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Abstract

Inflorescence architecture is central to reproductive success in grasses and strongly
influences yield-related traits in crops such as wheat (Triticum aestivum L.). Inflorescence
architecture is patterned by gene expression, which influences the initiation and
arrangement of spikelets —the repeating units of the grass inflorescence. Characterising
these expression patterns across space and time is essential to understanding

inflorescence development.

In this thesis, | apply spatial transcriptomics to characterise gene expression across wheat
inflorescence development. Using Multiplexed Error-Robust Fluorescence /n Situ
Hybridisation (MERFISH), we mapped the expression patterns of 200 genes to cellular
resolution across four developmental stages, within their native tissue context. Analysis of
~50,000 cells identified 18 expression domains and their enriched genes, revealing the
spatio-temporal organisation of spikelet and floral development, and characterising

tissue-level gene markers.

Using MERFISH, we investigated gene expression patterning along the apical-basal axis of
the wheat spike. In wheat, the lanceolate-shaped inflorescence is defined by rudimentary
spikelets at the base, which form as a result of delayed spikelet and floral development.
Using domain- and cell-level maps, we identified distinct, spatially coordinated
expression patterns that distinguish axillary meristems and their subtending leaf ridges
across the apical-basal axis before visible spikelet formation, highlighting novel factors

that pattern meristem identity and transition.

Given the novelty of spatial transcriptomics techniques to plant sciences, | document the
optimisation of both imaging-based and sequencing-based approaches. In addition to
MERFISH, | present the first application of Spatio-Temporal Enhanced Resolution Omics
sequencing (Stereo-seq) to wheat inflorescence tissue, critically assessing its
performance and limitations. Together, this work establishes spatial transcriptomics as a
powerful technique for characterising developmental programs in complex plant tissues

and provides new insights into the genetic regulation of wheat inflorescence development.
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Chapter 1 - General Introduction

Chapter 1 — General Introduction

1.1 - Cereals & humans - our past, present, and future

The history of our crops is entwined with the history of humanity; to trace one is inevitably
to trace the other. This connection is especially clear in cereals, grass species cultivated
for their edible grains. During the Neolithic period, cereals played a central role in the shift
from nomadic to agricultural societies (Salamini et al. 2002; Hebelstrup et al. 2023), yet
their importance predates domestication. Excavations from late Neanderthal sites reveal
that wild Triticeae grains were cooked and eaten around 40-50 thousand years ago across
Europe, the Near East, and Africa (Henry et al. 2014), and 20 thousand years ago, groups in
the Levant had begun to settle more permanently, transforming wild cereals into staple

foods analogous to modern-day bread (Maher et al. 2012; Arranz-Otaegui et al. 2018).

Agriculture arose independently in multiple regions (Fuller 2010; Fuller et al. 2011),
spreading across most continents (Ellis et al. 2013), with the earliest centres of crop
domestication emerging around 11,000 years ago (Dillehay et al. 2007; Bettinger et al.
2010; Clement et al. 2010; Fuller et al. 2011). Archaeological remains dated to 8,000-
10,000 years ago provide evidence of domesticated cereals, including non-brittle spikes of
proto-domesticated wheat (diploid, tetraploid and hexaploid Triticum species) and barley
(Hordeum vulgare spp. vulgare) in the Fertile Crescent (Zeder 2011), non-shattering
panicles of rice (Oryza sativa) in the Yangtze River valley, China (Fuller et al. 2009; Zheng et
al. 2016), and enlarged seeds of maize (Zea mays spp. mays) from the central Balsas River

valley, Mexico (Piperno et al. 2009; Ranere et al. 2009; Pankin and von Korff 2017).

This study focuses on wheat, a crop with a complex history of domestication.
Domesticated wheats occur at multiple ploidy levels, from diploids (2n = 2x = 14) to
hexaploids (2n = 6x = 42) (Sax 1921, 1922), with representatives at each level
domesticated at different times (Salamini et al. 2002). Polyploid wheats are
allopolyploids, carrying sub-genomes (designated as A, B, and D) derived from distinct
progenitor species. Their origins reflect successive hybridisation events between closely

related wild grasses (Sax 1921, 1922; Glémin et al. 2019; Levy and Feldman 2022).

