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Abstract

Throughout domestication, humans have significantly altered the structure of the wiidacgm
aestivum L).spiketo increase its yieldSpikelets are the fundamental building blocksPafaceae
inflorescences, and their development and branching patterns determine the inflorescence
architectures and grain yield of grass@sross the wheat spikept all spikelets produce the same
amount ofgrairn central spikelets produce the most grains, whiis gradually decreases acrand
basipetally The overall aim of this thesigasto understandhe differences in spikelet development
across the spike, and specifically the genetic and developaherstuses of rudimentary basal
spikelets in wheat. Basal spikelets are initiated first, yet they fall behind in development and size
compared to central spikelets shortly after initiation. Udimg-input transcriptomicswe were able

to observe larger di€rences in gene expression profiles between the apical, central and basal
sections of a singlspike than between consecutive timepointé/e found thatSVP (SHORT
VEGETATIVE PHASEDSbox transcription factorare expressed highest in the basal secto
display the opposite expression gradient to flowering geftgher expression ddVP (VRA2)in

the basal sectiongasassociated with increased numbers of rudimentary basal spikéletst, we
developed a protocol to cultivate wheat meristerex siu, to image their growth at cellular
resolution, and quantify the effect @VP®n basal spikelet establishment directly. Furthermore,
experiments in the field suggested that the abortion of florets within a spikelet is linked to their
developmental agesupporting the idea that it is the delayed development of basal spikelets that
causes their preferential abortion, and thus rudimentary shape. These results highlight the
complexity of transitioning from one developmental program to the next and that shahges in
genetic networks do not happen instantly but require a gradeaisition, duringwhich the basal

spikelets are formed.
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1 General Introduction

1.1 Increasing wheat productivity in the next decade

1.1.1 Pressure to increase yields while safequarding nature
In 1982, Agnes Desplanted 285 furrowsof wheat (Triticum aestivuni.) on a landfill side besides

the Hudson River, between the Statue of Liberty and Wall S(réguire 1.1)This was possibly the

first wheat cultivation in Manhattan in over 300 years
(https://www.architecturaldigest.com/story/agnedenespropheticwheatfieldremainsas
relevantasever). AgnesDegsA YA G A § SR (KA a LINEBrSadagemér?, wasle, A & S

world hunger and ecological concegnisttg://www.agnesdenesstudio.com/works7.hthiDeresQ a

Wheatfieldis a pioneering piece of environmental land art and reminds us today that the ecological
cost of human existence on the planet was already well known oveedfsyago. The work has
0SSy LINJI AaSR F2NJ AdGa 3Jt22Yé LINBRAOUAZzY 27F

(https://www.architecturaldigest.com/story/agnedenespropheticwheatfieldremainsas

relevantasever. But why did Danse choose to plant wheat, rather tlaawy other crop that is

traded only two blocks away at Wall Street? The global wheat trade is enormous, with 168 mill
tons of wheat being exported annually. In 2018 an estimated 725 million tonnes of bread wheat
were produced globallfFAO, 2018)making it one of the most important staple food crops. It was
also one of the earliest domesticated crops and is today cultivated on more land area across the
globethan any other (FAO, 2018). Besides its high market sharelabdl @conomic importance,
wheat is a major source of calories and nutrients, as well as protein, in developing countries, where
wheat feeds around 1.2 bilion people who live on less than US$ 2 a day

(https://www.cimmyt.org/blogs/wheatis-not-a-rich-manscrop/). With a growing global

population and increasing negative effects of climate change on environmental conditions, one of
the biggest challenges facing humanity is to feedgtmving population while safeguarding nature.
CKdzA>X 5FyasSQa OK2AOS 2hérhuwdfatitddianyad emvikoSnhental landl arti K S

piece seems very fitting.

Today research and breeding efforts are focusedforther improving the yield of whea meet

the 60% higher demand predicted P50 (Godfray et al., 2010Having more efficient crops,
reducing the amount of harvest waste and maximising the output of the energy spent on food
production will be three key areas to maltuture farming more sustainable. More efficient and
resilient wheat varieties have been bred over the last century ,(&gnchegsarcia et al(2013)

Major advances in wheat yields, and yield stability, were achieved through increasing genetic
resistance to pathogens, resilience to enwineental stress, and improving the potential yield of a

cultivar. Potential yields can be improvedaligh a variety of targets, at the beginning of the last


https://www.architecturaldigest.com/story/agnes-denes-prophetic-wheatfield-remains-as-relevant-as-ever
https://www.architecturaldigest.com/story/agnes-denes-prophetic-wheatfield-remains-as-relevant-as-ever
http://www.agnesdenesstudio.com/works7.html
https://www.architecturaldigest.com/story/agnes-denes-prophetic-wheatfield-remains-as-relevant-as-ever
https://www.architecturaldigest.com/story/agnes-denes-prophetic-wheatfield-remains-as-relevant-as-ever
https://www.cimmyt.org/blogs/wheat-is-not-a-rich-mans-crop/

century the negative selection of yield reducing traits was a very successful strategy (reduced
shatering, height, lodging; Fischer (2022)). Alternatively, the ability of plants to produce energy
(source traits such as photosynthetic activity, nitrogen use efficiency) or their ability to translate
this produced energy into yield (increased harvest indacreased spike size, tiller numbers) have
been targeted in breeding prograntEischer, 2022)One successful approach to increase yield
LR GSYdAlrtf KFra oSSy GKS |t GSNI GA 2y asxsifik siiekghh 6 K
alterations (Koppolu and Schnurbusch, 2019Yhroughout domestication, humans have
significantly altered the structure of the wheat spike with respect to the wild progenitors. khode
varieties have an increased number of grains per spike and grains are bigger. Improving sink traits
was believed to be most beneficial to high input environments with optimum management, such
as the UK, France, and New ZealdRdynolds et al., 2005However, increasing the maximum
achievable yield in varieties grown mostly in low yield environments can also be desirable. Firstly,
increasing sink strength under all conditioren be advantageous and secondly, this will lead to

increased yields in the rarer, higielding years within these environments.

Thus, improved genetic material is a fruitful avenue to imprthessustainability of future wheat
production. However, this is only the case if the improved material is readily available and
introduced to all markets globally. One important focus of future wheat yield improvements must
be to close the yield gap betweenghi and low producing areas globally and to strengthen self
sufficiency in production in countries, or stigions, rather than relying on global trade, which has
been proven to be fragile and create dependencies. Only recently, the invasion of Ukraine by
Russian forces essentially stopped all wheat expdrtsn this major exporting country and

reminded us of the dangers of relying on imports, especially for developing néBenfiey, 2022)



Figurel.1: Agnes Dened)heatfied ¢ A Confrontation: Battery Park Landfill, Downtown Manhattafhe
Harvest, 1982. © Agnes Denes. Courtesy of the artist and Leslie Tonkonow Artworks + Projects, New York.
Sourcehttps://www.artsy.net/article/artsy-editorial-agnesdenessmanhattanwheatfieldgrown-poignant

1.1.2 Role of wheat breeding and fundamental researclidture yield gains
Whilst large improvements in yield were achieved during the Green Revolution, rates of increase in

crop yields have slowed in recent ye@Ray et al., 2012Breeding programs have achieved past
yield gains through the incremental improvement of the genetic composition of cultivars, relying
on the power of crossing existing material and subsequerdgctien of the new. Through the
crosses new combinations of genetic diversity are created, either by introduction of new alleles or
the novel recombination of existing alleles in the program. Subsequent selection largely relies on
phenotypic screening inavious conditions or by targeted screening for certain traits, such as
resistance through the application of pests in the field. A wide range of strategies have been
developed to increase the efficiency of the selection pipeline, reducing the time androesoit

takes to produce new cultivaiReynolds and Braun, 2022he challenge for breeders is that they
need toimprove multiple traits, which have large and complex underlying genetic networks that

are rarely controlled by a single gene.

In fundamental research, much effort has been spent on elucidating the effect of single genes on
phenotypes, gene expression, tabolism, or cell growth. Therefore, it might be difficult to see
how fundamental research can help breeding. Introgression of a single gene to improve one
targeted trait has often failed to achieve reabrld yield gains. The exception to this rule might
have been the introgression of the sedwarfingREDUCED HEIGHT (R#dles during the Green


https://www.artsy.net/article/artsy-editorial-agnes-deness-manhattan-wheatfield-grown-poignant

Revolutionwhich achieved astonishing yield gains by efficiently reducing plant heights in all genetic
backgroundgKhush, 2001)

Much of the general knowledge and techniques developed in fundamental research have been
applied in modern breeding. For example, genomic selection, in addition to classic phenotypic
selection, is today an important part of most breeding progrdReynolds and Braun, 2022)he

use of markesassisted selectioimproved the efficiency of backcrossing alleles that amessive,
epistatic, or affecting traits that cannot be easily measured on a single plant(BRasisolds and
Braun, 2@2). More recently, the development of cheap genotyping marker arrays, SNP detection
technology (e.g., KASRInd functional markers has further helped the adaption of genomic
selection in wheat breedinfAdamski et al., 2020More recently and enabled by the decreasing
cost of genome sequencing, breeding programs are in the process of incorporating whole genome
sequencing approaches into their programs. The progress in mgekemic selection in breeding
programs was only possible due to the achievements of fundamental research that improved
genomic sequencing, provided reference genomes, and developed mathematical models for
genomic selections. However, many of these newlgsowere also achieved by collaborations
between fundamental and applied researchers, suggesting that the question of what is more
beneficial, applied or fundamental research, should maybe be dismissed altog&tesding
programs are the driving force dfiture yield gains, but improvements made to the breeding

programsthemselveswill equally rely on fundamental research.

However, the increasing ability to perform fundamental research in the crop species directly, rather
than using a model species, haslmultiple advantages. The plant architecture of wheat is difficult

to compare to that of model species, suchfasbidopsis thalianaand genetic mechanisms have
been lost, changedor been neefunctionalised since the species last common ancestor. For
example, the very important leaf ridge inhibiting effect of thellRD OUTER GLUMERLL) gene

in the grass inflorescence is not shared with its ortholog function in ArabidOpigpple et al.,
2010) The availability of vital genetic tools, such as a reference genome and robust gene
annotations, in crops has been a gagtenger for research in crops and has allowed the further
applicaions of tools developed in model species directly in crops. The fluent exchange of tools and
knowledge between model organisms, fundamental crop reseamt breeding is what drives a
fruitful future for wheat genetics, which remains a keystone for thevelopment of more

sustainable and efficient agricultural systems.



1.2 Architecture andlevelopmenbf the wheat spike

1.2.1 Evolution of the grass inflorescence
To improve thggrass inflorescenge substantial understanding of isolution, architecture, and

development has been establishedany morphological distinctions among grass taxa are based
on characters of the inflorescence. A unifying feature of the taxa is that the flowers (termed florets
in grasses), and thus later tiseeds, are produced in spikelets. Spikelets are the flowering units of
grasses, composed of glume, lemma, palea, lodicules, stamens, anfMastibmber et al., 2006)
Spiral phyllotaxis of spikelet arrangement is widespread in the graeseésnost likely the ancestral
arrangement while two-ranked inflorescences most likely derived independently in
Centrolepidacea@and the PACMAD clade (Kellogg et al., 20IB8)0 ranked primary branches
initiated at angles of 180° are termed disticho@verall, grass spikelet architecture is highly diverse
and botanical features (such as phyllotaxis or symmetry) are often not consistent with phylogenetic
relationships. Phyllotaxis of the spikelets can be the same as the patterning of leaves or it may
change (Kellogg et al., 2013). Spikelet determinacy doeslways match spike determinacy and
even though most grass florets are hermaphroditic, they can also be monoecious (for example

maize) or dioecious, albeit the later is very rare among gra€sasnor, 1979)

A robust phylogeny iavailable for the grass family and provides the basis for the classification of
the ca. 10,000 speci@s 700 genergGrass Phylogeny Working Group et al., 2001; Sajo et al.,.2007)
The closest rative to the taxa is the subfamiAnomochlooideaewhich lacks true spikele{€lark

and Judziewicz, 1996)he inflorescence meristem of members of thenomochlooideadamily
produces primary branches that are arranged either in a spiral (for exantieptochaeta or
distichous (for exampl&nomochloa pattern(Judziewicz and Soderstrom, 1989; Sajo et al., 2008
The Streptochaetaspikelet seems to be morplhagically an intermediate between the true grass
spikelet and the reproductive units of grass relatiy®ajo et al., 2008ThePharoideaesubfamily

is the earliest lineage with&@ NHzS & LA {1 St S4 YR A& araidsSNI G2
(Kellogg et al., 2013). The spikelets of the spdererusthat belongs to this subfamily are directly
attached to the rachis and are arranged spiré8gjo et al., 2007Pharusspikelets are furthermore
monoecious and produce only one floret per spikg®gjo et al., 2007)t appears thatafter the
divergence ofPharoideae multiflowered spikelets arosgKellogg et al., 2013However, there is
quite a large diversityn the number of flowers per spikelet, which can be determined and
indetermined in grasses: KS S| NI A Sa i nRA @S NHRuglBidedefoyvBickand 2 F
spikelet arrangement data is availal{léellogg et al., 2013)'he major radiatin of the grasses
occurred much later, perhaps ¢80 million years agowhen the BEP cladeBambusoideage
Ehrhartoideagsyn Oryzoideag and Pooideag(i.e. wheat) divergedand a lineage leading to the

PAGAAD clade originate(Kellogg et al., 2013)



The PACMAD clade includes the remaining subfamilies, which makboup 60% of the grass
species (Panicoideae, ArundinoideaeChloridoideae, Micrairoideaeand Danthonioideag
(Malcomber et al., 2006)Most species in the PACMAD have spiral phyllotaxis and lack terminal
spikelets, which is also the case foaize Zea may} one of the best studied species of the clade
(Kellogg et al., 2013Within thePoideag distichous inflorescence @nching appeared after the
divergence oNardus Based on current data, the shift in inflorescence phyllotaxis from spiral to
distichous appears to have occurred at about the same time as the expansion of genome size and
an expansion to cooler, temperatdimates that characteses Triticeag Bromeae and Poeae
(Kellogg et al., 2013However, causative links between the shift to distichous branching and either

event can only be hypothesisgout not proven.

As mentioned in the previouparagraph many characteristictraits are not cosistent with
phylogeny in the grasses within the Triticeag for example morphology, life cycle, reproductive
behaviour, ploidy level, and genomic constitution may vary witarkwath and Bothmer, 2009;
Laurie, 2009)The important cropd. aestivum(bread wheat),T. durum(pasta wheat)Hordeum
vulgare(barley),Secale cereal@gye) andTriticosecaldtriticale) belong to theTriticeaeand their
inflorescence morphology has been studied in great détail’e, 1984)The inflorescence of the
Triticeaeis generally termed spike, with spikelets directly attached to the rachis or with only very
short branches and no formation of secondary branches. Furthermore, the spikes of the above
mentioned crops are all distichouspwever wheat and rye form a determinate spike while barley

is indeterminate.

Bread wheat has a complex evolutionary background with three polyploidization events leading to
its allohexaploid genome structur@WGSC et al.,, 2018The diploid relative of the speciés

urartu (AA)and an unknownspecies rtated to Aegilops speltoide@B) hybridised and formed the
allotetraploid T. turgidum ssp.dicoccoidegAABB; wild emmeran ancestor ofnodernday pasta
wheat A second hybridization event betwe@&n turgidumand the diploid grass speciese
tauschii(DD), produced the allohexaploid aestivumr{AABBDDJIWGSC et al., 201&ven though

no detailed studies of the wheat ancestor spike morphology exist, it appears\twitopsand T.

urartu spikes are already distichous and form terminal spikelets. However, the spikelets of both are

much smaller and forrtess grain.
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Figurel.2: Adapted from(Kellogg et al., 2013Phylogenetic distribution of inflorescence phyllotaxis. Species
relationships based oriGrass Phylogeny Working Group et al., 20@lye stars indicate the origin of
distichous phyllotaxis; vertical grey bar indicates reversion to-distichous tweranked phyllotaxis. Purple

star indicates origin of true spikelet formation within the grasses. Orange boxes highlight species mentioned
within the text specifically, greebox indicates wheafTfiticum aestivuni..).
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1.2.2 Architectureof the wheat and cereal crops inflorescence
For plants, the arrangement and presentation of seeds is of vital importance for their evolutionary

success. To maximise numbers of seeds, and seed dispersal, plants have evolved an impressive sui
of floral architecture§Doyle and Gaut, 2000Puring domestication, we have further altered the
architecture of crop species to improve yield and ease of ha(iEstbley et al., 2006}or example

in wheat, the number of seeds per spikehilipp et al., 2018)as well as th¢hreshabilityof the

spike(Debernardi et al., 2020have been largely improved during domestication.



The Poaceaehave the distinguishing feature of arranging their flowering structures in spikelets
along a vertically elongated inflorescen@dalcomber et al., 2006)Species within thdriticeae

tribe (including wheat) form sessile spikelets directly attached to the rachis and this complete
structure is commonly referred to as a spike. In contrast, the spikelets of rice are formed after the
initiation of primary and secondary branches and the result of this increased branching structure is
a more complex inflorescence, commonly termed pan{Blemmert et al., 2005)However, both
terms are borrowed terminology frondicots and not entirely accuratgKellogg, 2022)The
spikeletsarethemselves inflorescences, rather than flowers as in diewtdthe grass inflorescence

is in fact a compound structur@ echnically, the spikelets are spiikee structuresandthe correct

term for wheat spikes isynflorescencéWeberling, 1992; Vegetti and Weberling, 1998pwever,

in this thesiswe refer to the wheasynfloresencebyits more common name, spike. The important
difference is that spikelets are not determinate structures and that the glume, lemma and palea
are not homologs of sepals or petals. The sgike identity of wheat spikelets is especially
noticeable wha considering how readily sham ramification can be observed in wheat mutants.
Sham ramification refers to the development of spikes, rather than spikelets, in the lower rachis
y2RSa a Al A& G§KS Ol & §Dofrdiskagatet aY,12015; Whlge et A N.
2019)

The floral structure ofvheat (and more generally all grassés}ermed a floret. In wheat, an
indeterminate number of florets is initiated per spikeleff which typically only the basal=3
become fertile and set grain. Each wheat floret contains cewgel andthree stamensbut lacks
petal and sepastructures (like all grassefJiaffi et al., 2011All grasses form only one ovule per
carpel (unlikeArabidopsiy(Shen et al., 2021Yhe carpel ofice, barley, and wheadre very similar

in that their carpel islerived from the early fusion of three primordia, with two partially fused styles
and two feathery stigmas covered with papillae cells where pollen is depo@iteitbgg, 201;
Rudall et al., 2005; Dreni et al., 2013; Shen et al., 2021 reproductive organs are surrounded
by two lodicules these swell during anthesis forcing the lemma and palea apart to facilitate
pollination of the stigma from the dehisced anther. There is evidence that the lodiculgasses
are the result of modifieghetals indicots (such adrabidopsiy which is supported by the previously
reported control of lodicule development by classic petal development genearafidopsis
(Yoshida, 2012)



Inflorescence
Architecture

S
N

9 [ mutittenue
w"f/
w
=
Atae,,
"2 B

:: b ®
e
<

rr—

g

2
¥

Figurel.3: Adapted from(Wang et al., 2021)Schematic representation to compare inflorescence meristem

(IM) differentiated fate and inflorescence architecture in maize, barley and wheat. In maize, the IM of a tassel
is converted from shoot apical meristem, while the axillary meristem convertamear. The ear IM initiates

a series of determinate axillary meristems (spikelet meristems; SM), giving rise to pairs of spikelets. The tassel
produces branches from the branch meristems (BM), which then form pairs of spikelets. Each spikelet of ear
andtassel further initiates two floret meristems. In barley and wheat, the axillary meristems formed by the

IM directly differentiate into spikelet meristems. Barley has a triple spikelet meristem (TSM) structure
composed of a central spikelet and two latesgikelets, whose development is either suppressed to form a
two-rowed type or promoted to form a sivowed type. Conversely, in wheat, the inflorescence is composed

of single spikelet that produce multiple floral meristems.

Barley

Y

Wheat

l

sei m@m
|

Elaborate work irArabidopsisand AntirrhinumY dzi I yda f SR G2 GKS Sadl o
flowering model in eudicot@Coen and Meyerowitz, 1991; Theissen and Saedler, 206&)model
illustrates how the combined functions of five classes of homeotic genes determine the organ
identities of the fou floral whorls(Ciaffi et al., 2011 lass A genes specify sepal identity in the first
whorl while the combined action of class A and B genes control the petal identity isecond

whorl. Class B and C activities control the stamen identity and the class C activity alone the
formation of carpels in the fourth whor(Ciaffi et al., 2011)The later discovered D genes also
control ovule development. The E class homeotic gemetions are required for sepal, petal,
stamen, and carpel development aade provided by theSEPALLATg®NeS, a set of four similar

and redundant MIK®&/pe MAD$hox genes(Ciaffi et al., 2011 Analysis of mutants of the homeaotic
flowering genes in grasses (mainly maize and rice) has been used to elucidate the conservation of
the ABCDE nu®l in monocots. Overall, the same princigpépoply and the function of multiple of

the coreflowering geneseems to beconserved in grasses. However, multiple genome and gene



multiplications, followed by mutation and diversification of the sequenbesled to a wealth of
novel flowering genes in the grassedlowing for neeand subfunctionalization Furthermore, the
interpretation of functional conservation is complicated by the differences in inflorescence and
floral structures between grasses aAthbidopsis making it difficult to identify equivalent tissues
between them.For example, the reproductive organs of grasses are surrounded by lemma and
palea,whose correspondence to eudicot organs remains controvefGialffi et al., 2011and will

be discussed in more detail in the following section.

In wheat (andBrachypodiury multiple florets are initiated along the spikelet rachilla, whose tip is
indeterminate and, like in all grasses, each spikelet is subtended by a pair of glumes. Glumes are
the bract tissue in which axil florets are formed and tleay be large andncompass much of the
florets, as in wheator they can beseverely reduced striigres at the base of the floret, as in rice
(Ciaffi et al., 2011)The number and development of florets within spikelets is highly diverse
between grass species. Unlike wheadrley forms determinate spikelets with strictly one floret per
spikelet (of which either one or three are formed per node, depending ontype) (Sakuma and
Schnurbusch, 2020Maize forms two florets per spikelet in both the tassel and ear, hewthe

second floret is aborted in the ler (Weatherwax, 1923)Rice also forms only one floret per
spikelet, and as it only develops reduced glumes, it could be hypoguktiat the lemma and palea

partially fulfil the functional role of the glume pair.

Whether theinflorescence terminates ia spikeletor is indeterminate also varies among grass
species.Theinflorescenceendsas an undifferentiated dome in maize, ridegrley, signal grass
(Brachiaria decumbepsand finger millet Eleusine coracanawhereas it ultimately becomes a
spikelet in wheat, ryegrass LOliumspp.), sorghum Sorghum bicolgr and oats Avena

sativg (Kellogg, 2022) Terminal spikelet formation is conserved within species and is not altered
by envionmental conditiongKellogg, 2022 he formation of the spikelets along the inflorescence,
florets within the spikelets, and the development of florets into grains is a highly controlled and
genetically conserved process that largely controls the yield potential of a plant. The inflavescen
architecture among th@riticeaebearsmany similarities, even though key features of the spike may
vary and impact how yields per spike can be increased. In wheat, the increase in number of grains
per spikelet played a major role during wheat destication and modern breedin@hilipp et al.,

2018) In barley it was mainly the increase in spikelet number ateddaspikelet fertility that led

to increased yields per spike rather than the number of grains per spikelet as the later has little
plasticity in barley. This suggests that breeding has in both (barley and wheat) mainly achieved to
increase the survivalate of already initiated primordia, rather than finding ways to form new

primordia from, or next to, original meristems.
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1.2.3 Developmentamechanisms underlying the wheat spike architecture
The architecture of plant inflorescences has fascindtethnists for many centuries and is a

distinguishing feature for the taxonomic classification of species. Over the last century, a new
fascination arose: What are the developmental and genetic mechanisms that lead to the final shape

of the inflorescence?

In flowering plants, all abovground organs are formed from the shoot apical meristem. After
germination, the apical meristem (also termed apex) continuously forms new organs, termed
primordia, on its flanks while maintaining a zone of undifferentia@dripotent stem cells in the
central zone Figure 1.3). Shoot development occurs in repeating modules called phytomers,
consisting of a leaf ahaxillary meristem (AMprimordiaand an internodePlant architecture is
largely dictated by theactivity of the meristem and thedeterminacy of theinitiated primordia

(Pautler et al., 2013)

In the wheatseed the shoot apex has already initiatibdee to four leaf primordia, and the tiller

buds of the coleoptile and first I[faan be seen. After imbibition, the coleoptile grows until it is just
above the soil surface after which the first leaf emerges fro(Kiitoy and Appleyard, 198)pon
germination this apex resumes activity and further phytomers are ieitiaDuring the first phase,

the wheat apex is vegetative and has a brdéwaded conical shad&irby and Appleyard, 1987he
vegetative apex is located very close to the base of the plant, is mostly below ground and covered
by the emerging leaves. During the early vegetative growth, the phytomers are forming fully

developedeaves and the AMs are of shoot identity, forming the tillers of the plant.

Leaf primordia appear as ridges of tissue on the flank of the shootambat a constant rate that

is temperature and photoperiod dependentheprimordia appear first as adge and thenextend
around the apex,ntil eventually its margins overlap. The leaf primordium is then growing upwards,
forming a collaflike structure, enclosing the apex and the laieitiated primordia. The number of
leaves on the main shoot generallyries from about 0 to 14 leaves, which is however

temperature and photoperiod depende(iKirby and Appleyard, 1987)

An AM of tiller identity is initiated in the axils of all leaves as they are formed. Primordia are usually
positioned adjacent to the overlapping margin of the subtended leaf. As the tiller meristems grows,
the prophyll is initiated on its flanks and subsequent tiller development resembles that of the main
shoot (Kirby and Appleyard, 1987The further development of the tillers depends upon the
position of the tiller along the plant and the environment. If unfavourable, growth quickly slows
and stops, and the bud does not grow d@olength of more than -3 mm. Generally, more tiller
primordia are initiated than the plant can support and only the firgk tlllers are fully developed

in the mature plant of modern wheat. Tiller survival is strongly controlled by environmental factors,
such as resource availability and planting deng¢hang et al., 2021Duringthis phase the

internodes between the phytomers are very short andly marginallygrowing (Kirby and
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Appleyard, 1987)Thus, in the field wheat plants are very short and of grassy appearance for most

of the season.

After the vegetative phase, the apex transitions into the reproductive phase, which cérstbe
recognised by the eloragion of the apex and its more cylindrical shggeby and Appleyard, 198
Primordiapairs (termed double ridgesye initiated on the flanks of the ap@xa distichous pattern

and with slightly longer internodes separating th€Bonnett, 1966) A comprehensive review of

the known genetic gradients that are underlying this gradual transition in grasses has been recently
published byKellogg(2022) In terms of phytomers, the transitioning apex is still initiating d lea
ridge, an AM and an internode, which is slightly longer than during the vegetative phase (the spike
internodes are collectively termed the rachis). However, the lower primordia ridge, the leaf, is now
supressed while the AMs are activated, and their identitg bwitched from shoot/tiller to spikelet
primordia Figurel.3). The suppression of the lower/leaf ridge has been shown to be mainly
facilitated by the expression of a GATA domain-fiimger transcription factor across all grasses
(TASSELSHEATH3H)and TASSELSHEATHSH4in maize(Whipple et al., 201Q)'RDIin barley
(Houston et al., 2012and NECKLEARNLY) in rice(Wang et al., 2009) We will further discuss
these paralogous gendn Chapter 3 The apex at the tip of the developing spike continues to
initiate new phytomers until molecular signals initiate the formation of the terminal spikdies t
determining the potential number of spikelets early on in developmémtet al. (2019) recently
showed thatthe major vernalisation and flowering time controlling geMERNALIZATION1 (VRN1)
and FRUITFULL2 (FUBR#gect terminal spikelet formation. Ithe single mutantgvrnlor ful2) the
transition to terminal spikelet formation was delayed, wheréathe vrnlful2double mutant the
inflorescence remained indeterminate and &llto produce a terminal spikelet/RN1and FUL2
belong to some of the best studied flowering genes in wheat. They belong 8@QhEAMOSAlade

of MADS box transcription factoasd their sequence is most similar to theclass flowering genes
APETALAPY/FRUITFULEULD of Arabidopsis(Murai et al.,, 2003; Trevaskis et al., 200B)
complete lossof-functionmutant in Arabidopsis no flowers are produced, and the meristem

reiterates the development of leafy shoqfSerrandiz et al., 2000)
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Figure1.4: Light Microscopy images of the floral development of the wheat spike. Developmental stage
according to Waddington et g[1983) Meristems are not to size, acilisze of the meristem from tip to collar
ridge is indicated below each spike in millimetres.

Each initiated spikelet contimsits developmental trajectory, forming next the glume, followed by
lemma, and floret primordia. Each initiated floret primordiest develops palea and lodicules,
followed by three stamen primordia, and shortly after the carpel. During the formation of
primordia, the spike is only marginally increasing in overall length. Shortly after, however, the spike
as well as the internodebelow the spike are entering a phase of rapid growth during which
excessive floret and spikelet primordia are aborted to adapt final spike size to resource availability.
This growth phase of the plant takes place abou200days preanthesis and is oftetermed the
WONAR GAOFf LIKI ¥Fsther21985;SkidilieRet aLJAIBS Wavik antl Slafer,. 19@1)

will discuss this phenomenon in greater detail in Chapter 4.

