean, its phase (as measured by the centroid) and its amplitude (as measured by

standard deviation).
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3.2.6 Harvest

tflhydia Ay@dz2t SR Ay (KS W3 ljingz ilNSBctiah B.Z8wverie hadadsiéd at 11,5 E
21, 32, 47 and 68 DAS, with a final harvest being made at 121 DAS. Total dry biomass, total grain ma
total grain number, number of ears and number of tillers werebkshed at the final harvedi addition,

at each harvest, point measurementsstomatal conductance using &1 porometer andf chlorophyll

fluorescence usima FMS2 fluorimeter were made.

3.3. Results

The studies described below aimed to assess the physiological consequences of mutations to the
circadian clock genes. Having done so, further work sought to identifyahetaled physiological traits

to understand short term differences between the clock mutants and Bowman, and to consider
anatomical features that might underpin those differencdsetvhere, developmental impacts of the
clock mutations were assessed to understand the timing, nature and extent of physical changes from

seedling to harvest.

3.3.1 Assessment of the functioning of the circadian clock

It is usual to explore clock function bypmsing a plant previously grown in day:night conditions to
constant light to understand the extent to which circadian rhythms are able to persist in the absence of
a regular reset at dawn or dusko test theassertion that the mutants BW284 and BW289 had

impairment to their clock function, they along with Bowman were placed in constant light conditions for
9% hours (FIBMO X YR ad2YlFGFf O2yRdzO0Gl yOS YSIF adz2NBR S¢
measurement was not used, and only the data for thewéng four days considered. The periodicity

parameterised (Fig.2) to understand the relationship between cyclical amplitude and period length.
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Figure 3.1: Time series of stomatal conductargeefor Bowman and clock mutants BW284 & BW289. Plants were expt
to constant PAR of 10@mol m2s¥ 2 NJ p Rl &8a gAGK (KS a2 WRB RREI & ¥R W“Sitoad
RAGLIX @SR 1102085 &0FNIAY3 FTNRY LI NBYyid REFEégy oOKInoc
environment. Data shown are normalised to mean = 1 mékfracross the entire period, but are hotherwise scaled. Data
are shown are means at each time point $E, N=B.

The data were rescaled to havergean of Imol mi? s? (Fig. 3.}, and show attenuated and inconsistent
but not eliminated circadian rhythms of stomatal conductance in the clock mutants, while for the
control, a strong rhythm peists withgs peaking consistently in the subjective afternoon. The

differences are underlined (Fig2) by Bowman appearing to form a separate group compared to the
clock mutants, with a peak of at 23.9 hours and an RAE of below 0.2 mmdlsth The nutants appear

to retain some periodicity, albeit with high variability in the period between replicates which may reflect
residual changes in temperature and humidity in the experimental area. There were no differences
between mutants and Bowman-{tay AN&/A, p>0.05). Bowman had a significantly smaller RAE than

either mutant (*way ANOVA, #24=5.14, p=0.01).
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Figure 3.2: Scatterplot of calculated photoperiod versus relative amplitude error (RAE) for Bowman and the clock r
BW284 and BW289. Both parameters were calculated usiagBRASS software. Each point represents one bioloc

replicate. Diamonds represent mean valuesS#, N=8.

The net step was to test the physiological performance of the mutants versus control over sgasiee

diel cycles. To this end, plants were run over two days of 12h:12h light dark cycles, still at low light level:
(PAR = 10Amol m?s?, Fig.3.3). With the oportunity for a daily reset at dawn and dusk, plant

behaviour is entrained regardless of the presence or absence of clock mutations. The clock mutant
BW289 had consistently the highest assimilation &&A), and BW284 the lowest. Similarly, BW289

had casistently the highesgs, while that for Bowman and BW284 was similar overall. There appeared

to be a distinct delay in the rise @p after apparent dawn for Bowman compared to BW284 and BW289,
with Bowman also appearing to have a distinct pea@sdditer in the day. The result was that Bowman

had consistently higher WWébmpared to the clock mutants, with all cultivasperiencing a decline in
WUEiduring the course of the day. For a mayremplete picture of behaviour, these data were

therefore parameerised into mean, phase and amplitude components &#).
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Figure 3.3: Time series of assimilation (A), stomatal conductance (B) anq@Yy&E Bowman and the clock mutants
BW284 and BW289. Plantere exposed to alternating periods of light (PAR =11®0l m2s1) and dark (PAR = Bnol m?
s1) for 12 hours each over two dayBatashown are means for each cultivar §E, N=B.

Comparisons were made feach of mean, phase and amplitude for eacth\afs and WUEcurves (Fig.
3.4). The mean was the simple average of all points, the amplitude for each curve was approximated by

the standard deviation and the phase was the difference between the centroidhenchid-point of

each diurnal period (6 hours).
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Figure 3.4. Parameterisation of daytime outputs af#/diel time series for Bowman, BW284 and BW28%{ays and

WUE A) MearA. B) Meargs. C) Mean WUED) Phase advance Afelative to midday. E) Phase advancggtlative to
midday. F) Phase advance of Wigktive to midday. G) Amplitude & H) Anplitude ofgs. I) Amplitude of WUEMeans
shown +£ SE. N=145. Mean = mean of relevant values. Phase = centroid of relevant values. Amplitude = standard
RSGAILIGAZ2Y 2F NBESGlIyld @l tdzSad b2 aiayiTAa faksgns wilR barsh&iNg
identical letters at gir = 0.05.

The mutant BW289 (Fi§.4A) had significantly highereanAthan BW284 (5.48mol m? st vs 3.45

umol 2 s1), andgsthan either BW284 or Bowman (FRy4B, 0.18 mol ms?vs 0.12 mol ni s? for the

others). As a result, Bowman had the highest mean MASESumol mol?, Fig.3.4C) significantly

greater than that of BW289 (3imol nol’z ¢ dz] SeQa GSadz LFrnonpdd 2 KAf
phase ofA between varieties (Fig.4D), the move of phase fgg to 42 minutes later than midday for
Bowman Fig3.4E) was 37% less in BW284 and 52% less iyBW206 ¢ dz] Se Q& ¢Sadx Lk .

that BW289 has a phase for WJiHg.3.4F) that was 35 minutes after midday, significantly more
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FRGFYOSR (KIFy . 26YlyQa omc YAydziSaz ¢dzl SeqQa GS
of response foA (0.63umol m? s, Fig.3.4G) andys (0.27mol m? s?, Fig.3.4H), it had the smallest

amplitude for WURof just 6.3umol mol* (Fig3.n L0 X AA3AYATFAOl yif @molndld)a (K

3.3.2 Assessing the impact of clock mutations on developmental ptypes

Both BW284 and BW289 varieties passed the critical flowering stage of growth stage 35)Rngny

days before Bowman achieved the same level of maturity. BW284 already had a significantly later
growth stage than Bowman at 21 Days After SowilgS(Fig35/ = ¢ dzZl SeQa GSadz Lx
NBYFAYSR +Fd F aA3IYyATAOFLydfte SENXIASNI INRsGK adl
p<0.05). Similar observations were made for height, where BW289 was significantly shorter than
Bowman at6®DAS (Figp ! £ ¢dzl SéQa G4Sadz LFnonpd YR GAfES
than BW289 at 47 and 68 DAS (Bip./ X ¢ dzZl SeQa GSaidx LF¥F nknpoz I (K

had been the same up to that point.

49



100 1

104 P-value = 9e-08
751 P-value = 1.3e-06

o)
£ 5
S o
= o
_-5, L
T 907 »
3 51
=
25
0 20 40 60 0 20 40 60
Days After Sowing Days After Sowing
C * *kk *k *
o
(1]
& 754 P-value = 4.4e-05
W
>
[=]
®
N Varie
— 50- ty
% - Bowman
5 - BW284
) GS 31 - BW289
:C_‘ 1 L
E 25
o

0 20 40 60
Days After Sowing

Figure 3.53em height (A)andtiller number (B) Stars indicate where at least one mutant was significantly different fr
Bowman * p<0.05 N=6, means shown +8E (C) Gowth stage of the rin stem on the Zadok scalgaxis showshe first

five harvests of Bowmaand the mutants BW284 and BW283rowth stage 31 is indicated by the horizontal line, and ma
the point at which vegetative growth becomes reprative growth. Means shown +5E N=6. Stars indicate where at leas
2yS Ydzit yGd A& AAIYATAOLyGte RATTFSNBYyG FTNBY .26YFY 0ol

50



A B 3004

@ ~

" £ 2001

(4] p—

£ 4 @

= o

b @

- ‘@ 100

= 2_ 3

o

L8 1

0- T T T T T T U-

c D 500 1

_ 0.75-
o — 4001 %\
g 0.50 ”: lk
= " S 300 ]
- -
k] 3
> 0.25- n
a 200 A
0.00 1
E 20 30 40 50 60 70
0.90
~ 0851
(=]
> 0.801
g 0.751 Bowman
04 - BW284
0.70 BW289
0.65

20 30 40 50 60 70
Days After Sowing

Figure 3.6Summary fots offresh leaf mass (A), total leaf aréB), dry leafmass (C) Specific Leaf Area (D) and (E) Rel:
Water Contenfor the firstfour harvests of Bowman and tfeockmutants BW284 and BW288leans shown +/se for each
point, N=6.

Bowman, BW284 and BW289 were assessed on their leaf characteristic3.gFifpcusing on fresh and

dry mass, and by extension, water content, and leaf area plus specific leaf area, which approximates t
leaf thicknesgVile et al., 2005)There was a significant interaction (RB@A) between harvest date and
variety in predicting fresh leaf mass\{&ay ANDVA, B.s5=57.6, p=2.2x1). At the first harvest, 21 DAS
there were no differences in fresh weight (BgA), however, Bowman accumulated significantly more
fresh leaf mass than either mutant by the time of the second (32 DAS) and third (43 DABha G a 0 ¢ ¢
test, p<0.05). By the time of the fourth harvest at 68 DAS, Bowman had significantly greater fresh lea
YIda GKIFIYy .2Hyd o¢dzlSeQa (Sads LFrnonpud ¢KSNB
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variety on leaf area (vay ANOVAR, 79=57.6, p=2.2x1&, Fig 3.6B); leaf area was identical at the first
harvest, but Bowman had significantly more leaf area than BW289 by the second harvest, more thar
either mutant at the third harvest and more leaf area than BW289 at the fourthanii 6 ¢ dz] S& G
p<0.05). However, Bowman had accumulated more dry leaf mass than BW289 only at the fourth harves
(Fig3c/ X ¢dz1 SeQa (Sad LFrnonpdX YR GKSNB 6SNB y2
leaf area (Fig3.c 5 X ¢ a=t, $>®.05). Thiere was a significant interaction between variety and harvest
date on relative water content (Fi§.6E, 2way ANOVA, Fs3=3.41, p=0.006), and while there were no
differences between varieties or between harvest times for the first taovbsts, by the third harvest at

43 DAS, Bowman had significantly greater RWC than BW289, the latter having fallen significantly since tl
aS02yR KIFINBSad RIGS 6¢dz] SeQa GSads Lrnonpod . @&
significantly lower RWC than at the prior harvest, and BW284 had significantly higher RWC than BW28!
G GKIFEG LRAYG 6¢dziSeQa GSads LFknonpio o LG o1 &
area (Fig3.6B) occurred at 21 DAS, while that fomBoan and BW284 occurred at 32 DAS. Yet dry leaf

mass (Fig3.6C) continued to rise for all three cultivars until 32 DAS.

3.3.3 Detailed assessment of developmental phenotypes

For a moredetailed examination othe variability of plant phenotypes between cultigaand over time,
separate assessments were made of fresh mass across three artgves, stems (and tillers) and ears

for fresh (Fig3.7) and dry mass (Fi8.8), total area (Fig3.9) and relative water content (Fig.10).
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Figure3.7: Meanfresh mass for the leaves (left), stem & first three t8lémiddle) and ears (right) at four harvest

dates. Means shown +5E at each point. N=6. N=6. Identical letters denote no significant differences found in

LI ANBAAS O2YLI NRAaz2ya dzaAy3d ¢dzl SeQa

From the detailed assessment of fresh mass @i, mean leaf mass was broken down by variety and

harvest date (FigB.7, left panels), and whilao differences were observed, it was clear that fresh mass

GiSad

2F Y2RSt

peaked for Bowman and BW284, as previously noted 8@d@). Bowman (Fid.7, middle panels) had

heavier stems / tillers than both mutants (3.5g vs. 2.5g and 1.2g for BW284 and BW289) at@TdDAS

GKSe@

iKSy

AIKEG F

w

[}

appeared somewhat heavier than BW289 (0.83 g) by 68 DAS

l.j

by @

NEYFAYSR KSIF@ASNI GKI Yy

2F (KS pKO.OS\aSdBowmale (1.¥9(gH andd BWEA4SE28 §)
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51 ¢