Tetraploid emmer wheat (Triticum turgidum, 2n = 4x = 28, AABB) arose approximately

800,000 years ago from a hybridisation between a diploid species similar to Triticum urartu

1



Chapter 1 - General Introduction

(AA; diverging from T. urartu ~1.3 MYA) and a close relative of Aegilops speltoides (BB;
diverging from Ae. speltoides ~4.3 MYA) (Figure 1.1; Marcussen et al. 2014; Levy and
Feldman 2022; Li et al. 2022). Although the precise origins of its domestication are
uncertain (Weide 2015), selection for a non-brittle rachis produced the first domesticated
form, T. turgidum spp. dicoccon. This was soon followed by a free-threshing, non-brittle
variety, T. turgidum spp. parvicoccum (Kislev 1979; Nesbitt, M. 2001; Schultze-Motel
2019). Emmer wheat became the dominant cultivated cereal across the Fertile Crescent
until the early Bronze Age (Zohary and Hopf 2000). Today it survives as a relict crop in
regions such as Ethiopia (Salamini et al. 2002), while its free-threshing derivative, T.
turgidum ssp. durum (durum or pasta wheat), remains a globally important crop

(Dubcovsky and Dvorak 2007).

Hexaploid bread wheat (T. aestivum, 2n = 6x = 42, AABBDD) arose more recently, following
hybridisation between tetraploid emmer wheat and Aegilops tauschii (2n = 2x = 14, DD),
which contributed the D genome and established the allohexaploid ~9,000-8,500 years
ago (Marcussen et al. 2014). This event likely followed the expansion of cultivated emmer
into the distribution range of Ae. tauschii (Zohary and Hopf 2000). Shortly after its
formation, bread wheat spread rapidly beyond the Fertile Crescent into diverse
environments, becoming a global staple (Zohary and Hopf 2000; Levy and Feldman 2022).
T. aestivum includes five subspecies —ssp. spelta, ssp. macha (hulled), and the free-
threshing ssp. aestivum, ssp. compactum, and ssp. sphaerococcum —though only ssp.

aestivum is of major global significance (Levy and Feldman 2022).
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Figure 1.1 - The evolution of tetraploid and hexaploid wheat
Adapted from (Rosyara et al. 2019).
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Semi-domesticated grains formed the basis of early agriculture, which in turn transformed
humanity’s relationship with the planet (Lewis & Maslin, 2015). Agriculture enabled the
establishment of sedentary communities and supported higher population densities. It
also facilitated the expansion of domesticated crops across wider geographical ranges.
This global shift in land use fundamentally reshaped ecosystems: although net primary
production has remained relatively constant (Running 2012). An estimated 25-38% of this
productivity is now appropriated for food, fuel, fibre, and fodder (Running 2012;
Krausmann et al. 2013), reducing what is available for other species. As of 2024, cropland
(excluding pastures) occupies 1.8 billion hectares of Earth’s 13 billion hectares of land,

with wheat, maize, and rice dominating global production (FAO 2024).

Against this backdrop, agriculture not only tells an intimate story of our past but remains
central to our future. At present, cereal crops underpin global food security, with wheat
alone providing around 20% of dietary calories worldwide (Brinton and Uauy 2019). Yet
population growth and dietary demand are intensifying pressure on production. The Food
and Agriculture Organisation (FAQO) projects a global population of 10 billion by 2050,
requiring an additional 165 million hectares of new arable land to meet the requirements
of food, feed, fibre, and biofuel (FAO 2018). Meeting this demand is further complicated by
climate change, underscoring the need to enhance wheat resilience while minimising
environmental impacts (Li et al. 2021c). To meet global demands, it is estimated that crop
yields will need to increase by 2-3% annually (Hawkesford et al. 2013). To date, traditional
breeding efforts have enhanced wheat yields and improved yield stability through various
mechanisms. These include enhancing resistance to pathogens and environmental
stresses, in addition to optimising physiological traits that influence energy capture (e.g.,
photosynthesis, nitrogen use efficiency) and its conversion into yield (e.g., spike size, tiller
number). These advances have driven a steady global yield increase of ~1.16% per year
over the past six decades (Fischer 2022), yet this rate remains insufficient to meet

projected demand.



Chapter 1 - General Introduction

1.2 — Developmental biology for crops

Over the course of crop domestication, humans selected for traits that enhanced
harvestability and palatability, which often involved modifying developmental
characteristics of the plant (Boden and @stergaard 2019). In cereals including wheat,
barley, rice, and maize, domestication selected for a characteristic suite of traits including
non-shattering seeds, increased seed size, apical dominance, and reduced seed
dormancy, which are collectively referred to as “Domestication Syndrome” (Hammer
1984; Preece et al. 2017; Alam and Purugganan 2024). Beyond initial domestication,
subsequent breeding efforts further increased productivity by targeting developmental
traits. A landmark example came in the 1950s, when Dr Norman Borlaug developed semi-
dwarf wheat varieties that resisted lodging and allocated more resources to grain
production, an innovation that drove the ‘Green Revolution’ (Khush 2001). While the main
genes underlying Domestication Syndrome and the Green Revolution have been identified
(reviewed by Boden & @stergaard, 2019), a central challenge moving forward is to
elucidate the developmental mechanisms behind these traits and determine their
potential for further modification. Addressing these questions is particularly urgent, as
future crop improvement in the context of population growth and climate change will

depend in part on optimising developmental traits to enhance productivity and efficiency.