Spikelet differentiation starts in the central spikelets, thus creating inhomeges development
across the spike. The wheat spikelet is indeterminate and new lemma and floret primordia are
initiated continuously at its tip. The most basal florets within each spikelet will begin to differentiate
immediaely after formation and therefore within each spikelet a gradient of development exists
from the base to the tip. It appears that most primordia are developing at similar rates within the
spike and therefore the later initiated primordia (at the tip of thekspand spikelet) willagin
development and cannot catch up with their central counterparts. Consistent with this observation,
flowering also begins in the centre of the spike. As mentioned in the previous section, the identity
of some of theseorgans is disputed and what marks the beginning of floral development in the
wheat spike is not entirely clear. Considering the wheat spike development and mutant phenotypes
in terms of phytomers favours the concept that floret primordia formation mahkskeginning of

true floral development in wheat and not the formation of double ridges. Spikelet primordia are
subtended by two glumes, which have supressed axillary meristems in their laxadl. grasses

studied,these AMsare suppressed bBBRANCHEDLELESSKellogg, 2022)rhus, the glumes are

13



also ftting the typical phytomer structure of leaf (modified to glume) plus AM. Next, the spikelet
apical meristem produces lemma primordia, in which axils the AMs identity is truly altered to be
determinate, floral meristems. Hence making the lemma a modiged structure andhe palea,
lodicules, stamens and a pistthe wheat floral organs developed in thiour floral whorls,

respectively(Yoshida, 2012)

Examining a large body of data from mutants of homeotic genes mainly in rice, Lombardo & Yoshida
(2015)concluded thathe lemma and palea of grasses are likely to be sepal equivaldtegmative
interpretations have found the lodicules to be the reduqeatals as the expression of conserved
B-class function genes in maize is restricted to the stamen and perfstiipple et al., 2004)and

lemma to be bracts and palea as modifipals In this thesis, we follow the latter interpretation,
based on our observations dfADSbox flowering genenutant effects on the spike, as well as the

interpretation of PN1expression patterns iBrachypodiunspikelets.

In all plants local auxin maximarecedethe initiation of new branching pointReinhardt et al.,
20030 h Q/ 2 y (2PM)tré&eeéd the Bxression patterns GFINFORMEDIPIN1a, PINIb
SISTER OF PINDRIN and DR5 in th&rachypodiunspikelet using fluorescence reporters. The
micrographs reveal how the lemma is subtending each floret primordia and?ibiaand PIN1b
expression differs between the two primordi®INlais exclusively gxessed in the lemma,
whereasPIN1bis expressed both in the lemma and in the older floret primordia. This leads to DR5

signals being mostly/strongest in the lemma and ra¢@'onnor et al., 2014 he results of the

study show that the lemmas initiated before and outside of the floret primordium.

Figurel.5: The wheat spikelet structure. Left, image of wheat spikelet adapted from Adamski et al. (2021),
arrows indicate the right glume and theemma and palea of the first floret (F1). Right, graphical
representation of the wheat spikelet. At the bottom, the two glumes (dark green) are subtending a
suppressed axillary meristem (yellow). Above, the first floret is subtended by the lemma (ligh),grdnich

is outside the floral meristem structure (yellow background). Inside the floral meristem are palea (dark blue),
lodicules (light blue), stamen (red@nd the carpel (dark red).

In the full SQUAMOSA&lade lossof-function mutantin wheat ¢rnlful2ful3, the spike axillary

meristemsthat would develop into spikelets in the wildtygrenerated fully vegetative tillers and
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the leaf ridges were deepressed and formed leavéki et al., 2019)The phenotypieffect is thus
similar to the one reported imrabidopsisloss of function mutant of the orthologous genes
(Ferrandiz et al., 2000)n a subsequent publication, Li et @021)showed that in thevrnlful2
double mutant, the expression of the MAISX transcriptionfactors belonging to the&sHORT
VEGETATIVE PHASER clade were significantly increased. Fascinatingly, thedbfsction
svplvrt2double mutant developedxillary spikelets or spikes subtended by leaves in the nodes of
the elongating stem below thegaluncle(Li et al, 2021) The constitutive oveexpression o/RT2

on the other hand led to a reversion of basal spikelets to sfileestructures that form terminal
spikelet structures, branched spikelets and severely elongated glume and |@oumet al., 2021)

This phenotypic effect can be observed in a var@tynutants and hints at the synflorescence
structure of the wheat spike, in which spikelets are merely modified spikes and readily revert back
to spike identity, especially in the base of the spike BB&ZY PANICYEzI I y i Wa A NI Of
(Dobrovolskaya et al., 2015; Poursarebani et al., 20IH introgression of a novel SVP allele from
Triticum aestivunssp.polonicumwas reported to increase glume and lemma length significantly,
albeit palea length only marginalfAdamski et al., 2021)This divergence in thBVPeffect on
glume/lemma versus palea further suggests that glume and lemma are controlled by a different
genetic network than the floral structures. In summary, the phenotypic effects oSWeclade

geres affect axillary meristem determinacy across the plant and also growth of the subtending

leaves, but not that of floral tissues (i.e., glume and lemma are affected but not palea).

The function ofSVP3$n wheat appears to be in line with their btsdipresing activity in trees, in
which their expression is downregulated during spr{fglavigna et al., 2019)n wheat, their
expression during vegetative development is also responsible for the suppression of axillary buds,
however they must be downregulatedpon inflorescence formation to allow for the axillary
meristems of the spike to adopt spikelet identity. The control and function of SVPs will play a central
role in Chapter 2 of this thesiBhe effect of these genes on AMs, leaf ridgeeleression angjlume

and lemma length also support the idea that these organs are not developed from floral meristems

and are thus controlled to some extent independently of floral meristem formation.

1.3 What we know about rudimentary basal spikelets

1.3.1 Lanceolate shape tiie wheat inflorescence
Across cereal inflorescences not all grains are of equal size. In wheat, the most basal and apica

spikelets of the inflorescence are smaller and produce less grain than central spikelets- This bi
directional gradient in spikelet fality is also the cause of the typical lanceolate shape of the wheat
spike (Bonnett, 1966) The gradientn spikelet poductivity from the centre to the tip can be

explained by the later formation of the apical spikelets andhsught to bear evolutionary
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advantages. Flowers are sensitive to abiotic stress during development, especially during anthesis
(Thakur et al., 2010Having a gradual developmemteans that shortermed, adverse abiotic
O2yRAGAZ2Y A g2y Qi FFFSOG It 7Tt arewdble dfshing i K dz2
Furthermore, the reduced amount of vascular bundles, and thus nutrients, reaching the tip of the

spike has also beehypothesised to cause a reduction in apical spikelet(gidengwiri et al., 1981)

However, the reduced fertility of the basal spikelets cannot be explained by the same factors. The
basal spikelets are initiated first and have a higimber of vascular bundles reaching them
(Whingwiri et al., 1981)Despite this, the most basal spikelets are often very small and produce no
grain at all (termed rudimentary spikelet@onnett, 1966)In 1936, Bonnetbbserved that basal
spikelets lack behind their central counter parts in development just after being initiated. The
formation of glumeJemma and florets are all delayed in the basal spikelets compared to central.
However,the causea of the differences in development betwedhe basal and centrapikelets

remain unknown

1.3.2 Rudimentary basal spikelets in the literature
Previously, only a few studies have addressed rudimentary basal spikelet formation. In 2015, Guo

and colleagues performed a genome wide association study (GWAS) in wheat and recorded the
fertility of apical, central and basal spikelets separately, aloegsidny other traits. They found

that multiple loci identified for grain number and floret survival in the central spikelets are shared
with basal spikelets and focused subsequently more on differences between central and apical
spikelets(Guo et al., 2017)Shi et al. (2018) perfored a GWAS study using 212 wheat accessions,
grown in five different environments and recorded the number of grains in the three apical spikelets
and also in the three most basal spikelets. They found that grain number in basal spikelets was
positively corelated withoverall grains/spike. Furthermore, they found that the number of grains

in basal spikelets can vary greatly between genotypes and environmamicating a great
potential for improving the fertility of basal spikeld&hi et al., 20185imilar results we obtained

by a previous study that analysed apical and basal spikelet fertility in a diversity panel and found
that both traits affect grains per spikel@Guo et al., 2015)They also identified multiple genetic loci

that were specifically relad to basal, and not apical, spikelet fertility suggesting that different
factors affect the twa(Shi et al., 2018)Furthermore, it has been established that basal spikelets
are readily aborted under reduced resource availability. For example, Stockmai(1&&3) found

that shading preanthesis reduced number of grains per basal spikelets-pkaortionately. The
relationship between resource availability, floret fertility and spikelet survival will be discussed in

more detail in Chapter 4.

Regardless of Isal spikelet developmental differences not being mentioned specifically, their
development is also uniquely affected in a variety of mutants. In baideyexample, the deletion

of BM1can lead to the development diflers at the base of spikes at pdeits where florets would
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normally be locatedut not in the central or apical positions of the spi{Heevaskis et al., 2007)
Shaw et al(2013oticed that in the late flowering genotypes, caused by loss of function of
PHOTOPERIOPPD1A, B and D copy), the internode length of basal spikelets was extended and
that sometimes the most basal spikelet foeoh bract leaves below the spikeletsn Aadditional
feature of the latest flowering genotypes was an increase in internode length at the base of the
spike and, in some plants, the appearance of aligaforgan in place of a spikelet at the most basal

spike internode(Shaw et al., 2033

Debernardi et al. (2017) noticed that basal spikelets were differentially affected in mutants of the
Qgene or in miRNA172 mutanBoth theconstitutive overexpression ofiiR172 andhe Q-5Aloss
of-function mutants showed one to three rudimentarpikelets in the most basal nodes of the
spike and empty lemmas in the fully formed basagikelets (Debernardi et al., 2017)They
furthermore were able to show the differencesphenotypic effects of the mutants between the
base and apical section of the spike are due to the expression gradient of these genes across the
spike. They founthiR172 levels were higkein the base of thespike and decreased towards the

tip while the opposite trend was observed f&@ (Debernardi et al., 2017)This study thus
introduced the important concept that genes might be gradually expressed across the spike and
that molecular signals show variation between the different spikelets. This concept is further
explored in Chapter 2 of this thesis and forms an important b@sisur understanding of the

formation of rudimentary basal spikelets.

1.4 Current state of techniques for developmental studies of wheat

1.4.1 RNAseq for macro and micro dissected tissues
An important tool for the investigation of gene functions and genetic netwdrks been the

commercial and relatively lowost availability of RNA sequencing. In wheat, the use of
transcriptomic technologies hdagged behind other crops for multiple years due its large, highly
repetitive genome. While rice and maize genome assemliisve been available since 2005 and
2009, respectively, the first whole genome sequence assembly with reliable gene models for wheat
was only released in 20(8NVGSC et al., 2018)he availability of the genome enabled a suite of
transcriptomic studies of the wheat spike. Previous to the release, RN& @hipRIPCR could be

used to gain some insiglnto the expression pattern of a stdet of genes, one of the earliest
studies in wheat used these technologies to investigate the grain transcriptome in&Bédbach

and Kothai, 2004) In the 2010s, publications also used the available sequencing technologies in
wheat to obtain RNA sequence data and to use this for referémee analysis of differentially
expressed genes. For example, Zhu et al. (2016) leveraged thisgeetio study the difference in
expression in the young stems and spikes (at glume to stamen primordium stage) of dwarf and tall

varieties(Zhu et al., 2016)n 2017, two studies were released that used the early drafogess
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for their wheat spike RNA&eq data analysis. Wang et al. (2017) sequenced the transcriptome of 90
wheat varieties at double ridge stage grown under field condit{@ang et al., 2017)Vhile Feng

et al. (2017) used the newly available tools to sequence whole spikes collected at double ridge,
floret meristem, anther primordium and terminabpikelet stage under controlled conditions,
identifying important genes of floral meristem development and stamen formation in w(festg

et al., 20%). A comprehensive summary of available RI¢4 studies for different development
conditions, stress responses, tissues and wheat stages has been developed by Borrill et al. in 2016
who published the wheat expression browser, making multiple diffeRRN#Aseq studies easily
accessible, requiring no bioinformatic skilBorrill et al., 2016)Since then, RNdeqhas mostly

been used to identify differentially expressed genes between different genotypes, rather than for
the analysis of temporal or spatial changes in expression throughout wheat spike development. For
example, RNA&eq was used to compare gene exmies in the inflorescences of wildtype and
GRAIN NUMBER INCREA&EIY) mutants (Sakuma et al., 2019r to compare the spikes

expression profiles of normal and mutivary genotypes by Guo et §2019)

In all these studies, whole spikes were used for the RNA extraction without any further dissections.
Thisbearstwo main disadvantage: (i) multiple tissues, such as floret, glumerauoids tissue are

mixed together, and (ii) these same tissues are also mixed at multiple developmental timepoints as
each spikdoearsmany spikelets at different developmental stages at any given time. In mammalian
studies, it is common practice geparate different organs before RMAtraction to produce more
meaningful RNAeq data. However, this can be technically challenging for smaller tissues. In 1996,
the invention of laser capture microdissections for human tissue overcame this bottleneizlpa

by making it possible to dissect smaller tissue sections, much more precisely than possible by hand,
using lasers under the microscofemmertBuck et al., 1996)Combined with downstream RNA

seq analysis, laser capture microdissections became a useful teggnolotnammalian and later

also in plant and crop research. In barley, the technology was recently used to develop a very dense

spatial and temporal expression atlas of the barley sfikeel et al., 2021)

An important accompanying development to the evolution patal tissue dissections was the
development of ever improved loimput RNA sequencing. As we want to understand the
differences between not only whole plant genotypes but different organs, tissues or even just cells,
it becomes increasingly important toe able to sequence RNA from as little input material as
possible(Macaulay et al., 2015)n 2018, the field of spatial transcriptomics in plants was yet again
revolutionised by the publication of the first spatial transcriptomics protq@ihcomello et al.,
2017) In this new suite of technologies, that have since then evotapedly, the tissue does not
need to be sectioned anymore prior to sequencing but rather the whole tissue is placed onto
barcoded slides that allow for the sequencing of each RNA molecule while retaining the information
about where it was expressed in the tissue. In wheat, the use of spatially resolved transcriptomic

data is nearly nomxisting. The development of new spatiatimologieswith improved spatial
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resolutionand their future applications will be discussed further in Chapter 2 as we developed a
low input sequencing protocol for wheat spikes to investigate the differences in spikelet

development across the spike.

1.4.2 Imagng ofthe wheat spike
Another crucial technology for the work presented in the thesis was the development of primordia

imaging techniques. Microscopy has always been a centralfeoddiological research and the
scientific advancements in plant biology aoften closely intertwinedwith the evolution of
microscofic techniquesstarting with theimagingof cork cells by Hooke in 16§6rouvisiefUrion

et al., 2019) Since thenlight microscopy has evolved dramatically atodlay high-quality light
transmission steremicroscopes are readily available to most rasbars. Within the field of wheat
and grass researclstereo microscopyf the developing reproductive organs (such as spikelet,
floret and inflorescence) hdseen usedo studytheir development and identity. Much of what we
know today about the developnmtal progression of the wheat, barley and mainflorescence
stems from the works of Bonnett, Kirby and Waddington during the 208 century. Their
publicationsfirst described how thenflorescenceprimordia are progressively initiateghd how
spike deelopment is linked to plant growttrurthermore, they publisheda developmental scale
(Waddington stages)which is extensively used till todgBonnett, 1966; Kirby and Appleyard,
1981; Waddington et al., 1983)

Besides light microscopyhe development bscanning kctron microscopy{SEM)further aided

the study of grass inflorescence, allowing for the acquisition of more detailed micrographs. The
principles of SEM and transmission electron microscopes (TEM) were developed during the 1920s
and 30s andtiswas predeninantly driven by the camera industfyicMullan, 1995 LG g ay Q
the 1960s that SEMethnology became available to research laboratofdseMullan, 1995) The

use of SEMb resole the development ofrassinflorescencesvas championed by Elizabetimre
Kellogg, who has been a leading figure in the fielglaht comparative biology over the last 30

years.

However, imaging the surface of plant organs can only reveal some of the information regarding
GKS 2NHIFIYyQa aiNHzOGdzZNBE FyR RSGSt2LIYSYyli® ¢ Kdza:
apply histological stains, which enable the analysis ofssufae tissue structures, cell types and
development using light microscopy. But it was the invention of confocal laser scanning microscopy
(CLSM), a specialized type of fluorescence microscopy, that made optical sectioning and thus the
imaging of live tissuegssible(Running et al., 1995Fluorescence microscopy has also been a key
technique for cell biology as it can be used to determine the location of fluorescence dye tags (see
(Moreno et al., 200§) However, we will here focus on the use of confao&roscopy for organ

development studiesOver27 years agdrunning et al. (1995)rst described howCLSM can be
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applied to image cell walls of the developing shoot apex of plarab{dopsiy The method they
proposed was simpt than classical histological staining and sectioning of the plant tissue, and
allowed for a high throughput acquisition of cellular resolution images of the whole(&ning

et al., 1995)In this first description of the method, the #e-dimensional orientation of cells within

their original position in the organ were visualised by Propidintiide staining cells of fixed apices.
Since then, methods to image live plant tissue have been developed, which makes it possible to
compae growth and developmerin situand at cellular resolution. The following surge in studies
using CLSM was also aided by the rapid innovations of computational imaging s¢Rwanéng et

al., 1995) Image processing software, such as Imapede enabled the rapid, and systematic,
analysis of complex and large image files obtained from GC8Mns, 2007)Lastly, the discovery

that plant apices, and other tissue, can be graxsituwas exploited in the latest development of
CLSM for plant development studies. By growapicesex sity one can image the same apex
Ydzf GALIX S GAYSA FYyR (Kdza GNJI Ol GKS LI GGSNYya
developmental path. MorphoGraphX, a sophisticated computational program that makes this type
of analysis possible, ag developed over the last ten yegBarbier de Reuille et al., 2013h
Arabidopsis major discoveries have been achieved by the live imaging of meristems and
subsequent cell lineageacking using MorphoGraphBarbier de Reuille et al., 201%lowever, it

was thus far not possible to use this technology for wheat floral development studies (or any other
grass) as the tise does not survivex sity thus limiting the application for CLSM to fixed tissues.
CLSM is generally not widely used in wheat research (yet). This is potentially also due to the lack of
fundamental research studies, which were held back by the abseihaegeaference genome until

only recently. However, we are now seeing an increase in fundamental studies conducted in wheat
and this trend requires the adaptation of methods, such as imaging techniques, to wheat. In
Chapter 3, we present a protocol thatalls forex situcultivation of wheat spike apices, which

opens the door to CLSM and MorphoGraphX application in wheat.

1.5 Thesis Aim
The overall aim of this thesis isuaderstandthe genetic and developmental causes of rudimentary

basal spikelets in whedkor this, we investigated the differences in transcriptional signalling during
initiation (Chapter 2), cellular growth deviations thereafter (Chapter 3), and final abortion (Chapter
4) of basal spikelets compared to their central counterparts. Throughloet chapters, we

investigated the following questions:

1 What are the transcriptional differences between central and basal spikelets?
1 DoesSVRexpression negatively affect basal spikelet establishment?
1 Is increased basal spikelet abortion caused by theior pdevelopment or resource

allocation?
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2 High expression of MAEM®X genéVRTa4ncreases the number
of rudimentary basal spikelets in wheat

All results described in this chapter have been published in the following manuscript (Appendix 1):

Backhaus, A.E., Lister, A., Tomkins, M., Adamski, N.M., Simmonds, J., Macaulay, I., Morris, R.J., Haerty, W.
and Uauy, G 2022. High expression of the MAD& geneVRTancreases the number of rudimentary
basal spikelets in wheaRlantPhysiology https://doi.org/10.1093/plphys/kiac156

2.1 Chapter Summary
Spikelets are the fundamental building blocksPalaceaenflorescences, and their development

and branching patterns determine the various inflorescence architectures and grain yield of
grasses. In wheaf (iticumaestivumL), the central spikelets produce the most and largest grains,
while spikelet size gramlly decreases acraand basipetally, giving rise to the characteristic
lanceolate shape of wheat spikes. The acropetal gradient corresponds with the developmental age
of spikelets, however the basal spikelets are developed first, and the cause ofrttadirsize and
rudimentary development is unclear. Here, we adapted G&d, a lowinput transcriptomics
approach, to characterise gene expression profiles within spatial sections of individual spikes before
and after the establishment of the lanceolate glea We observed larger differences in gene
expression profiles between the apical, central and basal sections of a single spike than between
any section belonging to consecutive developmental timepoints. We found $v® (SHORT
VEGETATIVE PHASEADSbox transcription factors, includingVRTA2 (VEGETATIVE TO
REPRODUCTIVE TRANSITIGIXe2xpressed highest in the basal section of the wheat spike and
display the opposite expression gradient to floweringl#&sSEP1 (SEPALLAT&el)es. Based on
multi-yearfield trials and transgenic lines, we show that higher expressiofR¥#A2 in the basal
sections of the spike is associated with increased numbers of rudimentary basal spikelets. Our
results, supported by computational modelling, suggest that the delayadsition of basal
spikelets from vegetative to floral developmental programmes results in the lanceolate shape of
wheat spikes. This study highlights the value of spatially resolved transcriptomics to gain insights

into developmental genetics pathway$ grass inflorescences.

2.2 Introduction
The arrangement of flowers in individual plants of the same species is highly conserved and follows

a systematic and rhythmic pattern. This systematic appearance of flowers is not surprising, as floral
architectures ae determined by the regular initiation of flower primordia on the flanks of the apical
meristem and their rate of initiation and developmental fate are under strong genetic control
(Prusinkiewicz et al., 2007). The unifying feature of floral architectuggassesRoaceag is the

formation of all flowers (termed florets) within spikelets (Kellogg et al., 2013). Spikelets are the
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fundamental building blocks of grass inflorescences and their development and branching patterns
determine the various infloresmce architectures of grasses (e.g., spikes, panicles). Wheat
(Triticum aestivurp forms a spike shaped inflorescence, in which sessile spikelets are directly
attached to the inflorescence axis (or rachis) in a distichous phylldtésfpolu and Schnurbusch,
2019) Upon floral transition, the vegetative meristem ceases to initiate leaf primordia and
transitions into the inflorescence meristem (IM). During the Double Ridge stage (DR) of wheat spike
dewelopment, the IM initiates a lower leaf ridge and an upper spikelet ridge (or primordia) during
each iteration. Within the inflorescence the upper ridges differentiate into spikelet meristems,
while the lower ridges are suppressed upon flowerfBgmmert and Whipple, 2018DR initiation

will continue at the IM until the terminal spikelet stage, when IM forms a final spikelet (Koppolu
and Schnurbusch, 2019). Spikelet initiation and development has been extensively studied in wheat
and other monocot crops, such as rig@ryza sativy maize Zea mayy and barley lordeum
vulgare), as the number of spikelets per spike is a major determining factor for grain number and

thus yield per spike.

Not all spikelets across the wheat spike, however, produce the same amount of grain. The central
spikelets produe the most and largest grains, while spikelet size gradually decreasesaacro
basipetally. Within a single spike, the most apical and basal spikelets might produce no or only one
grain while the central spikelets of the same spike sBtgdains. Bonneét(1966) documented that

this distinct lanceolate shape of the wheat spike is first established during the Glume Primordia (GP)
stage (just after the DR stage). This asynchronous development among the spikelets is maintained
throughout the development oftte spike. The gradual decrease in spikelet size from the central to
apical section of the spike can be explained by the continuous development of new spikelet ridges
from the apical inflorescence meristem: the most apical spikelets are the youngest arttiehad
least time to develop. However, basal spikelets are initiated first and it is unclear why they remain
smaller than their central counterparts. In the mature spike the most basal one or two spikelets are
often only formed in a rudimentary manner, wigmall glumes present but all floral structures

remaining immature.

Efforts to understand the genetics of wheat spikelet initiation and development have focused on
members of the MAD®8ox transcription factor (TF) family, which play central roles in thvedfting

gene models (Zhao et al., 2006). Li et al. (2019) showed that M&b§enes of th6&QUAMOSA
clade,VERNALISATION 1 (VRRRUITFULL(EUL2 andFRUITFULR (FUL3, have overlapping
functions in controlling the timing of the transitions from thegetative to IM as well as the
formation of the terminal spikelet. larnlfulznull mutants, the IM remained indeterminate
causing the mutants to form more spikelets per spike. However, all lateral spikelets were replaced
by leafy shootén the vrnlful2 double andvrnlful2ful3triple mutants (Li et al., 2019)These
mutants had increased expression of genes belonging tSHW@RT VEGETATIVE P8AGHamily

of MADSbox genes, includingEGETATIVE TO REPRODUCTIVE TRANSIRON Qubsequent
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studies determined that overexpression WRT2ed to reversion of basal spikelets to spikes and
the downregulation of other MADBox genes required for floral development, including members
of the SEPALLATASEP)Lclade(Li et al., 2021)Together, these studies exemplify the importance
of the temporal sequence of flowering gene expression for the correct development of the wheat

spike.

Attempts to unravel the genetinetwork controlling wheat spike development have focused on
these temporal changes in expression patterns across consecutive developmental stages. For
example, Li et ali2018)and Feng et al(2017)performed transcriptome profiling using pooled
samples of multiple complete spikes from six (vegetative to floret differentiation) and four (double
ridge to young floret) developmental stages, respectively. In a faggastudies have examined
the expression patterns of individual genes (via reverse transcription quantitative PQRCRY)

and found gene expression gradients along the spike. For example, Debernardi(201a)
demonstrated thatAPETALA AP2 is expressed higher in the apical section of wheat spikes than
in central or basal seadns. ThisAP2expression gradient was associated with morphological
changes along the same spike. This study alongside work in if¥dagsef et al., 201,73uggests

that gene expression gradientsithin individual developmentastages could be important to
further unravel the genetic control of spike development. However, despite its potential biological

importance, spatial transcriptome profiles along the spike have yet to be investigated in wheat.

In this study, we aimed toharacterise gene expression profiles along the spike during the
establishment of the lanceolate shape of the wheat spike from DR to GP. We adapteseG&T
(Genome andTranscriptome sequencing), a leiwput sequencing approach to sequence the
transcriptome of the sections. Recently, Giolai et §€019)adapted the protocol to identify
expression differences across single leafé&srabidopsifGaSTseq), demonstrating that the G&T

seq method can be readily used for sequencing of hand harvested, small input plant material
without the need of previous tissue dissociation or treatment. &&{ is thus comparable to
methods using dsermicro dissection followed by sequencing to achieve spatially resolved
transcriptome wide sequencing data. In comparison, the available transcriptome sequencing
methods at higher resolutions (such as single cell-B&tpor fluorescencactivated cell srting
(FACYS)) are not spatially resolved as the complete tissue is dissolved into single cells for barcodin

or selection prior to sequencir(@ichGriffin et al., 202Q)

We sequenced the apical, central, and basal sections of individual spikes before (DR) and after (GP
the estallishment of the lanceolate shape. Gene expression profiles differed most strongly
between spatial sections of the same spike, as opposed to temporal sections (any two sections from
different timepoints). Members of th&VPgene family were expressed mosghly in the basal
sections with expression decreasing upwards from the base (acropetally), while members of the

SEPIlgene family showed the opposite expression pattern, i.e. most highly expressed in apical
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sections, with expression decreasing towards thase (basipetally). The increased number of
rudimentary basal spikelets due tdRTA2 misexpression supports the hypothesis that high
expression levels o6VPsin the basal section delays spikelet establishment, leading to their
rudimentary shape in the ntare spike. This study highlights that spikelets within the same spike
experience significantly different flowering signals due to their consecutive development and
spatial position within the spike. Acknowledging these differences can help us gain a bette

understanding of the genetic flowering pathway of grass inflorescences.

2.3 Resiults

2.3.1 Lowinput sequencing enables spatial analysis of the wheat spike transcriptome
To investigate transcriptional differences between the apical, central, and Iszsgion of

developing wheat spikes, we adapted the towut G&T sequencing (G&EQq) method for RNA

seq of small plant tissue sections. G&T has been developed for-sglgRNA and DNA sequencing

of mammalian system@lacaulay et al., 201%nd was previously adapted férabidopsighaliana
(GaSTseq; Giahi et al., 2019). We collected four individual developing wheat (cv Paragon) spikes
at both the double ridge (DR) and glume primordia (GP) stage anddisselcted them into apical,

central, and basal sectionsigure2.1A).