0 ¢ dz]l &005%. No @fferéntes wdré seen between the cultivars in terms of fresh ear
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In common with the fresh mastata (Fig3.7), there were few obvious differences between leaves (Fig.
3.8, left panels) although peak dry mass was achieved by all three varieties at 47 DAS before reserve
were remobilised and the rate of senescence increased. It was in the stemthéhphenotypes were
again clearer (Fig.8, middle panels), where Bowman had significantly greater dry mass (0.29 g) by 47
51 { GKFYy .2unHyd Oondmp 3T ¢dzZ1 SéQa G4Sadz LFrnonpidX
a remarkable similarity in eadry weight (Fig3.8, right panels) at 68 DAS, where BW284 had slightly

heavier ears (0.56 g) than Bowman (0.51 g) and BW289 (0.53 g).
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Onesided surface area (Fig§.9) presented a moreomplex picture with leaf area peaking at 47 DAS for
Bowman and BW284, as seen previously @&§), while stems continued to increase in area throughout
the period (Fig3.9, middle panels)as did ears, all of which suggests a subtle remobilisation of reserves
through time. Peak leaf area for Bowman (13.9°cRig.3.9, left panel) was more than double that of
.2Hyn YR 2@0SN) F2dzNJ GAYSa Y2NB (KL Y,these difepizés 6 ¢
had disappeared, and BW284 now exhibited the greatest area (4)4amw 40% larger than Bowman
YR HHTY: Y2NB GKFYy . 2nHydpQasz fGK2dzaAK Fff KIR S

stem area outlasted the clock mutantQ 9Cniiddll®panels), where Bowman at 47 DAS (153 wias
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 OlGidzt £ f& &fAIKGE S &, dd Sothall Ky then exceed\BWZBEA (9.4BmC tbda] 3R

test, p<0.05). Yet by 68 DAS, Bowman had the greatest surface area for stems &36ligrsn3), 39%

Y2NB (KIy YR Y2NB (GKIFyYy .2uHyd 6¢dz] Se

ears later (its ear area was just 0.8%cah 47 DAS, compared to 2.7 and 2.4°¢éon BW284 and BW289),

.2 HYDRN T H2

gKATS
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cy

BW284 and 3.9 cfrfor BW289, which had not even doubled.
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Relative water content declined significantly from the second to the fourth harvest date for leaves and
stems, and between the third and fourth harvest date for ears @ign > ¢ dz] SeQa GSaida
leaf level, there were no differeces between cultivars at 21, 32 and 47 DAS 844, left panels), but,
. 26YFY KIFEIR AAAYAFAOLIyGfe ©26SN) w2/ GKFY . 2Hyn
differences between any cultivar in terms of relative water content of stems & tilerdz{ S& Qa
p<0.05). The ears of Bowman had significantly higher RWC than either mutant at 47 D2\$0(Fight

LI ySt&auvz FYyR NBYFAYSR KAIKSNI GKFYy .2 Hyd G cy

A B 0.4 1 a
_ 3001
N =
5 £
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3 |
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Figure 3.11A) Mean Specific Leaf Area (SLA) and B) Mean leaf thickness (SLA x Leaf Dry Matter'@bifient)
harvest dates. Means shown-E. N=6. Identical letters dete no significant differences found in pairwise
O2YLI NRA&2Yya dzaAy3d ¢dz] SeQa GSaid 2F Y2RSf  2dziliziao

Specific leaf area was calculated for each leaf, and then averaged over the plaBtl(FAg; SLA rose

> L

QX

between 21 DAS and 32 DAS, then fell again between 47 DAS and 6&IDAS &TQ & (S &
was a significant interaction between variety and harvest date on Siway2ANOVA, #s5=2.80,
p=0.018), but when leaf water content was corrected for (Eityl B), there were no differences between
varieties at any harvegtoint, but leaf thickness overall had dropped significantly between 47 DAS and 68

51 { o¢dz1 SeQa G4Saidx L¥kndnpod
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The final harvest, at 14DASalso showed consistent differences between the varieties &1g). There

was a significant effect of variety dhe number of ears ([vay ANOVA, #276.15, p=0.012), where
BW284 and BW284 had significantly more ears than Bowman3(Figt ! = ¢ dzl SeéQa GSai
was also a significant predictor of grain numbemndy ANOVA,2=11.2, p=0.003), whereoB/man and
BW284 had significantly more grains per plant than BW2893Rigt 9 = ¢ dzl SeQa GSaidzx
not a significant predictor of dry mass (F3gL2B), harvest index (Fi§.12C), grain mass (Fi§12D) or

thousand grain weight (Fi§.12F) (tway ANOVAs, P>0.05).
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Figure3.12 Final yield and yield componeni) Ear numberB) Total dry mass, C) Harvest index, D) Total grain mass, E)
number and F) Thousand QralVeight at the final harvest at 122 DAS for Bowman and the two mutants BW284 and B\
N=5-6, means shown +ke

3.3.4 Diurnal Responses éfandgsto steady state illumination

To test whether the observed developmehtdifferences could be accounted for by shtetm
differences in steadgtate physiological performance, Bowman, BW284 and BW289 were dark adapted
then a leaf exposed to constant light for ten hours in an IRGA3ER). The curves for assimilation show

a consistent rise at the start of the period, with a steady decline during the course of the ten hours (Fig
3.13A). The mean values fgralso showed a rapid rise under high light followed by a decline during the

rest of the day (Fig3.13B); but in thecase of Bowman, and to a lesser extent BW284, there was a
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pronounced peak in the afternoon. Combining these data into WIHE consequence was that mean
values for Bowman exceeded that for the mutants in the first hours, but then profoundly underpedorme
for a large proportion of the afternoon period (F&13C); WUHor the clock mutants rose slowly during

the course of the day and ended higher than Bowman. These data were parameterised and the statistice

tests on those parameters are reported (RBd.4)
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Figure3.13 Diurnal curves for Bowman, BW284 and BW289. Plants were dark adapted before the experiment started. They were
then given 30 nriutes with no light, followed by 10 hours at 1000 umof st PAR then another thirty minutes with no light.
Temp = 24C in the cuvette, with atmospheric [glGnd [BO]. N=12for each cultivar, means shown-ie. A. Assimilation in

umol m?2 st CQ shown for Bowman, BW284 and BW28B. Stomatal conductance in molas? H,O for the three cultivars
Bowman, BW284, BW288. Intrinsic Water Use Efficiency for Bowman, BW284 and BW289 in unvol mol
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Figure 3.14Parameterisation of steady state performanzieBowman, BW284 and BW289 from diurnal data (Figure 13)

Amplitude ofA. B) Phase oA C) Phase afs D) Phase of WUEI.. N=fi each cultivar, means shown-+&ke.
The diurnal curves (Fig.13) forA, gsand WUEwere parameterised using the method described by Yin
and Porporato (2017) as previously. Bowman had a significantly lower ampbt@dsimilation over the
course of the day than either clock mutant (FAd.4A). Perhaps more interestingly, Bowman experienced
an advance of its phase of assimilation by 40 minutes ahead of midday, compared to 35 and 32 minute
for BW284 and BW289 (FRmn . = ¢ dz]l S& Qa (i ®dréme patirnederged fdr the phase NS
ofgs 6 KSNB . 26YlIyQa LKIaAaS 61a I RAIYOSR 6@ no YAy«
and BW289 (Fi@gmn / X ¢dz] SeQa G4Sads LF ndnp d vanterSysandAl A y :

was a retardation of phase for WUE

3.3.5 Diurnal responses @k anddsto fluctuating light

While steadystate responses are one means of distinguishing between cultivars, an alternative means by
which developmental differences in harvesttoomes could arise is by variability in the speed of a
GFrNASGeQa NBaLRyaS G2 OKIFIy3aAaAy3d SyYyBANBYYSydl f

photosynthetic responses should be mayeless instantaneous to changing light levels, the misimat
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between responses gk and gs ought to occur as stomatal aperture is at least in part determined by the
clock. Furthermore, recent evidence has shown the impact of acclimation on responses, and in this
context, an impaired clock could also be an impottenodulator of responses. This series of studies
focused on two areas, whether there was any sktertm acclimation to fluctuating light conditions and
whether there was variability in response over the course of a day. Two separate studies were run (Fic
315 A, C, E and B, D, F) varied by the acclimation process in the first seven hours of the day, otherwi

the exposure to fluctuating light was identical.
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The outputs of the fluctuating light studies, reported above (&p), were parameterised into the slope
parametersgaud _ = G KS GAYS O2yaidl yi 7T 2Nand&&Stimeakertd réazh i K
hp: 2F Y EhOIAE /@HYILAENR AR Y & 2 T maldoSveredisetlay deeSdnid T
variables in tweway repeated measures ANOVAs consideringgtsaand experiment as the treatments,
GKSNBE WSELSNAYSYGQ YSIyid GKS FANRBRG 2N aSO02yR &
AMpUO® . 26YlLYy KIEIR F &aA3IYyATFAOl yif 816DKuAdIINEdEbing light2 NJ
intensity; there was no difference between the mutant&sway ANOVAR,, 7474.41 p=0.015).Further,

there was an interaction between variety and acclimation_fos (2-way ANOVA, & 7475.11, p=0.008)

on assimilation (Fig3.16G) under increasing lighitensity. There was also an interaction between
acclimation and variety on the slope@f(Fig.3.16B; 2way ANDVA, k.e174.79, p=0.01) under increasing

light intensity There were no other significant differences detected in the analysis of kinsponses.
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Figure3.16 Parameterisation of kinetics of Figure 3.15, for pm only. For each parameter, the effect of experiment (v
without the 7 hour low light peod) and variety were considered as factors. Effects for the interaction, and main effect
noted as letters above the bars. A) Maximum slope of assimilation C) Time constant of increase E) Predicted maxir
of assimilation B) Maximum slope of statal conductance D) Time constant of increase of conductance F) Predicted me
value of stomatal conductance. G) Time taken to reach 0.95 of maximal assimilation H) Time taken to reach 09.5 of
stomatal conductance 1) Time taken to reach 0.9%nafimal stomatal conductance. N=12, means showsse/ Different

ft SGGSNAR RSy20S aA3ayAFAOLY(d RAFFSNByOSa 2y ¢dzl SeqQa i
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Figure 3.17: Parameterisation of kinetics of full diurnal of alternating high and low light for 12 (Réguse 3.15 A, C & E). A)
Maximum slope of increasing assimilation. B) Time constant of change in increasing assimilation. C) Maximal predictied value |
increasing assimilation. D) Maximum slope of increasing stomatal conductance. E) Time constantasinigcstomatal
conductance. F) Maximum predicted value of increasing stomatal conductance. G) Maximum slope of declining stomata
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Data shown are means-ge, N=6 in each case. Minimal models shown from initigsa® ANOVAs of dv ~ Variety x am or pm x
K2dzNX» S5AFFSNBYy G tSGGESNBA AYRAOFGS aA3IyATAOLYyd RAFFSNByOSa

The kinetics of the full diurnal of alternating highlow light (Fig.3.15A, C, E) were parameterised
according to the exponential model described above to understand the extewhich cultivar was

affected in performance over the course of the day. The maximum slopevak shallower for Bowman

VRPN z

compared to the two mutants (FigmT1 ! = ¢dzl SeQa G4Sadz L¥Frnodnpov |YyR

A 7

increasing and decreasing (Fig.3mT ®5 39 DX ¢dzl SeQa GSadas Lk ndnpo
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experienced in the morning or afternoon affected maximal predicted values of A and gs under rising anc
falling light intensity (Fig83.17 C, F and I), with the first six hours mvrise to higher maximum values
then the second six hours. The impact of variety or tofielay on measurements of tau were mixed

there was no Impact of variety on (Fig.3.17B, p>0.05). Measurements gf for increasing light were
higher in the morning thann the afternoon (Fig3.17E, tway ANOVA, fs5=6.31, p=0.014). Under
declining light levels,qs was shorter for BW284 than BW289, although there werdifferences with

Bowman (Fig3.17H, fway ANOVA, F5=3.66, p=0.030.

3.3.6 Assessment of stomatal Anatomical characteristics relating to leaf number and

developmental stage

Anatomical data were analysed in two ways: to consider the impact of leaf humbearadonay, and of
developmental time on anatomy. Data from the constant high light diurnal study reported above were
analysed to consider the interaction between variety with the stomatal anatomy of third or flag leaves.
Onthe third leaf of the main stem (§i3.18A), Bowman had significantly higher stomatal density than
020K .2Hyn YR .2Hyd 06¢dz1 SeQa (Sadz LFnonpidd

stomata per mmthan the flag leaf (2vay ANOVA, Fs274.79, p = 0.036).