The concept of the crop “ideotype,” first introduced by C.M. Donald in 1968, defines a
theoretical ‘ideal’ plant type desighed to outperform existing cultivars and overcome
limitations traditionally experienced by breeders during selection. This model emphasises
the selection of morphological, physiological, and biochemical characteristics that
enhance crop productivity under a specific set of environmental conditions (Donald 1968;
Carbajal-Friedrich and Burgess 2024; Li et al. 2025). The first wheat ideotype proposed by
Donald emphasised seven features: short, strong stems; erect, few and small leaves;
large, erect ears with awns; and a single culm (Donald 1968). Building on this foundation,
the Wheat Yield Consortium in 2011 refined the wheat ideotype by highlighting
physiological traits such as increased photosynthetic capacity, maximised spike fertility,
improved grain filling and size, optimised partitioning of assimilates to the grain, and
enhanced lodging resistance (Reynolds et al. 2011; Carbajal-Friedrich and Burgess 2024).
Central to these features are developmental traits, and achieving such targets requires a
deep understanding of the genetic and developmental pathways that shape organ growth

and architecture. Linking developmental biology with breeding will therefore be critical for
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engineering new ideotypes that can meet the demands of modern agriculture (Reynolds et

al. 2022).

Arabidopsis thaliana has long served as a powerful model system in plant developmental
biology, offering a foundation of knowledge that can be applied to crop research. However,
translating findings from Arabidopsis into crops remains challenging due to fundamental
differences in anatomy, physiology, and genetics (Uauy et al. 2025). Moreover,
developmental biology in crops has traditionally been limited by the availability of tools for
functional characterisation. These difficulties are particularly pronounced in hexaploid
wheat, where research is complicated by a large (16 Gb), highly repetitive genome (~85%
repetitive elements; IWGSC et al. 2018; Walkowiak et al. 2020), long generation times (4-6
months), and extensive functional redundancy across its three homoeologous genomes.
Such redundancy frequently obscures mutant phenotypes, as all gene copies must be
disrupted to generate a clear loss-of-function, an effort that can take up to 18 months

(Borrill et al. 2015, 2019; Adamski et al. 2020).

However, recent technological advances are helping to overcome these barriers, making it
increasingly feasible to study developmental processes directly in crops, including wheat
(Adamski et al. 2020; Uauy et al. 2025). A significant breakthrough occurred in 2017 with
the release of EMS-mutagenized tetraploid and hexaploid TILLING lines, which were made
available as a public collection of mutant seed stock. Exome capture sequencing revealed
23-24 missense or truncation alleles per gene, with over 90% of captured genes carrying
at least one truncation or deleterious mutation. This combination of sequence data and
seed stocks enables researchers to identify alleles of interest and accelerate functional
characterisation rapidly (Krasileva et al. 2017). Genomic resources soon followed: in 2018,
a chromosome-level genome assembly and annotation of Triticum aestivum cv. Chinese
Spring was published (IWGSC et al. 2018), followed in 2019 by tetraploid Triticum turgidum
ssp. durum cv. Svevo (Maccaferri et al. 2019). Together with variation data from TILLING
lines, these resources are accessible through Ensembl Plants (Bolser et al. 2015; Howe et
al. 2020). Complementary transcriptomic tools include platforms for visualising, sorting,
and filtering RNA-seq datasets (Borrill et al. 2016), alongside a 70-tissue/timepoint
developmental expression atlas generated in T. aestivum cv. Azhurnaya (Ramirez-
Gonzalez et al. 2018). Importantly, improvements in Agrobacterium-mediated
transformation have made stable transformation more accessible, enabling rapid

functional validation of candidate genes via CRISPR editing (Howells et al. 2018; Hayta et
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al. 2019; Smedley et al. 2021). Together, these resources have transformed wheat into a

feasible system for developmental biology.

1.3 — Basics of the grass inflorescence

In this work, | focus on the development of the grass inflorescence. Inflorescences form a
diverse range of structures across grass species, and their form plays a central role in
reproductive success and fitness in natural populations (Wyatt 1982; Friedman and
Harder 2004; Kellogg et al. 2013). In cereals, inflorescence architecture directly influences
seed number and size, making it a key determinant of yield and a repeated target of both

domestication and modern breeding (Glémin and Bataillon 2009).