Double Ridge (DR) Glume Primordia (GP)
Apical
Central
Basal

Plant 1 Plant 2 Plant 3 Plant 4 Plant 5 Plant 6 Plant 7 Plant 8

24 independent libraries
G&T-seq processing

N

NovaSeq-6000 single lane
B c apical DR central DR basal DR
Hisat alignment M apical GP central GP M basal GP
not aligned
aligned

4

4]
2 )

> |
0 0 mm

AB A3 C3C5BSDBCEB4 ASA4B2C7TB1 B6EC2B7 Al A6 CoAd C4A2 C1 A7 A8 A3 C3 B1C5C8 B4 B5S A6 BB A1 A5 A4 B3 C7 C2 B6 B2 C6 B7 C1 C4 A7 A2

Reads (x10,000,000)

Genes (x10,000)

Figure2.1 Lowinput G&T sequencing of developing wheat spikg$ Summary diagram of tissue collection

and sequencing. Grey circles indicate the 24 individual libraries prepared for sequencing from each individual
tissue section dissected from individual spikes. (B) Reads per library after trimming and qualityso@eizol
Methods). Stacked bars indicate the number of reads aligned (blue) and not aligned (red) by HISAT to the
RefSeqvl1.0 genome. (C) Number of expressed genes (>10 read counts) per library based on tissue section an
Waddington developmental stage (DRiuble Ridge; GP: Glume Primordia). In (B and C),-thésXndicates

the ID of each sample which is composed of the tissue section (A: apical, C: central, B: basal) and plant numbe
(1-8) as indicated in (A). Detailed quality control data for each likisapyovided in Tablg.2.
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On average, samples had 28,799,626 reads (coefficient of variation (CV) 43%), of which 90% (C
8.5%) aligned to the genome post adaptor trimmifgg(re2.1B, Table2.1). Furthermore, the
number of aligned reads and the numberedfpressed genes per library was largely homogenous
among the spatial sections and Waddington stages (Talb)e

Table2.1: Average number of reads aligned to the RefSeqv1.0 genome and expressed geneadxtiints)

in the three tissue sections and two Waddington developmental stages (DR: Double Ridge; GP: Glume
Primordia) (n = 4 biological replicates per tissue section * developmental stage).

Section Reads aligned Genes expressed

DR GP DR GP
Apical 26,342,934 23,913,657 44,488 41,152
Central 29,823,023 25,854,540 45,913 50,074
Basal 25,174,482 23,627,494 49,513 52,740

On average, 47,313 genes per library were expressed (>10 read counts) and we found no difference
(P > 0.56, ANOVA) in the number of expressed genes across spatial (apical, central, basal) ol
between temporal (DR, GP) conditiofsgure2.1C). We excluded three libraries with low average
number of expressed genes (difference greater than five timesttraard deviationfFigure2.1C,

Table 2.2 and two libraries because they were strong outliers in the principal component analysis
(PCAFigure2.2A. In total, 19 RNAeq libraries (DR: 3 apical, 4 central, 3 basal; GP: 2 apical, 3
central, 4 basal) pasdeour selection criteria and were used in the subsequent analyses. We

identified 91,646 genes being expressed across these 19 libraries.
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Figure2.2: Principal Component analysis (PCA) of Rbif\libraries(A) Principal Component (PC) analysis of

21 libraries that passed initial quality control (three libraries excluded due to low average number of
expressed genes), indicating two outlier libraries (C2&D3) which were subsequently removed from the
analysis.B) PCs of the 19 libraries that passed all controls. Purple = Apical, Orange = Central, Green = Basal
Circle = Double Ridge, Triangle = Glume Primordia stage.
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Table2.2: Summary of raw read numbsiltered reads, alignment %, and expressed genes for each of the 24
sequencing libraries created using the G&ej method. DR= Double Ridge, GP = Glume Primordia. If a library
passed QC, it was based on the number of expressed genes (column I) and RSAses=kigure2.2). ID
refers to the name used for each library in Figure 2.1.

Expressed
Raw read Passed Hisat genes
Library  Tissue Sample Plant ID pairs total (trimgalore) reads aligned (%) (Htcounts >10) Passed QC
A2 DR apical_DR 1 Al 33,664,671 32,062,547 96.48 52,244 TRUE
A3 DR basal_DR 3 B_3 30,295,269 28,976,305 87.31 53,547 TRUE
A4 GP central_GP 6 C_6 39,099,793 37,073,012 97.23 55,162 TRUE
B2 DR central_DR 1 C_1 50,420,405 48,321,912 95.51 56,075 TRUE
B3 DR apical_DR 4 A_4 42,117,378 40,262,975 81.15 53,021 TRUE
B4 GP basal_GP 6 B_6 33,216,608 31,029,623 97.32 54,516 TRUE
C2 DR basal_DR 1 B_1 32,554,056 30,596,728 78.7 41,019 FALSE
C3 DR central_DR 4 C_ 4 45,516,116 43,762,080 70.07 57,037 TRUE
c4 GP apical_GP 7 A7 51,169,262 49,102,394 86.01 59,389 TRUE
D2 DR apical_DR 2 A2 48,138,049 46,330,044 82.26 60,489 TRUE
D3 DR basal_DR 4 B_4 26,472,432 24,714,312 97.89 48,429 FALSE
D4 GP central_GP 7 C_7 31,773,685 30,269,408 97.47 54,078 TRUE
E2 DR central_DR 2 (o 32,293,673 31,058,949 95.18 54,278 TRUE
E3 GP apical_GP 5 A5 29,384,704 28,160,317 94.09 52,669 TRUE
E4 GP basal_GP 7 B 7 33,033,120 31,584,188 91.39 55,825 TRUE
F2 DR basal_DR 2 B 2 30,668,419 29,202,553 92.89 55,058 TRUE
F3 GP central_GP 5 C5 16,920,777 16,339,753 94 42,838 TRUE
F4 GP apical_GP 8 A 8 358,800 339,630 82.08 1,837 FALSE
G2 DR apical_DR 3 A3 5.305,986 4,057,862 90.03 12,197 FALSE
G3 GP basal_GP 5 B_5 18,033,782 17,161,540 95.22 49,315 TRUE
G4 GP central_GP 8 C_8 24.422.756 23.395.813 96.21 48,217 TRUE
H2 DR central_DR 3 C_3 14,508,985 13.525.176 95.48 16,260 FALSE
H3 GP apical_GP 6 A6 35657275 34,268,070 77.76 50,712 TRUE
H4 GP basal_GP 8 B_8 20,880,756 19,595,838 97.5 51,304 TRUE

2.3.2 Transcriptomewide differences are largest between thgical and basal sections

of the spike
To investigate global differences among the 19 RE@ libraries, we performed a principal

component analysis (PCRigure2.3A). The first two PCs explained 19% and 16% of the overall
variance present in the librase We observed that the two PCs separated libraries by the spatial
position (apical, central, basal) rather than developmental stage (DR, GP). There was a clear
separation between libraries originating from apical and basal spike sections, while lillranes
central sections were dispersed between these two clusteigufe2.3A). We investigated PC1 to

PC6 and found that none of these combinations clustered libraries by developmental lSigue (

2.2B. Given that we sequenced developing spike sectifrssngle plants, as opposed to the more
commonly employed pooling of multiple biological samples, we found as expected some degree of

heterogeneity between samples from the same location and stigpi(e2.3A).
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Figure2.3: Transcriptome wide differences are larger between tissue sections than developmental timepoints
(A) Principal component analysis (PCA) on the 19 transcriptome libraries from apical (blue), central (yellow)
and basal (greemdections of Double Ridge (DR, circles) and Glume Primordia (GP, triangles) spikes. Black
bordered triangle is plant 8 (GP) in which the basal section clustered closer with é€@Rtisctions than the

other basalGP sections. (B) UpSet plot showing thenber of differentially expressed genes (DEGs) between
spatial sections and Waddington stages.

To investigate this variation further, we quantified changes in gene expression across biological
replicates by calculating CVs for each gene (see Methods). @dmmCV for a gene across the
biological replicates was 39%idure2.4) with a Q1Q3 interquartile range between 24% and 62%.

We also calculated the CV per gene for published datasets from Li et al. (2018) and Feng et al.
(2017). Both studies sequencedwtloping wheat spikes at similar developmental stages, pooling
many spikes per sample. Li et al. (2018) pooled between 100 to 200 spikes of winter wheat (KN9204)
per sample, while Feng et al. (2017) reported pooling of 10 to 50 spikes (cv. Chinese@#&pring)
sample. In both studies the median CV of a gene was lower (14% and 21%, respectively) than in ou
study. The larger CVs in our data could be explained by the biological variation that exists between
individual plants, which may have been reduced by gooling of many spikes in both Li et al.
(2018) and Feng et al. (2017).
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Figure2.4: Comparison of Coefficient of variation (CV) of gene expression in wheas&N\ata sets. CVs of
gene expression. C\&nong the biological replicates were calculated for all expressed genes in this study
(number of biological replicates =4). Feng et al. (2017) and Li et al. (2018) have n=2 biological replicates of
pooled samples.

We first analysed differentially expresd genes (DEGs) between the DR and GP stage and between
apical, central and basal sections across the two Waddington developmental stages. The number
of DEGs between DR and GP (215 genes) was smaller than the number of DEGs identified betwee
the spatialpositions, which ranged from 280 DEGs between central and apical sections to 914 DEGs
between the apical and basal sectiof€gure2.3B). Next, we compared the apical, basad

central sections within each Waddington developmental stage. We identified more DEGs by
comparing the spatial sections within either Waddington stage individually than in the combined
analysis. The number of DEGs between apical and basal sectiathatage (DR: 2,438; GP: 1,315)
were similar to the number of DEGs between central and basal sections (DR: 2,022; GP: 1,186). Th
number of DEGs between these sections at DR, however, was nearly double the number of DEGs a
GP. In contrast, the number BEEGSs between apical and central sections was similar at both stages
(DR: 1,296; GP: 1,118), suggesting that the basal section of the spike is most different in the earlier
developmental stage. Only 11% of the DEGs were shared between DR and GP in the basezd
comparison, 7% between the central to basal DEGs, and 5% between apical to central DEGs. In tota
we identified 5,353 unique genes as differentially expressed between any of the three sections at
either Waddington stageplease se&Supplementallable S2n original publication (Backhaus et al.,
2022 as this table was too large to be-peinted in this thesis Overall, the number of DEGs was
largest between the apical and basal sections, reflecting the strong spatial clustering observed in
the PCA graph, but most genes that were differentially expressed across the spike did not maintain
this gradient over the two developmental stages. In summary, despite the high biological variation
in gene expression in our data compared to previous pooledevsppke studies, we could detect

transcriptome wide differences between the spatial sections of developing wheat spikes.
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2.3.3 TheSVRMADSbox transcription factors have opposing expression profiles to
flowering Eclass genes
To further investigate the diffences in expression across the spike and to identify genes with

similar expression patterns, we performed hierarchical anddans clusteringFigure2.5). We
restricted the clustering to the 5,353 genes identified as differentially expressed acrosskbeaisp
either one or both Waddington stageBigure2.6A). We identified seven neredundant clusters,
each containing between 8% to 21% of the 5,353 DE@ar€2.5A, Figure2.6A). Both hierarchical

and kmeans clustering produced highly similar res(figure2.5B8.

A [ | 3 [ or o

nomi(HT)

norm(HT)

nom(HT)

Figure2.5: Expression patterns of all DEG clusters (n=7) as identifieantgaks clustering. (A) Expression
pattern of differentially expressed genes (DEGS) in the seven clusters identifieahégris clustering. Score
colouring indicates the correlation of genepegssion with the centroid pattern of the cluster (black line).
QELINB&aaAZ2Y Ol fdzS&a 6SNB y2NNIFfAT SR dzaAy3a 58dSljuz
Methods). (B) Correlation oftweans (K) and hierarchical (H) clusters. Upper value is thédauof shared

genes, lowervalueisthe@l £ dzS 2F GKS O2NNBf I GA2y® / F§Odzt F GA2Y
function (Langfelder & Horvath, 2008). Colourog(Rvalue) (red=less significant, white = most significant).

We identified 1,894 gnes (35% of DEGSs) to be more highly expressed in the apical section, either
across both timepoints (503 genes, cluster 1), or only at DR (751 genes, cluster 7) or GP (640 gene:
cluster 3). In the central section, 1,362 genes (25%) had higher relatikeseiqn at either DR (917
DEGs, Cluster 5) or GP (445 DEGs, Cluster 6). In the basal section, we observed 2,097 genes (3¢
being more highly expressed. Cluster 4 contained the most DEGs (1,170) and was characterized b

an upregulation of expression in theasal section at both Waddington stages, although this
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upregulation was higher at the DR stage. Another 927 genes were upregulated in the basal section,
but only at the GP stage (cluster 2).

To further characterize the clusters, we independently testedenrichment of TF families and

gene ontology (GGerms relating to biological processes (all-&@ns and TF families in Tal2&

and 2 4, respectively). Genes that were more highly expressed in the apical section were enriched
F2NJ GKS Dh diGINAV@AS aaANBNINGBRIZNE RSGSt 2LIVSy (¢ o
RSOSt2LIYSyié¢ oDhYnnnyno 1-Zip 1@ andzBRSSTRIfamilies< (D.G01; 4 S f
cluster 1). In cluster 3 (highly expressed in the apical section aFiG&#e2.6B) we found no
sigrificant enrichment of G@erms relating to biological processes, but a significant enrichment of
MADS |l TF$E 0.013). For clusters defined by an increased expression in the central sections
(clusters 5) we detected an enrichment for &®ms related to polyphosphate processes
(G0:0006797/000677® < 0.03), and a significant enrichment of the C2C2liK&OTFs at DRPK

0.04). Genes with higher expression in the basal section of the spike (cluSigure2.6B were
enriched for a number of GO termslated to photosynthesis, (e.g. GO:00159P% 0.01) and

Gy SAFGAGS NBIdA I GA2y 2F PrewSasved S8 MADSIYI FBE § £

= 0.08). Cluster 2, which was characterized by higher expression in the basal section only at GP, wa
SYNAOKSR F2NJ aWF ayzy A OP<l0.00)RandNBRA<LUD0L ¥aBdkC2@2DI0Y n n
like TFsR< 0.04).
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Figure2.6: Clustering of differentially expressed genes across the wheat spike (A) Normalized expression
matrix and Kmeans clustering of the 5,353 genes differentially expressed across the spike at either one or
both Waddington stages (DR = Double Ridge; GP = Gtmerdia). Colours (blue to red) show relative log2
expression of genes after normalisation. (B) Expression pattern of the 1,170 genes allocated to Cluster 4 (left),
and of MAD%ox transcription factors in the same cluster (right). Colours indicate el the gene
expression pattern fits the average expression pattern (black line). Red = best fit, Blue = least good fit. (C)
Expression pattern of the 640 genes and MAIDS transcription factors of Cluster 3 as arranged in B. Norm

= normalized and scalagkne expression. RefSeql.1 gene IDs and raw expression values of genes shown in
the righthand panels are presented in Supplemental TabléoSthe published manuscript)
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We were interested in further characterizing the expression patterns of the MRS Fs as they

were significantly enriched in two of the seven clusters and are important in floral transition and
development (Becker and Theil3en, 2003; Feng et al., 201¥¢ detected 14 differentially
expressed MADBox TFs in our studyive of which were more highly expressed in the apical
section, four of these only at GP stage (cluster 3) and one being consistently expressed across bott
Waddington stages (cluster 1). In contrast, five MADS TFs were more highly expressed in the
basal section at both Waddington stages (cluster 4) and another two were more highly expressed
in the basal section only at GP (cluster 2). An additional two MARS)enes were part of the

remaining clusters (Tab24).

In the apical/GP cluster 3 we noticéitht all MADSox genes belonged to thEriticum aestivum
SEPALLATA(REP)L group Figure2.6B. All three homoeologs BEP# (TraesCS7A02G122000,
TraesCS7B02G020800, TraesCS7D02G120%0@) the Dgenome copy of SEPH
(TraesCS7D02G120§00ere part of this cluster. TRBERyenes were expressed at relatively low
levels at DRHigure2.6), but were significantly upregulated at GP, with their transcript levels being
highest in the apical section. The increased expressi@E® at GP was in agreement with their

previously reported expression patterns in tetraploid wheat by Li et al. (2021).

In the contrasting cluster 4 (upregulation in basal sections), we noticed the presence of multiple
MADSbox genes belonging to th8W family Figure2.68 righthand panel), which consists of
three genes in wheat§VP1VRT2and SVPR Members of this family are important for the
transition from vegetative to floral meristem identity in cereflsevaskis et al., 2007All three
homoeologs ofVRT2(TraesCS7A02G175200, TraesCS7B02G080300, TraesCS7D02&Ha6700
the Bgenome copy oSVP1(TraesCS6B02G343900ere present in cluster 4. The cluster also
containedFLOWERING LOCUSLEAL; TraesCS7A02G260908 hough it was expressed higher

in DRcentral sections compared to teVPsand had a linear expressionagtient at GP. AlBVPs

had very similar expression patterns, being strongly expressed in basal sections only. Expression o
SVPawas higher in all DR sections compared to the equivalent section in GP. Constitutive over
expression oBVPfamily members in Wweat and barley has been shown to delay or even reverse
floral development (Trevaskis et al., 2007; Li et al., 2021). This led to hypothesis that the
rudimentary development of basal spikelets was associated with an increadRTiBexpression

levels.
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Table2.3: Enrichment of Gene Ontology (Gt@yms in the seven identified clusters of DEGs. Enrichment was
performed using PLAZA (https://bioinformatics.psb.ugent.be/plaza; Van Bel et al., 2017; accessed on
01/04/2021). G&erms relating to Biological process (BPY &ellular Compartment (CC) were retained- GO
terms relating to Molecular function (MF) were not analysed. Log2Fold enrichment based on universe of
expressed genes; adjusted P value (Benjaiothberg); Subset Ratio is the percentage of genes associated
with the GOterm.

[ Log2-Enrichment Subset

Cluster Identifier Type Fold P-Value Ratio Description
1 G0:0022414 BP 0.97 1.61E-02 17.09% reproductive process
1 G0:0000003 BP 0.97 1.71E-02 17.09% reproduction
1 G0:0003006 BP 1.13 2.43E-03 16.24% developmental process involved in reproduction
1 G0:0048608 BP 1.24 1.36E-03 14.96% reproductive structure development
1 G0:0061458 BP 1.24 1.36E-03 14.96% reproductive system development
1 G0:0048367 BP 1.27 4.28E-02 10.26% shoot system development
1 G0:0071695 BP 2.4 4.73E-04 5.98% anatomical structure maturation
1 G0:0021700 BP 231 9.70E-04 5.98% developmental maturation
1 G0:0048437 BP 2.15 3.74E-02 4.70% floral organ development
1 G0:0003002 BP 2.26 4.41E-02 4.27% regionalization
1 G0:0045814 BP 291 4.16E-02 2.99% negative regulation of gene expression, epigenetic
1 G0:0009836 BP 4.25 7.71E-04 2.56% fruit ripening, climacteric
1 G0:0009835 BP 4.16 1.09E-03 2.56% fruit ripening
1 GO0:0051567 BP 4.08 1.50E-03 2.56% histone H3-K9 methylation
1 G0:0061647 BP 3.87 3.56E-03 2.56% histone H3-K9 modification
1 G0:0048825 BP 3.41 2.21E-02 2.56% cotyledon development
1 G0:0006346 BP 4.38 4.21E-03 2.14% methylation-dependent chromatin silencing
1 G0:0010158 BP 5.21 3.88E-03 1.71% abaxial cell fate specification
1 G0:0048497 BP 5.08 5.49E-03 1.71% maintenance of floral organ identity
1 G0:0090700 BP 5.08 5.49E-03 1.71% maintenance of plant organ identity
1 G0:0045596 BP 4.73 1.51E-02 1.71% negative regulation of cell differentiation
1 G0:0010093 BP 4.52 2.71E-02 1.71% specification of floral organ identity
1 G0:0090701 BP 4.48 3.02E-02 1.71% specification of plant organ identity
1 G0:0009299 BP 5.73 2.17E-02 1.28% mMRNA transcription
1 G0:0048480 BP 5.73 2.17E-02 1.28% stigma development
1 G0:0048479 BP 541 4.42E-02 1.28% style development
2 G0:0010446 BP 5.04 1.71E-06 2.05% response to alkaline pH
2 G0:0071467 BP 5.04 1.71E-06 2.05% cellular response to pH
2 G0:0071469 BP 5.04 1.71E-06 2.05% cellular response to alkaline pH
2 G0:1900067 BP 5.04 1.71E-06 2.05% regulation of cellular response to alkaline pH
2 G0:0009268 BP 4.67 1.14E-05 2.05% response to pH
2 G0:0009611 BP 2.16 3.26E-05 5.87% response to wounding
2 G0:0009753 BP 2.16 7.28E-05 5.57% response to jasmonic acid
4 G0:0055114 BP 0.94 1.43E-05 12.08% oxidation-reduction process
4 G0:0006979 BP 1.32 7.90E-05 6.34% response to oxidative stress
4 G0:0015979 BP 1.49 7.09E-03 3.63% photosynthesis
4 G0:0042743 BP 2.06 4.59E-03 2.27% hydrogen peroxide metabolic process
4 G0:0042737 BP 1.8 3.74E-02 2.27% drug catabolic process
4 G0:0017001 BP 2.08 1.81E-02 1.96% antibiotic catabolic process
4 G0:0042744 BP 2.27 1.07E-02 1.81% hydrogen peroxide catabolic process
4 G0:0048506 BP 2.73 1.17E-03 1.66% regulation of timing of meristematic phase transition

regulation of timing of transition from vegetative to

4 G0:0048510 BP 2.73 1.17E-03 1.66% reproductive phase
4 G0:0040034 BP 2.42 9.34E-03 1.66% regulation of development, heterochronic
4 G0:0009910 BP 241 9.92E-03 1.66% negative regulation of flower development
4 G0:0090344 BP 6.04 8.09E-10 1.06% negative regulation of cell aging
4 G0:0090342 BP 4.18 1.19E-04 1.06% regulation of cell aging
4 G0:0007569 BP 413 1.54E-04 1.06% cell aging
4 G0:0009228 BP 4.23 7.44E-03 0.76% thiamine biosynthetic process
4 G0:0042724 BP 4.23 7.44E-03 0.76% thiamine-containing compound biosynthetic process
4 G0:0018131 BP 5.81 1.31E-02 0.45% oxazole or thiazole biosynthetic process
4 G0:0046484 BP 5.81 1.31E-02 0.45% oxazole or thiazole metabolic process
5 GO0:0006797 BP 7.52 2.94E-02 1.48% polyphosphate metabolic process
5 G0:0006799 BP 7.52 2.94E-02 1.48% polyphosphate biosynthetic process
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Table2.4: Enrichment of Transcription factor families and MA#2S transcription factor genes in the seven
identified clusters of DEGs. Gene Names iéeelorthologs based on Schilling et al. (2020).

MADS-box genes in cluster

Hypergeometric

Cluster  TF families Distribution (P-value) RefSeql.1 ID Gene Name Rice ortholog
1 HD-Zip_IV <0.0001 TraesCS3B02G318300  TaMADS32-B1 OsMADS32
SRS <0.0001

B Tify <0.0001 TraesCS4A02G078700 TaSEP1-Al OsMADS1
C2C2_CO-like 0.037 TraesCS2A02G311100 TaAGL12-A2 OsMADS33
TraesCS7A02G122000 TaSEP1-A4 OsMADS5
B VN 0013 TraesCS7D02G120500 TaSEP1-D4 OsMADS5
B TraesCS7D02G120600 TaSEP1-D5 OsMADS5
TraesCS7B02G020800 TaSEP1-B4 OsMADS5

TraesCS7D02G176700 TaVRT2-D2 OsMADS55

TraesCS7A02G260900 TaFLC-Al OsMADS37

4 MADS_lI 0.084 TraesCS7A02G175200 TaVRT2-A2 OsMADS55
TraesCS7B02G080300 TaVRT2-B2 OsMADS55

TraesCS6B02G343900 TaSVP-B1 OsMADS22

5 C2C2_CO-like 0.036 TraesCS7D02G380300 TaAP3-D1 OsMADS16
6 None None TraesCS2D02G418800 TaBS-D2 OsMADS31

7 None None None None None

2.3.4 SVRexpression is higher in basal and peduncle sections and increased across all
sections inl. polonicum VRA2b isogenic lines
To validate the expression pattern ¥RTZn the individual spike analysiwe performed R-GPCR

on independently collected, poedl spike sections from cv Paragon, carrying the wildyB&A2a

allele Figure2.7A (blue curve}, Table2.5). We included a later timepoint, Terminal Spikelet (TS),
which is about 10 days after GP to study RéRT2xpression changes in later stagAs.TS stage,

the central spikelets have developed multiple florgismordia. We also included a small part of

the peduncle (stem) section just below the spike as an additional spatial section. We focused the
expression analysis on thegeénome homoeologVRTA2, as its role in spike, glume and grain

development of wheat was recently characterigédiamski et al., 2021; Liu et al., 2021)
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We identified a significant interaction effebetween Waddington stage and spatial sect{®r<

0.0001, Table.6); we thus analysed the three Waddington stages separafgfyufe2.7). At DR,

we were limited to dissecting the spike into apical, basal and peduncle sections, as the small size of

the spike meristem did not allow precise dissection of the central section when using multiple

(pooled) spikes. At DR, we fouN@RTFA2 marginaly expressed, with significantly lower expression

levels in the apical section compared to the ba&afk (0.003) and peduncle sectior®=% 0.001).

Although expression in the peduncle was higher than in the basal section at DR, this was not

significant P= 0.116). At GR/RTA2 expression was borderline detectable in the apical, central

and basal sections, but expression was significantly higher in the peduncle with respect to the three

spike tissuesR < 0.001 for all three comparisons). LasthiRFA2 expression at TS stage was just

detectable and significantly different between all sectioms= 6.6E06). Overall, expression
decreased significantly from DR to GP/TS Waddington stages in the 8pra00015), basaR=

0.0074), and peduncleP(= 0.013 sections consistent with the previously reported strong

downregulation ofVRTA2in the earlywheat spike developmen(Li et al., 202; Adamski et al.,

2021; Liu et al., 2021This is also consistent with the observed downregulationiRoFA2orthologs

upon floral transition in barley (Trevaskis et al., 2007) and(Hiegrop et al., 2016)As observed in

the low-input RNAseq data, the RPCR data confirmed the strong basipetal gradienfRFA2
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expression across the spike at DR and revealed thaxjsession was even higher within the

peduncle.

We hypothesised that the higher expression in the basal section of the wheat spike compared to
the central and apical sections is associated with the rudimentary development of the basal
spikelets. To testhe effect of higherVRTA2 expression on basal spikelet development, we
analysed the effect of th@&riticum turgidumssp. polonicum VRA2b allele on the expression
gradient of VRTA2 and spike morphology. Adamski et &021) showed that VRTA2 in T.
polonicum a tetraploid subspecies of wheat, carries a sequenearm@ngement in its first intron.

This results in the higher expression of thegpolonicum VRA2ballele, with respect to the wildtype
VRTA2a allele, duringearly spike development. Wperformed RTgPCR on a cv Paragon NIL
carrying theVRTA2b allele and compared/RTA2 expression against the Paragon wildtype NIL
described aboveHRigure2.7; Table2.5). Consistent with the results of Adamski et al. (2021), we
detected significantly higér expression o¥RTA2bcompared to the wildtype allele across most of
the tissue sections (see Talflé for individual comparisons), and a progressive decreastRih
A2bexpression over timeR= 0.031).1 contrast to the wildtype NILs, ANOVA did ra®ntify a
significant interaction effect between spatial section and Waddington stay8RiFA2bNILs P =

0.18). We thus examined the overall expression patterns and found that across all three
developmental stage¥RTA2bexpression differences were sificant < 0.0001). These results
suggest that the basipetal expression gradient in the spike is maintained in the NILs with the

polonicumVRTA2ballele.

We also tested the effect 0fRTA2 expression levels 08EPExpression in the tissue sections
VRTA2 NILs. We confirmed thaBEP# expression is only marginally detectable at DR and
differences in expression between the apical, basal, and peduncle section are hardly detectable
with only marginally higher expression in the apical secti®rs((015) at this stage. At GBEP#
expression is significantly higher towards the tip of the sgie .000) consistent with thdow-

input RNAseq data Furthermore,SEP# expression was significantly lower WRTA2b NILs
compared to the wildtype allele across all spike secti®¥s{.M8), confirming that highevVRTA2
expression can negatively affeBEP# expression. Similar trends were observed at TS, where
expression was significantly lower in basal sectiéhs Q0001) and the gradient across the spike

was maintained infVRTA2b NILs but expression was overall low@ < 0.0). SEP#4 is not
expected to be expressed in vegetative tissue such as the peduncle, therefore the lack of expression
in this tissue acrosshe three stages indicates that no floral tissue was accidently sampled as

peduncle Figure2.7B).
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Table2.5: Relative expression 8RTFA2andSEP# measured in Paragon NILs with either the wilde VRTF

A23) orT. polonicunallele ¥ RFA2b) using gRIPCRDeveloping spikes from both genotypes were dissected

at the Double Ridge (DR), Glume Primordia (GP), and Terminal Spikelet (TS) stage. Ayeadévaiaping

spikes were dissected into an apical, central, and basal section, except at DR, where only apical and basa
sections were collected. In addition, a section of the peduncle was also collected at each stage. Values
represent estimated mean fra 2ddCT of 3 independent biological replicates per tissue*timepoint.