There was alsao interaction between variety and leaf number on guard cell lengtivg2 ANOVA, F(2,
30)=2.91, p=0.070). BW284 and BW289 had significantly longer guard cells than Bown3aiB@igbut

not compared to each other on the third leaf{Zay ANOVA, #=9=8.71, p =0.0010). The third leaf was
significantly shorter than the flag leaf-{@ay ANOVA, F(1,30)=4.74, p=0.037). When the density of
epithelial cells were taken into account by calculating stomatal index (Fig 18C), no differences were
observed betweertultivars or between leaves{ay ANOVA, p>0.05). There was no correlation of guard

cell length and stomatal density (F&18D, 2way ANOVA, p<0.05).
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Developmental progress of stomatal density and size on the second and third leaves (as they became ful
expanded) were tracked for the first three harvests at 11, 21 and 32 DAS.1Big-There was a significant
interaction between veety and harvest date on stomatal density (Bd.9A, 2way ANOVA, &127723.0,
p<2.2x1@). Although there were no observable differences between cultivars at the first harvest after 11
RFe&d o6¢dzl SeQa (Sadsx Lk ndnp vlElowersstormatal denkity thah BW2B4 Y |

60¢dzl SeQa GSaidz LrnonpdX o0dzi GKA& RAFFSNBYOS RA
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p<0.05). At 48 DAS, Bowman had a significantly higher stomatal density than BW289 by the third harve:
(Tukea GGSaA0GZ LFknodonpo® .2Hyn faz2 KFER aAAIYAFAOLY
KINBSad o6c¢dzl SeQa G4Sadsz LI nodnpdhleB),ahkré&was dclead ndéntyt

for the guard cell length to get smaller at succesdnarvests. There were once again no differences
between cultivars after 11 days. However, by 21 days after sowing, Bowman had significantly longer guar
cells than BW284. There were no differences between varieties by 32 B BRNOVA, d=0=22.7,
p=2.07x10?). Stomatal density and guard cell length were inversely linearly related3(E8f), with a

main effect for variety, and an interaction between harvest time and stomatal density in predicting guard

cell length (3way ANOVA, Fi0=27.9, =1.8x10%).
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3.4. Discussion

Previously, studies have shown that mutations at #@n8and eam10loci (Druka et al., 2011prevent
function of circadian clocks in barley, and that theL UXXand HVELF8enes were the ones affected by

the mutations(Zakhrabekova etl., 2012, Campoli et al., 2013, Faure et al., 2012)

3.4.1 Clock mutants retain some circadian characteristics

The studies described above (Fig@4d & 3.2) illustrated that the circadian clock mutants BW284 and
BW289, retained some physiological outputheit circadian clocks (Figsl &3.2), with a clear reduction

in the amplitude ofys under constant light conditions in the mutaritsline with previous data from Faure

et al. (2012) and Campoli et al. (2013) on gene expression iedms3 and eam10 mutants, although

the phase appears to shift to later rather than earlier in the subjective day as oppofdatadound from
gene expressiorThere remains some question over whether the clock signals observed in Bduies

3.2 would persist as experiemtal conditions became less constrained. In 12h d&fk light day night
periods (Fig3.3) evidence emerged that although the mutants exhibited some clock functionality when
environmental cues were available, physiological differences with Bowman rethdagameterisation

of the data (Fig3.4) showed that at low light levels, BW284 had lower assimilation than BW289. More
importantly, a difference in the phase of stomatal conductance was observe® @), suggesting that

the diurnal timing of stomataaperture in steadystate conditions was different between Bowman and

the clock mutants.

342 { 1SIFReé aiGlGS8S 1KeaA2f23IA0Ff LI NFIYSGSNAEA K

Parameterisation of steadstate diurnal measurements (Fi§.14) highlighted a graar amplitude of
assimilation for the mutants compared to Bowman under higher light intensity, which did not exist at
lower light levels suggesting that the clock mutants had greater variability in responses and less contro
overAas light intensity incrased. Importantly, the shift in phase (RgB) was confirmed and t2nded

at higher light levels {§. 3.14BD), with that shift clear id, ggand WUER | G @ ¢ KS | FG SNy 2
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is morenoticeable ings and WUEthan A for diurnals at both low ad high light has been noted in
ArabidopsigMatthews et al., 2018)We show that clock mutations in barlaffect the timing of peald,

gsand WUE showing a later phase férandgsand an earlier phase for WiJEhe phase shift having been
hinted at previouslyDodd et al., 2004Dodd et al., 2005Hee we show that for some reasarlated to

the clock mutationBowman reduces photosynthate accumulatiater in the day relative to the clock
mutants, at least in part througboordination withstomatal aperturgMott, Sibbernsen & Shope, 2008)
Perhaps the rduced assimilation is modulated by starch accumulation, but it could equally arise owing
to reduced coordination between mesophyll and stomata in the absence of the relevant EC gene contro
since it is clear that different tissues in the leaf have cloakis different periods(Hassidim et al., 2017,

Yakir et al., 2010, Graf et al., 2010)

It is noteworthy that highepsis experienced later in the day without significant increases in assimilation
for Bowman in particular. As there was no obvious differanaessimilation rate, these data suggest that
this additional thermodynamic capacity to do work enabled by the transpiration flux could be used for
translocation of sugargKang et al., 20073s recently modked (Pokhilko and Ebenhoh, 2018)p aid
replenishment of calcium poo(8/1acRobbie, 1998)r to assist in the repair of damaged tiss(igafferey

et al., 2011) Bowman also had a lower Wii®mpared to the clock mutants towards the end of the
diurnal period and a higher RWC overall. These facts also suggest that Bowman uses higher rates
transpiration in the afternoons compared to the utants, perhaps in anticipation of high pm
temperatures in bright conditions. An alternative view would point to the relatively lqgyar Bowman

at the start of the day, when temperatures are typically lower and photosynthetic machinery expected to
be ingood repair. This is underlined by the phase shift in WEIB.3.14D) far towards the start of the

day in Bowma relative to the clock mutantsn either event, the clock mutations appear to alter
behaviour and possibly fitnegpodd et al., 2005) y 2 G KSNJ F f § SNY I GA GBS YAAKI
light, the fitness advantage of circadian control is of stomatal opening in response to blue light at dawn i

reduced, since no peak of temperature or light in the afternoon period need be anticipated Matthews &
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Lawson, 2019, Vialéthabrand et al., 207 Dodd et al., 2005)n the fluctuating experimentA for
BW289 appeared to fall during the course of the measurements, whitemained steady, while for
Bowman the reverse was the case (Fig. 3.15). The lack of coordination between mesophyll demands ft
high G and stomatal supply were clear for the mutant where water was lost wastefully; this may arise
from the impaired clocks failing to communicate effectively across tissues (Hassidim et al., 2017, Yakir ¢

al., 2011, Mott, Sibbernsen & Shope, 2008).

3.4.3 Little evidence that the clock has an impact on kinetic physiological performance while

the link with stomatal anatomy is weak

It was possible to make a number of predictions in respect of the clock mutants in the expectation that a
failure to anticipatetime-of-day would have a negative impact on the clock in such activities as stomatal
responsegHassidim et al., 201 akir et al., 2001 Therefore, we could suppose that acclimation to
intra-day environmental signals would vary between varieties and by fluctuating light history. However
there was limited evidence for acclimation affecting the cultivars differently, with BW284 notable for
having a steeper slope gf with acclimation rather than without and paradoxically a longer time to 95%
maximalA with acclimation (Fig3.16B, G). @erall, this suggests that there is minimal control by the clock
over physiologicalacclimation in the short term; other evidence suggests the clock is important over

longer timescaleg¢Dodd et al., 2005)

[/ £201 Ydzil yiaQ (AySGAO NBaLkRyaSa G2 OKI yedfony 3
those seen in Bowman, again in part owing to control of stomatal aperfdessidim et al., 2017)

t P N YSGSNRAFGA2Y 2F (GKS FdzZf RIFI&dQa {AYySGAO NBa
was slower to respond to changing light than BW284 FD&A, D & G). Resultsrfthe time constant of
response to changing light were also inconsisterthere was a distinction between both am and pm
periods for the time constant of stomatal conductance under increasing lighB(E®E), but only variety

was important when lightevels declined (Fi@.17H). Maximal values & and gs were affected by time

of day, but not by variety. Overall, it appears that BW284 and Bowman show the greatest heterogeneity
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2F (AYSGAO NBalLRyaSaz |yR GKAa OiwaltiaRestperfordaahdeS ¢
NBYFAYSR Ay fAYS GgAGK .26YIyQayY STFSOGAGS adz
thereby yield for a given volume of wat@vicAusland et al., 2016, Lawson and Blatt, 20adhough why
an impaired clock should improve stomatal functioning is not clear from these a#taugh the presence

of multiple clocks in the leaf is a relevant consideration (Hassidim et al.,.2017)

BW289 had kinetic responses that were in line witt 6 Y Yy Q&> YR ¢S Ydzai
differences in yield; the very early flowering of BW289 is the most likely candidate. Given the supposec
AYLI OG 2F GKS Of 201 Ydzil (A@ofldet &.y2005KeSack of inteyaitionsn L.
between stomatal kinetics and cultivar was surimgs particularly as time of day had a significant impact

on predicted maximal and minimal valuesfAdindgs. This is further evidence that the impact of the clock

in the short term can be difficult to determine, even if longer term effects like timeeading remain

more-clearly defined(Druka et al., 2011)Further work is needed in this area to understand fully the

interaction of diurnal time and cultivar on kinetic responses.

One posdiility is that the difference in kinetics could have arisen as a result of heterogeneity either in the
size of the stomatal pore, or in their density. In general, smaller pores might have permitted faster kinetic
responses(Raven, 2014)while higher density might lead to increased maximal conductance or
assimilation rates owing to shorter path lehgtfor gaseous diffusigiBertolino et al., 2019)These results
show no tradeoff between guard cell length and stomatal density, irrespective of leaf position in barley,
although work in barley EPF mutants showepoaitive correlation(Hughes et al., 2017yhile others

have found a negative one over geological timefraifieanks and Beerling, 2008a) . 2 6 YI y Qa Oz
higher density of stomata should lead to highendmaal rates of photosynthes{sawson and Blatt, 2014)

but there is little evidence of that occurring in these data.

The impact of variety on guard cell length (and by ex@nsiz adG2YIlF G-t aA1l S0 641 a

smaller guard cells at the third leaf stage not being a feature at the flag leaf stage; these were not backe!
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up by consistently improved stomatal dynamics in these data, as would be expected from empirical anc

theoretical calculationf_awson and Blatt, 2014, Lawson and Vi@leabrand, 2019)

3.4.4 The early flowering phenotype remains

Regardless of the degree of impairment in clock functioning, it was important to cottienearly
flowering phenotype in the mutantsvhich is whee their commercial importance lig€akhrabekova et

al., 2012) Evidence for early flowering behaviour (Bi$) was clear from growth stage assessments, and
possibly from tiller number,lthough the etiolated phenotype was harder to infer from plant heigtite

fact that BW284 did not progress as rapidly through its growth stages as BW289 was to be expected ¢
previous work has indicated that BW284 is approximately 4 days later to flnaeBW?289 under either

long or short day¢Faure et al., 2012, Zakhrabekova et al., 2012, Campoli et al.,, 20iBhoth mutants
flowered earlier than Bowman in this studynother interesting factor is that it veatypically some time

¢ 34 days in the case of thdvluxmutant ¢ before phenotypic differences at the level of stem extension

or early flowering were apparent, underlining the longer term impact of the clock over the shorter term

effects (Faure et al., 22, Campoli et al., 2013)

3.4.5 Clock mutants may be sourtimmited while Bowmanappears sinkimited

Detailed analysis of organ development over time underlined the findings on the-fEavigring
phenotype described above. Surprisingly, mean fresh and drynass did not vary significantly over time
(Fig.3.7-8) perhaps as old leaves senesced while new ones expanded, but stems, as major sinks fc
photosynthates(Paul and Foyer, 2001yid increase in fresh and dry mass, presumably as stored
photosynthates drew in water by osmosis. €déampairments have been linkéd the reduced ability to

store and time the release of star¢Graf et al., 2010)and this may explain the difference in outcomes
between BW289, with the mosittenuated clock function over the long term, and BW284, which appears
to retain more of its circadian functionaliynotwithstanding the fact that over diel cycles, little difference

between the two cultivars could be found. Remobilisation of photosynthate is unlikely to occur from the
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ears, and they saw no differences between varieties over time for fresh or dry malkes, 8a&commonly
sinklimited (AHDB, 2018) so storage in the stem could buffer problems of low grain number. Some
evidence can be seen in the area measurements for the stemS3@)jgwhich could be seen as a proxy
for volume, and which follow a similar pattern of developmental diffexes to those seen for fresh and

dry mass.

Although all plants were wellatered throughout the study, relative water content (RWC) declined for
all organs between the start and the end (FHd.0). Surprisingly, the mutants had lower RWC at the ears
compaed to the leaves by 68 DAS, while Bowman maintained similar RWC between those organs
Although early maturity is a known characteristic of the mutants, it is perhaps surprising that leaf water
status remained significantly higher than that at the ealer€ were no differences in RWC of stems &
tillers between all three cultivars and again, RWC was higher than that at the ears. The variability in RW
may reflect differences in the timing of senescer{fastelfeld et al., 2014)particularly as the clock

mutants would be expected to show this feature earlier under conditions of abundant water and sunlight.

In combination these data define three broad strategies adopted by the diffengtivars. Bowman has

the greatest total leaf area, but many fewer ears compared to the mutants (which is critical in barley
compared to wheat in defining yiel[dHDB, 2018) but with relatively many grains per ear. BW284 has
significantly lower total leaf area, but many more ears arghlgrain number per plant. Finally BW289
has an even lower total leaf area, but relatively many ears although each ear had low grain number
Overall, Bowman appears to be sink limited, as outlined in the AHDB Barley Growt{Zei@gand as
expected for a barley cultivaiBingham et al., 2007aConversely, the mutants appear to be source
limited, with their relatively lower leaf areas filling either fewer grains to higher mass / grain (BW289) or
more grains at lower mass (BW284). Source limitation might be expected as a function of early maturity

with less investment in leaf matter.

It was important toconsider some of the physiological parameters driving the differences in phenotype

at the leaf level. Managing total leaf area is part of the optimisation process that all plants carry out to
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manage the size of source vs sink (Bingham et al., 2007)ughhibhere remain many other factors not
considered here: root vs shoot, time to heading etc. Clearly a substantial fraction of source material will
be derived from leaf level photosynthegiSerrago et al., 2013hich could in principle offset leaf area

in determining total leaf photosynthate.

3.4.6 OQOverall plant healttand robustness may affect general conclusions

Specimens of BW289 were notably papbeing visually etiolated with relatively small leavedespite

there being no difference in steady state assimilation per unit area over the course of the day. Thais it wa
possible that there were other consequences to the plants of these mutations above and beyond the
photoperiod / early flowering phenotype. It was also possible that the leaves were not as viable for as
long in the mutants compared to Bowman (Distelfetdal., 2014), and therefore the period during which

the extra photosynthates were available was shorter.

A further unknown was the impact of water stress on the performance of the mutants compared to
Bowman.If the conductance differencesrosebecause Bwman was better at anticipatingafternoon
temperature or PAR increases, then Bowman midpet expected tooutperform the mutantson gs at

higher temperaturs and saturating light levelparticularly when stressed. Habte et{2014)contended

that in shoots, it was osmotic potential that drove expression of clock genes, with tiee letving only
minor effects on gas exchange. However the data presented here suggested that differences in ga
exchange did exist, and that those differences vary during the course of the day between individuals witk
and without fullyfunctioning circadia clocks. Additional work is needed to understand clock genes
expression levels during the course of vegetative development, and the point at which they begin to have
'y AYLI OG 2y &aSSRtAy3aQ I+ a SEOKIy3aSo varkipdin S NE
physiological performance, and these were seen to some extent in the biomass data, with Bowman failing
to generate significantly more biomass than BW284, probably as the latter hadnegpensive stomata.
Furthermore, there were suggestionbat variation in stomatal density and pore size was linked to

observed physiological variation. As such, the circadian mutants may have desirable anatomical an
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physiological features that would be of interest to breeders attempting to manage yield stalitier
climate variability. That these phenotypes existed unobserved in existing commercial barleys is also ¢
interest, underlines the value of interrogating the existing barley germplasm for desirable traits (Wang et

al., 2017, Druka et al., 2011).

3.5. Cortlusions

9 Previous data in LL for impaired diel gene expression levels and over developmental time on earl
maturation confirmed in BW284 and BW289 in this study.

9 Impaired coordination between or arrhythmia at the guard cell clock and mesophyll clock may
affect gsandA, and by extension WUiB mutants over diurnal timeframes.

1 Bowman conforms to sinkmited barley stereotype; clock mutants may be source limited under
prevailing conditions.

9 Steadystate diurnal responses showed clear phase differences wini2m compared to clock
mutants, with the latter having earlier peaksArandgs, and later peak in WUE

1 The clock did not appear to have a significant impact on kinetic performance, either in terms of
acclimation or the impact of time of day.

i Stomatal dé&a do not support expectations derived from kinetic or steatigte data; Bowman
had higher SD but not higher maxinfabr gs. Bowman had generally lower SS, but not faster

responding stomata.

78



Chapter 4Landraces and wild barley relatives exhibit a rangé, gt
and WUEcharaceristics in the growth chambemnd field.

4.1. Introduction

Agricultural consumption remains the most significant use of water, with up to 70% of freshwater
withdrawals worldwidedevoted to this purpos€éFAO, 2015)Under pressure from increasing population
and changing diets, thicontribution is likely to increase in the coming yeéeCC, 2014, McGuire,

2013) One of the key determinants of overall crop performance under increased constraint is likely to
be water use efficiency (WURJhich is defined as water used per unit of biomass ga{hewson and

Blatt, 2014) and which links the requirement to use water directly to yield

4.1.1 Genetic diversity in landraces

Against the backdrop of theressure to do more with lest)at is toproduce more crop per drop
(Davies and Bennett, 2015he need to identify genetic targets for improved WUE increases. It is
perhaps surprising how few GM varieties are in use glopadyvithstanding regional disquiet over
their use, given th prodigious efforts devoted to theitevelopment(Lawlor, 2013)While a single GM
trial has been approved in the UK for improved photosynthesis in wiMeGrath, 2017)and a handful
are in place globallyther research groups are also studying+aséstinggermplasmLandraceswhich
can be considered as oldeegionallyadapted varietiesfell out of favour as they did not meet Green
Revolution requirementdfor high input toleranceand thus could offer an excellent source of genetic
diversity(Brozynska et al., 2016, Baranger et al., 20Bfewhere, other researchers have turned to
wild relatives, dher undomesticated examples of extant commercial species or in closialed

speciegZaharieva et al., 2001, Baranger et al., 2004, Brozynska et al., 2016)

4.1.2 Improved WUBHEN steadystate and kinetic responsed A and s

Both steadystate gsand Aas well as dynamic performaneee potential routes to improving yield
(Lawson and Blatt, 2014, McAusland et al., 2016, Wong et al., 1979, Fischer et al.Fa9&#)stomat
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are likely to reduce the mismatch between Geémand at the mesophyll and water loss (Lawson 2014),
particularly in the context of rapid closure as light levels decline e.g. under shade flecks, thereby saving

water which would otherwise be wasted.

The am of this study was to characterise the natural variation in phggyphblnd anatomy of wild barleys

and landraces in comparison to elite varietiebath the field and growth chamber. The primary

objective was to understand the extent of variationggn A and WUIcharacteristics in noelite

cultivars compared to commercial varieties, and to understand whether, in a diverse range of
evolutionary solutions to the problem of water management versus yield, interesting solutions had been
reached whichdo not exist in current commercial germplasm. The second objective was to test both
steadystate and kinetic responses to changing light conditions to understand the variety and variability
in these metrics. The third objective was to link the physiologicabstetate / kinetic data to

anatomical data to understand the coordination between the two, and under what circumstances those

solutions might lead to improved yield potential.

4.2. Methods
4.2.1 Field Trial

Plants were growin the Polytunnell & Y 2 { ! Y sife at Rhbiodv, Carhdkidgdskire as

described in Chaptericluding table 1 for a full list of varieties tested

Periodically, step change measurements were taken usingC®R 6400 AGOR Inc., Lincoln, Nebraska,
USA) IRGA on a subset of the plantduding the wild barleys B3733 and B3745, the landraces Hatif de
Grignon and Golden Archer, and the elite cultivars KWS Sassy and KWS Orwell. The youngest fully
expanded leaf was placed in the cuvette (rather than targeting a particular successionumtior
developmental differences). Plants were settled at L@@l m? s PAR before being given 10athol
m2s!PAR for 45 minutes. At the same tinffle/Fm Y R Clj Qk CYQ YSI adz2NBYSy i a

LFCOR. The plants were measured both in tregmng and afternoon to consider the impact of tiroé
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day on physiological processéip to 5 measurements were collected simultaneously in the morning

and afternoon periods.

4.2.2 Stomatalanatomy

Additionally, stomatal information was taken from the 6 seéetvarieties at the end of the period using
the method of Weyers and Johans@ifeyers and Johansen, 19&&) described in Chapter 2.
Furthermore, anatomical gsxwas calculated from maximal calculatddstomatal pore length and

guard cell length rad some physical constants as describedrignks and Farquh&2001)in Chapter 2.

4.2.3 Growth Chamber

Two trials were carried out on landraces as descringdhapter 2 abova a Sanyo Fitotron in 12h: 12h

light-dark cycles at 84amol ni? s*.

4.2.4 Fluorescenc& Gas exchange

Fluorescence measurements were taken with a Hansatech FMS portable fluorescence meter
(Hansatech, Burwell, UK) on the youngest fully exea leafLightresponsecurves2 ¥ Clj QACY Q |
wererun at PAR values of 50, 100, 200, 400, 600, 800, 1000, 1250 angdrhbDOT s?, and AG and A

v OdzNIBS& RS@St2LISR | yR LI NIShkatkéyeiah, 20078 dedciidegid { K|
2.4.1.3 aboveAssimilation and stomatal conductance responses to changing light levels were modelled

as exponential function@Vhitehead and Teskey, 199 described in 2.4.1.3 above.

4.2 5 Statistics

All data were processed in R, and statistical analyses undertaken in that environment using @studio
Core Team, 2018\l tests were run as generalised linear models, taking genotype as a fixed effect and
block and day that measurements were taken as fixed effects where sufficient degrees of freedom
allowed. AN@! & @gSNB NHzy (2 (0Sad LINBRAOGAZ2YA YR gKSI
pairwise comparisons used to understand the effect of particular genotypes.
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4.3. Results
t 21 & iz 4id fesultd Bre presented before those from the growttaafber. Three lines of

evidence will be considerethose relating to physiology, those relating to anatqragd those relating
to biomass and yield. Generalised linear models presented below take Replicate|Block as random
effects where possible, in additip Replicate|Day was also considered as a random effect as

measurements were made over multiple days.

4.3.1 Field tial chlorophyll fluorescence parameters

Chlorophylfluorescence is a technique that allows the researcher to distinguish (in this instance) the
performance of Photosystem Il separate from other photosynthetic activities measured on a subset

of the varieties presentFig.4.1).

B3733 had significantly lower maximal efficiency of photosystem Il in the Baffkn§ Fig. 4.1A)

comparedto allotheO@Qay KAt S GKSNB 6SNB y

No

RATFSNByOSa
DNAIYy2y YR Y2{ hNBStf oc¢cdz1SeQa (Sadx LFndnpov ®
light level of 84Qumol m? s PARC @ Q kFiyYAC1B) compared to B374bete were no differences
0SGeSSy GKSaS (v2 IyR lyé 2GKSNJ Odzf GAQDF NI 6¢dz] S
Photosystem IIG Ij Q )#&or B3A38was significantly lower than B3754 (Fig. 4.1C), but neither were
different from the other cultivars@{ dz] Se Qa GSaidixz LIBHndnpovd t253aA0f€ &

seen in Figure 4.1A, B3733 had a significantly higher value fgpmatochemical quenching (Fig 1D)

Ky .oTnpz odzi YSAGKSNI 6SNB RATTSHNEYE). TNRY |y
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Figure 4.1: Fluorescence outputs for the wild barleys B3733 and B3745, the landraces Golden Archer and Hatif,
elite variety, KV& Orwell. A) Maximum efficiency of photochemisty/Fn). B) Maximum efficiency of
photochemistry at 84Qumol m2 st par (C @ Q k C)YO@erating efficienc(j Q )t 84DM@I m2 st light. D) Non
Photochemical Quenching (NPQY k €LY Kleans aretsown +- se. No significant differences were found in cultiva
sharing the same lettersat@l' n ®np 2y ¢dzZl SeqQa G4Sad 2F LI ANBAAS Oz2Y

4.3.2 Field trial analysis of steasbfate and kinetics afisand A

Darkadapted plants were given singséep changes of light from 0 to 1000umottis PAR for 40
minutes (Fig4.2), which were parameterised (F#§3) using a firsbrder exponential modglWhitehead

and Teskey, 1995)
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Variety _ paz45 — Archer — Orwell

Figured.2. Step changes from 0 to 100fhol m2 s1 PARfor a selection of 6 barley varieties, with time chargjarting
at t=2min, to remove noise. A) Assimilation and B) Stomatal conductance. Means shosen MES6 for each variety.

The lowest predicted &« (for B3733, Fig. 4.3A) was 37% lower than the highest value (for KWS Orwell),
andwat aA3IAYATAOIyidtea RAFTTFSENBYyU 0¢dzl S8 Qa atd Riduleg, LI
O2YLI NBR (2 ndc YAydziSa F2NJ .oTto00 O6CAID ndo/ 0

test, p>0.05). The slope Bfwhich takes into accourimax, A0 G KS & { | NJalsd sRokvetii 0 | v

some variability, but here, B3733 had the steepest slope, 1.6x greater than that of Golden Archer (Fig.

4.3B).

The difference between the highest predictggddB3745, 0.52 pmol rhs?') and lowest (Golden Aher,
0.37umoln?s*y g+ a AAIYATFAOIY(d O0CA3T o053 ¢dzl SeQa wSal
followed a similar pattern to those & there were no pairwise differences between varieties in terms

of the slope ofgsor time constantCA 3a® ndo09 3 C3I ¢dzl SeQa GSadaxz L
slope forgs (B3733) was 2.5x that of the shallowest (Golden Archer), while the longest time constant

(KWS Archer, 18.1 minutes) was 7.3 minutes longer than that for B3733.
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Figure4.3: Parameterisation of kinetics Figure4.2 using a firstorder exponential modelTop row, parameterisation of
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parameterisation of stomatal conductance D) maximal predicted value E) maximal slope and F) time constant of inci
gs. Bottom row, maximm values achieved steadystate after 40 minutes for G) assimilation and E) stomatal
conductanceln each case, N=6, means shown +ke. |dentical letters show no significant differences between means
oasSR 2y ¢dzZ1 SeQa GSaid 2F Y2RSt 2dzillzia G LInonpd

It was also possible to calculate the actual maxingdiemd A achieved. Once aggiB3733 had the
lowest maximum value ok (Fg.4.3G, 12.5 umol ms?) compared to KWS Orwglvhich had the
highest (20.7 umol ris?), but B3745, Hatif de Grignon and KWS Sassy also generated significantly

KAIKSNI YFEAYLFE @IfdzS&a O2YLI NBR (2 . o paedto 6 ¢ dz]l S
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predicted maximal values fas was also similar (Figé.3D & H), although achieved values were
consistently lower. B3745 achieved a significantly higher maximal rate of storoathiaance(48%

higher)than Golden Archer (& 4.3H).

4.3.3 Field tral stomatal anatomy

Stomatal anatomy is expesd to link to speed of responséa stomatal gie as well as maximal

responsedased on stomatal densif.awson and Blatt, 2014)
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Figure 4.4: Stomatal anatomy of 6 select barley cultivars A) Stomatal density and B) Stomatal Pore length. Means sl
se,N=5c ® LRSyGAOrt fSGGSNR RSy2:(S y2 &aA3ayAFAOIYydH RATFTTS
p=0.05.