Relative VRT-A2 expression Relative SEP1-4 expression
\s'ggg maten sgc”:ieon VRT-A2a Zf?gc-tA(%/?)) VRT-A2a \e/fFfzeTc-tA(zl’/bo)
DR Apical 6.50 15.35 136% 2.63 3.38 29%
DR Basal 40.08 76.56 91% 0.08 0.11 27%
DR Peduncle 69.30 294.41 325% 0.35 0.28 -20%
GP Apical -0.59 9.38 1695% 69.77 46.98 -33%
GP Central -0.48 18.07 3859% 29.68 10.95 -63%
GP Basal -0.12 31.28 25697% 2.98 1.56 -48%
GP Peduncle 9.11 61.59 576% 0.22 0.07 -68%
TS Apical 0.05 4.71 10056% 124.79 68.08 -45%
TS Central 0.41 6.53 1500% 63.01 49.89 -21%
TS Basal 1.51 7.74 414% 26.94 15.23 -43%
TS Peduncle 8.39 27.28 225% -0.66 1.03 -256%

36



Z o
< ()]
©
=
B
> 8
E g
2>
O
8z
c <C
d N
o o
O £
Ao
& o
o £
S
Y—
S o
o P
2
> A
©
c
] N
-2
©c QO
S @
B
=
)]
5 5
n.\u. m ox 1000 SN 3 x SN * % SN X% Xxx %
© P 100 ¥66°0 <100 020’0 100 S¥E0 ¢100 6000 L00°0 €970 ¢000 ¥0-30T €000 ¥O-49r'T m m <
ﬂ n ** SLSAdO SLSAHA d9SAYA AYM |SLSAdO SLSAYd dOsSAda avm SLSAdO | SLSAdESLSAYA dOsAHd  AYM n wm
=9 . foxn AO® faxn AOE AOE fodin AOB 2 o >
o X X 500 AL ML ML » w. I
m w 0 10 ajounpad |eseg [enua) [eaidy
. 9 o SN x SN SN .
S0-3¥'¢  €0-36°C 600 £0-32°'S  €0-32°8 ¥0T°0 2¢0-3S'T 6¥€0 9TL0 .we @
SA Yt
SOd  adAjousb joelsiul adAlous « SOd SOd  adAjousb uonoesaiul adAiouss « SOd SOd  adAjousB uonoessiul adAlouss « SOd eZV- LA m. H
noe noe noe >
x *x SN x xxx x x xx *x% *x xxx Q SN
G100 2000 520 TI00 60-39'T 60-39L°€ S0-35°€ T€00 8100 8000 €000 80-36'T 60-IV'E T00°0 v0-3L°€  LL0°0 CEV'0 SA
apunpad  [enua)  |eseg  [ealdy SOd  adAjoush joessiu adAlouss . SOd| [eounpad [enuad  eseg  [eady SOd  adAjoush  uonoessul adAlouss , SOd SOd  adAouab uonoessiul adAlous , SOd i
o0y-1sod AaynL Ao ooy-1sod AaynL noe noe TY-LHA <
3
* e SN z
T€0°0 90-3¢'t S8T°0 ~ 2
avm SOd uonaessul avm « SOd fev-Lun m
noe @
g
P * * xxx ** *xx *xx x4 SN xx SN SN SN *x *x P
¥0-30'¢ ¥T0°0  STO'0 90-30'T L00'0 ¥0-300'T 90-39°9 ¥0-30'¢  ¥0-30'9 292°0 ¥0-30'T T<6°0 12T°0 ¥0-30°T 9TT'0  T00'0 €00°0 T00°0 §0-3¢'T | 90-3€V 90-36'9 ezv-1HA
dsAD dShgd OSAg dSAV  OSAY  gSsAY SOd dsAD dsShgd OSAg dSAY  DSAY  gSAY SOd dSAg dSAV  gSsAY SOd avm SOd uonoesul avM » SOd
doy-1sod AsynL noe ooy-1sod AaynL noe ooy-1sod AN noe Aoe
1911dS [euluia elpIowLd dwn|9 abpiy a|gnoq adAlouso Ag

37



2.3.5 Misexpression 0fRTA2bin T. polonicunincreases rudimentary basal spikelet
numbers
To evaluate if the higher expression WRTA2 in basal spikelets affects their development, we

examined theVRTA2 NILs (B£and BG) sown as winter crops in four environments. In each field
trial, we evaluate the number of rudimentary basal spikelets (RBS), that is spikelets which are
reduced in size and do not contain mature grafigre2.8A). The number of RBS was significantly
increased in NILs carrying tMRTFA2ballele in all four environmentdP(< 00001, except Morley
2017P< 0.01;Figure2.8B Table2.7). TheVRTA2aNILs and the recurrent parent Paragon had on
average 1.85 RBS, wheradRTA2bNILs produced on average 2.91 RBS. A similar difference in RBS
between the NILs was observed in glass®ugonditions {RTA2b effect of +1.6 RBS; Talf2ed;
Figure2.8C).

VRT-A2a Morley 2017 Morley 2019 Morley 2020 CF 2020 D T

: S -
il el T P

0.0

A VRT-A2a

Zero Low High

- gmetn

VRT-A2a VRT-A2b

Figure 2.8: Phenotypic difference between VRRa (blue) and VRA2b (orange) on rudimentary basal
spikelet numbers (RBS). (A) Mature spikes from the field (left) and dissected basal spikelets at anthesis (right)
from the glasshouse. Numbers indicate position aldmg $pike starting at the base. Scale bar = 0.5 cm. (B)
Number of RBS per spike from-&8r samples collected in the field at maturity at Morley (2017, 2019 and
2020) and Church Farm (CF, 2020). 2017/2019-15libhdependent replicates per genotype; 202Q&
independent replicates per genotype and location. (C) Number of RBS recorded in the glasshouse for the NILs
(left panel) and for seven critical recombinant lines-fRl, RER8; see Tablgd.9 for graphical genotype of

these lines from Adamski et al. (202n = 180 plants). (D) RBS per spike recorded for the transgenic lines
carrying zero (n = 10 plants), lons§1n = 20 plants) or high{3b, n = 10 plants) copyumber insertions of
VRTA2b in cv. Fielder. In-B, the box represents the middle 50% dadta with the borders of the box
representing the 25th and 75th percentile. The horizontal line in the middle of the box represents the median.
Whiskers represent the minimum and maximum values, unless a point exceeds 1.5 times the interquartile
range in vhich case the whisker represents this value and values beyond this are plotted as single points
(outliers). Statistical classifications in (B) and (C) are based omiayoANOVA tests and in (D) on Dunnett

test against the zero copy number lines. P valoes0.1; **  0.01; ** 0.001.

Furthermore, we also recorded the number of RBS in seven homozygeusdB@binant lines

used to finemap VRTA2bby Adamski et al. (2021). The RBS phenotype was mapped in complete
linkage with the 50.3 kbp interval coriténg VRTA2 (Figure2.8C; Table2.9). This genetic and
phenotypic data suggests that the increase in RBS is a pleiotropic effect Bf fodonicum VRT

A2b allele and supports the hypothesis that misexpressiolVBFA2 negatively affects spikelet
development in the base of the spike. In Paragon, the first (sometimes second) rudimentary basal
spikelet fully develops the floral organs of florets one and te@.(lemma, palea, stamen, and

ovary), however these are severely reduced in size and delayed in development compared to the
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florets of central spikelets just before flowering (~Waddington stad@;&igure2.9). At this stage,

the further growth and deviepment of these basal florets is stopped and in the mature spike only
the glumes of RBS are visible. In NILs carrying®iEA2ballele the development of the most basal
spikelet is very similar to the wildtype. However, the second, third and sometiouethfspikelet

also display similar signs of reduced development, leading to the larger number of rudimentary

basal spikeletsHigure2.8B, CFigure2.9).

Spk-2 Spk-3 Spk-4 Spk-C

Spk-1

Floret 1 Floret 2 Floret 1 Floret 2

Figure2.9: Dissected Floret 1 and 2 of basal aehtral spikelets of BANILs before anthesi®Ve dissected
florets 1 and 2 of the basal four spikelets (Spto Spk4) as well as the floret of the biggest central spikelet
(SpkC) of VR'A2 NILs. NILs were grown in glasshouse conditions (2824&)e = 1mm. Note that not all
pictures include all three anthers

To validate the phenotypic effect ®RTFA2, we analysed transgenic wheat lines transformed with
the complete genomid. polonicum VRA2b sequence (including the native promoter and the
intron 1 rearrangement). Transgenig [lhes were classified based on the transgene copy number
which was previously shown by Adamski et al. (2021) to be highly correlated VIRTA2
expression levels in multiple tissues. We phenotyped lines with zexo2(independent events; 5
plants each), low (b transgene copies; n = 4 independent events; 5 plants each) and kg (9
transgene copies, n = 2 independent events; 5 plants each) transgene copy number. We identified
a significant and stepwise increasethe number of RBS with transgenic copy number, from 0.8
RBS (zero copy) to 1.6 RBS (low cBpyf.078 vs zero copy) and to 4.3 RBS (high ¢bpy3.0001

Vs zero copy)Higure2.8D; Table2.9). The low copy number lines had an average increase of 0.8
RBS with respect to the zero copy number lines, equivalent to the average difference between the
VRTA2aand VRTAZ2bNILs in the fieldYRT2A2beffect of +1.1 RBS). The high copy number lines
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produced on average 4.3 RBS, which is higher thaWRIBA2bNILs and similar to the number of
RBS observed if. polonicum(3.75 £ 0.62 RBS; n = 16 spikes). The dedegendent effects
observed in thdéransgenic linegprovide further evidence that elevated expression@& FA2leads

to increased number of rudimenta basal spikelets in polyploid wheat.

Table 2.7: Field evaluations for rudimentary basal spikelets (RBS) inAZRNILs. Mean number of
rudimentary basal spikelets (RBS) measured in field experiments across four years and two locations using
the BC4/BC6 NILs in Paragon background carrying the wildtypEARA) allele or the introgressed allele

from T. polonicum (VRA2b). Each value represents the mean RBS of all plots of all blocks; each plot is the
mean RBS of 10 spikes. Standard error, N (humber of independent sibling lines for which 5 replicates were
grown) and the difference in mean RBS number are also shown

Year Location Allele mean RBS Std.error N DeltaRBS P-value
2017 Morley VRT-A2a 1.99 0.196 2 0.93 0.0016
2017 Morley 2.92 0.16 3
2019 Morley VRT-A2a 1.87 0.093 3 1.32 2 6E-10
2019 Morley 3.19 0.093 3
2020 Morley VRT-A2a 1.28 0.058 4 1.18 31E-15
2020 Morley 2.46 0.058 4
202 - . .

020 Church Farm VRT-A2a 1.30 0.051 4 0.91 14E-12
2020 Church Farm 2.21 0.051 4

Table 2.8: Simplified table of rudimentary basal spikelet phenotypic data from-XRTransgenic lines
(summarised by copy number class). All lines grown under glasshouse conditions. Classification of transgene
copynumber are based on data from Adamski et al. (2021). Low copy lines carry between 1 and 5 transgene
copies, whereas high copy lines carry between 9 and 35 transgene copies. RBS are the average number o
rudimentary basal spikelets (RBS) of the main spike.

Copy Number Mean RBS
zero 0.8
low 1.6
high 4.3
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Table2.9: Graphical genotype from Adamski et al. (2021) and RBS pher
of BC6 recombinant inbred lines (RILs) for ¥ARTMarker names, physi
position in RefSeqv1.0 assembly and associated RefSeqvl.1 gene mo
indicated and further described in Adamskia. (2021). Lines were grown
the John Innes Centre (Glasshouses) and phenotyped for rudimentary
spikelets. Phenotypic values are means of all spikes e201l®iologice

o replicates + standard error of the means. Pairwise (column P) Tukey coom
trait to the same location as all phenotypes by Adamski et al. (2021

A2b effect. Note that R7 and R8 are the critical recombinants that map th
completely linked toVRFA2 (TraesCS7A02G175200 in green).

(p > 0.05). The average of the BC4 parental NILs are shown alongisde #
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2.4 Discussion

2.4.1 Highresolution spatial transcriptomics in crops
We hypothesised that the establishment tie lanceolate shape in wheat spikesuld be

manifested in gene expressidtifferences between the apical, central and basal sections of a
developing spike, as has been shown usingfRIR for individual genes in wheAP@ (Debernardi

et al., 2017) and barley YRS2Youssett al.(2017). However,currently availalde transcriptome

data €.g, Li et al. (2018) and Fergal. (2017) lack the spatial resolutiowithin each individual
developmental stagdo answer this questiot ¢ KA a F20dza 2y WoSioSSy
opposed to within a single stagis) perhaps relatedo the technical challenges of dissecting and
sectioning yang meristems. Given the relatively small size of these spike merig@ensim length

at Transition Staged mm length at Terminal Spikelet stagdRNAseq methods require bulking of
multiple individuals (usually between 30 and 50 different plants) taeadate enough tissue for

a single RNAeq sample. If one sought to further section each meristem, this would require even
further bulking. Whi laborious, this is achievablepwever, under this scenario, the challenge is
to properly stage ~100 plants tan equivalent developmental stage. Furthermore, it can be
technically challengintp section these young spikes each tim# the exact samapical, central

and basal sections. Consequently, the spatial resolution in gene expression within a wheat spike

individual developmental stages hammained largely uncharacteriséd date.

To address this challenge, we adapted the GB8d8thod for micro-scale spatiatranscriptomics
workflow (Macaulay et al., 2015; Giolai et al., 201®)conduct RN&eq of theapical, central and
basal sections of individual, hawiissected wheat spikes. This highlytomated wokflow requires

low tissue inputaind allowed us to combine 24 Nextera libraries into a single lllumina NovaSeq lane.
For 19 out of the 24 samples the nheid worked successfully, determined by >20,000 expressed
genes per library and the clustering among biological replicates. We found that the number of
expressed genes per library was on average similar to the number of genes reported fmt bulk
whole spikeRNAseq samples (Fereg al., 2017; Li et al., 20L8This is consistent with the fact that

the handdissected sections are composed of a largetune of different tissues (e.grachis,
spikelet and floret primordia) and cell types, which tine equivdent maize ears have distinct
expression profilegXu et al., 2021)Compared to previous bulk RMAq studies in developing
wheat spikes, the variation observed here (measured as CV) was high among biological replicates
(Figure2.4). This variation is likely caused bgth biological variation (e.ginherent variation of
individual plantspndtechnical variation (e.g. inaccuracies in sectioning and in the developmental
staging of the plant/spikeds well as the number of replicates in our analy8igninimum of six
replicates has been proposed for betkRNAseq (Schurch et al., 2016Dur results suggest that

the RNAseq from these small sectiom®uld benefit from a higher number of biological replicates

which should be feasible considering thiglirthroughput method employed for RNA extraction
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and library preparation, the low tissue input requirement, and the possibility to pool multiple
biological replicates per sequencing lane. Despite some limitations, we could identify over 5,000

DEGs betweethe spatial sections for subsequent functional analysis.

In addition to G&TSeq several other technologies have be@mnoposed for obtaining high
resolution transcriptional profls of plant tissues, for examplsingle cell RN&eq (McFaline
Figueroa et al., 2020; Ricbriffin et al., 202Q)FACS, and the isolation of nuclei tagged in specific
cell types (INTACThhese methods, however, are not spatially resolved as the complete tissue is
dissolved into single cells for barcodiogselection(RichGriffin et al., 202Q)Thus, these current
methodologies do not allow, for example, to investigatbether the cell type composition of
spikelets diffesk ONRP &da G(KS Ay Ff2NBaOSyOSod ¢KAa ¢2dzZ R
individually, for example through laser capture microdissection (Liglftye dissolving the tissue
further into individual cellsThiel etal. (2021)recentlycombined LCM followed by RMAq of the
distinct lower/leaf ridge and upper/spikelet ridge of beyr spikes This allowed them to identify
precise spatidgemporal expression patterns of margenes related taarchitecture and yieldn
barley spikeswith unprecedented resolution. Lookinghead increased resolution of Spatial
Transcriptomicsdurrently 100um; (Giacomello et al., 201}, which quantifies full transcriptomes
while maintaining tissue integrity, offers the true prospect of direct localisadiwh quantification

of gene expression. Our results argue stronglytfe need of these transcriptomwide and
spatially resolved approaches to advance our biological understanding of fundamental

developmental processes in plants.

2.4.2 The composit@mature of spikes

Early morphological studies of wheat spike developnasscribecthat the stronger elongation of
central spikelets during their initial establishment (glume primordia stage) first causes the
lanceolate shape of the wheat spik&onnett, B66). The continuous formation of primordia at the

tip of the spike means that at any given growth stage, spikelets in different developmental stages
will be presentacross the spikéBonnett, 1966. In this studywe detected more differentially
expressedgenes between the three spatial sections of the spike (apical, central and basal) than
between the two investigted developmental stages (Double Ridge and Glunmadpdia). We
identified 215 DEGs between the two developmental stages, consistent kiigh al. (2018) who
identified 206 DEGs between consecutive stages across a time course of six inflorescence
development staged-enget al.(2017) dentified 753 DEGs between the Double Ridge and Floret
Primordia stage, which are further apart in developménan the stages used in this study. They
alsodetectedfewer DEGs when comparing early stages than between more developed $pikes.
contrast, we identifiedl,315 and 2,438 nique genes to be differentially expressed betwedba

apical and basal section BXR and GP, respectivelijhe higher number of DEGetween spatial
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sections could be due to the developmental gradients occurring in the three spatial seatiocls
are revealedby the spatial sampling. These differences would be blurred when compartiolp
inflorescencesbetween stagesdue to the mixture of tissue types and spikelets at different
developmental stagesA possible improvementor future transcriptome studies could be the
collection of only central sections of the developing spikescamplete spatial sampling as

conducted here.

The composite nature of the inflorescence tissues has been acknowledged by studies ifearaize

and tassels where new meristera are initiated in a stepwismanner.Leiboff and Hake (2019)
quantified the meristenatic tissue composition of maize and sorgh(orghumbicolor) tassels.

For example, maize tassels in the second stage are mainly composed of spikelet pair mdrigtems
also contairsome meristers in spikelet and inflorescenstate. Theyconcludedthat the changes

in these tissue compositions over timeorrespondedwell with the independently staged
transcriptional changes of the tassdfsieland et a[2014)showed hat the range of developmental

ages across the maize ear, if acknowledged, can beassuadvantage in RN#eq studies. They
sequenced the tip, middjend basal sections of 1®m long ears independently, aiming to analyse

the expression patterns in spdic developmental mestem typesenriched in these sections
(inflorescence, spikeleand floral meristems, respectivelylhe dissection of the ear therefore
allowed them to study gene expression specifically for each meristematic tissue type rather tha
for all meristem typesn intact ears In this studywe observedthat apically expressed genes are
enriched for GA&i SNy& NBf I GSR (2 aakz22i aeadSy RS@St?
ARSYyGAGeéeéd ¢KAA Aa O2y aAigalipaydihe mflolescendekydunder LI2
and undergoing early phases of spikelet development initiattmmpared to the central

inflorescence sectian

2.4.3 Delayed transition of basal spikelets from vegetative to floral developmental

programmes
We detected transcriptional gradients across the spike, with the basal section deviating most

strongly from the rest of the spik&Ve noticed that both SVPand CENTRORADIA[(TEN genes

remaired highly expressed in the basal section of the spike, whetfesgis expression was lowen

the central and apical sectionsn-situ hybridisation of these genes also showed that their
expression is strongest in vegetative tissue and basal spikelets yrspide development (Li et al.,
2021).In contrast,SEP# and SEP®H geneswere expressed in the opposite gradient asitowed

the strongesexpressionn apical and central sections of the spik&#tme Primordistage Recent
studies allow us to interg@t these gradients in the context of the early steps of vegetative to floral

growth transition In wheat(Li et al., 2021; Adamski et al., 2021; Liu et al., 208 (Sentoku et
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al., 2005; Lee et al., 2008nd barley(Trevaskis et al., 2003 VPHave been characterised to be

associated with vegetative growdnd aredownregulated upon floral transitio

In wheat,the doubleSVRnutant vrt2svplleads to theformation of axillary inflorescencéki et al.,
2021) Similarly, overexpression @fEND2 (TERMINAL FLOWERFL12D) in wheat extends the
duration of the Double idge stage(Wang et al., 2017whereas los®f-function mutations in
barley CENsuggest they represioral developmentunder shortday conditiong(Bi et al., 2019)
Double knockout mutants of the MAE®X SQUAMOSgenesvrnlful2highlightedthat these two
genes act as transcriptional repressorssdfPand CENgenes in early wheat spike developméhi
et al., 2019) Furthermore, through a series of genetic and biochemical studiest, al. (2021)
showed that the dowregulation of SVPgenes is necessary for the formation of flowering
promoting MADSox protein complexes including VRN1, FUL2 and SEP pratinse the
coordinated downregulation oc8VPsand possibi\CENgenes, along with the upregulation 8EP
genes is required for mmal floral transition and spikelet developmeint wheat Previous studies
in rice have found similar expression patterns, as well as mutant effect§Vé&sand SEPs
suggesting a conserved function in flowering transition across the two sg&sest al., 2016; Wu
et al., 2018)

Based on or results the floral developmerdl programmeacross the wheat spike appears to be
most advanced irits apical and central sectionsvhile beingdelayed in the basal sectisnWe
hypothesise that this is due to elevat®@RT2xpressiorat the baseof the spikewhich hinders the
progression of the flowering programme vBEPclass floweing genes. Likewise, the higher
expressiorevelsof the wheatCENZnd CENSomologs at the basare consistent with a delay in
floral transition that couldnterfere with the development of the spikelet primordia. Therefore,
although the basal spikel@rimordia are initiated first chronologically, their developmental age in
terms ofthe floral programme is delayed with respect to the more recently formed central and
apical spikelet primordia. This could explain in part/lie spikelet primordia in thbasalregion

of the spikeelongate less and develop slower than central spikedetspite being initiated first
(Bonnett, 1966) Likewise, the less advanced floral developmental programme could also explain
why the overexpression @VPsn barley HVBM10 leads to complete floral reversion in basal but

not apical spikelets (Trevaskis et al., 2007).

We hypothesise thatSVPsneed to be downregulated upon floral transition to allow timely
establishment and progression of tlearly spikelefprimordia. Failure to do so would delay their
developmentand result in their final rudimentary shape in the mature spikeline with this
hypothesis, we observed increased RBS in genotypes with prolonged and inciéRI&d
expression in a dosaggependent manner. In our RGPCR data, we also obserirereased
expression ofSVPslongside reduced expression 8EP$n VRTA2blines at Double Ridge and

Glume Primordia stage. However, we cannot exclude the possibility that the increddRTia
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expression ithe VRTFA2blines could also affect basal spikelet development at a later stage of spike
developmental (e.g., from Terminal Spikelet stage to anthesis). We are currently using quantitative
live imaging to compare cellular growth dynamics of spikelets iierdnt stages of spike

development between th&/RT2NILs.

Thefindingthat the expected downregulation VR andCEN deesnot follow the chronological

age of the tissues suggests that other gradients across the spike might influence spikelet
development. Debernardiet al. (2017) showed that in tetraploid whe#®P25 and miR172 have
consistent and opposing expression gradients across the spike at three consecutive developmental
stages. The persistent expression gradientA®25 supports the idea that )pression patterns
across the spike, beyond the ones caused by age differences of spikelets, exist. Furthermore, they
proposed a modeillustratingthat the phenotypic effect of mutants across the spike differs due to

the existing gradient of expressiontbfs gengDebernardi et al., 2017Qther examples of mutants

with different phenotypic effects across an inflorescence inchuaéd ful2(Li et al., 2019 wheat

tassel sheathXtshl, (Whipple et al., 201Q)and ramosa2(ra2, (Bortiri et al., 200§)in maize
SEPALLAT@ouble mutantOsnads80snads34 in rice (Zhu et al., 2022)as well asmany noded
dwarfl (mndl, (Walla et al., 2020)) frizzypanicle (Poursarebani et al., 201,5nd vrs2in barley,

which wasalsofound to be consistently differentially expressed across the spikeussef et al.,

2017) VRShas been shown to maintain a basal to apical expression pe#tenoss three, postwn
initiation developmental timepointsn barley (Youssekt al., 20%). The study ofrs2 mutants
revealed thatVR& is furthermore engage with the basahpical patterns of auxin, cytokiniand
gibberellin across the spike. Whilerimonal gradents across the spike in eadgvelopment have

not been studied ingreat detail in wheat, they have been shown to play crucial roles in floral
induction and developmenin ArabidopsigReinhardt et al., 2000Y heir patterns across the spike

should be investigated in future studies addressing developmental differexuress the spike.

2.4.4 A model for the reqgulation of leahd spikelet ridge outgrowth in the base of the

spike
Recently,Meir et al. (2021) proposed that inshoot api@al meristems of tomato §olanum

lycopersicurjy similar to processes during embryonic development, transient progresnare
required to inhibit a preceding setup (i.e. vegetative growth), before a new developmental program
(flowering) carbe initiated. We popose that the altered gene expression and development of the
basal spikelets could be a consequence of their initiation during the transient phase between
vegetative and floral network shifts and thus being exposed to mixed signals of development. Upon
floral transition, the lower (leaf) ridge is supressadhile the growth of spikelet ridges from the
previously supressed axillary meristems is activated. Development of lower ridges subtending all

branching events is suppressed in grass inflorescences flpearing transition(Whipple et al.,
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2010) Li et al. (2019noticed that this suppression was disrupted in tdheublevrnlful2andtriple
vrnlful2ful3null mutants which fail to dowrregulate SVPgenes. In these mutants, the upper
spikelet meristems geerate vegetative structures resembling tilléret are subtended by bracts

or leaves originating from the lower leaf ridge.

Weobservedhat geneghat were highly expressad the basal section of the inflorescence (cluster
4) have previously been shovio be expressed specifically in the lower/bract ridgel before or

at vegetative to floral transition This is also supported by the @ ®m enrichment of
photosynthesis related terms in cluster 4. Qissuesections do not allow us to distinguish lowe
and upper ridge tissues, howevehe two ridges have been separately collected and sequenced
viaLCMin barley(Thiel et al., 2021)n this barley dataset, we found a higher expressiadwRT2
(HORVU7HG03%130)and FLOWERING LOCUSIELCHORVU7Hr1G05432id)the lower ridge
compared to the upper ridge, wheredbSVPIHORVUGHr1G0773PWas alsanarginally more
highly expressedr{gure2.10. Furthermore,the barleyMND1 gene (HORVU7Hr1G113480as
recently been shown to be expressed iafl@rimordia and during th®ouble Rdge stagein the
basal region of the spike in barley (Wadtaal., 2021) while it is most highlgxpresgd in the
vegetative meristem and lower/leaf ridge the LCM data (Thiel et al., 202¥Weobservedthat in
our data, the wheat MND1 putative orthologs TraesCS7A02G506400raesCS7B02G413900
TraesCS7D02G49450¢ere significantlymore highly expresseid the basal sectiothan the apical
section at both DR and GP stagef@emental Table Sariginalpublication). The sppressed leaf
ridge (or bract) has been proposed to actasignalling centre, regulating the fate of the upper
spikelet meristem ridgéWhipple, 2017)Insufficient bract suppression during thetfiaation of the

basal spikelets might therefore negatively affect inibatiand development of spikelets.

HORVUG6Hr1G077300 HORVU7Hr1G036130

Qs

>: HORVU7Hr1G 113480 HORVU7Hr1G054320

Figure2.10: Expression of barley genes in Thaehl. (2021), which are putative orthologous to wheat genes
highly expressed in basal spike sections. Expression of barley genes HvSVP1 (HORVUG6Hr1G077300), HVVE
(HORVU7Hr1G036130), HYMND1 (HORVU7Hr1G113480), and HvFLC (HORVU7Hr1G054320). The bai
geres are expressed more strongly in the lower leaf ridge than the upper. Data from Thiel et al. (2021) and
visualized in the barley eFP gene expression browsgp:{/bar.utoronto.ca/eplant barley). Sc&e bar =

TPM (transcript per million)
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At DR, the widest point of the spike is indeed as expected the base and not the central section
(Figure2.1A). The lower ridge is however much less developed in the central section and can be
hardly seen in the apicaidges. Interestingly, mutants failing to repress the lower ridge growth,
such aghird outer glumeXtrd1; (Houston et al., 2012)the barley ortholog of maiztshl, develop

large bracts from the lower ridge in basgdikelets, unlike apical spikelets, which do not develop
bracts from their lower ridges regardless of the absenc&RID This is reminiscent of the gradient

in the strength of the phenotypic effects observed from the top to the base of the infloreséence
multiple Poaceaamutants (discussed above). We therefore hypothesise that the basal meristems
RSOSt 2L AyiG2 avlffSN aLma18tsSta HyR 1 NBHSNI 6N
ANR g 0K &A SuPkahdiaicondoBidm $iGv upreguiah 2y 2 F G Ff 2 NI £ 3 NJ
SEPsupon floral transition. To investigate how a change from vegetative to floral signalling might
affect the development of individual meristems, we modelled the genetic interacti@Vétand

SEPsas proposed biiet al.(2021), in the spatial context of a growing spikagure2.11, the model

can be accesseda the interactive wekversion of the model (Supplemental File S1 in publica}ion)
Under the assumptions th&VPsupresseSERxpressionSVRexpression is downregulated upon
flowering, and that SEP promotes spikelet outgrowth, the model could recapitulate (a) the observed
opposing gradients in expression ¥R and SEPslong the spike, and (b) the formation of a
lanceolate shaped wheatpike with reduced spikelet elongation and stronger bract growth in the
most basal spikelets. Thus, whilst this hypothesis will require further investigation and testing,

modelling supports its plausibility.