The wild barley variety B3745 had the lowest stomatal density (41.9,rfig 4A), and along with Hatif
de Grignon (42.6 stomata mfhhadsignificantly lower density than B3733 (62.0 rfjmGolden Archer

(66.5 mn?) and KWS Sassy (59.7/En ¢ dz] SeéQa GSadas LFrnodnpouod aSlh y;
RATFSNEyOSa 0SGvSSy OFNASGASA Ay aid2Ylsiphdos)2 NB
with KWS Sassy having the longest pores (29.3 pumi.&R). which were 14% longer than the shortest

pores (B3733, 25.7 um).
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Although there is some expectation of a trad# between stomatal size and densffyranks and

Beerling, 2009a)none was found in this case. Similarly, it is supposed that stomatal density links more
closely to maximal values for photosynthesis and stomatal conductance plead ®f responséFranks

et al., 2015, Aasamaa et al., 200dpwever, we found no significant interactions between stomatal
density and predicted or actuahé, or with predicted or actualsnaxby variety (2way ANOVA, p>0.05).
Similarly, there was no evidence that stomatal size was linked to spieexsponse (2vay ANOVAS,

p>0,05) for the model including any Qf _gs, Slope or slopgs.

4.3.4 Field trial harvest measurements at maturity

At the completion of the field trial, a range of data relating to harvest were recorded. These data (Fig.
4.5) were grouped by the similarity of yield characteristic they were méaguthe first shows critical
markers of overall yield (Fig. 5@, the second row, three indicators of potential yield (Fig. 4pBnd

the third, ear quality (Fig. 4.58).

Maritime (56.7g) and KWS Irina (44.1g) had significantly higher grain mgdameFig. 4.5A) than the

wild barleys B3733 (20.3g) and B3745 (17.0g), as well as the landraces Bere (14.7g), Dea (9.6g), Golde
I NOKSN) omn®T130 YR | FTGAF RS DNRIAYy2Y 6mMndn3iuv o
(29.99), KWS Kosmd@9(0g) and KWS Orwell (22.3g) had significantly lower grain mass than Maritime
6¢dz1 SeQa G(Saidx LFkndnpuvd ¢KS gAfR oFNISea ! fLKI
and Hatif de Grignon all had between 45% and 56% less biomass (FighdrbtBe elite cultivar

al NAGAYS 06¢dz] SeQa G4Sadz LFrnodnp0T GKSNB 6SNB y?2
p>0.05). The landraces Dea (0.17*yand Hatif de Grignon (0.16 g)dhad a significantly lower HI (Fig.
4.5C, HI = Grain MaB®mass') than the elite varieties KWS Irina (0.50%, WS Kosmos (0.419g

KWS Sassy (0.48 ¢ @nd Maritime (0.48 g and the wild barleys B3733 (0.41Y gnd B3736 (0.39 ¢

gt 6¢dzl SeQa GSadsx L¥F ndnp O o.28gg)iakSsigiviizaNtdy DweidH( S & A

than KWS Irina (0.50 gy o0 ¢ dzl SeQa (Saidz LFndnpLd
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Figue 4.5: Harvest at maturity for 15 barley cultivars; wild barleys in red, landraces in green and elite cultivars in blut
Total aboveground biomass B) Tiller number C) Number of ears D) Number of grains per ear E) Thousand grain wei
Grain mass peplant G) Harvest Index ( =Grain mass / Total biomass ). Data shown are meamd\==6. Identical letters

AYRAOFGS y2 &AAIYAFAOLY(d RAFFSNBYyOSa 06SisSSy YShya ol

Potential yield irbarley is closely tied to tiller numbéAHDB, 2018)The first indicator of potential yield

in this study was the number of tillers (HigbD). The landrace Bere (14.7 tillers) and the elite variety

KWS Kosmos (15.6 tillers) had significantly fewer tillers on average than KWS Ord/¢ill¢8), KWS
2AYGYFEd npdp GATESNBO FyR al TNk&wilabadey 83338 @4 G A f €
GAfEtSNRO fa2 KIR FS6SNI GAETESNR GKIFY Y2{ hNBSt
differed from the number of tilleras the latter were not always fertile (FG5E). The landraces Golden
Archer (8.6 ears) and Hatif de Grignon (9.8 ears) had significantly fewer ears than the elite cultivars KW

Irina (23.5 ears), KWS Orwell (26.9 ears), KWS Wintmalt (26.9 ears) andiMa¥ S 6 H gpdo S N.
88



test, p<0.05). In addition, the wild barley Alpha (11.7 ears), the landrace Bere (12.1 ears) and the elite
cultivar KWS Kosmos (12.8 ears) had significantly fewer ears than KWS Orwell, KWS Wintmalt and
alFNAGAYS ocanPpd@a . 0300 omipo SINBO | fa2 KIR FS
p<0.05). An estimate of nefertile ears per plant can be made from these data (Mentile ears = 1
(Ears/Tillers), Fig.5F). B3733, KWS Irina, KWS Sassy, KWS Wintmalt and Mallitrae significantly

fewer infertile ears (between 41.1 pp and 52.9 pp difference) compared to Alpha, Golden Archer and

Il FGAF RS DNARA3Iy2y o¢dzl SeQa GSaidx LFkndnpuod ¢KS 4
landrace Bere (15.7%) and théte cultivars KWS Kosmos (16.0%) and KWS Orwell (17.8%) all had
AAAYATFAOLIylGte Y2NB FSNIAES SINER GKIy D2f RSy ! N

p<0.05).

Two measurements of ear quality were considered, the number of grains quetr (Blig4.5G) and

thousand grain weight (Fig.5H). Alpha (275 grains plabt B3733 (349 grains plaht Dea (268 grains
plant?) and Hatif de Grignon (343 grains pignall had significantly fewer grains per plant than KWS

Irina (643 grains plafj and Maritime (787 grains plait(Figdp D> ¢ dzl SeQa G(Sads> Lk
B3745 (390 grains plaht, Bere (387 grains plaitand Golden Archer (339 grains pfanall had
AAIAYATFAOLyGE e €26SN) AN AY y dzYTodudhhdigiin weiglat is Aldiséfd Y S
measure of yield quality that is known to have a genetic compofigezant et al., 1997B3736, B3745,

KWS Irina, KWS Kosmos, KWS Sassy, KWS Wintmalt and Maritime had a significantly higher TGW thal
Hatif de Grignon of between 1.9x and 2.7x (Big.1 = ¢dzl SeQa (Sadx LFr ndnpo
Golden Archer (37.69) also had lower TGW than KWS Irina (68.5g), KWS Sassy (69.5g) and Maritime

OTMPTIAO oO0¢dzl SeQa (Sadx LFrndnpoud

The field trial results described above demonstrate a wide variety of responses, from fluorescence and
changes in responde step changes in light, to anatomical differences and finally, to achieved harvest

outcomes. In order to test some of these variables with greater control over environmental conditions,
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it was decided to study plant performance on a similar range of measugesontrolled growth

chamber, as detailed in the coming sections.

4.3.5 Chlorophyll fluorescence measurements in the growth chamber

The first test of plant responses under controlled conditions in the growth chamber consisted of
chlorophyll fluorescence measzments. In the growth chamber, a subset of plants was used for reasons
of space, in this case the landraces E#eddv, Golden Archer, Dea, Hatif de Grignon and the elite

cultivar KWS Irina. Fluorescence responses were recorded @igWhile it mighbe expected that
GKSNE 6SNB y2 RAFTFSNByOSa Ay CQO k CY @I fdsSaz
no pairwise differences between cultivars; there were also no differences between cultivars in their NPQ

responses.
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Figure 4.6. Fluorescence measurements ladiraces and 1 elite (KWS Irina) barley variety grown in a controlled
environment. A) Maximal efficiency of photosynthesis (Fv / Fm). B) Efficiency of photosystem Il at PAR = 1060sun
16CIHIQ kK CYQU /0 b2y LK2I{(2 O0KS3&NPO). Meazs shdvik 4, B=6 IHdentitcall w
letters indicate no significant differences between means at p=0.05.

Using the Technologica fluorescence imager, a light curve of PAR dg§irtkwasYgenerated for the
four landraces Dea, EireRow,Golden Archer and Hatif de Grignon as well as the elite cultivar KWS

Irina (Fig4.7).
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Variety Dea -+ Eire 6-Row -+ Hatif de Grignon KWS Irina

CAJdz2NB noT1d CliQ k CYQ NB a LJ2 y & $SImaDra23as 190euMal r2sNary3S 2
landraces and thelite cultivar KWS Irina. Means shown s¢é. N=23.

Hatif de Grignornad the lowest meal€ Ij Q KOCA8)@veraged over all light levels compared to all the
other cultivars (0.521 Ppp 0 X YR ¢l a AAIYATAOLyGte f26SN GKI
p<0.05); meanwhile Eire® 2 ¢ Q& € § & NOEH)®veall remained higher than that of Dea (0.52,

¢tdzZl SeQa GSaildz LFnodnpod

4.3.6 Photosynthetic capacity under changing lighi@#or internal [C&) (A-G)

One way to understand plant responses to the key environmental variables of light level ah&[©O
measurethe assimilation response of plants to changing internab]@ed light intensity or PAR

(Sharkey et al., 200,Avhich allow some underanhding of the biochemistry underlying photosynthetic
activity. The curves can be modelled and key parameters extracted as described in section 4.2.4 above.
Data were collected in two separate experiments, and values calculated relative to KWS lIrina in each

study, then combined.
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Figure 4.8. Response curves of 4 landraces and KWS Irina assimilation rates to ch&®@kand [ight intensityovertwo
experiments, and parameterisation of those curves. Parameterised valuesnsemalised to the mean values for KWS
Irina across both studies. A) Response curve of assimilation to changeB)ifREsponse curve of assimilation to changes
light intensity. C) axat 253°C. D) J at 2&. E) Inflection point of Rubisco activatio RuBP regeneration. F) Maximum
value of assimilation at saturating light intensity. Means showrse/ N=68. Identical letters indicate no significant

RATFSNByYyOS

The results of two separate studies on the assimilation response of barley to char@@sg.4.8A) and

PAR (Figt.8B) permitted a deeper understanding of the natural variation in rubisco activation, RuBP

0SG6SSy |

LI ANJ 2F O2YLI NRaz2ya

2y ¢dz] SeQa

regeneration, the inflection point between the two and the maximal rate of assimilation under

saturating light. Data were recalctéa to normalise the parameterisation to the overall mean values

for KWS Irina across both studies. The trend was for Dea to have the highgstt\2&°C (Fig4.8C)

02 YLJ NBR

02

I GAT

RS

DNRIYy2y 6¢dzl SeQat25eSadx
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compared to all other varieties (Fig8D,¢ dz|l S8 Qa G SadGz Lk nodonpod ! f2y3
inflection point between Rubisco activation limitation Arand RuBP regeneration being limiting (Fig.
4.8E) was also higher in Deathanin KWSHri 6 ¢ dz] SeQa GSadx Lk nodnpod C;

maximal assimilation rate of G@t saturating PAR than Eirel62 ¢ 6 ¢ dz] SeQa G(Sadsz Lk

4.3.7 Growth chamber stomatal morphology

Since stomata are the main interface between the bulk atmosphedettaa internal structures of the
plant, stomatal morphology can link physiological observations to final harvest outcomes. Therefore,

stomatal morphology was assessed by comparing density and guard cell lengd9{Fig.
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Figure 4.9. Analysis of stonaimorphology for 4 barley landraces and KWS Irina. A) Stomatal density. B) Guard ¢
length. Means shown +ke, N=710. C) Scatterplot of stomatal density vs. guard cell length. Individual variety and
overall regressions shown-ge.

The range of stomatal densities appeared fairly constrained4Ri4), with Golden Archer having the
highest density on the abaxial surface of the third leaf (33.8)wvhile Hatif de Grignon had the least
(B04mm0 X YR GKSNB 6SNB y2 LIANBAAS RAFFSNByYyOSa
Meanwhile, guard cell length also varied over a narrow range, with Hatif de Grignon having the longest
guard cells (52.0 um) and @eh Archer the smallest (44.3 um). While there was a interaction between
stomatal density and variety in predicting guard cell length &8, 2way ANOVA, F417=3.46,

p=0.016) some varieties had a negative slope coefficient (e.g. Dea;Eing BndKWS Irina) while

others (Hatif de Grignon and Golden Archer) showed positive slope coefficients.
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4.3.8 Growth chamber vield analysis

The plants in the growth chamber study were harvested before final maturity. Therefore only-above

ground biomass and tiller ¢k were acquired (Fig 10).
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Fig 4.10. Harvéslata for 4 landraces and the elite variety KWS Irina grown in controlled conditions. A)-@doovel
biomass. B) Number of tillers. Means shown for A) and Byetih=715; identical letters indicate no significant
differences between pairs of comparifga 2y ¢dzl S8 Qa GSad 4 Lrnonpd /0
with line of best fit shown +6e, N=715.

Although Dea had the highest biomass on average4HigA, 0.899), it was not significantly different
froY Fye 20KSNJ @I NASGe@Qa oAz2Ylaa oc¢cdzl SeqQa dSaidz
biomass (0.77g) compared to EirdRéw (0.45g) and Golden Archer (0.529g). In addition, KWS Irina
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(0.559) also had greater biomass than Golden Archer. Tilleber is a key determinant of grain yield

in barley, and in this instance (FHg10B) Dea again had the greatest number of tillers on average (8.2)
and significantly more than Hatif de Grignon (6.2). There was a significant positive correlation overall
between tiller number and biomass (F#&10C) although the multiple’Rvas relatively low (R0.152, 2

way ANOVA, F:4=4.0, p=0.0077).

4.4. Discussion

The aim of this study was to characterise the natural variation in anatomical and physiological
differencesamong a diverse range of barleys. After many decades of breeding for yield, it was predicted
that the elite varieties (KWS Irina, KWS Kosmos, Maritime, KWS Orwell, KWS Sassy and KWS Wintmal
would have superior performance in terms of physiological otgaund harvest metrics, in particular

key yield metrics such as grain number and mass, as well as harvest index. The physiological response
and yield outcomes for the landraces were expected to be modestly more disappointing, and the wild
barleys the worsof all. However, a caveat with these data include the range of temperatures
experienced in théolytunne] which peaked at 4 on warm days, and may have affected responses

by the different genotypes.