How SVP expression decreases and SEP expression increases over time
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SEP in initiated spikelats

Spikelet (ordered from base up) 25

SVP in initiated spikelets

Spikslet (ordered from base up) s

Figure2.11: Example of Netlogo simulation outcome with default parameters. Green = leaf tissue, Yellow =
spike tissue, red = meristem initiation point committed to leaf development. Blue = axillary meristem
committed to spikelet/branb. The model uses expression of SEP and SVP class genes to predict when
meristems (red) produce leaf tissue (green) and when they switch to producing spike tissue (yellow). See
methods for model parameters and use. faght hand graph shows the decreasES)VP expression and the
increase of SEP expression over time. The middle and bottom graphs depict the gradients of SEP and SV
expression, respectively, from the basal to the apical spikelets. The modelled growth (central graph) shows
how basal spikeletare smaller than their central counterparts and have leaf ridge growth due to the higher
SVP and lower SEP expression
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2.5 Materialsand Methods

2.5.1 Plant materials
Hexaploid wheatTriticum aestivurj germplasm used in this study incledeildtype hexaploid

wheat cultivar Paragorand PYVRT2germplasmdescribed inAdamskiet al. (2021) including1
NILs, recombinants, and, Transgenic lines carrying thE. polonicum VRA2b copy underthe
native promoter T. polonicum accessionT1100002 wa®btained from theJohn Innes Centre

Germplasm Resources Unit https://www.seedstor.ac.uk/search

infoaccession.php?idPlant=2742Eor field experiments, we used between two to four sibBazy

BG NILs differing for th&/ RTA2ballele.

2.5.2 Low input RNA sequencing
Paragon seedlings were grown in a single batch in a controlled environment growth chambers in

24-cell seed trays under tmrday (16 h light/8 h dark) photoperiods at 300 pmaofsit, with a day

temperature of 20 °C and a night temperature of 15 °C. Inflorescences for Double Ridge (DR) stage
were collected 18 days after sowing, while inflorescences for Glume Primordiaté@e)were
02ttt SOGSR HWH RF&a IFOGSNI a2¢6Aay3Id ' Ef LIXLFyda
Grade Peat, 40% Sterilized Soil, 20% Horticultural Grit, 1.3*%@@nMix 146my b ¢ S
Fertiliser, 1 kg-fh Osmocote Mini 16-11 2 mg + Te 0.02% Wetting Agent, 3 kghMaglime,

300 g-n® Exemptor).

Four individual spikes per developmental stage (DR and GP) were dissected into apical, central, anc
basal sections (1:1:1 ratio) using a stereo microscope (Leica MZ16). Sections were immediately
plaed into 966 St f LI | 4Sa 62y AOSO O2yidlAyAy3a wmn >]
instruments and surfaces were cleaned with 80% v/v ethanol, Rtésavater and lastly RNAse

out solution after each sample to reduce crasmtamination and RNAegradation. Samples were
stored at-80 °C untilcDNA preparation, using the G&&q method as previously described
(Macaulay et al., 201505 b! gl a y2N¥XIfAaSR (G2 now y3Ik >]
CA, USA) library preparation using a MosguitV liquid handler (STP, Royston, UK) in a total
NEFOlGA2y @2 dzYS RIGra-Qastilla bt all (2016RBaiie3 WavedpSoied by yolume

and sequenced on a single lane of a NovaSeq 6000 (NVS200S2 flow cell, 100 bgnpaiezdls).

The raw RIAseq read libraries used in this study are available from NCBI BioProject PRINA749586.

2.5.3 Bioinformatic analysis

For the RNAeq analysis, we used the RefSeqvl.0 genome assembly and the RefSeqvl.1l gene

annotation https://urgi.versailles.inra.fr/download/iwgsc/IWGSC RefSeq Assembliesiv1.0/

IWGSC et a[2018). Reads were trimmed and adapters were remo using trimgalore v.0.4.2
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OKGGLIBAYKKS S DPOARZAYT2NYE GAOA®EI 6 NI KI Ygeirdd dz] k L.
fastqc --a GGTATCAACGCAGA@Ip_R1 20-clip R2 20-trim-y ¢ ® a Ay A Ydzy f Sy 3
retained was set to 50 bp. Reads were alijtethe RefSeqvl.0 genome assembly using HISAT2 v.
2.1.0 (https://daehwankimlab.github.io/hisat2(Kim et al., 2019)with the following pararaters:
&-pennoncansplice 26-mp 1,0-mad G Nl YRy S&da wCéaod ! f AdyYSyid 7
format, sorted, indexed, filtered, and purged of all ngmémary alignments (0x100 flag) using
samtools (v. 1.9.i et al. (2009) HTSeq v.0.6.1 (https:/ibeq.readthedocs.io/en/masterfAnders

et al., 2015) wasused to count the read numbers mapped to the RefSeqv1.0 gene models.

HTread count normalization and differential expression analyses were performed using the
DESeq2 v.1.28.1 R packages (https://bioconductor.org/packages/release/bioc/html/DESeqg2.html;
(Love et al., 2014 RStudio 1.2.5001). Genes with an average expression below-&0uHT and

which were not expressed (i.e. 10 HT counts) in at least three libraries, were removed from the
analysis. Correlation betweerxpgressed genes and Waddington stage and/or section was tested
by ANOVA. Raw read data from Li et al. (2018) and Feng et al. (2017) were-gplsgneld using
Kallisto Sleuth pipeline (https:/scilifelab.github.io/courses/rnaseg/labs/kallisto) and the
coefficient of variation was calculated for each gene (by condition) using R (RStudio 1.2.5001) ddply
(plyr 1.8.6). Differentially expressed genes (DEGSs) between the two Waddington stages (DR and GF
gSNE OF f Odzf I G SR ¢ Awviaddingioft Suhil& BEGE Feyveen Hd drée ysdctions
OFLIAOIFESY OSyidNIXfszx olalkfo @gSNBE RSISNN¥AYSR dz
g RRAY3I(l2yé¢d 59Da FY2y3d (G(KS aSOGA2ya oAGKAY
RSaA3day adLX | yi gene afadjiste@wildedvasCanipdited bydESeq?2 (using the
using the Benjamini and Hochbargethod (Benjamini and Hochberg, 1995and those with an
adjusted P-value of 0.05 were considered differentially esgssed. DeSeq2 also computed
Log2FoldChanges as well as the associated uncertainty (IfcSiEoseeet al., 2014fpr further
RSGFIAfTOD® ¢KS GO2y UGN aGé Fdzy Ol A 2 yWvatuesaThaladll SeR (i 2
of expression data and comparisons is presented in Supplementaddd&Hthat can be accesed

via the original publication (Backhaus et al., 20E3)richment of G@rms was performed using

GKS 2ytAyS (22t at[! %! ¢ o0KIUG (GMakBE etali281Z)usiig ey |
recommended settings, and all enriched @@ms of Biological function (BF) and Glat
Compartment (CC) were retained. In brief, PLAZA determines the overrepresentation of a certain
GOterm in a gene set compared to the genomvide background frequency (= all expressed genes

in this experiment; submitted manually). The significance wéroor underrepresentation is
determined using the hypergeometric distribution and the Bonferroni method is applied to correct
for multiple testing. Note that enrichment folds are reported in log2 fold scale. Enrichment of TF
families (Genes that were antated as TFs were obtained

from https://opendata.earlham.ac.uk/wheat/under license/toronto/Rarez

Gonzalez_etal 20186025Transcriptomelandscape/data/data_tablegRamirezGonzalez et al.,
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2018)and MAD$Shox TFs (basean Schilling et al(2020) was performed in R using the phyper()
function from stats package v.4.0.4 test forHypergeometric DistributionAll DEGs were scaled
andcentredusing® I &S Fdzy OliA2y aaolOlfSéad £t Of dzAGSNI |
R (stats) functions kmeans and hclustllowed by visualisation through pheatmap v.1.0.12
(https://cran.rstudio.com/web/packages/pheatmap/index.htinl Correlation to centroid cluster

aKI LIS 2F SIOK 3SyS SELINB&aiedyy TadnGENYY 6F N2 YOI

2.5.4 Reversdranscription giantitative PCR analysis

P1NILs were grown in controlled growtihambers in 24&ell seed traysinder the same conditions

as used in the low input RN#eq experiment (see abovéjoreach biological replicate, we pooled

30 inflorescences fdbRstage 15 forGP stageandninefor TerminalSikelet stage (n = Biological
replicates per stage Inflorescences from NILs were dissected usirglereo microscopéLeica
MZ16). Inflorescences were dissected into apical, central, basal and pediautiens (1:1:1:1
ratio). At Double RIge stage inflorescences were only dissected into apical, basal and peduncle
section as the inflorescences were too small to be accurately dissected into four sections for all 30
plants perbiological replicate. Eackection was immediately placed into In8L tubes on dry ice

and tubes were snap frozen in liquid nitrogen as soon as all plants for the sample were collected.
{FrYLX Sa 6SNB a02NBR G bync/ dzyidA3hguBIRER O L
after the lights came orin the growth chamber. Tissue whsmogenized in dissuelLyser (Cat
No.:8530Q QIAGENusing 3mm steel beads (Cat No.: 6999Jiagen); tubes were shaken for-20

at 28 Hawith dry ice.

All RNA extractions were performeding the RNeasy Plant Mini Kit (Cat No.: 74904, Qiagen) with
wW[¢ o0dFTFSNI FOO2NRAY3I G2 GKS YI ydal Ol dz2NBENDA
(https://projects.ig.harvard.edu/files/hlalab/files/ethangbrecipitatiorrof-rna_hla.pdj. DNA
digestion vas performed using thRQ1RNaseree DNase set (Cat NdM6101, Promega according

G2 GKS YI ydzFlF OG0 dzNENRA LINE (2 O2-Mu rewerse tragstriptasdlB O ¢
0/ G b2®Y HynHpnmoI CKSN¥2FTAAKSND rthORRACRA Yy 3
reactions, LightCyclé80 SYBR Green | Master Mix (Roche Applied Science, UK) was used accordin
G2 GKS YIydzZFl OGdzZNBENRAa LINRG202fd ¢KS NBFOGAZ2
Applied Science, UK) under the following conditions: 10 min 4C9%0 cyclesfdOsecat 95°C,

15 cat 62°C, 30 scat 72°C; dissociation curve from 8C to 95°C toconfirm primer specificity.

All reactions were performed with three technical replicates per sample and Asingas the
reference gengUauy et al., 2006Relative gene expression was calculated using 'thé/#ethod

(Livak and Schmittgen, 2004ith a common calibrator so that values are comparable across genes,
tissues, and developmental stages. All primers used iRgRRcame fromAdamski etal. (2021

can be found in Tabl2.10.
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Table2.10: List of primers used in gRJPCR in thighapter Primer sequence, amplicon size, annealing
temperature, and primer use are listed.

Amplicon Annealing

Primer Primer sequence 5'-3' : Primer use
size temperature
VRT-A2_F CCGGCAATTCATGCAACAAATT 216 bp 62°C gRT-PCR
VRT-A2_R GAACCGTCATCATTGTCCTGT
SEP1-4 F GGCGACAAAGAGCCAACAGT 81bp 66°C gRT-PCR

SEP1-4 R TCCAACATCCTGGCAAGACA
Actin-Fwd ACCTTCAGTTGCCCAGCAAT olb 62°C gRT-PCR
Actin-Rev CAGAGTCGAGCACAATACCAGTTG P

All RFgPCR data was normalised usiadog2 transformation. A threavay ANOVA including
Waddington stage, sectigand genotypeyieldedsignificant twewayinteractions. The differences
between sectionsof the genotypes weretherefore further analysed individually for each
Waddington stagendgenotype. For each of the two genotypes we individupdyformed Tukey
multiple comparison tests to determine differences between the sections within each
developmental stagby Tukey multiple comparison test. Differences between the two genotypes
were dso analysed individually for each Waddington stdgethermore, the differences between

the genotypes were investigated individually for each section within the Waddington stage if the

interaction term was significant (in GP and TS). For all analysisabt? 6.

2.5.5 Field experiments and phenotyping
VRTA2 NILs were evaluated in four field experimentdiree trials were located athe Morley

Agricultural Foundation trials site, Morley St Botolph, UK (52°33'15.1"N 1°01'5602®&)7, 2018

and 2020 anane trial was sown in 2020 at the John Innes Experimental trials site in Norwich, UK
(52°37'50.7"N 1°10'39.7"Hn Morley (2017) we analysed tvBG lines ofVRTA2aand threeBG

lines of VRTA2h In Morley (2019) we analysed tv8g and oneBGline perVRTA2 allele and in
Morley and Church Farm 2020 we analysed B@and twoBGlines for eachVRTA2 allele. All
experiments were drilled as yiektale plots @ m x 1.2m) and sown by grain number for
comparable plant densities aiming for 275 seedfs! The trials were arranged in a randomised
complete block design (RCBD) with five replicptassibling line per locatio®\ 1Gear grab sample
was collected from each plot pigarvest for the assessment of rudimentary basal spikelet (RBS)
numbers and othephenotypes (recorded iAdamskiet al., 2021). RBS were defined as spikelets
carrying no grain at maturity and counted for each spike individublydetermine the differences
between theP1°tand P1"TNILs, we performed analysis of variaid&OVA) on thenultiple field
trials phenotypic dataFor the analysis of individutdials, we used a twavay ANOVA including
Genotype + Block performed incRWO I N2 LI O 110, RSudi@ SENBHR Yy o0 dn
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2.5.6 Glasshouse phenotyping
We evaluated the BCNILs and B¢E; recombinant lines, as well a§. polonicumaccession

T1100002, under standard glasshouse conditi@B820 plants per genotype were grown in 1 L pots
containing John Innes Cereal Mix under long day conditions (16 h light, 8 h dark). Thgpgsmbt
all plants were confirmed using KASP mafdetPqlAdamski et al., 2021)Ve counted the number
of rudimentary basal spikelets (RBS) for all tilleralldfiological replicateat maturity. To evaluate
the differences in RBS between genotypes pgdormed a tweway ANOVA analysisd posthoc
multi-pairwise comparisons Sidak t&stP O NI LI O 110, RStudi@ SENBHR Yy 0 dn

2.5.7 Phenotyping of transgeniimes

T1 lines from Adamskiet al. (2021) differing for the copy number of théRTA2b transgenic
construct (zero = 0 copies; low =5Icopies; high =-85 copies) were grown in 1 L pots with John
Innes Cereal Mix under 16 h light at 20°C and 8 h dark at 15°C in controlled environmetht grow
chambers. We measured RBS number for the main tiller of all plants at maflwitgletermine
differencesin RB®etween thethree transgenic classewe performed analysis of variandav¢-

way ANOVAW O paldkageversion 3.610). We performedDunnett eststo compare the low and
high copy lines against the zero copy humber contiRSt(db 1.2.500).

2.5.8 Modelling
The computational model of wheat spike shape formation was developed using theageitt

programming language and modelling environment, Netl@gdlensky, 1999) Gene interactions
were modelled as previously described (Li et al., 2021). The model can be accessed via the

interactive webversion of the model (Supplemental File 8ipublication.

In brief, both spikelets andeaves are initiated with rates that depend on the levelsSEP
(SEPALLATA eaf initiation rates are suppressed BgPwhereas spikelet initiation requireSEP
The maximum initiation rates are the same for both spikelets and leavedliffatent before
(rvegetative @nd after frowering flowering. Once initiated, the leaves and spikelets grow at a rate
defined by the parametens.arandrspiceles respectively. Leaf growth does not dependSWRSHORT
VEGETATIVE PHASKEERevelswhereas spikelets only increase in size every iteration if BieR
level is above a given threshol8ERown_threshod. EXpression of botBVPand SERonly occurs at
meristem initiation. After this, the levels 8/FPand SERannot increase, althoughERs degraded.
SVRs not degraded, solely because at this point, nothing is dependeSitevels, whilst spikelet
growth depends upoiBSERevels.
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SVRexpression rates start to decrease, once flowering is triggered, according to:
i o p i 0'Q
wherei 0 is the rate ofSVRexpression at that time step, arfdqis a rate reduction factor.

SERexpression depends upon the levels)}Fn the meristem in which the initiation points are

located, depending on a Hill functigAlon, 2007)

i YU i j _,
wherei  is the maximum rate cBERexpressionko is the binding constant, andlis the Hill

coefficient. The resulting curves f8Pand SERxpression arshown inFgure 2.11

SVHevels are initiated with the current value afyr SERevels are initiated using#r and reduce

by degradation ratg, , following
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3 Tracing spikelet primordia growth usigrphoGraphX

3.1 Summary
In all plants, abovground organs are formed on the flanks of the shoot apical meristem (SAM). In

flowering plants, the SAM usually initiates exclusively leave primordia after germination and
undergoes transition to floral primordidevelopment after receiving the signal to do so. In grasses,
floral meristems can be either formed directly on the main rachis or they are developed on
primary/secondary branches. The number, positioning and size of floral meristems are thus
controlling the architecture of grass inflorescences. Quantification of how wheat meristems
develop, however, does not exist. Here, we adapted the protocol for live cell imaging and
subsequent analysis in MorphoGraphX for the wheat spike meristem. MorphoGraphX isréubowe
computational tool to study the growth and division of cells in plant organs. However, it has mostly
been used to study the developmentAfabidopsiand its application to other species was limited.
We showed that wheat meristems can survive andrbagedex situwhen grown on an adapted
media, containing gibberellic acid. Furthermore, we present the poba@ioncept heatmap, which
demonstrates that cell growth in the developing wheat spike meristem can be analysed using our
protocol. We propose to ge this method to analyse the growth of the lower leaf ridgd HIRD
OUTER GLUMHiutants, a gene known to inhibit leaf ridge growth in other grasses. Finally, we will
employ this method in the future to determine if ovekpression of SVP negatively afespikelet

ridge establishment. The quantification of growth in wheat using MorphoGraphX will bring us one
step closeto understandng earlyspike growth andlevelopmentalat a cellular level in this major

crop.

3.2 Introduction
Thearchitecture of plarg is the result of the activity and identity of primordia formation by the

root and shoot apical meristePautler et al., 2013Yhe shoot apical meristem (SAM, also termed
apex) is responsible for the formation of all abey®und organs. In the centre of the SAM, a zone
of undifferentiatedpluripotent stem cells is maintained, which are consistently divididg the
flanks of the SAM, new primordia are initiated and develop into mature organs. Altpdaed

food products we consume are therefore the products of a shoot or apitalmeristem.

The edible grains dhe major staple cropvheat (Triticum aestivum ) are produced in specialized
branching structures termed spikelets. Each spikelet is directly attached to the main rachis of the
inflorescence, termed spike, and contains multiple florets, which when fertilised become grains
(Bonnett, 1966) The spikelets are formed early during plant development, just after the apical
meristem has transitioned from the veggive to reproductive development phase. Initially, the
apex elongates and enters a stage termed double ridge. During this stage, primordia pairs are

initiated in a distichous pattern along the elongating wheat apex. The upper ridge is the axillary
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meristem (AM), which obtains spikelet identity. Each spikelet primordium is subtended by a
swppressed leaf primordium (the lower ridge). Spikelet initiation corgmuntil the apex tip,

containing the SAM, forms the terminal spikelet.

Multiple mutants have bee identified that cause variations in spike architecture by altering the
number or determinacy of these early primordigor exampledeletion of THIRD OUTER GLUME 1
(TRDY in grasses leads to the formation of bract leaves below the spikelets of mature spikes in
barley (Houston et &, 2012) rice(Wang et al., 2009nd maizgWhipple et al., 2010TRD1s the

major suppressor of the lower leaf ridge in grass inflorescencasdlmnmutants, the lower leaf
ridge continesto grow beyondthe double ridge stage, leading to a moeatlike appearance of
these ridges(Houston et al., 2012)In maize and barley, scanning electron micrograbhge
confirmed qualitatively that the lower ridges frd1l mutants appear larger in size, especially in the
basal spikelets. However, this phenotype has not been further quantified and it remains unclear

when and howtrdl affects cell growth.

Furthermore we showed in a previous study that the introgression of WYeGETATIVE TO
REPRODUCTIVRANSITION (¥RTA2) allele fromTriticumturgidum ssp polonicum(VRTA2b)

leads to increased rudimentary basal spikelet formatidackhaus et al., 2022n wheat, the most
basal sfkelets are commonly very small and produce no or few grains, even though they are
initiated first during developmentVRT2is a known suppressor of floral development and is
downregulated upon the transition from vegetative to floral development in wpetplants. The
VRTA2ballele leads to increased expression during the vegetative phase and ectopic expression in
the spike, especially in the glumes, due to a deletion and rearrangement in the first intron of the
gene (Adamski et al., 2021) We hypothesized that basal spikelets are rudimentary and
preferentially aborted during spike development because they are delayed in development
immediately after formation. However, nohenotypiceffect on basal spikelet primordiaifiation

or growthby VRTA2bhas been established yet. This might be partially due to the relatively small

effect of theVRTA2ballele and the limitations of current imaging techniques.

Currently, the developing apical meristem can be either imagedyught microscopy or scanning
electronmicroscopy (SEM). After dissection of the tissue and removal of all leaves that are covering
the apex, both technigues can be used to capture the morphology and size of the developing spike.
Light microscopy has mudbwer resolution but is a relatively cost effective, simple and a-high
throughput methodology. The resulting micrographs can be used to determine spike length, age
and developmerdl stage(Waddington et al., 1983 SEM is a useful technique to obtain similar
information, however ata much higher resolution, which facilitates earlier and more accurate
recognition of primordia and has been, for example, usect@al the early growth defects trd1
mutants(Houston et al., 2012Both imaging techniques require the dissection of the spike, which

subsequently diesThis precludes imaging the same spike multiple times during development and

56



growth. The growth of a spike between two timepoints can thus only be estimated by imaging

multiple, different individuals at subsequent timepoint.

In Arabidopsis major discoveds have been achieved by the live imaging of meristems and
subsequent cell lineage tracking using MorphoGrapiBarbier de Reuille et al.,, 2015)
MorphoGraphX is a software developed to use tdomfocal image stacks from a timeseries, find
corresponding cells between the timepoints, and use this information to analyse cell growth,
division, and moreMorphoGraphX delivers its most informative results from-ted images and

this depends on theurvival of the tissue of interesix situ To our knowledge, MorphoGraphX has
not been applied to any grass species, or monocot, to track spike or floral growth using live imaging.
Most likely, the inability to cultivate floral tissue of tespecieexsituhas been a major hindrance
While Arabidopsigneristems, as well as the vegetative meristem of grasses, can be cultivated on
simple media platescpntainingsucrose) this is not possible for floral tissues which cease to develop
and show visible signs of cell death when cultivated on the same mediaxRuucultivation of

other plant organs (such as embryos or seedlings) thetfinang of hormone concenétions has
played an important role to achieve successful cultivafidayta et al., 201). Min et al (2022) also
adapted the growth media to contain zeatity{okininhormone) and gibberellic acid (GA3) in their

attempts to image Aquilegia primordia growth.

The aim of this chapter was tantify meristematic growth in wheat. We appli&tbrphoGraphX

to understand early developmental growth effects of mutants with altered spike architecture. We
found that the addition of gibberellic acid (GAS)ablesex situsurvival of wheat meristems. We
further adapted the MorphoGraphX protocol to wheat and present here a ppbabncept growth

map, tracking the growth of basal wheat spikelets and leaf ridges growing od@haur time
window. We tested the protocol fdvarley and found that under the same conditions, barley floral
meristems do not developx situand that molecular differences in flowering control must exist
between the two closely related grass species. Furthermore, we developed WREzimutants

and und that its known role in leaf ridge suppression in barley, maize and rice is also conserved
in wheat. We are nowable to trace the developmental differences of the early wheat spike

primordia inTRDJand VRT2mutants using MorphoGraphX.

3.3 Results

3.3.1 Develpment of wheat inflorescence meristesn situ
To track cell growth and division of whedftrilicum aestivunlL) inflorescence primordia, we

adapted the protocol developed t¥ierzkowsket al. (2012)for the analysis of tomato meristem
growth using MorphoGraphiBarbier de Reuille et al., 2015; Strauss et al., 20R2)mage plant

primordia multiple times during a developmental timeframe, the tissuentérest cannot be
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covered by any other organs of the plastich as leaves, that might obstruct confocal imaging.
While previous studies have found thAtabidopsisand tomato primordia can be dissected and
cultivated on simple agar mediM(rashige and I®og(MS) media plus 1% sucrose faabidopsis
(Kierzkowski et al., 2012; Barbier de Reuille et al., 200%) found that wheat florgbrimordia fail

to develop on this medium. In contrast, vegetative wheat meristems transferred to MS or Linsmaier
and Skoog (LS) media (plus sucrose) did continue to develop on the media and grow existing anc
new leaf primordia (data not shown). To optimishe growth conditions of the floral wheat
meristems, we changed sugar sources and added plant growth hormones to the mesia. W
hypothesised that gibberellins may be important to induce floral development because of their
flowering inducing role in whegRazumov et al., 1960; Evans et al., 1995; Pearce et al., @0d.3)
other speciegLang, 1957) Indeed, we found that the addition of bioactive gibberellic &a3)

is vital for the growth and development of wheat floral tisssesitu(Figure3.1A). We chose a final
concentrationof 002 mg/L GA3 in the mediaswe did not observe any difference in meristem
growth on media containin@.01 to 0.08GA3 mg/LFutureexperimentstestingthe effect ofmore
extreme variations in GA3 concentratiom meristem growthwould be ugful to determine the
minimum amount of GABequired forinflorescence developmeniThe adapted wheat meristem
media (WMM) was further optimised by the addition of zeatin, maltose, and vitamins (see protocol

for full details of media preparation) and has been used in all subsequent steps.

Figure3.1: Stereomicroscopy images of wheat (A) and barley (B) inflorescence meristem development on
wheat meristem media (containing 0.2 mg/L GA3). A) Wheat meristems dissected at spikelet primordium
stage (firsimage from the left) can develop glume (orange arrow), lemma and floret primordia (blue arrow)
within 6 days of growing on the media. The rachis of the spike also shows signs of greening over the 6 days.
B) Barley meristem grown on the same media overgame timeframe does not form new primordia and
shows signs of cell death (shrinking and discoloration) as well as abnormal cell proliferation by day 6. (All
images acquired using stereo microscope with magnification x50, bar =.1mm)
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Wheat and barleyHorceum vulgard.) belong to theTriticeaetribe and are frequently described

as highly similar in inflorescences architecture, as well as primordia developmental pathways
(Koppolu and Schnurbusch, 2019Je therefore investigated if the wheat adapted wMM would be
adequate for barley meristem development by dissecting barley meristems at the same
developmental stage as wheat and transferring them onto the wMM. Barley meristems, however,
failed to developon the wheat adapted wMM Higure 3.1B). Similar to wheat meristem
development in the absence of GA3, barley meristems did not show signs of cell division or growth
and hence did not grow or develop existing or new primordia. Afbedays, the meristemsalso
showed clear signs of cell death and random cell proliferatagufe3.1B). This suggests that other
signals are necessary to activate the development of the barley meristesituthan wheat,
revealing a potential divergence in important spike elepment signalling pathways between

barley and wheat.

3.3.2 TRDIleaf ridge supressing function is conserved in wheat
To test our method for live cell imaging of wheat meristems and subsequent analysis in

MorphoGraphX, we first analysed a known mutation that affects organ growth at the double ridge
stage.THIRD OUTER GLUMERDI) has been previously shown to control losleaf ridge growth

and mutations inTRDorthologslead to their outgrowth in maize,and rice(Wang et al., 2009;
Whipple et al., 2010; Houston et al., 201%Je took advantage of this known phenotypic effect of
trd1 to test the live imaging protocol and to gain new insight into the phenotypic effeittbfon

a cellular level in wheaT RD1is furthermore a suitable candidate to test theenstem media as in

rice Wang et al. (2009) showed that the functioN&CK LEAKIce TRD Jortholog) isndependent

of the photoperiodic and GA signalling pathways

To explore thegrowth effect ofTRD1on ridge formation in wheatwe employedCRISPR/Ca$®
disrupt the function of all threeTRD1homoeologs which areexpressed at similar levels during
early spike formation with a marginal@dpy biasFigure3.2A). We used a tandem array ORISPR
guidestargetingthe samesequences within thdirst exon ofall three TRD1copies(Figure3.2B;
TraesCS1A02G418200, TraesCS1B02G448200, TraesCS1D02GHRH9€0h generation, we
recovered 18 independent lines with construct insertion copy numbers above 1 (3ableThe
maximum number of constricopies was 13, but most of the lines had less than 6 copies (Table
3.1). In the next generation we identified two independent lines displaying the expected phenotypic

effect of bract formation in the mature phenotypE€igure3.2C).
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TRD1-A1 CTCAAGCACCCGCGCCATGGCCACCTCCACCTTCTCGCTCTTCTTCCCGCCGCTGCCCAGCAGCAAAGGCCA | |CTGGTGGACTGCACGCTCT CCCTCGGCACGCCGTCGACGCGCCGC
trd1-m 1 CTCAAGCACCCGCGC CCAl | CTGGTGGACTGCACGCTCTCCCTCGGCACGCCGTCGACGCGLCGE n=7
trd1-m2,C1C CTCGCTCTTCTTCCCGCCGCTGCCCAGCAGCAAAGGCCA | | CTGGTGGACTGCACGCTCTCCCTCGGCACGCCRTCGACGCGCCGE | n=5

[ I
TRD1-B1|CGCAAGCTCCGGCGCTATG GCCACCTCCACCTTCTCGCTCTTCTTCCCGCCGCTGCCCAGCAGCAMGGCCA 'CTCGTGGACTGCACGCTCTCCCTCG_GCACGCCCTCCTCGCGCTGC|
trd 1-m 1| CGCAAGCTCCGGCGCTATG GCCACCTCCACCTTCTCGCTCTTCTTCCCGCCGCTGCCCAGCAGCAMGGCCA lCTCGTGGACTGCACGCTCTCCCTCG_GCACGCCCTCCTCGCGCTGC In=7
trd1-m2.al CGCAAGCTCCGGCGCTATG GCCACCTCCACCTTCTC GGCCA, | CTCGTGGACTGCACGCTCTCCCTCGECACGCCCTCCTCRCGCTGE : n=1
trd1-m2.b CGCAAGCTCCGGCGCTATGGCCACCTC ———CTCGCTCTICTICCOGCCGCTGCCCAGCAGCARAGGCCA |CTCGTGGACTGCACGCTCTCCCTCGEC ———————TGC | n=4
|
TRD1-D 1 CGCAAGCTCCGGCGCTATG GCCACCTCCACCTTCTCGCTCTTCTTCCCGCCGCTGCCAAGCAGCAAGGGCCA |CTCGTGGAcmCACGCTCchCTCG_GCACGCCGTCGACACGCCAA:
trd1-m 1 CGCAAGCTCCGGCGCTATG GCCACCTCCACCTTCTCGCTCTTCTTCCCGCCGCTGCCAAGCAGCAAGGGCCA! |CTCGTGGACTGC (CTCGGCACGCCGTCGACACGCCAA | n=7
trd1-m 2| CGCAAGCTCCGGCGCTATG GCCACCTCCACCTTCTCGCTCTTCTTCCCGCCGCTGCCAAGCAGCAAGGGCCA |CTCGTGGACTGCACGCTCTCCCT@QCACGCCGTCGACACGCCAA| n=5

Figure3.2: THIRD OUTER GLUME 1 (TRD1) mutants in wheat. (A) Expression (transcripts per million, TPM) ¢
TRD1 homoeologsTf{aesCS1A02G418200, TraesCS1B02G448200, TraesCS1D02GA258Gat (cv.
Chinese Spring)dm publicly available data (www. wheakpression.com(Borrill et al., 2016; Ramirez
Gonzalez et al., 2018Expressionwas dzY Y NA ASR o6& (A&dadzS yR 3S dzaAy
RSOSt2LIYSyGrt GAYSO2dzNESQ RIGFaSid ¢AaadzsS Ay KA
excluded from the matrix. (B) Graphic representation of TRD1 gene structure (Blue-bexens, red line =

intron) based on the gene models in Ensembl. The CRISPR/Cas9 guides used in this study are indicated ¢
orange (Guide) and purple (Guid8) bars. (C) Mature spike phenotypes in thgdneration. The wildtype

(zero construct copyrie identified after transformation) shows no bracts (left panel). All bract leaves in trd1

1 are indicated by white arrowhead. For tr@h, only the first and last bract are indicated by white
arrowheads, all spikelets between produce visible bracts (nqginel). Right panel are the five most basal
spikelets dissected from the spike of tr@a. The most basal bract leave is the largest and has a more leaf
like appearance than bract leaves of thH¥ @ 5" spikelet. The basal two spikelets were sterile. (D) Sequence

of TRD1 wildtype (A, B and D homoeologs) in the region of the guides. Below each track are the alignment
results from Sanger sequencing of the two independent mutant lines;rdtd trd12.

Table3.1: Number of CRISPR/Cas9 construct copies detectegplants from 18 independent events

Construct copies Events

1 7
2 2
3 1
5 1
6 5
7 1
13 1

Sequencing of the;progeny of the two lines showed that both had homozygous deletions in two

of the threeTRD1homoeologsFigure3.2D) In linetrd1-1, the A genome copy was edited by guide
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2, leading to a 55 bp deletion, while the D copy was edited by efiitksading taan 8 bp deletion
(Figure3.2D). In the second independent litrel1-2, the A genome copy was also edited by guide

2, leading to a 33 base pair deletion. In the B genome copy, we detected two independent
mutations among the progeny ofd1-2 lines; four of the Tseedlings had a deletion in the region

of guide2 while one ofthe lines was edited by both guides. &ktl1-1 and trd1-2 mutant plants
showed the expected phenotypic effect of bract leaf formatiéig@re3.20 as well as neck leaf
formation (data not shown)as seen in barley, maize and rice. As described in haithey
development of bract leaves trd1 mutants in wheat is most prominent in the most basal spikelets
(Figure3.1A).

Thedeletionsaffected thereading frame of the gene eaiily the coding regionand deletions were
most likelyleading to loss of funimn. The mutations in the A genome copy in both mutant lines
lead to the deletion of the start codon as well as the followingt&fi¢1) and 101fd1-2) base pairs.
The mutation of guide in the Bcopy oftrd1-2bleads to frameshift while the mutationf@uide-

2 intrd1-2a leads to the deletion of the8till 17" amino acid. The D mutation also leads to a
frameshift and subsequent amino acid mismatches after tHedsino acid Figure3.3). Given the
consistent phenotypic data anid silicoprediction of severe amino acid sequence disruption, we
did not further investigatéef RDlexpression or protein structure in the mutant#/e are currently

developing the homozygous triple mutant ®RD1by crossindrd1-1 andtrd1-2 lines.

Maize ARSPAFSLFFPLPNTRAFQ-——————-- FDDDSHSSVT-TCPSSPSSSSSSTGTVDCTLSLGTPSSRRARAKPR-———————= PPCLALPSRSAVSCDVAAPADQSCCCRCCSCPGGRRPSPAARNKRARARHGHGQ
Rice MASSTFSLFFEMSN--GQCWPPSTVEESAARYDDHSTVTTS-PSSPS--SSSTGSVDCTLSLGTPSSRRAEPVAARAPAANHGAPVPAHY PSLSAATVSWDA- ——-TA--ESYYCGQQGRPATG-—————] AARCAAGA
Barley MATSTFSLFFPPLPSSKGOWPV-AEEAAYSYDDHSTVTTLS PSSPASSASSGSLVDCTLSLGMPSSRRPQPDR-——~————-RPPPQAYPSVSAAA. E--PCYYHQQ! AR
TaTRD1-BI MATSTFSLEFEPLPSSKGOQWPS-VEERAYSYDDHSTVTTLS PSSPASSASSGSLVDCTLSLGTPSSRCPEPDR-———————-RPPPQAYQSVSRARR-—— PCYYHQQQG-R-———————————— SGRR
TaTRD1-DI MATSTFSLFFEPLPSSKGOWPV-AEETAYSYDDHSTVTTLS PSSPASSASSGYLVDCTLSLGTPSTROQPELDRTE—————— HGRPPOAYPSVSAGA—-— PCYYHQQQG-R-———————————~ GGRA
- T . o
TaTRD1-BI MATSTFSLEFPPLPSSKGOWPS-VEERAYSYDDHSTVTTLSPSSPASSASSGSLVDCTLSLGTESSRCPERPDR-———————-] REPPOAYQSVSARR-————————— D--PCYYHQQQG-R-————————————— SGRR
trdl-m2.a MATSTFSASGRRWRRLPTRTTT-TAPSPPSLPPPRPPLLPRAHSWTARSP SARPPRAAQSRTAGRRRRRTSPC———~————— PPRPTPATTTSSRA: -ARPPAT. TARR
TaTRD1-BI MATSTFSLEFPPLPSSKGOWPS-VEERAYSYDDHSTVTTLSPSSPASSASSGSLVDCTLSLGTPSSRCPERDR-———————-] RPPPOAYQSVSARR-————————— D--PCYYHQQQG-R-——-————————- SGRR
trdl-m2.b MATSSL--FFPPLPSSKGQWPS-VEEAAYSYDDHETVITLS PSSPASSASSGSLVDCTLELGTPSSRCPEPDR-———————-| RPPPOAYQSVSAAA--— PCYYHQQOG-R-———————————- SGAA
TaTRD1-DI MATSTFSLFFEPLPSSKGOWPV-AEETAYSYDDHSTVTTLS PSSPASSASSGYLVDCTLSLGTPSTROQPELDRTR—————— HGRPPOAYPSVSAGA—-— PCYYHQQOQG-R-———————————~- GGRA
trdl-mi MATSTFSLEFEPLPSSKGOWPV-AEETAYSYDDHSTVTITLS PSSPASSASSGYLVDCPRHAVDTPTRAGPHQARG—————— SRAGLEVRVRRGRAL--—————————] L--LEPRARGQGR-R————————————- RRAR
Maize DPAPLVDHRCASCGTTSTPLWRNGPRGPESLCNACGIRFREKERRAATGTTTADMDOGGCYLAQRAQYGAATS———————————— GRAYYGGGDGDIADAEAVPAQFLAWRPSVVEAA-——EFRAVWPERPA-TLFQYIN
Rice GHDALLDRRCANCGTASTPLWRNGPRGPKSLCNACGTRYRKEERRARATTTTADGAAGCGF I TAQRGRGSTARKARPAVTTCGEETSPYVVGGGG-—GGGEVADAAY LAWRLNVVPPAATATAFSVWPERA-SLYHYN
Barley GHEQLLDRRCANCGTASTPLWRNGPRGPKSLCNACGTRFRREERRAAETN -~ - -GGGGCGYVAQRAPMSAP AGAVDAPFLAWRLNGVPPA-—-PAFSAWPDROHGVYQYN
TaTRD1-BI GHEQLLDRRCANCGTASTPLWRNGPRGPKSLCNACGTRFRREERRAARETN-—--AGGGCGYVAQRAPMSAP AGAVDAPFLAWRLNGVPPA-—-PAFSAWPDROHGVYQYN
TaTRD1-DI GHDQLLDRRCANCGTASTPLWRNGPRGPKSLCNACGIRFEKEERRARETN-—--AGGGCGYVAQRAHVSAR AGAVDGEFLAWRLNGVEPA-—-EAFSAWEDRQHGVYQYN
e n e K 2 KK R R R kR K KR Car Rk w oaer s . swwmw | w % Lo -
TaTRD1-B1 GHEQLLDRRCANCGTASTPLWRNGPRGPEKSLCNACGTRFRKEEERRAAETN-—--AGGGCGYVAQRAPMSAP AGAVDAPFLAWRLNGVPPA---PAFSAWPDROHGVYQYN
trdl-m2.a PTAAPRPRRSGGTALADPSRCATPARH
TaTRD1-BI GHEQLLDRRCANCGTASTPLWRNGPRGPKSLCNACGIRFKREERRAAETN-—--AGGGCGYVAQRAPMSAP -AGAVDAPFLAWRLNGVPPA--—PAFSAWPDROHGVYQYN
trdl-m2.b GHEQLLDRRCANCGTASTPLWRNGPRGPKSLCNACGIRFEKEERRARETN-—--AGGGCGYVAQRAPMSAR AGAVDAPFLAWRLNGVEPA-—-EBAFSAWEDRQHGVYQYN
TaTRD1-DI GHDQLLDRRCANCGTASTPLWRNGPRGPEKSLCNACGIRFEKEERRARETN -—--AGGGCGYVAQRAHVSAR AGAVDGEFLAWRLNGVEPA-—-EAFSAWEDRQHGVYQYN
trdl-mi PAPRPPLROLRHRVHAALEERPPRTQVAVORVRHPVOEGGAPRGGDOCRR -~ - ~RVRLRRAAGARVGPSRR RRRAVPGVAARERRPAGPGV---LGVARQAARRSVEV-QL-

Figure3.3: Alignment of amino acid sequences of TRD1 wildtype maize, rice, barley orthologs and wheat
homoeologs B and D. Conservation of amino acids among wildtype sequences are indicated below
(*=conserved in albequences, dots indicate partial conservation). Amino acids upstream of MAT (start
codons in wheat) in rice and maize were removed to simplify the alignment view. Mutant sequences were
only aligned to the respective homoeologs. For the A copy, both msitieat to removal of the start codon
(seeHFgure 3.2) and amino acids were thus not predicted. All amino acids downstream of the first affected
amino acid in mutant are highlighted in grey. Amino acids for-tri?lapredict outof-frame downstream

effects by the deletion and a premature stop code (#).
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3.3.3 Live imaging of TRD1 mutants confirms enhanced leaf ridge growth
In addition to the mature spike, we also phenotyped the inflorescence developmentdbf

mutants atdouble ridge stage. We dissected plants at double ridge stage and transferred the spike
meristem to the wMM plates. The wildtype amdil mutant are Fielder cultivar and both grew on

the media as expected from our previous experiments using cv. Parbigone3.1A, Figure3.4A

D). We imaged the inflorescences of wildtype and mutant and could observe enlarged leaf ridges
(bracts) in thetrdl mutant lines in the light microscopy micrographBigure 3.4C&D). The
phenotypic effect ofrd1 in wheat replicateshe effect in barley. Apart from the enlarged leaf bract
ridge, we did not observe any other phenotypes in thdl mutant in the micrographs at double
ridge stage. We also acquired confocatack images of growing meristems. The resultistpeks

can ke opened in MorphoGraphX to create 2.5D reconstructions of the tissue. The 2.5D projections
of the stacks show that the leaf ridges of tind1l mutants Figure3.4G&H) are larger compared to
wildtype Fielder Figure3.4F) and Paragon wildtype inflorescesda a comparable growth stage
(Figure34E). The only wildtyp&@RD1(cv. Fielder) stack we currently had was images from the
side, which makes the comparison of ridge length to the mutant complicated, and we therefore
included the Paragongtack. The ext step in this experiment is the analysis of multiple timepoints
(at least two) to generate cell growth heat maps. This will allow us to quantify the differences in
cell growth, rather than just qualitatively describe the developmental effe¢tddf mutants. We

are currently acquiring these images.

Paragon

Figure3.4: TRD1 phenotypic effect at double ridge stage. Light microscopy image of wheat inflorescence
imaged while growingx situon wMM plates for two different trd1 mutant (C&D) and wildtype (A&B) spike
meristems. Note: We are currently working on having timarse images of mutant and wildtype on wMM.

(EH) Confocal-stack images visualised in MorphoGraphX of two trd1 mutants (G&H, imaged from the front)
and wildtype inflorescence (cv. Fielder, sidiaes of trd1l mutants with O construct copies, imaged fribra

side) imaged on same day as trd1 mutants but from the side (F) and cv. Paragon wildtype at similar stage (E).
Note: We are currently imaging another batch of these to have 3 replications of mutant and wildtype imaged
from the front and side. Scale bar500 um (AD), Scale bar = 100 um-Kg
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3.3.4 Proof of concept of live cell growth protocol for wheat inflorescence meristem
To test the suitability of our confocal microscope image stacks for MorphoGraphX, we analysed the

cell growth of wheat (cv. ParagoWRTFAZb NIL) inflorescences at late double ridge stage. This
sample was chosebecausethe quality of the image stacks was high enough (see protocol). We
imaged the sample 48 hours apart and imported both timepoints into MorphoGraplgré
3.5A&B). Neitheshowed signs of tissue damage or cell death and both had low background noise.
We thus proceeded to create the mesh and segment cells at both timepdiigeré3.5C&D, see
protocol for analysis). We then analysed the growth of cells between the ediligré 3.5C) and

the later timepoint Figure3.5D) in MorphoGraphX.

Figure3.5: Live cell growth analysis of wheat inflorescence. (A) 2.5D projection of confocal images from wheat
inflorescence at first imaging timepoint (0 hours). (B) 2.5D projection of same inflorescence, 48 hours later.
(C&D) cell segmentation of the two imagedarphoGraphX using manual mesh creation and segmentation.

(E) Cell growth (ignoring cell division) between the 0 h and 48 h images of the same inflorescence, visualised
on the spike at 48 h. The heat map colours correspond to the amount of growth inakenmm direction.
Direction of growth is indicated by white lines (scale bar = i@}

The resulting heatmapF{gure3.5E) shows that the highest cell growth took place in the spikelet
ridges (SR), with a growth ratio of 1.6 (growth ratio of 1 being rmmgé in size and ratio < 1 being

cell shrinkage). Focusing on the upper spikelet analysed (SR 2), it appears that not all areas of the
spikelet grow equally. The centre of the spikelet is growing at a moderate rate. The cells around the
centregrowatth&K A AKSad NI GS ONBR (G2 2NIy3aS0x F2ff206¢
in size (light blue). To the left of these cells, there seems to be slightly higher growth in the area
that is the side of the spikelet. These areas of growth match the kraevelopment of the wheat
spikelet at this stage. The spikelet ridge is rapidly expanding, away from the rachis. However, it is
also initiating the formation of the glume on the side of the spikelet, which might be the reason for
the area of low growth (lne) between the centre of the spikelet and the side as this area will

become the groove between the glume and florets. The increased growth on the left of the groove
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would thus be indicative of glume initiation. The lower, most basal spikelet of the Epike) is
growing at a fast rate and seems to undergo growth at a similar rate or even higher than SR2.
However, the growth map also shows that the most basal spikelet is smaller than the spikelet above
and is not initiating the glume groove just yet. Figtmore, the leaf ridge (LR) below SR1 is clearly
visible and most cells in LR1 have not grown (blue and yellow colour) in the 48h. The leaf ridge of

the upper spikelet (LR2) is barely visible at this point and cells are not changing in size.

As we imagedhe spike from one side we can only hypothesise that the spikelet outgrowth on the
other side is a mirror image of our growth map. We did trial imaging spikes from the front. This
results in good analysis of growth in the area of the rachis. However, bedhe tissue is curved,

the quality of the image decreases on the sides where the spikelets are growing, thus giving very
poor cell segmentation for the spikelets themselves. Ideally, images of different inflorescences
would be taken from the front anddé view of the wheat spike. The analysis of spikelet formation
and glume initiation in wheat will need to be repeated using more samples and longer time courses
to make general assumptions about growth and primordia formation. However, the analysis
presened here is a proebf-concept of our protocol for live cell imaging in wheat and can now be

used to investigate inflorescence development, and the effect of genes, sddRzkupon it.

3.3.5 Live cell imaging &RTA2bbasal spikelets
Another application oMorphoGraphX we are currently perusing is the quantification of basal

spikelet growth inVRTA2b mutants, which have an increased number of rudimentary basal
spikelets in the mature spike. For this, we leveraged the avaiMBI€A2b transgenic material,
previously created by Adamski et §2021) The transgenic lines carry multiple copies of the
Polonicum type/RTFA2ballele, leading to the ectopic expression of the gene. In the mature spike,
the high copy lines have increased glume length and more rudimentary basal spikelets. We were
able to growVRTA2b transgenic lineex situon the wMM. We are currently in the pcess of
analysing cell growth and cell division in the most basal spikelets ithaw&@ime window. For this

we are preparing growth map analysis of multiple replications for the-bagly and zerecopy lines.

The images also demonstrate another problentountered when growing the meristems on the
side to image the spikelets. The lower side is also growing into the agar and thus pushing the
meristem over, which makes it difficult to image the same cells in the following time poguré
3.6A&B). Furthemore, the secondVRTA2b high-copy spike also demonstrates the difficulty of
identifying the most basal spikelet ridge. The most basal ridge (1) in-tlmei0sample could also

be the suppressed AM of the last leaf ridge, something that will only becdmiews in the later
imaging timepoints. At double ridge, the transition point between leaf and spikelet ridges is very
difficult to be exactly defined. By eye, no differences in growth or spikelet ridge size can be detected

between the wildtype and mutargamples, however small differences in developmental age exist
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between them and we only have few replications, making any further interpretations difficult at
this point Figure 3.6). Quantifying the differences in growth usifprphoGraphX is a more
approfriate strategy to investigate the effect ¥RTFA2bon early spikelet ridge development

VRT-A2b zero-copy VRT-A2b high-copy (2) C VRrT-A2b high-copy (1)

0h

48 h

Figure3.6: Confocal wstack images of individual spike meristems visualised in MorphoGraphX eA2bRT
zerocopy (A) and VRA2b highcopy number (B&C) transgenic lines (background cv fielder, see Adamski et
al (2021)). We imaged two spikes at 0 h (upper panels) afmiaged the same spikes again 48 hours later
(lower panels). A VRA2b zerecopy spike wagmaged on the same days. All spikes were in early glume
primordia stage. Numbers indicate which are the same spikelet ridges in @@ 8hour sample; Scale bar
=100 pm.

3.4 Discussion

3.4.1 Development of live cell imaging in wheat
The main goal of this stly was touseMorphoGraphX in wheat, an important global crop species.

MorphoGraphX is a powerful tool to investigate cell growth and development of plant primordia
and the effect of genetic factors upon (Barbier de Reuille et al.,, 2013h the model species
Arabidopsis MorphoGraphX has helped to explain the differences i tegssation between
Arabidopsis thaliangsimple leaf shape) an@ardamine hirsut@leaflet formatior) (Kierzkowski et

al., 2019) elucidated the developmental cascade of ovule formatf@ijayan et al., 2021)and
enabled researchers to gain a deeper understanding of how organs are formed. However,
MorphoGraphX has previously not been ustm lineage tracking igrass species and its
applications in species besidAsabidopsisas been very limite@Kierzkowski et al., 2012; Min et

al., 2022) A crucial firsstep for the applications of MorphoGraphX is the ability to grow the plant

organ of interesex sity so it can be imaged using a confocal microscope. FoAttgEbjdopsidloral
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meristems can be dissected from the plant and place on simple growth nleSi&S + sucrose),
however this media fails to support the growth of floral organs of other spegiéia €t al., 2022)

this study). Wheat and barley mstéms dissected in the vegetative stage can be placed on the
simple media and continue to develop existing and new leaf primordia (data not shown). When
placing inflorescence meristems on the same media, however, they fail to grow or develop and
show signsf cell death after about 1 weekigure3.1B). This suggests that other exogenous signals
are required for inflorescence development, which are most likely normally supplied by the plants
stem or leaves. We found that wheat meristems can grow and deveiopnedia containing
gibberellic acid (GA3), confirming that it was absence of developmental signals rather than resource
inaccessibility (e.g., sugars) that hindered the growth on the simpler media. We further altered the
media to contain zeatin and make instead of sucrose, as well as adding vitamins that are
commonly added to media used for wheat embryo rescue during transformation agsays et

al., 2019) On the optimised wheat meristem media (WMM), inflorescences successfully developed
from double ridge stage and initiated glume, lemma and floret primordia autonomoligiye
inflorescences can develdprther (i.e., post floret formationyvas not tested However, younger
meristems placed on the media either did not develop or continued to initiate leaves, suggesting
that further signals are required to achieve the initial vegetatto inflorescence meristem
transition. Having a method for wheat meristem grovetk situopens the door for MorphoGraphX

and other experiments, such as chemical or mechanical stress or the targeted application of
hormones to the wheat inflorescence m&tem during growth. In the future, testing if the media

can support theex situcultivation of other organs, such as carpel, stamen or roots will be important.

3.4.2 GA role in wheat vegetative to floral transition
Previously, the live cell imaging process had also been adaptédjtolegia a nonmodel species

belonging to thebuttercup family RanunculaceggMin et d., 2022) To achievex situgrowth,

Min et al (2022) also adapted the media to contain zeatjrtgkininhormone) and gibberellic acid
(GA3). Our study also found that the addition of GA3 was vitagxositucultivation of wheat
inflorescences, suggesting that exogenous GA3 application is needed for floral development in both
species. I rabidopsisextensive research has led to the formulation of a developmental model in
which gibberellic acids are low indhvegetative apex, upregulated during the transition from
vegetative to floral primordia (termed doming), and subsequently need to be downregulated in
floral primordia(Yamaguchi et al., 2014; Kinoshita et al., 20BDjheat, relatively little is known
about the role of GA in inflorescence and floral primordia formation and the direct comparison
between Arabidopsisfloral development and grasses is complicated, due to the substantial

differences in inflorescence dntecture.

Pearce et al. (2013) showdldat exogenous GApplicationacceleratedloweringdevelopment in

wheat In their study, plants grown under nanducing (short day) conditions, and carrying the
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spring growth habitatVRN1(Vrnlg gene, were abled transition from vegetative to floral
development and the application of exogenous GA3 accelerated their develofPeatce et al.,
2013) They furthermore proposed a model in which the key floral inducing ger@WERING
LOCUS T (FKnhown to be produced in the leaves and transported to the ggarger and Wigge,
2007) up-regulates GA biosynthetiBA200xgenesanddown-regulates the cataboliGA204 gene

in the apex(directly or indirectly) It has long been known that GA is able to induce bolting and
flowering(Lang, 1957)a function that appears to be conserved in the grasses because exogenous
GA application is sufficient to accelerate flowering developmintspring varieties grown
underlong-day conditions(Evans et al., 19953nd in winter varieties that have undergone
vernalization(Razumov et al., 1960PDur results are consistent witthese results that GA is
required for early spike developmerito grow the wheat meristems on the media, all leaf primordia
are removed, and the meristem is cut off from the stérhus, any signal from the leaves/stem are
not available to the merigtm. Our results highlight GA3 activation gsrarequisite and vital signal,

for spike development. Pearce et §2013)suggested that GA is synthesised in the apex. Our
experiments would thus suggest that the need Fractivation of GA can be circumvented by the
direct application of GA3. As proposed in their model, our results furthermore suggest that the
induction of VRN1is independent of GA and we hypothesise that it needs to be activated before
we transfer the spi&s to the wMM. Meristems that were transferred to the wMM plates before
reaching the double ridge stage failed to develop, suggesting that initial transition of the meristem
must have happeneth planta In their study, Pearce et al. (2013) applied GA&weeks, leading

to reduced spikelet numbers and elongated glume formation in the mature spike, suggesting that
excessive or prolonged GA -tggulation interferes with later spike development. This suggests
that, analogous toArabidopsis GA needs to be alvnregulated at some point during spike

development, however, this remains to be investigated.

As the meristems developed glume, lemma and floret primordia in the presence of GA3 on the
media plates, the role of GA Arabidopsidloral primordia suppressn is either not conserved in
wheat, or the differences in wheat inflorescence architecture requires prolonged GA presence. In
wheat, the elongation of the vegetative meristem and formation of the double ridges is classically
interpreted as the beginningf floral development. However, many more primordia develop
between the double ridge stage and true floral primordia formation. The upper ridge of the ridge
pairs form first a spikelet primordium, from which glume and lemma primordia are subsequently
initiated, while spikelet initiation continuous at the tip of the sp{Bonnett, 1966)Although the
identity of these organss still disputed, glume and lemma can be classified not as floral structures
but as modified leaveéWhipple et al., 2004; Kellogg, 202Recent classifications suggest that
spikelets are modified spikes and that gkeirand lemma are most likely the reduced/modified
leaves in whose axil the axillary meristems are forriedllogg, 2022)Thus, no floral meristems

would be initiated in the spike until after lemma primordium stage, which might explain why GA3
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is not interfering with development from double ridge to lemmanpordium. InArabidopsisthe
two-phased action of GA has also been connected to its effect on primordia determinacy. Chang et
al. (2020) suggested that GA favours indeterminate primordia growth and isralegulated in
determinate (floral) tissues. Trying to overlay this model on the wheat spike development, we
would hypothesise that GA needs to be upregulated in initiating spikelets until the formation of
palea, which are the first structures of the detdmate floral meristem. Furthermore, we would

also hypothesise that GA needs to be downregulated eventually in the spike tip of wheat, to allow
terminal spikelet formation. In barley, the organ determinacyvise versa The spike is
indeterminate while eals spikelet is determinate. Interestingly, the wheat adapted wMM did not
support the development of barley spikes, which showed no signs of growth and displayed cell
death aftersixdays ofex situcultivation. Floral signalling pathways are generally assdrto be

highly conserved among grasses, and barley is frequently used as model species for wheat studies
Previous studies by Boden et @014)found that GA is upregulated during meristem transition in
barley, and that blocking GA under inductive conditions slows down spike development. Our results
highlight that the control of barley spildevelopment differs to that of wheat anflrabidopsisas it

does not develop on the wMMor simple LS agar. Potentially, GA application might interfere with
the development of barley but not wheat spikeletsthey are of determinate nature. However,
further investigations will be needed to find the missing molecular signal(s) that rteeds
supplied exogenously for barley developmemt situ Alternatively, the current media might

contain components that inhibit barley development.

3.4.3 MorphoGraphX analysis of live cell growth in wheat
After having established a protocol for live dellaging in wheat (see Appendix for full protocol),

we imaged the developing wheat spikes and analysed the images in MorphoGrighi€g.5).

We were able to generate cell maps from two timepoints and could thus generate cell growth maps
of the wheat spik. The wheat spike used for the first, preaffconcept, growth map was in early
glume primordia stage and the spikelet ridges were well established. The growth maps revealed
that the spikelet ridge of thesland 2 most basal spikelet are rapidly growiwhile the lower/leaf

ridges are not growing between the two timepoints.

To test the efficiency of MorphoGraphX to quantify cellular growth defects in different wheat
mutants, we developedrdl mutants in hexaploid wheat (cv. FieldeFRD1is known to sppress
growth of the lower/leaf ridge in barley, maize, and r{g®ang et al., 2009; Whipple et al., 2010;
Houston et al., 2012) We found ths phenotypic effect ofrd1 highly conserved in wheaFigure

3.2). At the double ridge stage, the effecttadil can be first observed in barley, where the lower
leaf ridge is much bigger than in wildtype (Houston et al., 2012). We observed a similar effect of
trd1 in wheat where the lower leaf ridge appears bigger in the mutant. However, the efférctiof

on the gowth of lower leaf ridges has not been quantified and it is not clear from micrographs
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when growth ceases due fBRD1 The analysis of cell growth trd1 mutants and wildtype using
MorphoGraphX will help us to elucidate the cellular effect and timingRid further and make an

excellent case study for the use of MorphoGraphX.