4.4.1 Field trials suggest a diversity of physiologicahtamical and vield capacities

In the field, with six representative varieties selected for detailed analysis, it was striking that the wild
barley, B3733, had a significantly lowar/Fmvalue compared to the other cultivars, which typically
indicates elgated stress in the plant, and this was underlined by the high NPQ valué¢Baiezr, 2008)
Elsewhere, chlorophyll fluorescence did not appear to discriminate between varieties. It is possible that
differences observed in B3733 were linked to changes in Calvin Cycle kinetics / ca(samitias

chlorophyll contentpr to anatomical differences, for instance in stomatal size or density; that B3733
was stressed was initially probed by a step change in light intensity to understand speed and extent of

response irA (McAusland et al., 2016The low values achieved by B3733 in predicted and adtal
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confirmed the outputs of the fluorescenc@d underlined the stress being experienced by the plant,
although the source of the stress was not identifieitl could relate to adaptations arising from its
origins in Central Asia, but as the same applies to the other wild barleys, this criticisnotieyuseful
Step changes in light had more success in distinguishing between responses in the other varieties.
Golden Archer was notable for relatively slow response rates to changing light, and relatively low
maximumgs compared to KWS Sassy which waline with prior predictions, and with B374&hich

was not as the wild varieties were not expected to have superior kinetics of responses to changes in
light compared to either landraces or elite cultivgigen the extent of breeding over time

(inadvetently) targeting stomata conductance as a proxy for y{€idcher et al., 1998)

Under the expectation that stomatal density correlates positively Wigh maximal values @t and A
(Franks and Farquhar, 2007, Dohékgams et al., 2012and negatively with pore siZBuessis et al.,
2006) stomatal anatomy was examined. Golden Archer, which had relatively low maximal valges for
andA (see Fig4.3) had the highest stomatal density the cultivars examined. Conversely, B3745 had
relatively low stomatal density, but high maximal valuegs@ndA. In neither event was the hypothesis
of a sizedensity tradeoff confirmed(DohenyAdams et al., 2012)or that of high densighighgs (Dow

et al., 2014, Franks and Farquhar, 20@nly KWS Sassy conformed to expectations. Perhaps barley is
unusual in its links between anatomy and ployaiyy, perhaps the links only exist for short periods of
time (see Chapter 3, for instance, for the variability in the traffdoetween stomatal density and size
over developmental time, and Hetherington and Woodwé&2a03) or at sgecific combinations of

growth stage and leaf maturitwhichwere not examined in this study

Harvest Index (HI) was targeted in tBeeen Revolution to favour grain over straw productigivenson

and Gollin, 2003)and therefore it would be expectdtat elite cultivars would have a higher Hl

compared to the others. It seems probable that higher grain mass in the elite varieties was the result of
high HI relative to wild barleys and landraces, but no elite cultivars outperfoathéteir non-elite

peers. This may be due to the lack of additional N application in this study, which in modern varieties
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appears deleteriougSylvesteBradley and Kindred, 2009, Bingham et al., 2002k of the key ways in
which tarley yield can be affected is in tiller number. Barley, unlike wheat, is relatively fixed in florets /
spikelet(Sadras and Slafer, 2012, AHDB, 204/8)le grain size is generally believed to be highly
heritable and thus rather invariatiSadras and Slafer, 201Bere we noted that there was a wide
diversity in the rate of tillering among all cultivar types (for instance, the elite varieties were among the
highest and lowest tillering cultivarblevertheless, not all tillers were fertile, and in particular, the
landraces were very susceptible to producing 1fertile tillers compared to either the elite varieties or,
somewhat surprisingly, the wild barleys with the exception of Alpha. Grain auislvelatively fixed in
barley relative to tiller numbet(havingone floret per spikelét and although there was a wide range of
outcomes across the cultivars on this measure, once again, varieties as diverse as B3736 dRdviEire 6
showed no penaltyelative to the topperforming elite varieties such as Maritime. Grain number and
grain weight combine in the Thousand Grain WeigiéW)measure, and here the elite cultivars
appeared to outperform the landraces fairly consistently, but not so much tliebaileys. The wild
barleys studied here appear to offer the breeder interestingraues to explore in the searébr new

germplasm(Wang et al., 2017, Russell et al., 1997)

No fertilisers were used in these siad, and the lack of additional nitrogen could have affected the
performance of the elite cultivarSylvesteBradley and Kindred, 200%leanwhile daytime
temperaturesin the polytunnel did rise periodically past 4D during the course of collectinie field
study data, and such stress is known to affect yield negatively in céBidisger et al., 197 %yith
negative effects of high temperatures not just dgristem elongation, but also during booting and
heading(Ugarte et al., 2007)All cultivars would be affected by extrertmmperatures, but we would
predict that landraces bred for cool, moist climates like Bere (Orkneys Islands) aneRBine(eland)
would be worst affectedGRU, 2019)The evidence for such outcomes was migdkere had low tiller
number but few noHertile ears and adequate TGW for instance. On the other hand, Maritime was a

consistently strong performer under the prevailing ditions, as might be expected for a variety bred
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for use in Australi@dWheeler, 2013)Nevertheless, it was possible to show that there wade variation
in harvest outcomes both between the three groupslite cultivars landraces and wild barleys, as well
as within them. Therefore additional work was undertaken in the growth chamber in an atterspetb

further light on these differenceat the vegetative stage of growth.

4.4.2 Growth chamber studies underline the importance @®mex Environment

interactions

In thegrowth chamber, attention was focused on the landraces Eire, Golden Archer, Hatif Dea and Hatif
de Grignon. Here, they were cqared with KWS Irina, a stropgrforming spring cultivar bred for the
British market and which remains on the UK RecommendedALHDB, 2019Here,Fv/Fmvalues were
consistent across cultivars, and in line with expectati@eaker, 2008)settling around 0.8, suggest

that all plants were in good health. As in the field trial, it was not possible to distinguish between
varieties onC lj Q @ WED), and this insight was underlined by a lack of interaction between light level
and cultivar in arC | Q kPER’I@ht curveBetter discrimination between cultivars was possible using

gas exchange to assess elements of Calvin cycle activity. In particular, landraces tended to highkr Vc
and Ginflection point values, most notably the variety Dea. The fact that the editeety KWS Irina had

the lowest value of J and the lowestif@flection point (the moment at which RuBP regeneration rather
than Rubisco activation becomes limiti(@harkey et al., 200))suggests an opportunity for further
exploration of the physiology of cultivars such as Dea. The links between physiology and anatomy were
tenuous and inconsistent when cultivars were taken into accownhtle the links between physiology

and yield were equally rare. One interesting observation to emerge from the stomatal data was the lack
of a consistent association between stomatal size (i.e. guard cell length) and stomatal density, as
predicted from pr&ious work(DohenyAdams et al., 2012yvhen variation at the cultiar level was

taken into account. Ainding which was replicated in the field for Golden Archer and Hatif de Grignon.

There appared to be an unequivocal link between tiller number and total vegetative biomass at harvest

in the growth chamber studies, and that association was significantly determined by vanidarlining
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the results of the plytunnel harvest at final maturityglthough it proved impossle to directly replicate

the polytunnel harvest results in the growth chamber, probably as a result of heterogeneous conditions
in the former. As was previously noted, tiller number is crucial in barley when considering final gra
yield (Sadras and Slafer, 2012nd these results overall suggest cultivars such as Dea or Hatif de
Grignon could be attractive in relation to breeding for higher tiller bemin modern elite cultivars if

the number of aborted tillers could be effectively controlled.

The take home message of this work is that everelatively heterogeneous conditioni is possible to
discern great diversity in outcomes in physiology,tanmgy and harvest in a range of barley genotypes.
Although generally the elite varieties performed as expected in terms of harvest outcomes, it was
difficult to link those harvest metrics to the kinetic or anatomical data presented here. Furthermore,
thereis clearly great heterogeneity in the landrace and wild barley performance across multiple

dimensions of physiology such as response rates to changing light and maximal stomatal conductance.

Wild barleys appear particularly interesting as they represdsbéutely unexplored opportunities to
incorporate novel genetic traits into the existing elite germplasm. In the growth chamber, there was less
variability, and again it is interesting to note that in the absence of additional fertilisation, elite csiltivar
do not alway produce the greatest biomass or tiller numbErom the growth chamber results, it

appears that landraces have something to offer the breeder. Dea had high rates.gdMtJand ¢

inflection compared to KWS Irina, and produced the latdparvest, greater than that seen for KWS

Irina. Furthermore, Dea exhibited strong tilleringth in the field and growth chamber

45. Conclusions

1 The link between stomatal density and size turns out to be less strong in barley than is
suggested in the litetture.
1 Physiological, anatomical and harvest measurements in a panel ofamititace and elite

cultivars in plytunnel conditions resulted in wide diversity of outcomes.
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Elite varieties did not always outperform nefites,includingin some surprisingraas such as

harvest index.

The physiology of plants in the growth chamber could be linked to desirable harvest outcomes

at the end of the studies.

The single replication of the field trial was not sufficient to understand the effect of GXE

interaction onthe results.
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Chapter 5The impacbf drought on plant performance througiVUE
variability and the circadian clock; physiology, anatomy and
mechanisms.

5.1. Introduction

Climate change is driving the need to discover new phenotypes in our plant germplasm, particularly
relation to crop productivitfvan Ittersum et al., 2013Meanwhile, rising population and changing

dietary preferences plus @fuel production underpins the requirement to increase yields by arda(td

by 2050(Ray et al., 2013with little additional landikely to becomeavailable. Furthermore, cliate

change predictions suggest that not only will {Cia@ higher, but also global mean temperatu(d3CC,
2014) This implies that there will also be greater evaporative demand from the atmosphere, and plants
GKSY&aSt @Sa | NB f ikcte&sing[Celinean¥staizsta willzhave snblller aperiures and
therefore less transpiration will occicong et al., 2006 Under climate change, there is also predicted

to be more frequent, severe and persistent episodes of drogi€C, 2014While there is no agreed
definition of water stress terms, we consider mild to moderate drought to nmeeegduction in soil

water content to a level at which a recovery of plant function remains possible. In Arabidopsis, this may
be around 30% of field or pot capac{tyarb et al., 201Q)ut it ought to be lower in barley, which is

known to be a droughtolerant plant.

5.1.1 Plant responses to drought

In the context of drought, we observe two athatives commonly used by plants to manage the
problem of water availability: conservatism / naonservatisn(Valladares et al., 2000, Chapin, 1980)
In the former case, the plant mascapedrought by floweringearly to complete the life cycle before
the water stress becomes too acute, but at a significant cost to y@Hdvrukov et al., 2017y he plant
may alscavoiddrought by closing stomata in response to water stress in order to maintditucgbr

and hydraulic conductivitgShavrukov et al., 2017Ahis, too comes with a significant yield penalty. The

non-conservative plant wiliolerate drought by maintaining a relatively high rate of transpirat{étarb
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et al., 2010) If the drought episode proves transient, then then-conservativeplant will maintain

relatively high yield in the face of the period of water stréSkavrukov et al., 2017f the water stress
exceeds the capacity of the plant to tolerate the drought in terms of length, duration or severity, then it
risks a significant andopentially fatal outcome with the prospect of no yield at all. It is thought that
barley, like wheat, is nenonservative under droughlfMunns et al., 201G3lthough there is evidence

that it is able to switch tactics under severe drought depending on genotype and environmental cues

(Wiegmann et al., 2019)

In Arabidopsist has been shown thatiere is an interaction between drought and the circadian clock,
where a number of pathways ak@mown to mediate plant responses to stresstimbidopsigSchroeder

et al., 2001, Estavillo et al., 201 Bnd there is emerging evidence that drought responses and the clock
are linked in barleyCantalapiedra et al., 2017, Monteagudo et al., 201®9}he late 1980s, NILs were
created in a Bowman background, then an elite spring(IDreka et al., 2011)wo of those lines are of
interest here, as they have impairments to the circadian clock, although work presented earlier (see
Chapter 3) suggests that these impairments may have more to do with seasonal initiation of flowering
time than affecting the dayo-day performance of the plants or their response to changing
environmental conditions, particularly light. Team10mutant, BW284 exhibits the escape

characteristic by going to flowering many days earlier than Bowfhandqvist, 2014)Theeam8

mutant, BW289 also flowers somewhat early, but maintains a relatively high yieldazethto Bowman
(Lundqvist, 2014)it is possible that it presents avoidanmetolerance behaviour in the context of water
stress. Bowman itself is a modern higlrforming variety(Franckowiak et al., 198®)hich is thought to

be nortconservative, and which is expected to maintain high stomatal conductance even under drought

condtions.