We have already acquired live cell images T&DZland VRTA2b mutants Eigure3.4 and 3.6,
respectively). Unfortunately, we ran out of time during this PhD to fully analyse thatsnts and
wildtype controls in MorphoGraphX. In a week, we can acquire-&8.idividual image stacks as
imaging of each sample takes ca. 30 minutes and needs to be repeated everyr48 Analysis of
each stack is not fully automated and takeg tlays per image stack. Not every sample has high
enough quality to be analysed, making the MorphoGraphX workflow very time consuming. One
common issue is infection of the plate with fungal growth. The addition of plant preservation
mixture (PPM) has greatlgduced this issue. Another problem we encountered is the conical shape
of the wheat apex. Tissues that are curved become difficult to image and greatly reduces quality,
making cell segmentation impossible. When imaging the meristems from the front, dpesrichn

be clearly seen, however the centre of the spikelet cannot be imaged at high quality (for example
trd1 mutants inFigure3.4G&H). We overcame this issue by placing the meristems on the side, thus
being able to create good cell segmentations for gpkelets Figure3.4F). To fully analyse

mutants, we would thus recommend going forward to image meristems from the front and side.

In the future, we would also like to employ MorphoGraphX to track cell growth in mutémise
phenotypes cannot beobserved using light microscopy. For example, we previously showed that
the increased expression YRTA2in T. polonicunfVRTA2ballele) leads to increased rudimentary
basal spikelet formation in the mature spike. We could furthermore show that basal spikelets are
already aborted at anthesis (Backhaus et al., 2022; Chapter 2) and that around Waddington stage
5.5 (carpel primordiatage) the introgression 0#RTA2bleads to a slight delay in development of

the spike (Backhaus et al., 2022, BioRxiv; Chapter 4). However, we were unable to trace this
phenotype to even earlier timepoints. In the wildtypéRTFA2 expression is downreguied upon
transition from vegetative to double ridge and ésnstitutive overexpression leads to leaf and tiller
formation along the spikéLi et al., 2021)MorphoGraphX analysis could prov& RTA2balready

affects spikelet establishment in everaréier timepoints during their initial establishment.
Furthermore, we are aiming to develop live cell imaging protocols for other tissues, such as the
carpel, which would allow for the analysis of cell growth effects of mutations affecting grain size.
Forexample,GW2has been shown to increase carpel size as earfjvaglays before anthesis
(Simmonds et al., 2016However, it is not known how earlgW2 acts to affect carpel size.
Furthermore, the development of cell membrane reportiémes, such as those available in
Arabidopsis(Willis et al., 2016)would be a key resource to improve the future usage of
MorphoGraphX in wheat. Staining cell walls using Propidiglideincreases the background noise

and negatively affects cedurvival, limiting imaging to-8 time points for each sample.
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We here present a protocol for live cell imaging of wheat inflorescence meristems. A major
bottleneck was the inability to grow wheat floral meristenex situ as media adapted for
Arabidopsidid not support their growth. We found that wheat floral meristems require GA3 to
transition through key spikelet developmental stages. The availability of high precision imaging
techniques and tools such as MorphoGraphX in wheat, bring us one step tdasederstanihg

earlyspike growth analevelopmentain this major crop

3.5 Materials and Methods

3.5.1 Construct assembly
TRD1wheat orthologous TraesCS1A02G418200, TraesCS1B02G448200, TraesCS1D02G42590(

were identified by searching for the barlefRD1gene HORVU1Hr1G0914pMrthologous in

Ensembl fittps://plants.ensembl.org/index.html Two guides were designed to target the first
exon of all three wheat homoeologs; Guidgarget: CCCCACCTTCTCGCTCTT&WI Guide3
target: GTGGACTGCACGCTCTERuides were chosen based on having no perfeetanffet

matches and only low otfarget matches for the first 10 base pairs. Also low secondary structure
formation was assessed using RNAfold webserventtp:(/rna.tbi.univie.ac.at/cgi
bin/RNAWebSuite/RNAfold.ggi

A modified version of the GoldenGate (MoClo) compatible level 2 vector pGoldenGredviGate
(pGG@EM) as described in Hayta et §2019)was used in this study. The pG@8-L2P2 acceptor
plasmid is comprised of the hygromycin resistance gép# containing theCatlintron driven by
the rice actinl Actl) promoter for in planta selection and a LadLS flanked by twBsd sites at
MoClo msition 2 with standardized overhangs to accept basic (level 0) components. In brief, the
two guide sequences (Guigk and Guide3, Table3.2) were cloned into pGG&HL2P2 using
standard Golden Gate MoClo assemflyerner et al., 2012)resulting in the Cas9 TRD vector
(Figure3.7). The construct was electroporated into the hypervirul&gtobacterium tumefaciens
strain AGL1(Lazo et al., 1991¢ontaining the helper plasmid pAL155 (additiohatG gene).
Standard inoculums of Agrobacteriuffingay et al., 199%yere prepared as described in Hayta et
al. (2019).
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Figure3.7: Construct plasmid map of the vector containing guide 2 and guide 3 targeted to exon 1 of the
TRD1 A, B and D copy in hexaploid wheat. Plasmind map will be available in Addgene upon publication.

3.5.2 Wheat transformation
| SEFLX 2AR 6KSI G Onfed usihg tBef proBaudly destribied metkdody/bit Mayta et

al. (2019). In brief, under aseptic conditions wheat immature embryos were isolateteated

by centrifugation, inoculated witl\. tumefacien®AGL1 containing the Ca3®RD1vector and ce
cultivated for 3 days. Wheat callus proliferation, shoot regeneration, and rooting were carried out
under a stringent hygromycin selection regime before the regenerated plantlets were transferred
from in vitroto soil and acclimatized. Transgenesis was confirmdtpbgene PCR; transgene copy
number analysis was performed using Tagman gPCR and probe (Hayta et al., 2019). The value
obtained were used to calculate copy number according to published methods (Livak and
Schmittgen, 2001).¢Tplants were grown in contited climate chambers while all subsequent

generations were grown in glasshouse conditi¢itéh light / 8h dark).

To determine whether thguides editedTRD1 we carried out PCR on genomic DNA (gOhb#)
T, generation plants and Sanger sequenced the Itegy amplicon (service provided by

https://www.genewiz.com). Primers specific to only one of the three homoeologs copies of the

TRD1sequence targeted by guie® and guide3 were designedo gain individual amplicons for
each homoeolog (Tab®2). The sequencing primer was common to all three amplicon (TaB)e
A touchdownPCR was carried out under the following conditi@sat 98 °C, 10 cycles df0s at

98 °C, 1 min starting &t0 °Cabove annealing temperaturand decreasing by 1 °C per cycle, and
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min at72 °C, a furthe25 cycles of 30 s ail8FC, 1 min ainnealing temperatureand2 min at72

°C, followed by a final extension & °C.PCR was performed using Q5 Higtieliy DNA

polymerase (New England, M0491S), adding recommended amount of-BXh@dcer.

Table3.2: Primer sequences specific to this study and their amplicon size, annealing temperature, and usage

Primer Primer sequence 53' Amplicon size  Annealingtemp. Primer usage
TRO-A Fwd ACCTTCACTCTCCATGCTCG 563bp 59.7°C PCR for Sequencir
TRO-A Rev  TGCGCGAGGGTGTATGCT ’ PCR for Sequencir
TRO-B Fwd CTCCAGTAGCTCACCACCAG 598bp 59.3°C PCR foequencing
TRO-B Rev  GAACGCGGAGACAAAGTAGAC( ’ PCR for Sequencir
TRIL common CCTGCTGCTGGTGGTAGTA - - Sequencing
TRO-D Fwd TGCCTACCTCCACTCTCCA 637bp 59.3°C PCR for Sequencir
TRDD1_Rev GCGACAGACAATGCACATACA ' PCR for Sequencir
Guide2tgca CTTGAAGAAGAGCGAGAAGG Cas9 Guide
Guide2aaac  AAACCCACCTTCTCGETLx Cas9 Guide
Guide3cttg CTTGTGGACTGCACGCTCTCC Cas9 Guide
Guide3aaac  AAAGRAGGGAGAGCGTGCAGTC Cas9 Guide

3.5.3 Live cell imaging
The protocol for plant growth, live cell imaging of wheat and subsequent analysis in

MorphoGraphX is available as online protocol:
https://www.protocols.io/private/69A55C0136C11ED98330A58A9FEACO2

(Copy of protocol AppendixA2)
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4 Delayed development of basal spikelets in wheat explains their
increased floret abortion and rudimentary nature

4.1 Summary
Winter wheat {Triticum aestivum ). breeding efforts have increases grain yield predominantly by

raising grain numbers per spikelet, rather than grain weight or spikelet number. However, across a
single spike large differences exist in the number of grains per spikelet. The centraltspikele
produce the highest number of grains in any given genotype while apical and basal spikelets are
less productive. Basal spikelets are delayed in development just after initiation and are smaller and
less advanced than central spikelets already by thenglprimordium stage. However, basal
spikelets continue to develop and produce florets until much later in the wheat growth cycle. The
precise timings or the cause of their growth cessation, and subsequent abortion, is largely
unknown. In this study we ingtigated the underlying causes of rudimentary basal spikelet
abortion. We investigated basal spikelet development in four UK winter wheat varieties as well as
a set of neatisogenic lines fo¥ RTA2using shading applications in the field. We propose Hzetal
spikelet abortion is most likely the consequence of complete floret abortion as both occur at the
same time and have the same response to shading treatments. Furthermore, we found that the
developmental age of florets prabortion is an important faor for their likelihood to survive and
develop viable seed. Previously, it had been proposed that reduced assimilate availability in the
base of the spike leads to increased abortion-aRalysis of published data alongside data
presented here, however,aks not support this model. We found that rather than assimilate
availability, it is the reduced developmental age of basal florets before abortion that correlates with
increased abortion. Using the floret Waddington developmental stageapogtion, we wee able

to predict final grain set per spikelet across the spike, alongside the characteristic gradient in
number of grains from basal to central spikelets. We found that advancing past Waddington stage
5.5 seems to be important for floret survival and thaost florets in basal spikelets had not reached
this stage at the onset of floret abortion. The abortion of all florets could therefore be the reason
for their rudimentary appearance in the mature spike, suggesting that basal spikelet abortion is
simplythe consequence of all florets inside the spikelet being aborted and thus all other spikelet
structures (e.g., lemma, rachilla, glume) also ceasing to develop. Future efforts to improve spikelet
homogeneity across the spike should thus focus on improveshlbspikelet establishment and

increasing their development rate pigortion.

4.2 Introduction
Three of the globally most important staple crops, maizea(may4.), rice Qryzasatival.) and

wheat (TriticumaestivumL), belong to the family of grasse®dacea). One characteristic feature
of the Poaceass their inflorescence, which develops florets inside specialised structures termed

spikelets(Kellogg, 2001; Kellogg et al., 2013pon floral transition the apical meristem of grasses
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elongates and, depending on the species, the spikelets are formed directly on the rachis (e.g.,
wheat) or on primary (e.g., maize) or secondary (e.g., rice) brar{glediogg, 2022)Each spikelet

can form multiple florets, however in some species thember of florets per spikelet is highly
genetically controlled (e.g., maize) while in others the number is also dependent on environmental
factors (e.g., wheatBonnett, 1966) Across all grasses the potential yield of a plant depends on
the number of inflorescences, number of spikelets and florets per inflorescence, as well as grain

weight.

Over the past centurybreedingefforts have enhanced yields in winter wheat, predominantly
through an increase in grain number, rather than grain wefg¥iirschum et al., 2018; Vosels et

al., 2019; Sakuma and Schnurbusch, 20R0)thermore, it has been established that the increase

in grain numbers was achieved through the improvement of grains per spikelet tadrethrough

an increase in spikelets per inflorescence (termed spike in wiigatipp et al., 2018; Sakuma and
Schnurbusch, 2020However, increasing the number of grains per spike can have negative effects
2y ANIAY ¢SAIKGZ I a A(RoursakelBani 6tlald 3015Préviols aekedithOf S
found that the amount of resource available to the plant can affect the relative growth and
development of the initiated spikelets and grains. Thus, traffe between the different yield
componentsareclel SR 08 -A4KY | Qa(Reyrblisg ah,2009)

During wheat spike development, a finite number of spikelets is initiated until terminal spikelet
formation, thus the number of spikelets per spike is determined relatively early on in the crop
growth cycle(Bonnett, 1966; Kirby and Appleyard, 198&Each spikelet initiates an indeteined
number of floret primordia, of which most are aborted. Wheat spikelets initiate typically many
florets (1312), but only a fraction (typically-5) survive abortion and go on to form grai{®adras

and Slafer, 2012)Thus, a higher number of spikelets per spike might not lead to more grains per
spike as it can be annulled by increased floret abortion. Furthegpibe weight of individual grains

has also been shown to correlated negatively with the number of gf8iakuma and Schnurbusch,
2020)

Over the past decade, several genes that affect spikelet number, floret abortion and grain weight
have been idetified in wheat. For example, several genes that increase the number of spikelets
initiated have been cloned, suels FRIZZY PANIQEEZP{Dobrovolskaya et al., 201Boursarebani

et al., 2015)WHEAT ORTHOLOG OF APO1 (VWAARRuzay et al., 2019; Mugaddasi et al., 2019;
VossFels et al., 2019)and TEOSINTE BRANCHELRY) ((Dixon et al., 2018)However, the
introgression of the beneficial alleles into elite material has seldomdesignificant increases in
yields. For example, the increase in expressiofVéiPOlleads to increased spikelet numbers,
which does not translate into yield gains due to increased spikelet abdiibttern et al., 2022)

and decreased floret survivgKuzay et al., 2022)argeting the number of florets rather than

spikelets, thereducedfunction allele of GRAIN NUMBER INCREAGENI) has been shown to
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confer yield increases by reducing floret abortion compared to the wildfgpélallele, which
functions as a rachilla growth inhibitgBakuma et al., 2019The high frequency (96%) of the
increased pin numberGNIlallele among durum wheatsuggests that there has been a strong
selection pressure for increased grains per spikelet during domestication and bré8diagma et
al., 2019) In terms of grain weight, ectopic expression of a séaminant allele of the/EGETATIVE
TO REPRODUCTIVE TRANSITV®YA2) gene fronl.turgidumssp.polonicunmleads to increased
grainlength, yet does notncrease yield with respect to the wildtypéRTFA2aallele across muki

year field trial{Adamski et al., 2021)

Within a spike, large differences in the number of grains per spikelet (i.e., spikelet fertility) exist,
with the central spikelets producing theghestnumberof grains in any given genotyp&n analysis

of grain distributions across the spikes of 210 elite and 180 heritage wheat accessions showed that
the number of grains per spikelet has increageelite material, but that this increase has mostly
occurredin the central spikelets, to a lesser extent in apical, and not at all in the most basal spikelets
(Philipp et al. 2018). The authgeoposed that reducing the variation in spikelet fertility across the
spike could be a promising avenue to increase yighdsimprove grain size homogeneity. However,

we have little understanding of the factors that determine these gradients within a spike.

Apical spikelets are initiated last and thus have less time to develop their floret prin{Bahaett,

1966) The most basal spikelets are initiated first, but they often develop only in a rudimentary
form, meaning that they are much sn&l than other spikelets, produce no grain and have
underdeveloped glumes and lemma. This variation in spikelet development leads to the
characteristic lanceolate shape of the wheat sp{Backhaus et al., 2022Basal spikelets are
delayed in development just after initiation and are smaller and less ag¢hinan central spikelets
already by the glume primordium stagBonnett, 1966) However, the basal spikelets continue t
develop and produce florets until later in spike development when basal spikelet abortion occurs.
The precise timings or the cause of their growth cessation, and subsequent abortion, is largely

unknown in wheat.

A wealth of experimental data has confiech that across all spikelets resource availability, also
termed source strength, is closely linked to floret survi@bnzalez et al., 2011efFante et al.,
2013) As a way to explain the higher floret abortion of basal spikelet®)zalezt al. (2011)
proposed that basal spikelets have poorer resource allocation than central spikelats gt it
remains to be established whether basal spikelets do indeed have Ipri@nity in assimilate
partitioningthan central spikelets. Other factors, such as development stage of figretseante et

al., 2020)vasculature developmeiiHanif and Langer, 197ahd distance to the rach{&adkol and
Halloran, 1988have also been shown to affect floret survival in spikelets, but none of these factors

have been studied as the cause of rudimentary basal spikelets.
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Multiple studies have used shading applications to reduce photosynthetic activity in ttieafidl
shown that preanthesis shading reduces yield and also spike and plant dry weight, which is a good
indicator of reduced source streng(Rischer, 1985; Savin and Slafer, 1991; Slafer et al.,.IB¢)
effects of shding on altering resource availability are relatively quick (within two days) as
determined by measurements of watspluble carbohydrates (WSC; Stockman et al., 1983).
Stockman et al. (1983) also found that shading treatments affected basal spikel@yfiertire than

apical and central spikelets (using single tiller plants under controlled environment conditions).
Furthermore, Slafer et al. (1994) reported the effect of shading on each individual spikelet and
showed that the number of basal spikelets lwitero fertile florets was increased byl3pikelets

under shading conditions. This suggests that not only floret, but also basal spikelet survival, is

negatively affected by shading conditions.

In this study, we aimed to characteriige causes of rudientary basal spikelet development in
wheat. We used shading treatments gaathesis to reduce resource availability in precise and
short time frames that spanned basal spikelet abortion during the crop cycle. We furthermore
collected samples after the shimgy application to assess the effect of shading on sugar
concentrations in different spikelet positions across the spike. We also traced the development and
number of florets across different spikelet positions to relate-prehesis floret development to

the probability of floret survival. This study highlights that rudimentary basal spikelets are most
likely a consequence of complete floret abortion in basal spikelets. We did not find any evidence
for lower assimilate accumulation in the base, but rathieait the delayed development of the

florets in basal spikelet can explain to a large extent their rudimentary nature.

4.3 Results

4.3.1 Basal spikelet development ceases two weeksaptkesis and is sensitive to
resource availability at that time
To investigate when basal spikelet abortion takes place, we applied shading treatments that reduce

assimilate availability in field grown wheat plots at defined growth stggesnp and Whingwiri,

1980; Stockman et al., 1983 ach shading treatment consisted of ca. 45% light reduction over
12/13 days in field grown plots (Tablel). In 2021, we applied two shading treatments; first
treatment (Shading A) started around the stem extension phase, whereas the second treatment
(Shading B) was applied one day after removal of Shading A and ended ca. 10 days before anthesi
(Figure4.1A). We applied shading to four UK winter wheatieats as well as a set of cv. Paragon
near isogenic lines (NILs) carrying either the wildtygeFA2aor the T. polonicumVRTA2ballele
(Adamski et al., 2021YRTA2bhas been previously shown to increase the numideudimentary

basal spikelets (RBS) b $pikelets compared to the ParaggRTA2asibling Nll{Backhaus et al.,

2022) We found that the early timeframe in 2021 (Shading A) had no effect on the number of RBS

formed, however Shading B increased the number of RBS significantly across all genotypes by or
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average 1.46 RB&igure4.1C&D). As both shading treatments were applied for the same duration,

we hypothesised that basal spikelet abortion is determined between 10 and 22 days before
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Figure4.1: Preanthesis shading treatment phenotypic effects. (A) Timing of shading applications in Church
Farm (CF) in 2021 and CF and Morley (M) in 2022 relative to the average date of anthessZ)l &hading

A and B were apjad for 13 days each (2021), shading in 2022 was applied for 12 days. (B) Image of shading
nets for Shading C and D in the field. (C) Estimated means of rudimentary basal spikelet (RBS) for the different
shading treatments (top) and genotypes (middle). AMCtest of significant difference was performed for

each trial independently and letters-{@ indicate LSD results. Interaction between genotype and treatment
was nonsignificant (NS) in CF 2021 and Morley 2022, and borderline NS in CF 2022 (boti§nNuiber

of RBS per spike recorded for ten spikes from each block (N=3) in control vs shading applications in CF 202.
(D), CF 2022 (E) and Morley 2022 (F)) (@mber of grains per spikelet in the central most spikelets (spikelet
position 1612) from thesame data trials. Box represents the middle 50% of data with the borders of the box
representing the 25th and 75th percentile. The horizontal line in the middle of the box represents the median.
Whiskers represent the minimum and maximum values, unlgssiat exceeds 1.5 times the interquartile

range in which case the whisker represents this value. PointdHmdpresent all subsamples (individual RBS
measurements from ten to twenty spikes of each of the three blocks), whereas statistical analyses were
performed with mean values. In-Gpoints represent the average number of grains/spikelet of the central
three spikelets taken from ten individual spikes from each bl&aw data can be found in Supplemental
Dataset S1(https://doi.org/10.5281/zen0do.7481986

To expand on these results and further investigate when RBS are determined, we replicated the
experiment in 2022 across two locations (Church Farm (CF) and Morley (M)). In both locations we
applied three shading treatments, which overlapped by one week, allowing us to further narrow
down the timing of rudimentary basal spikelet formatioRigure 4.1A). The earliest shading
treatment adingC) was applied during the stem extension phasethadast shading treatment
(Shading E) finished at anthesis. Across all genotyggmding C andShading D significantly
increased RBS numbers by 1.33 and 1.26 RBSrespéctivelyandby 1.23 and 0.93 RBS in Morjey
respectively Figure4.1EF) Shadng E had no significant effect in Ghg(re4.1E) and Morley
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(Figured.1F). This suggests that the last week of Shading C, which was also the first week of Shading
D, overlapped the timeframe in which RBS formation is most sensitive to resource lingtdtion
this case between 10 and ~16 days pre anthesis. Shading E on the other hand was applied aftel
basal spikelet abortion has happened and the number of RBS has been determined. This critical
timeframe in 2022 is consistent with the 2021 results and suigthe idea that rudimentary basal

spikelet formation is linked to a specific growth stage ca. two weeksapiigesis.

Table4.1: Solar radiation (umol/sec/m2) measured in CF 2021 control and shading pli¢s various light
conditions.

25/05/2021; 6pm (low sun)  27/05/2021; 11am (cloudy) 05/06/2021; 11am (sunny)

Delta Delta Delta

Block shaded control (%) shaded control (%) shaded control (%)
1 129 305 42.3 194 450 43.1 540 1170 46.2

2 130 295 44.1 226 491 46.0 520 1200 43.3

3 130 299 435 249 518 48.1 530 1150 46.1
Average 129.67 299.67 433 223.00 486.33 45.7 530.00 1173.33  45.2

In addition, we recorded mature plant weight in both Church Farm trials and the number of

spikelets/spike in all three trials. In 2021, both shading applications significantly reduced plant

weight compared to the control (Tab#e3). In 2022, all shadingplications reduced plant weight,

although not significantly (Tabk3). The reduced final plant weight confirms the expected effect

of shading on resource availability. Furthermore, the effect of shading on plant weight was

equivalent for all shading tegments within the trial and thus any differences in shading effects on

RBS between the treatments would be due to timing, rather than intensity. The number of spikelets

per spike was not affected by our shading treatments (T4l8g which is consistenwith the fact

that the treatments were applied post the terminal spikelet phase and spikelet initiation was

already completed(Kirby and Appleyard, 1981Yhis also eliminates the possibility that RBS

numbers increased due to more spikelets being initiated.

Table4.2: Flowering dates of all genotypes analysed in this study in Church Farm (CF) trials in 2021 and

2022.

Genotype CF 2021 CF 2.022 |
Control Control Shading C  Shading D
VRTA2aNIL 20/06/2021 03/06/2022 02/06/2022 03/06/2022
VRTA2bNIL 21/06/2021 04/06/2022 03/06/2022 03/06/2022
Cadenza 19/06/2021 31/05/2022 31/05/2022 31/05/2022
Robigus 20/06/2021 01/06/2022 02/06/2022 02/06/2022
Ruskin 22/06/2021 02/06/2022 04/06/2022 03/06/2022
Skyfall 17/06/2021 30/05/2022 29/05/2022 31/05/2022
Average 19/06/2021 01/06/2022 01/06/2022 01/06/2022

Across the six genotypes, the effect of shading was consistent, and loorgiexline nonsignificant

interaction = 0.07) between genotype and shading was detected in CF 2022 were Shading E also
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slightly increased RBS in Ruskimg@re4.1E, Tablel.3). Consistent with our previous results, the
introgression oVRTA2bincreagd the number of RBS by2lin all three trials and showed a linear
response under shading conditiorisdure4.1C). Furthermore, some of the significant differences
in number of RBS between the winter wheat varieties were consistent across the three Foal
example, across all trials Skyfall had a significantly higher number of RESAJltltan Cadenza
(0.6-1.5), which overall had the lowest number of RBS together with Rolitigle¢4.1C) Adamski

et al. (2021) found that the 367 accessions thestéd (including hexaploid landraces, durum wheat
and 98 UK hexaploid cultivars (including Robigus, Ruskin and Skyfall)), all carried -tipe 563
sequence in introrl and none had the 16Bp sequence rearrangement found in tlRTA2allele

from T.polonicum We therefore hypothesise that the cultivars used in this study, besides the VRT
A2b NIL, all carry the wildtyp¢RTA2a allele, which would suggest that genetic components
beyondVRTA2affect RBS in UK winter wheat varieties and that these could bedfuirtvestigated.

Table4.3: Statistical analysis of phenotypic data, performed individually for each field experiment (* =
Spikelet position 142 were analysed as central; ™ =In 2021, plants weeghed without spike, in 2022

with spike; CF = Church Farm; RBS = Rudimentary Basal Spikelets; péifoked using spliplot
function(R package agricolae); 0 < 0.1, * < 0.05, ** < 0.01,*** < 0.001)

Shading Shading Shading Shading Shading Pval Pyal
Phenotype Trial A B C D E Control P-value sig (Genotype) sig (interaction) sig
CF21 1.21(a) 2.56 (b) 1.10(a) <0.002 * X n @ *=* 017 NS
RBS CF 22 289 (b) 2.82(b) 1.72(@) 156(@) X nd *» XK n P ** 0.07 0
Morley
22 216(b) 1.86(b) 1.05(a) 093(8) X nd = X nao = 098 NS
Grains CF21 3.67(a) 3.36(b) 3.75 (b) 0.007 * X n o ** 0.60 NS
Jcentral CF 22 3.83 3.88 3.95 4.14 =0.052 o XK N 0.23 NS
; Morley
spikelet®
p 5 4.11 4.15 4.14 4.27 2028 NS K no s 0.74 NS
Plant CF21 59(b) 5.28(b) 7.33 (a) 0.006  ** 0.03 * 0.40 NS
Weight™™  CF 22 18.89 18.17 16.60 19.10 0.17 NS 0.01 *x 0.95 NS
Spikelets/ CF21 20.36 20.40 20.26 0.94 NS X no ** 0.72 NS
pSpike CF 22 23.73 23.99 24.08 23.89 0.8 NS X no ** 0.75 NS
; Morley
Main
(Main) 2 24.06 2386 2432  23.82 056 NS 001 046 NS

To investigate if the critical timefranfer rudimentary basal spikeleformation coincides with the
well-defined timeframe of floret abortion, we recorded the number of grgies spikelet in the
centraland most fertile spikelets of the spikén 2021, the number of grainser central spikelet

was significantly reduceby Shading BP(= 0.007), but not by Shading A. In 2022, the number of
grains per spikelet were reduced significantly by shading irPGR.(05), but not in Morley P =

0.28). Consistent with 202%e recorded shilar trends in reduced floret fertility by Shading C and

D at CF, albeit these effects were nsignificant. Across all three trials, the central spikelet fertility
was not significantly different betweeiRTA2NILs. The results from 2021, and to a leskgree

from 2022, suggest that basal spikelet abortion might be happening at the same time as floret
abortion in the central spikelets and we hypothesised that both are possibly controlled by the same

mechanisms.
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4.3.2 Complete floret abortion likely causeraflimentary basal spikelet formation
To investigate the hypothesis that basal spikelet and floret abortion are determined during the

same development phase, we harvested and dissected spikes during shading treatments in both
2022 trials (Morley and CF)@necorded floret number and Waddington development stage in the
basal six and central two spikelets. In the control conditions at both locations, the number of florets
per spikelet increased in all genotypes from 27 to 20 days pre anthesis, excepiaih Skyéh had

a similar number of living floret primordia between these two stages. At day 2@rmfresis, we
recorded the maximum number of florets across the time course, varying betweg® 9
(interquartile range), with a maximum of 11 florets/spikedeross all genotypes and both locations
(only control plots analysed). Previous studies reported similar numbers of maximum florets in
winter wheat (Guo et al., 2016)which suggests that in this experiment the second sampling
timepoint (20 days pranthesis) overlapped the maximum floret stage of wheat spike
development. In the following week, the number of living floret primordia per spikelet decreased
drasticallyby 46 (interquartile range). florets per spikelet. From 13 to 0 daysamhesis, the
number of living floret primordia per spikelet decreased only slightly further. Our results align with
the findings of previous studies that described the patternaret initiation and abortion over the

wheat growth cycle (e.g(Gonzélez et al., 2011; Guo et al., 2016)
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Figure4.2: Spikelet fertility preanthesis in control conditions. We counted the number of living floret
primordia per spikelet (axis) once per week from 27 to 0 ddefore anthesis @axis), with the first sampling
coinciding with the beginning of Shading C. Each week we collected spikes from the control condition (1 spike
per block, n=3) and dissected the six basatBB)las well as the two central (CR) spikeletsin CF 2022, we
analysed all genotypes, but in Morley 2022 only the MR NILs were sampled. Green boxes on top of the
graphs represent the timing of the three overlapping shading applications. Colour intensity of the line
indicates the spikelet positioalong the spike (darkest = most central spikelet). Shaded areas represent 95%

confidence

(https://doi.org/10.5281/zenodo.7481986

intervals for each spikeleRaw data can be found

in  Supplemental

Bata

Shading C and Shading D both overlapped the critical timeframe of floret abortidr8 @&ys pre

anthesis) while Shading E was applied post floret abortion phase. This strengthens our hypothesis

that shading only ffected RBS numbers when applied during the floret abortion phaggi(e4.1
D-B, when shading before (Shading A, 2021) or after (Shading E, 2022) the floret abortion phase,

the impact of shading on basal spikelet abortion was not significant.
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Table4.4: Number of florets preabortion (20 DPA) and the number of florets aborted from 20 DPA to 6 DPA
abortion in control, and in control versus Shading D plots. (DPA = Dagstbesis; letters = Pogtoc Sidak

test significance (P < 0.05); ANOVA performed using Rfbasgon; Values estimated mean florets across
genotypes; * < 0.05, ** < 0.01,** < 0.001)

Florets pre Aborted florets  Aborted florets  %Abortion % Abortion
Spikelet abortion (20 DPA (Control) (Shading D) (Control) (Shading D)
Cc2 9.83 (d) 5.12 (ab) 5.54 (a) 52 56
C1 9.58 (cd) 4.75 (a) 5.42 (a) 50 57
B6 9.58 (cd) 5.29 (ab) 5.71 (a) 55 60
B5 9.58 (cd) 5.38 (ab) 6.12 (ab) 56 64
B4 9.29 (cd) 5.67 (ab) 6.25 (ab) 61 67
B3 8.92 (bc) 5.79 (b) 6.67 (b) 65 75
B2 8.5 (b) 6.88 (c) 7.75 (c) 81 91
Bl 7.79 (a) 7.12 (c) 7.75 (c) 91 99
P-val 0.001 *** 0.001 *** 0.008 ** - -

Comparing the number of living floret primordia between basal and central spikelets, we observed
that onset of abortion is synchronised across all six basal and the two central spikelets around 20
days preanthesis. The number of living floret primordiatsfore abortion is relatively similar
across all spikelet@verall mean = 9.13able 4 4), although the number of living floret primordia

is highesin the 2 central and upper 3 basal spikelets (mean= 9.57) and decreases graalbelty
significantly from the third basal spikelet (8.92) to the second (8.5) and most basal spikelet (7.79;
Table4.4). Furthermore floret abortion seems to be more intense in the most basal 2 spikelets,
which lose proportionally more florets during the abortion phase tladirother spikelets. While
central (CXC2)and upper basal spikelet®3B6) lose on average 5.33 florets (or 56% of the
initiated floretg), the most basal two spikelgtbort significantly more florets, 88 out of the 85
initiated 81%) in thesecond most, and 72lof the 7.79 initiated florets (91%) in the most basal
spikelet(Table4.4). Thus, it is the lower initiation of living floret primordia paeortion and the
increased loss of florets during abortion that leads to the loss of alltidrebasal spikelets in
several of the genotypes. The abortion of all florets could be the reason for their rudimentary
appearance in the mature spike, suggesting that basal spikelet abortion is simply the consequence
of all florets inside the spikelet b&y aborted and thus all other spikelet structures (lemma, rachilla,
glume) also ceasing to develop any further. This would lead to their small and underdeveloped,

rudimentary appearance at maturity.
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Table4.5: Sugar concentrationgi§/mg tissue weight) after shading treatments across the spike. Values are
upper and lower confidence interval.