5.1.2 Stress signalling in plants

Of the several pathways known to be involved in stress signalling by the plant, one is of particular

interest to this study. Roetb-shoot signalling may be effected by direct sensing of water potential
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through the plam (Bertolino et al., 2019)n addition, ABA production by the plant also plays a part, as
does some activity by guard cells themselves such #sigaalling and otheréSchroeder et al., 2001)
Butinrecentyearsitia 6 S0O2 YS S @hoRpBoAdendsifpl-Bhosphade(PAR is another

stresssignalling moleculéEstavillo et al., 2011)

PAP iproduced in the chloroplasts andpsesent in low levels in plant cells, where it is apogduct of

the assimilation of sulphatg®8ohrer et al., 2015)nd is broken down by SA(SALt1)nto AMP and
inorganic phosphatéLitthauer et al., 2018, Estavillo et al., 2013AL1 is inactivated by oxidative stress,
such as occurs during drought or high light intensity, meaning [PAP] increases undefEstagtio et

al., 2011) In this context, PARas been foud to be akey in retrograde signalling from the chloroplast

to the nucleugPhua et al., 2018and may turn out to integrate a wide range of retrograde signals
(Phua et al., 2018A test for PAP has been in use for a number of years now, and is highly sensitive to
changes in concentration in the (leaf) tissiiEstavillo et al., 2011Exogenou® AP alone is sufficient to
extend the circadiaperiod (Phua et al., 2018, Litthauer et al., 2018t it is not known if the reverse is
also trueg that the clock influences PAP concentration. This oxidative sR@$spathway is widely
conserved across plant kingdorf@han et al., 2016}t is expected that differences in PAdhcentration
levels will occur dependent on gengie. InArabidopsisplants that lack a circadian clock lack fithess
(Dodd et al., 2005and socan increase in [PARjaybe expecteddue to clock mutants experiencing
greater stressMeanwhile plants experiencing water stress are expected to exhibit higher [PAP] in line

with previous findings in ArabidopgiEstavib et al., 2011)
This study aimed to understand the types of responses of Bowman and the two clock mutants to

1 Changes in soil moisture content, and explain them as functiaeapKiysiological) or
anatomical differences, with physiological differenggerpreted as resulting from the clock
mutations as the latter are expected to have an impact on the behaviour according to the time

of day.
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1 Link soil moisture status to leaf moisture levels and ultimately, identify a mechanism for stress
communicationat the leaf level. gain,this isbased on the expectation that clock mutations
gAtt KFE@S | yS3IFGiABS AYLIOG 2y (GKS LIX I yiQa

1 The objectivesvere to explorehe clock mutations reduced stomatal responses to drought

agains a background of identical stomatal anatomy.

5.2. Methods

5.2.1 Experiment 1Physiological and anatomical consequences of mild drought (20% FC)

tflyda 6SNB ISNNAYLFGSR Ay noupft LIGa Ay [SgAiy3
+/-5g onabalance and watered to full capacity. After germination in the greenhouse the pots were
randomised into 15 blocks with 1 replicate per block for each treatment. The pots were placed in the
University of Essex plant phenotyping platfof@s{ Prague, Czech Repigdiwith the temperature

controlled to 20C, and humidity controlled to 40%aloyaights(Valoya Oy, Melkonkatu, Helsinki,
Finlandwere set to 40Qumol m? s* on 12h:12h day:night cycles. The platform included daily automatic
weighing and rewatering.Wo treatments were used: the Control or Welhtered treatment targeted

50% field capacity (as previously measured for the pot) and the Drought or \Bass treatment

targeted 20% of field capacity.

At regular intervals, stomatal conductance was meagursing an AR porometer (Deltal Devices Ltd,
Burwell, Cambs, UK), the light in the phenotyping platform being set to eithem#00n? s* (low

light) or 12000umol nm2 s (high light) to check the progress of the drought and the plant responses to
light and moisture availability. In addition, thermal image measurements were taken on a FLIR thermal
OFYSNI oC[Lw {e&aidSvyaz 2Afazygiftt SsTwhlighblaesmEre ! { !
used, 40Qumol n? s (low light) and 70Qumol n? s (high light, the maximum availabie the imaging

areaon the phenotyping platform
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Stomatal impressions were taken using the method of Weyers and JohAnvesrers and Johansen,
1985) Analyses were undertaken on an Olympus BX60 microscopeg@yCorp., Shinjuku, Tokyo,
Japan). At the end of the measurement period, the abgr@und portions of the plant were harvested

and weighed, antieight measured

5.2.2 Experiment 2Physiological and anatomical consequences of moderate (10% FC) and

severe (5%-C) drought

Ninety-six plants were germinated in Levington F2+S pots, and randomised into 3 treatments with 3
genotypes. The treatments were Control (Weltered, 50% of previously determined field capacity),
moderate drought (10% FC) and severe drougbt FC). The genotypes used were Bowman, BW284
and BW289. The plants were placed in the phenotyping platform at the University of ESd&ystems,
Prague, Czech Republic), afQp40% relative humidity and at 4Qthol n1? st of light on 12h:12h day
night cycle. Plants were watered by hand, with rate of drying limited to the rate achieved by either of
the slowestdrying plantor the rate achieved for pots drying by evaporation only, whichever value was
the highest. When pots had reached their target gigj they were rewatered daily to their

maintenance target. Weights were measured on a Fisherbrand DB352 balance (Fisher Scientific,

Loughborough, England).

The concentration of phosphadenosine phosphate (PAP) was estimated using the methods of
Litthaueret al.(2018) adapted for barley (plants were hamgglound in liquid nitrogen, not sonicated
with beads). Prepared samples were analysed in an Agilent 1100 HReG! (Pechnologies, Santa

Clara, California, U8} described ihapter 2section 2.7 above

At the end of the measurement period, the abegmund portion of the plants was harvested, and fresh
mass measured on a Fisherbrand DB352 balance (Fishetifgcieaughborough, England). The plants

were then dried in an oven for 2 days at80 and weighed again for dry mass.
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5.2.3 Experiment 3Physiological and anatomical consequences of moderate (10% FC)

drought

Plants of the genotypes Bowman, BW284 and BW2&@&\grown as per the method for experiment 2,
except that there were only two treatments, Wallatered at 50% FC and moderate drought at 10% FC.
48 plants were randomly allotted to 8 blocks placed in the phenotyping platform at the University of
EssexHSISystems, Prague, Czech Republic). Plants were watered by hand using a Fisherbrand DB352

balance (Fisher Scientific, Loughborough, England) as per the method for experiment 2.

A-G and AQ responseurves weraneasuredon the plants using a LICOR 6400 IRECOR Inc.,

Lincoln, Nebraska, US&g described ihapter Zabove The concentration of phospkadenosine
phosphate (PAP) was estimated as describgchapter 2above. Stomatal impressions were taken using
the method described previousig section 25. Anatomicabs was derived from stomatal dai@ow and
Bergmann, 2014)n stomatal pore and guard cell length, along with maximal assimilation parameters

derived from the AG response curves using the Franks & Farqa@®l)model.

5.3. Results

5.3.1 Experiment 1Physiological and anatomical consequences of mild drought (20% FC)

The overall purpose of the first drought study was to examine the impact denate (20% FC) drought
on the different varieties useq Bowman, BW284 and BW289 under automatic rewatering on the

phenotyping platform.
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Figure5.1. Cumulativevater evapdranspirationby Bowman, BW284 and BW289 under drought (20% FC) ewatelted
conditionsduring doughting process. Pots were allowed to dry at their own rate until the target mass was redghed.
Cumulative total evapotranspiration. B) Cumulative evapotranspiration per g dry mass. C) Total ET at final time poin
Total ET per g dry mass at finahé point. Means shown +/se, N4.8-23. Different letters denote significant differences
0SG6SSy LI ANBAAS O2YLI NRazya 2y ¢dzl SeqQa aGSad Fa wrna
Bowman had consistently the highest rate of evapotranspiration (ET) compared to either mutant during
the course of the study (Fi§.1A) when weHwvatered, but under water stress, all genotypes followed a
similar pattern of ET.tA410 DAS (the final day of the experiment,.BigC)), cumulative ET for Bowman
was significantly higher (206g) than that for either mutant (170g and 150g respectively) under well
gl 0SNBR O2yRAGAZ2Y & 6¢dzl SeQa (S a o difierantes waie®eeh 2 &
(Fig.5.1C). It was possible that plant size was affecting the results, as plants that were larger at the start

would have greater water loss, hence higher ET. Therefore, total ET was divided by the fresh mass of
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each plant athe end of the study (no interim values were available). Bowman continued to exhibit the
highest rate of ET per gram biomass during the course of the study undewratelled conditions (Fig.
5.1B), while under drought conditions, Bowman had greater ETipeibiomass than the mutants from

36 DAS. Analysis at 40 DAS &) showed that Bowman had higher Effrgsh matter under well
watered conditions (29.1g) compared to BW289 (18.5g). Under vaitessed conditions, Bowman also
had the highest ET'dresh weight (39.1gH compared to either BW284 (28.6g)gr BW289 (25.0g’gy

¢ dz] $ests) p<0.05).
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Figure 5.2. Harvest data for Bowman, BW284 and BW289. A) Total freshgtbawe biomass and B) Height abowed s
level. Means shown +ke, N=68. Identical letters indicate nesignificant differences between pairs of means from
¢tdzl SeQa GSad G Wnonpo

The data on wateuse were underlined by the harvest data (Bg), which were taken at 40 DAS.

Bowman achieved lower fresh mass (7.3g) than BW289 (8.3g) undew~atetied conditions, and at

HE? C/ X KIR f26SNJO0A2YF&E oHOHIU KidstE, pDDI)K S NJ
These data on biomass were backed up by data for plant heighb(ER), where the BW289 (54cm)

was significantly taller than BW284 (48cm), the latter in turn being significantly taller than Bowman
(42cm) under wellvater conditions (@izl Seé Qa GSaidas LFrndnpod ! YRSNI RI
significantly shorter than their equivalents under control conditions &2B), and again, BW289

(43cm) was significantly taller than BW284 (37cm) and both were taller than BowmanX31amdz] S & Q:

tests, p<0.05)).
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Porometry was used to determine steadtate gsunder high or (sepately) low light at four time points
throughout the course of a day (F&®3). At low light (Figo.3A)gsrose during the morning, and

declined after noon, with stomatal conductance significantly higher at 12:00hrs than at 19:00hrs. There
were also cleadifferences between varieties depending on treatments at both low @3#) and high

light (Fig5.3C). While there were no differences between cultivars atlight under drought conditions
(Fig.5.3B, right panel), with all lying between 34.1 andsgémol 2 s?, under control conditions (Fig.

5.3B, left panel), BW289 had the highgs{344umol m? s!) compared to either BW284 (216nol n2

s1) or Bowman (12¢molm?s's ¢ dzl SeQa G4Sada G [580),the gtuatdon wag RS N
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more-complex. There were no differences between any varieties at any time point under-ste¢ssed
conditions, withgs varying between 12 and 13imol m?sto ¢ dz] Se Qa G Sadz LIHndnp
available, BW289 responded particularly stronglynpared to the other varieties. At 09:00, BW289
achieved 72¢umol n1? s compared to 35@mol nm? st for BW284 and 32fmol ni? s* for Bowman,

while by 12:00, BW289 was averaging §@&tol n1* s compared to an increase to 8g8nol 2 s for

BW284 andoth were significantly greater than Bowman, which had declined top@66l ni? st

6¢dz1 SeQa G(Saidx L¥rnodnpuvd . & GKS FOGSNyz22ysz GKSN

A proxy for stomatal conductance is thermal imaging &4, which carbe directly related tays if a

wet and dry reference are availabfeeinonen et al., 200&)ithough in this case a dry but not a wet
reference were usedsoall values are relative not absolutEwo measurements were taken, the extent
of cooling comparedd the dry reference (Fig.4A) reported as a positive value, where higher values
mean greater coolingand temperature heterogeneity across the leaf surface, reported as the standard

deviation of temperature (Fig.4B).
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Figure 5.4. Cooling parameters from thermal images of Bowman, BW284 and BW289 leaves undatened and
drought conditions under low light (PAR = 4680l m?2 st and high light (PAR = 7@énol m?2 s1). A) Cooling relative to
ambient temperature cébration and B) Variability in temperature across the leaf measured as standard deviation. Me

More cooling was seen at high light (FgtA, right panel) compared to low light (Fi#A, left panel)

under weltwatered conditions. Under high light, Bowmanrie&sed cooling significantly, from @ to

(et
'daly

3.7°C while BW284 also increased cooling significantly, by 129%% @fgsn ! = ¢ dz] S& Qa
p<0.05). Alow lightleaf temperature heterogeneity reduced most under drought in BW284, with a
standard devidon across the leaf of 0.4€ for control compared to just 0.2C for droughted plants

(Fig.5.4B¢ dz] SéQa GSadz LFkndnpod [SFEF GSYLISNI (dzNB K S

between the control and drought conditions, in contrast to the otheo cultivars, where it fell.
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Figure 5.5. Stomatal anatomy for Bowman, BW284 and BW 289 undewatelled and drought conditions. Means showr
+/- se, N=811. No diférences at either the model or pairwise level were observed for any of these measurements at
pcm=0.05.

From the abaxial stomatal impressions (Bi§) captured for the same (i.e. third) leaf as used for
porometry and thermal imaging, there was a surprising lack differences among varieties and treatments
on stomatal anatomical features. Stomatal density was higher in Bowman under control conditions (87
mm?) compared to drought (70 m#), while for BW284 rad BW289 it was higher under drought

conditions, in line with expectations (FEg5A). Stomatal index appeared invariant across varieties and
treatments (Fig5.5B). Elsewhere, guard cell length was higher under control conditions for BW289
(39.5um) compaed to waterstressed conditions (382m), while for Bowman, the reverse was the case
(39.7umvs. 42.2um, Fig5.5C). Bowman leaves under drought had the highest anatomg#sal (0.38

umol M2 s1), and in all cases, anatomicmhaxwas higher under mbught rather than welwvatered

conditions.
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5.3.2 Experimen®: Physiological and anatomical consequences of moderate (10% FC) and

severe (5% FC) drought

In light of the results of the first study described above, further studies were undertaken in which the
level was water stress wancreased from 20% FC to 10% &#glthereby expecting to highlight
physiological and anatomical differences between varieties. In this study, the rate of drying was limited

to the rate of the slowest replicate to control for lagy plants drying morgapidly.
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Figure5.6. Transpiration for Bowman, BW284 and BW289 under control and two drought conditions. A) Cumulative
transpiration from the onset of wateitress at 20 DAS. B) Total transpiration at 40 AJ.otal transpiration at 40 Das pe
g fresh mass at harvest. Pots without plants were used to estimate daily soil evapoBeisrshown +/se, N=68.