Sugar Treatment Central Basal Central Basal Peduncle Internode
Spikelet Spikelet Rachis Rachis

Control 8.0-10.8 7.4-10.3 7.29.9 7.410.0 3.05.6 0.7-3.4

Fructose  gpading B 5.88.8 5383 3360 3359 1544 0023

Control 11.4148 10.2148 7.910.9 10.313.3 11.9149 3.26.1

Clucose  qpadingB 9.613.9 97128 6393 87117 90122 0836

It remains unclear, however, why floret abortion affects basal spikelets more severely. Previous
studies hypothesised that basal spikelets would have less priority in assimilate partitioning than the
central and apical spikele{Stockman et al., 1983; Gonzéalez et al., 20Td)test this hypothesis,

we measured the concentration of sugars across spikes collected from the control and shaiding plo
at the end of Shading B. We dissected the spikes into basal and central spikelets and rachis anc
separately collected the peduncéndlast internodeto be able to investigate differences in sugar
assimilation across the spike. We found that shadingiced the sugar concentrations across all
sections significantly (Table5b, Table4.6). This is in agreement with the significant reduction in
whole plant weight by the shading treatmernitdble4.3) in 2021 However, we did not detect
significant differenes in sugar concentrations between basal and central spikelets or basal and
central rachis for either fructose or glucose (Tahl®, although basal spikelet and rachis tended

to have higher concentrations than central ones. This trend was consistdni¢tose and glucose,
while sucrose levels were below detection. In 2022, we collestgidr samples again after shading

D, and are currently processing the data.

Table4.6: Statistical analysis of fructose and glucose concentrations (pg/mg tissue weight) in dissected spike

tissuesafter Shading B application in shading and control pl&aw data for table can be found in
supplemental dataset SBittps://doi.org/10.5281/zenodo.7481986

Sugar  Trial Tissue

Central spk. Basal spk. Central Rachis Basal Rachis Peduncle Internode P-value sig
Fructose CF2021 8.40(a) 7.86(ab) 6.55(b) 6.60(b) 3.69(c) 1.50(d) 0.004 **
Glucose CF2021 12.57 (a) 11.64 (ab) 8.59(c) 11.00 (b) 12.06 (ab) 3.39 (d) X n & ***

Treatment Interaction

Control Shading P-value sig P-value sig

Fructose CF2021 6.88 (a) 4.42 (b) 0.0038 *x 0.028 *
Glucose CF2021 10.46 (a) 8.53 (b) 0.0390 * 0.360 NS
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4.3.3 Florets in basal spikelets are less developed than same florets in central spikelets
Rather than only considering total living floret primordia per spikelet at 20 dayamtesis, we

wanted to investigate howlevelopmental age of each floret at this timepoint affects their survival
chance. To address this, we compared the development stages of each floret from the most basal
floret (F1) to the most distal floret from the rachis (F8) across the basal six amdl¢ew spikelets
(Figure4 .3A; Tablet.7). By taking the mean developmental age of the florets from all genotypes in
the CF trial preabortion (20 days pranthesis), we found that florets in basal spikelets are less
developed than their central spikelebunterparts Figure4.3A; Tabled.7). For example, floret F1

in the basal spikelets has on average reached Waddington stage 5.4 at this timepoint while the
same floret in the central spikelets has on average reached Waddington stageigufed.3A;

Tale 4.7). This additional information is not available when recording only the number of living
floret primordia per spikelet as has been the case in previous st{@teskman et al., 1983; Sibony

and Pinthus, 1988; Craufurd afdrtwright, 1989)Comparing the development of the equivalent
floret positions (F1 to F1) across the spike reveals that all florets in the basal spikelets (B1) lag

behind their central counterparts (C2) by approximately one Waddington stage0.02 SE).
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Figure4.3: Waddington development stage of florets across the spikes 20 dayanthesis. (A) Graphical
representation of the spike with the basal @®) and central (GC2) spikelets analysed in this study
branching off the main rachis (vertical blue). Within each spikelet, the average developmental score of two
distichous spikelets across all genotypes (in CF 2022, Control) is represented by the coloured squares from
the most proximal floret (F1, left) to the mbdistal floret (F8, right). Survival chance estimation is indicating

by colouring, florets with Waddington stages.5 are green, between W5 and W5.5 yellow and below W5

are red. (B) Waddington stage of florets F1 to F8 across the spike, from bad2)(B1 central (GC2)
spikelets. Colours represent genotypes. The black dotted line is positioned at Waddingterbstagas an
arbitrary transition point of survival chance). Shaded area represents 95% confidence interval.
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Table4.7: Average development stage (Waddington) of flore8 th basal (B) six and central @) spikelets
across all genotypes 20 DPA (Control treatment only). Average was taken of the neighbouring pairs of
spikelets (B1&B2, B3&B4, B5&B6, C1&C?2)

Bl B2 Average B3 B4 Average B5 B6 Average C1 C2 Average
Floret1 5.3 55 5.4 57 5.8 5.8 6.1 6.2 6.1 6.5 6.6 6.5
Floret2 5.1 54 5.3 56 5.6 5.6 59 6.0 5.9 6.2 6.2 6.2
Floret3 4.9 5.1 5.0 53 54 5.4 55 5.6 5.6 58 5.8 5.8
Floret4 45 4.6 4.6 50 5.2 5.1 53 54 5.3 54 55 55
Floret5 3.9 4.3 4.1 46 4.7 4.6 49 51 5.0 51 5.2 5.2
Floret6 3.6 3.7 3.7 41 4.2 4.1 44 4.6 4.5 47 4.8 4.7
Floret7 3.1 34 3.3 3.6 3.7 3.7 39 3.9 3.9 41 41 4.1
Floret 8 NA NA NA 3.2 33 3.2 3.6 3.6 3.6 34 3.6 3.5

It is generally accepted that floret survival after abortion, rather than floret numberapiation,

is the determining factor of final grains per spikgleanger and Hanif, 1973; Fischer and Stockman,
1980; Whingwiri and Stern, 1982; Sibony and Pinthus, 1988; Gonzalez et al., 2003, 2005; Ferrante
et al., 2010) These studies, however, did not consider differences in developmerdhm#ion.

We therefore wanted to test if the differences in developmental age of the basal spikelets might be
responsible for the greater floret abortion drsubsequently, lower grain numbers. To explore this
idea, we hypothesised that the more developed florets are the less likely they are to be aborted
and that, therefore, florets need to have reached a minimum Waddington stage to have a high
chance of suiival. Using data collected at maturity (final grain number per spikelet; Fa8lewe
determined that under field conditions in the 2022 trials, florets beyond Waddington 5.5 at 20 days
pre-anthesis had a very high chance of survival whereas floretsvb&laddington 5.0 had a low
chance of survival. To illustrate this concept, we coloured the florets in Figure 3A as either red (low
survival chance, Waddington < 5.0), yellow (medium survival chance\@a&ddington<5.5) or

green (high survival chance,addingtonx5.5). Using this criterion, we would predict that across

all spikelet positions, florets F6, F7 and F8 have a very low survival chance as they do not pass thi
threshold, while floret F5 would have a medium chance of survival only in cenikeletp and in

some genotypesHigure4.3A-B). The most basal florets (F1 and F2) would be assumed to have a
very high chance of survival in all spikelets except the most basal spikelets (B1 and B2). It is
important to note that this the threshold of sumal at Waddington 5.5 was chosen as it best fits

the actual number of grains per spikelet observed in mature spikes (ca. 4 grains per central spikelet,

Figure4.1Hl).
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Table4.8: T-test comparison of predicted versus actual grain values per spiKelet 0.1, * < 0.05, ** <
0.01,*** < 0.001)

Mean Mean P Sig Megn' P o Sig
(actual) (5.5) (5.5) (optimised) (optimised)
VRTA2a 3.09 235 0.194 3.12 0.940
©  VRTA2b 2.4 1.49 0.099 o 2.47 0.903
g‘ Cadenza 2.89 2.07 0.100 o 2.89 0.986
& Robigus 3.01 3.08 0.914 3.06 0.942
O Ruskin  3.03 219 0.197 3.01 0.971
Skyfall 268 3.13 0.530 2.8 0.854
C2 411  3.79 0.407 411 0.997
C1 424 3.62 0.139 3.98 0.200
= B6 3.81 290 0.009 ** 3.42 0.004 *x
T B5 365 265 0.021 * 3.17 0.012 *
'('7’:)- B4 3.05 2.07 0.026 * 2.68 0.135
B3 2.41 1.67 0.099 o 2.43 0.940
B2 1.09 0.97 0.717 1.8 0.043 *
B1 0.23 0.49 0.155 1.36 0.002 *x

4.3.4 Differences idevelopment preabortion can predict reduced grain numbers in
basal spikelets

The apparent relationship between florets above W5.5 and final grain number raises the question
whether the developmental age of florets at the onset of abortion affects tielihood to survive

the abortion process itself. To test this hypothesis, we predicted the number of grains per spikelet
for each genotype in control conditions, using the floret data-gbertion (20 days pranthesis).
Based on its Waddington stage, vessigned a probability of survival (a cumulative normal
distribution function, CDF, with a mean = 5.5, sd = 0.195) for each floret to avoid abortion and
LINP RdzOS 3INI AYyd ¢KAa |ff26SR dza G2 aairday |
postion within the spike or spikelethe sd value was based on the sd for grain number per spikelet
in the mature spike The survival probability increases as development advances and this is
captured well by a cumulative normal distribution (or similar sation functions such as the Hill

or logistic function). For example, the survival probability of florets in Waddington stage 5.5 is 0.5,
while the survival probability for florets in Waddington stage 6 is nearly 1 (0.99) and for florets in
stage 4.5 it islose to 0 (1.4 x 1. Summing over these probabilities, rather than counting the
number of florets above W5.5, allowed us to compute the expected number of florets that survive
whilst accounting for a degree of uncertainty in the survival rate of fédoased on the Waddington

Score.
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Figured.4: Prediction of grains per spikelet from floret development jatwortion (A) Number of grains per
spikelet recorded in mature spikeqloured dotg andpredicted number of grain&raydots), resulting from

the expected number of survived florets for floret81calculated from a cumulative normal distribution with

a halfmaximal value at the Waddington stage of 5.5 (mean) and a survival decay chaextteria standard
deviation of SD = 0.193%. (B) Number of grains predicted per spikelet*Genotype after optimisation of the
mean and standard deviation of the normal distribution for each genotype individually @tsy versus
actualgrain numbers recorded at maturity (coled dot9. Data in A and B is shown confidence interval (bars)
plus mean (dot). (C) Linear regression and fit of Actual grain number versus predicted grain number using
data from (A). (D) Linear regression and fiaotual versus predicted grain numbers using data predictions
shown in (B). (E) Resulting mean and SD values for each Genotype*Experiment from function optimisation by
genotype (Data in panel A&D). B = Basal (spikelet), @traCSpikelet)Raw Data foactual grains/spikelet

can be found in Supplemental Dataset S1, predicted number of grains/spikelet can be found in Supplemental
dataset S4https://doi.org/10.5281/zenodo.7481986

Using this methodwe calculated the floret survival probability for florets 1 to 8 within a spikelet
and then summed up the probabilities, leading to a predicted grain number per spilédetrd

4.4A, transparent/red colours). Comparing these values to the actual nuoflggains per spikelet
recorded in mature spikeg-igure4 4A, solid colours) reveals a close fit. This approach predicted
successfully for basal spikelets to have the least grains/spikelet, and for grain numbers to increase
steadily towards thecentral spikelets, as is the case in the mature spike data. The correlation
between the actual and predicted grain numbers was high (0.81) and-ithtergept was close to

0 (Figure4.4B). Using only the number of florets per spikelet-plmrtion, withoutconsidering their
Waddington stages, fails to predict the gradient across the spike and has consequently a much

worse fit to the actual dataHigure4.5).
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Figure4.5: Predictions of grains per spikelet ngifloret count per spikelet prabortion (20 DPA) and
deducting same number of florets per spikelet (4 florets) across all spike positions. Blaokber of grains
per spikelet recorded in mature spik&®ed= predicted grains/spikelé® = Basal (spikelet), C = Central
(Spikelet).

Using aitest, we found that there are no significant differences between the actual and predicted
grain values for most of the genotypes. The predictions that fit least well were for Caferza
0.10 andVRFA2b(P = 0.19(Table4.8). Similaly, not all spikelets were fitted equally well, and for
the 4", 5" and 6" spikelet from the base, predictions were significantly lower from the actual grain
values (Tabld.8, P < 0.0% Next, we explored if the meaand SD of the CDF could be optimised
individually for each genotype to achieve a better fit of the actual data. For thexyaimused the
cumulative normal distribution probability function but optimised the mean ar®@D fully
unconstrained using simulatl annealing and the downhill simplex method (both gave consistent
results) The resulting predictiorsignificantlynatchedthe actual number of grains/spikeletigure

4.4C) and improved the overall correlation to R = 0F8yre4.4D). When comparindie optimised
predicted grain values to the actual grain values per genotype, we found no significant nor
borderline significant differences. The optimisation led to each genotype having an individual mean

(Waddington) stage as turning point for survivablpability Figure4 4E).

Despite achieving an overall better fit, the correlation between actual and optimised predicted
grain values had a highesintercept (1.01), which suggests that thpproachslightly overpredict

low grain values. This was alsméirmed by the ttest, which found significant differences between
the actual and predicted values for thé' and 2'¥ most basal spikelet (Tabke8), especially in
Robigus and Ruskin. Overprediction of the lower grain values might be due to the optimisa

algorithm favouring a better fit of central and upper spikelet values as the errors are larger in
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proportion and because we included more spikelets with higher grain values, leading to an unequal
distribution in datapointsKigure4.4B&D).More data orer the full range will allow us to test this

hypothesis and validate the proposed model.

4.4 Discussion

4.4.1 Basal spikelet abortion is likely the consequence of complete floret abortion
In wheat and other grasses, the most basal spikelets are generally less productive than central

spikelets and are often only developed in a rudimentary form. Basal spikelets are initiated first, yet
the number of grains per spikelet is lowest in the moasdl spikelets and increases gradually
towards the centre of the spike. Although previous studies have highlighted that basal spikelets are
less productive and more readily aborted under stress condititsckman et al., 1983; Savin and
Slafer, 1991; Ferrante et al., 202@e causes of rudimentary basal spikelet formation have not
been studied in detail. Previously, we found that basal spikelets are delayed in growth and
development immediately after their initiation due to lower expression of spikeldation genes

than in central spikelet¢Backhaus et gl 2022) However, basal spikelets continue to grow and
develop throughout the crop cycle and their rudimentary status is finalised later. In this study, we

investigated the timing and physiological mechanisms of basal spikelet cessation.

We found thatapplying resourcdimiting shading treatments in the field between 13 to 20 days
pre-anthesis significantly increased rudimentary basal spikelet (RBS) numbers by between 0.93 to
1.46 in three independent experimentBigure4.1). We therefore hypothesiseatiat basal spikelet
abortion is happening during this very defined timeframe and is highly sensitive to resource
availability in this period. The timeframe identified for basal spikelet abortion overlaps stem
elongation phase and has previously been termie S WONAR GA OF f LISNA2RQ
(Fischer, 1985; Siddique et al., 1989; Savin and Slafer,.199dhg the critical period, the stem

and spike are undergoing maximal growth and are rapidly accumulating biomass, which has been
proposed to be a&ompetitive process between the stem and spikéscher and Stockman, 1980;
Siddique et al., 1989Furthermore, floret abortion is also happening during the2D0days pre
anthess. Previous studies showed that shading during the critical period significantly decreases the
number of grains per spikeléStockman et al., 1983; Savin and Slafer, 1991; Slafer et al.,. 1994)
Thus, through a variety of studies in which floret fertility waanipulated using genetic or
environmental factors, the initiation of floret abortion has been tightly linked to the stem extension
phase where resource availability is directly, or indirectly, determining the number of florets that
will survive abortion.d 2021, we found that shading B significantly reduced central spikelet fertility
and in the 2022 experiments, shading C and D had a negative, although not significant, effect on
central spikelet fertility Figure4.1G1). Dissections of the spike duringetshading treatments in

2022 confirmed that the two shading treatments leading to increased number of RBS (C and D)
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overlapped the week of floret abortion, while shading E was applied post the floret abortion phase
(Figure4.2). We therefore concluded thathading increases basal spikelet abortion only if applied
RdAZNAY3 (GKS WONRGAOFE LISNA2RQ 2F aLIA1S INRSGK

As basal spikelet abortion is happening at the same time as floret abortion and is affected similarly
to floret abortion by shadig, it raises the question if spikelet abortion is simply the consequence
of all florets being aborted in these spikelets. The nearly complete abortion of florets in the most
basal spikelet across all genotypes supports this itlkdike spikelets, the nunds of florets is
indeterminate and each spikelet initiates many floret primordia (in this study on average 9
florets/spikelet), of which most are aborted during the critical phase. Abortion of florets from 6 to
20 days preanthesis was strongest in basgplkelets, where on average 91% of the initiated florets
are aborted. Contrary to this, in the two central spikelets analysed only 49% and 52% of the florets
were aborted during the same time -@ days preanthesis; Tablel.4). To further understand
rudimentary basal spikelet formation, we therefore investigated what causes the disproportionality

high abortion of florets in basal spikelets.

4.4.2 Lower resource availability is an unlikely cause for low grain set in basal spikelets
Previously, Gonzalg¢2011)and Stockmarf1983)suggested that the increased abortion of florets

in the base is due to reduced resource assimilation. This hypothesis isdratigelgeneral finding

that floret abortion is increased by reducing overall assimilate availability and that basal spikelets
have less dry matter weight at anthesis. Furthermore, this hypothesis is supported by the repeated
finding that basal spikelets @amost reactive to changes in the environment, i.e., loosing or gaining
over-proportionately more florets when source strength is alte(&tockman et al., 1983; Savin and
Slafer, 1991)Stockman et al. (1983) furthermore suggested that the reduced dry matter weight of
basal spikelets indicates their lower assimilate priority. However, as dry matter is measured post
abortion, it cannot be determined if the reduced dry matter weight issdo less resource
availability or due to the florets being aborted and thus less tissue growth being supported after
their abortion. Stockman et al (1983) are, to our knowledge, also the only study that directly
measured carbohydrate concentrations in thpical, central and basal sections of the spike (albeit

in controlled environments and with single stemmed plants). Confirming results from their previous
study on the whole spike (Fischer and Stockman, 1980), they found that soluble carbohydrate
concentations peak in the spike 12 days faethesis in central and apical spikelets (Stockman et
al., 1983). Interestingly, carbohydrates peaked 3 days later in the ba$ah(23") spikelets. They
concluded that florets in basal spikelets are more readily &l SR I & thaisiiSda¥ loweNB >
priority in the spiké (Stockman et al., 1983jowever, this interpretation ignores the fact that basal
spikelets accumulate the highest percentage maximum carbohydrate concentratBh4if%o (of

the dry matter weight) atl5 days preanthesis, greater than the central and apical spikelets which

have maximum carbohydrate concentration of-28%. Thus at 12 days paathesis, both basal
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and central spikelets have an equivalent concentrabf ~2025%. Our data supports their finding

la ¢S RARY QUG RSGSOUGU aA3IYyAFAOIYd RAFFSNByOSa
spikelet or rachis, although we also found that there is a tendency of slightly higher sugar
concentrations athe base (Tabld.5). In conclusion, ranalysis of the Stockman et al. (1983) data
and our results do not support the hypothesis that basal spikelets have less resource availability.
However, both datasets support that shading decreases resource avgiladithe whole spike,

which increases floret abortion across all spikelets (Tale(Stockman et al., 1983).

4.4.3 Differences in grain set across the spike can be predicted using floret development
stages preabortion
To understand the causes of increadtatet abortion in basal spikelets we divided the question

into two parts. One part concerns the factors that initiate floret abortion and determine the overall
degree/strength of abortion. As discussed above, the extent of abortion is largely decidbd by
availability of resources. The second guestion concerns the order of floret abortion across the spike,
which has been shown to always start in the most distal florets of the spikelet and, if resources are
limited, moves inwards within a spikelet. Fagt@roposed to make distal florets more likely to
abort include the distance from the rachi&¥adkol and Halloran, 1988}heir size, or the
developmental age of the floret at the time of aborti¢Rerrante et al., 2020)As the most distal
florets of the spikelet are also the ypngest and smallest, these factors cannot easily be

disentangled.

In 20, Ferrante et alshowed that the improved grain set in a modern cultivar stemmed from its
faster rate of floret development prabortion, which improved the survival rate of the matistal
florets, compared to the traditional cultivar. Furthermore, they found that lower nitrogen levels
reduced floret development rates and thus negatively affected floret survival. However, the
response of the cultivars was linear, meaning that therionpd floret development in the modern
cultivar was still beneficial. The study thus connectedaivertion development of florets to their
likelihood of surviving abortion and showed that environmental factors negatively affecting
development preabortion reduced the survival chance of distal floréEerrante et al., 2020)A
similar obgrvation had been previously made in barley, whdre thance tsurvive abortiorwas
highly dependent on the development stage attained at the start of floret primordia mortality

(Arisnabarreta and Miralles, 26D

We tested this hypothesis with our data and investigated if reduced developmerdhmeion in

basal spikelets could be the cause of their increased abortion. We calculated the survival probability
of a floret based on its Waddington stage at nmaxim floret development prabortion (20 days
pre-anthesis in our 2022 trialFigure 4.2). Therefore, the survival probability of a floret was
independent of its position along the spike or spikelet. We used the sum of the survival probabilities

of the firg eight florets within a spikelet as prediction of the number of grains per spikelet. We
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found that there was a good fit between predicted and actual grain numbers per spikelet if survival
probability increased once florets had passed Waddington stagétgbre4.4). The predictions
based on Waddington stage 5.5 were able to capture the gradient of grains per spikelet from the
centre to the base of the spike and predicted lower grain values in the basal spikelets compared to
central for all genotypesHaure 4.4). This aligns with the result of Ferrante et al. (2020) that
development stage of florets at abortion is highly relevant for their likelihood of survival and
supports our hypothesis that nearly all florets in basal spikelets are aborted due tardaeiced

development and not due to reduced resource availabilities.

In our study, the closer a floret was to reaching Waddington stage 5.5, the higher its survival chance
became. Waddington stage 5.5 was chosen as the previous naive analysis ot ahfbpommbined
suggested that this stage was a gotiteshold to match grains per spikeletFigure 4.3A).
Furthermore, we also performed an unconstraint optimisation for each genotype to finake
parameters for thdloret survival probabilityThis dowed us to find the Waddington stage for each
genotype that results in the best predictionsterestingly, theeoptimised valuesanged between

5.0 to 5.7 for the six different genotypes and two locations, highlighting that Waddington stage 5.5

is indeed an important stage to be reached for high floret survival.

Reanalysis of the Ferrante et al. (2020) data also lends suppodaMgton stage 5.5 as the onset

of floret abortion and important checkpoint. At this stage (equivaleri2i60eC d from anthesis in

their study), all of the florets that reached 5.5 completed development up to anthesis, and
conversely 91% of the flores K+ & RAR y 28 NBI OK I yAR&EH Figurel f 4 2
4.6). For the different genotypes and conditions investigated in our study and in Ferrante et al
(2022) Waddington stage 5.5 gave good predictions, suggesting that it is rather tHeplaeatal

rate pre-abortion that changes between genotypes and conditions, rather than the Waddington
stage checkpoint itself. Further studies would be warranted to elucidate the overall applicability of
this hypothesis. Investigations of the molecular tm&aisms happening when a floret reaches
Waddington stage 5.5 will be important next steps to understand the importance of this stage for

floret abortion.
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Figure4.6: Reanalysis of Ferrante et al (2028yure 9. Orange bar was added to mark Waddington stage 5.5
and the data points corresponding to maximum floret number stageatertion (circa-270 ¢ /d) were
highlighted in orange to determine if florets had reached Waddington stage 5.5 at that time. Purple dotted
line indicates cubff for florets considered to have reached maturity (W210). Out of the 56 floret development
traces, 22 reached Waddingtostage 10 by the end of the time course and all of these had passed
Waddington stage 5.5 a70¢ d (which corresponds to maximum floret number stage according to Figure

8 (Ferrante et al., 202)) Of the 34 florets that did not reach Waddington stage 10 at maturity, 91% had not
reached W5.5a270 @ ® hyf & Ff 2 NB{ timSoigsén (ligh Bitrogeh)dhad freachddWS. S HutS
then did not develop until the W10 cwiff (purple line) while the development stage of floret 3 in the same
genotype and spikelet at nitrogen level 50 could not be accurately scBecisions on floret deslopment

are indicated in box on bottom right of each panel. If florets did not reach the stage they were scored 1, if
GKSe8 RARYQl GKS& 46SNB a02NBR nod wSR aKFIRAY3I AYRAC
development stage at W10. Adl florets were infertile beyond floret 5 we stopped analysis beyond floret 5.
hNAIAYLFE £S3ISYR FNRY CSNNYyidS SG f o6wnun0I a5ey
primordium closest to the rachis) to floret 7 (F7, floret primordiurasindistal to the rachis) in each of the

two spikelet categories considered of the mainoot through thermal time from anthesis (negative values
represent the period before anthesis) in the N experiments for Anza and Soissons. Grey and black symbols
correspond to N50 (50 KgN Haand N200 (200 KgN ' Each datgoint is the average of all replicates
across two growing seasons and within each replicate the value was the average of X012@h@ 5 plants
(2011:12), bars represent the standard error thie means (not visible in some cases as it was smaller than
iKS 02Re& 2F (KS &aevoz2f v dé

The initial and optimised grain predictions were both able to predict the gradient across the spike,
however some spikelstalong the spike were predicted worse thanhets. Focusing on the
predicted values using the common mean value of 5.5, the grains in central spikelets of some
genotypes were undepredicted. Using the optimised predictions, grains per central spikelet were
predicted highly accurately, however theeglictions for the ¥ and 29 most basal spikelet were
significantly different from the actual grain numbeFdgure4.4). This suggests that even though

the predictions based on Waddington stage 4at®ortion can account for the majority of the
observed vadation, additional factordikely play a role in determining abortion differences in the

central versus the basal spikelet.
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