Identical letters indicate no significant differéd@ 2y LI ANBA &S ¢dzZl SeqQa GSad 2F S
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There was a degree of variability of response to drought among the cultivanm&uo, BW284 and

BW289 (Figs.6A). Bowman transpired more water (281g) than BW284 (2369g) and BW289 (249g, Fig.
5.6B). However, at 10% of field capacity BW289 transpired the most water and BW284 the least, while
at 5% of field capaciBW289 transpired th least and BW284 almost as much as BowmanZeig).

Control plants did indeed transpire greater volumes of water than drought plants5(€ig. = ¢ dz] S& Q
p<0.05), but there were no statistical differences considering drought intensity or cultisavas the

case in the first study, Bowman transpired significantly more water per unit of fresh mad€sgEig.

than BW284 and BW289 under moderate (10% FC) drought conditions by 43% and 44% respectively
6¢dzl SeQa G(GSaidx Lk n dn waiebstrésy (86 REheNliffaiekiceNdere RIsBcutd, S @ S
but transpiration for Bowman (87giyremained significantly higher than that for BW289 (47g g

¢tdzZl SeQa GSadz L¥k nodnpo ZY)ITher widns dffenddces Kdtwben variatigsn Q &

dzy RSNJ O2y (iNRf O2yRAGAZ2Ya 6¢dzl SeqQa (Sadasz LIBnodnp
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Figure 5.7. Harvest biomass of Bowman and clock mutants under control, 10% of field capacity and 5% of field cap:
drought conditions from the second and third experiments in the series. A Biemass B) Dry biomass. Means shown
+-885 blcd LRSY:GAOIE tSGGSNBR AYRAOLFIGS y2 &AA3AYATFAOlyi

Combining the second and third studies in this series allowed a detailed examinatiarvest

outcome to take place as there were no differences in fresh or dry mass between experimesstg (1
ANOVAs, p>0.05). The mutant BW284 had significantly less fresh mass (4.49) than either of the other
two cultivars when wellvatered (Bowman=25%2 NS X . 2 Hy dpl Hc: Y2NBZ ¢dl S
5.7A). Under drought stress, BW289 maintained a higher fresh mass at 10% FC (2.0g) than either of the

A

aX .2wuynlTpm: S

x

2U0KSNJ OdzAf GADFNRAR 6. 26YFyTlpce: 8§
p<005, Fig5.7A). BW284 also had 33% lower dry mass §=i@) under control conditions than BW289
6¢dz1 SeQa GSaids L¥rndnpod FYR wmx: £S3aa GKFY . 28YL

significantly more dry mass than Bowman (41% less) and BW284§58% > ¢ dz] SeQa G Sai

The concentration of pospho-adenosine phosphate (PAP) wagectedbe higher in theclock mutants
under droughtsince their lack of fithess in the prevailing environmesass hypothesised tead to a

greater degree of stress.
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Fig 5.8. PAP concentration derived from HPLC measurement for the second and third studisgiregi®r Bowman
and the clock mutants BW284 and BW289. Means showsetN=286. |dentical letters indicate no significant
RAFTFTSNByOSa 0Si6SSy LI ANBAAS ¢dzl SeQa GSad 2F Y2RSt
The results of [PAP] testing were combined for the second and third st(flges5.8) PAP concentration
was significantly higheof the severest drought (5% FC) condition (218 pmohragmpared to 10% FC
(189 pmol md) and both were greater than control (26 pmol #g-way ANOVA, E(80), p<2x16°,
Fig. 5.8. Although the results did not reach the threshold of significancea# notablen Figure 5.8
that BW289 had the highest [PAP] at 5% drought (279 pmd) iaugd at 10% drought (216 pmotin

while BW284 had the next highest [PAP] at 5% drought 195 pné), @lgo higher than Bowman (190

pmol mgt).

5.3.3 Experiment 3: Physioical and anatomical consequences of moderate (10% FC)

drought- additional results

With the results for 10% and 5% FC water stress conditions being relatively similar in the second study,

the third study used only 10% FC as the drought stress condlienstress was applied for 14 days with
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daily ranspiration limited to that of the slowestrying pot.
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Figure 5.9. Transpiration for Bowman and 2 clock mutantier weltwatered (control) and 10 % field capacity conditions. A)
Cumulative transpiration over the period of progressive drought. B) Cumulative Transpiration over the period of progressive
drought per gram fresh mass. C) Total transpiration at 24 DA%otal transpiration per gram fresh mass at 24 DAS. Bars /

points shown +/se, N=% ® L RSy GAOIf fSGGSNE AYyRAOIGS y2 aixayrAFaolyid R
p=0.05.

While unadjustedranspiration was similar between cultivars across treatments §39g\), the wel

watered treatment had greater total transpiration (326g) than the drought condition (145¢5.BD,

¢dz] SeQa (Sadz Lrnonpod |, Si g Kfoyhccaumt FigcPB)\BRVRSA Y | & &
(462 g d) andto an even greater exterBW289 (296 g had consistently lower transpiration than
Bowman (545 gy under drought conditions (Fi§.p5 > ¢ dzl SeQa (dSadaz LF ndng
drought confirms da reported earlier for the first experiment (see FdL above).

119



There was some evidence that there was an impact of drought on stomatal anatormy.1B)g.
although where an association existed between drought and anatomy, there was no interaction

between variety and treatment.
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Figure 5.10. Actual and calculated stomatal anatomy forrBawand clock mutants under drought (10% FC) and well
watered (Control) conditions. A) Stomata Density B) Guard cell length C) Pore length D) Calculated agstamidelans
shown+a4S3 blye® S5AFFSNEBY(G SGGSNA REsAFESSAAIVATFAOLYE R

As was the case in the second study, there was no relationship between treatment or variety on
stomataldensity (Fig5.10A, 2way ANOVA, p>0.05) or stomatal index (Fi0B, 2way ANOVA,
p>0.05). BW289 had significantly smaller guard cells @®).than Bowman (52| dm, Fig5.10A,
¢dzl Se@Qa (Saiz-watkred donditions. MrpugiBedplants haidnificantly (24%) lower
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anatomicalgsnaxthan controls (Figs.10D), while BW289 also had significantly lower anatongsak

(0.42pmol m? s1) compared to Bowman (0.58n0l m? s?) irrespective of treatment.

One way in which physiological responseshanging environmental conditions were understood was
to measure assimilation responses of plants under conditions of changing internp(A&tresponses,
Fig.5.11) and changing light intsity, known as A responses (Fi§.12). The data from tse dose
response curves were modelled and key parameters extracted which spoke to critical physiological

processes. Furthermore, drought was expected to affect these resppasevas the circadian clock.

Assimilation rates were measured in responsettarging Fig.5.11A), where BW284 consistently had
the lowest assimilation compared to Bowman and BW289 under control conditions, but not under
drought conditions. Two principal parameterisations using the method developed by Sharkey et al.
(2007)were considered (Figs.11BC), that is Vcmax, which relates to the rate at which Rubisco is
activated, and], which relates to RuBP regendmat, both critical parts of the Calvin Cycle. BW289 had
the highest \maxunder both control (72.1umol mi? s?, Fig.5.11B) and watestress (62.¢imol ni? s?)
treatments. Bowman had the lowest (3640l m? s) under water stress. Meanwhile, BW289 hhd
highest value for J under wallatered conditions (Fig.11C, 142umol mi? s*) and BW284 under water
stress conditions (14fimol m? s1). Once again, Bowman had the lowest value for u@al nts?) . In
general, the clock mutants managed to mtain output under drought better than Bowman for both

VanaxandJ echoing the findings from the porometry and thermal imaging.
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Figure 5.11. A) Response curve of assimilation to changing levels of intercellu]lgG® saturating light for Bowman
and clock mutants under wellatered (Control, Ihs) and drought (10% FC, rhs) conditions..B)fkn parameerisation
of A-G response curve. C) J from parameterisation @@iAesponse curve. Means shown at each poinse/ N=35.

In a similar vein, response curves of assimilation to changing light intensity were measurbd 2Ry
modelled, and key parameters extracted (F&$2B & C). Under control conditions, the cultivars
exhibited similar agmilation responses. Under watstressed conditions, Bowman appeared to be
more-affected than the clock mutants (Fig12A). The light response curves were modelled and
parameters extracted using using Buckley and Baa LJS 2 2 (2915)4r#i Befafare presented for
the initial slopeps and the curvature of that slop@,. No statistical differences were found between
varieties or treatments, but Bowman had the lowest values ¢0.29, Fig5.12B) andp (0.35,Hg.

5.12C) respectively under drought conditions.
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Fig 5.12. Assimilation responses of Bowman and 2 clock mutants to changing light intensity from 0:mal7&6 st PAR
at constant [CQ] and temperature for Bowman and clock mutants under wedtered (Control, Ihs) and drought (10% FC
rhs) conditions. Means shown at each point 3¢, N=45.

5.4. Discussion

This seies of studies aimed to understand the physiological and anatomical impacts of circadian clock
mutations on drought responses in barley. As the circadian tlaslbeerlinked to fithessn
ArabidopsigDodd et al., 2005)xlock mutants were expected to exhibit greater signs of stress, including
impaired physiological performance under drought. Furthermore, although it is not clear whether the
clock itself affects [PAP], the reverse is known to be tihaueret al., 2018)and given theredicted

lack of fitness in clock mutants, [PAP] was expected to be higher in those plants during drought stress.
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5.4.1 Plant behaviour and physiology in response to drought

There was little difference in ET between plants, buewklifferences in size were accounted for
(Lawlor, 2013), a much greater variability in water use emerB¥d289 could reatli be distinguished

from Bowman. ldving already established that BW289 had the greater impairment to its clock (see
Chapter 3) thaBW284, it appears that the mutations result in a situation in which lowgyeETnit
biomassds consistently produced under drought and in which BW289 uses less water than BW284,
which in turn uses less water than Bowman, and these results were confimesth study. Bowman
itself was developed specifically for use in wattnessed regions of the WBlahalingam and Bregitzer,
2019) so to discover that the clock mutants were even more parsimonious of water than Bowman was
surprising. It appears that BW289 has a conservative phenotypergadere drought whereas BW284
and Bowman are neponservative, while under moderate drought, both mutants appear to have a
conservative phenotype when Bowman remains foomservative. These results appear to confirm the
notion that barley can change beviaur under increasing drought stress in a manner that is genetically
determined, pleiotropic and closely linked to control of flowering tifWéiegmann et al., 2019, Munns

et al., 2010)Bowman does not appear tetable change phenotype under drought, remaining-non
conservative throughout. Thiewelf3 clock mutant BW289 is known to exhibit an early maturing
phenotype flowering up to nine days earlier than Bownflanndqvist, 2014)and here also showed a
switch from nonconservative behaviour at 10% FC to conservative at 5% FC, suggedtanydsaape
2N | @2ARIYyOS LI GKgl& KIR 0SSy Ay@21SR® -08dys/ 6 KA
(Campoili et al., 2013and remained relatively neconservativeevenunder severe drought @ FC).
Having low transpiration per gram of material could result in lower biomass overall for the mutants
compared to Bowman. Here we show that BW289 in particular continued to show enhanced biomass

production under moderate drought compared to Bowmarmnjle BW284 sometimes did so. While it is

clear that in the course of a growing season, Bowman is likely to produce the greatest biomass (see
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Chapter 3 and Lundqvi€2014) compared to the clock mutants; during vegetative growth under water

stressed conditions, these differences were reversed.

It is possible to explain thed#rgence in harvest outcomes in terms of stomatal conductance under
well-watered conditions and low light regardless of time of day, as BW289 consistently produced higher
gs compared to BW284 or Bowman. Under high light and-waliered conditions, BW28%lu highergs

than either BW284 or Bowman only at the nddy point. But this is regarded as a critical element in
overall yield, as maintaining the mithy canopy temperature depression through high transpiration can
enhance yieldFischer et al., 1998, Balota et al., 2008aturally, there are other developmental

strategies associated with responses to drought, such asalm@f leaf size and thicknesBalota et al.
(2008)also found that droughtesistant plants had smaller leaves, another characteristic previously
associated with BW289 (see ChapterR)rthermore, dher areas of water flow through the plant, such

as leaf, stem or root hydraulics and root patterning may also prove to be relevant, although they were

not part of this study.

These data were not entirely confirmed by thermal imaging, where under high By¥284 appeared to

be most successful and BW289 the least successful at leaf cooling under well watered conditions. There
did appear to be a greater amount of temperature heterogeneity for BW289 under high light, well
watered conditions, suggesting th@gition on the leaf where gas exchange measurements were made
could be important. Meanwhile, under drought conditions, the clock mutants did appear to deliver

modestly more cooling than Bowman irrespective of light level.

5.4.2 Anatomical and physiological cassof enhanced performance under drought

The question then arises of whether there are anatomical differences between stomata that can
account for this ability to produce greater cooling, particularly under drought on the part of the clock
mutants, as higlr stomatal density is typically associated with greatgiFranks and Beerling, 2009a,

Lawson and Blatt, 2014In the first and third studies described above, the link between stomatal
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