In grasses, much like other angiosperms, the inflorescence develops from the
inflorescence meristem (IM), which is derived from the shoot apical meristem (SAM)
during the floral transition (Kellogg et al. 2013; Bommert and Whipple 2018). In simple
inflorescences, such as those found in Arabidopsis thaliana, the IM directly produces
floral meristems (FMs) along its central axis. In contrast, grass inflorescences display
more complex architectures that cannot be explained by only IM and FM identities alone

(Kellogg 2007).

In all but four species of Anomochlooideae, grass inflorescences share the basic
organisation of flowers within spikelets (Clifford 1987; Judziewicz and Soderstrom 1989;
Clayton, W. D. 1990). Each spikelet contains sterile bracts called glumes, and one or more
florets initiated on an axis known as rachilla (Figure 1.2; Clifford 1987; Kellogg 2022). While
spikelets are considered the terminal units in grasses, spikelets themselves are an
inflorescence. For this reason, the grass inflorescence is better described as a
synflorescence- a compound structure formed of separate inflorescence structures
(Weberling 1989; Vegetti and Weberling 1996; Endress 2010; Kellogg 2022). Following suit
with a review by Kellogg (2022), | use the term "inflorescence" throughout to maintain

commonly used nhomenclature; however, this is noted to be somewhat inaccurate.
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Figure 1.2 - Spikelets share characteristic features across grass species

Spikelet morphology of wheat (A-C), rice (D-F), and maize (tassel spikelet) (G-I) differs in its overall
architecture, but shares key characteristics, including a pair of sterile bracts (glumes) and one or
more florets initiated from a rachilla. In dissected spikelets in B), E), and H), carpels are marked
with an orange triangle, and stamens are marked with a yellow triangle. In diagrammatic spikelets in
C), F), and I), yellow ovals indicate floral organs. Images not to scale. Image of rice spikelets from

Yoshida 2012. Inset image from Kellogg 2022. Images of maize spikelets from McSteen et al. 2000.
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The diversity of grass inflorescence structures is often described by terminology borrowed
from dicots and non-grass monocots, which requires us to describe the arrangement of
spikelets, rather than flowers (Wayne 1982; Kellogg et al. 2013; Kellogg 2022). An
inflorescence in which spikelets are sessile (directly attached) to the main inflorescence
axis are referred to as “spikes”, which includes (but is not limited to) most members of
tribe Triticeae (including wheat, barley and rye). Those in which the spikelets are attached
by a pedicel, or stalk, to the central axis are “racemes”. These are relatively uncommon
but are characteristic of the genus Brachypodium (including model species Brachypodium
distachyon). For any inflorescence with a higher order of branching, whereby spikelets are
not formed on the central axis, but instead are born on branches of higher orders of
branching, they are termed “panicles” (Wayne 1982). This includes most grasses,
including rice and the tassels of maize, which are commonly described as models of

panicle-type inflorescences (Kellogg 2022).

To adequately summarise the broad scope of inflorescence architecture, it requires an
understanding of changes in phyllotaxy, elongation of internodes, branching patterns and
angles, and male/female differentiation of spikelets/florets (Bommert and Whipple 2018).
However, here | refine my focus on how these architectures are built upon the repeated
production of phytomers and how shifts in their developmental behaviour shape the

variety of inflorescence structures in the grasses.
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1.4 - Building the grass inflorescence through phytomers

Grass morphology is organised into repeating units called phytomers, each comprising an
internode, a leaf, and an axillary meristem (AM). Phytomers are produced sequentially by
the SAM, forming a modular architecture characteristic of grasses. Although the basic
structure of each phytomer is repeated iteratively throughout vegetative and reproductive
growth stages of the plant, its developmental fate can vary depending on position and
developmental timing. This modularity allows for morphological diversity across species,
as modifications in phytomer behaviour and AM fate generate the wide range of shoot and

inflorescence forms observed in grasses (Briske 1991; Moore and Moser 1995).

Axillary meristems, which arise in the leaf axils of each phytomer, act as key
developmental decision points. During vegetative growth, the SAM continuously initiates
phytomers. Lateral leaf primordia expand, while AMs remain dormant. In a subset of
phytomers, AMs may activate to form tillers, producing additional vegetative shoots
(Pautler et al. 2013). This developmental program changes as the SAM transitions to an IM,
marking the switch from vegetative to reproductive development. The apex elongates as
the IM maintains a pool of undifferentiated meristematic cells at its apex while initiating
lateral phytomer units on its flanks (Tanaka et al. 2013). In most grass species, growth of
the leaves from each phytomer unit is suppressed, whereas the AMs grow immediately
upon their formation (Kyozuka 2014; Kellogg 2022), producing an ebracteate (i.e. without
bracts) inflorescence axis (Evans and Grover 1940; Latting 1972; Fraser and Kokko 1993;

Chuck et al. 2010; Whipple et al. 2010).

Following their initiation by the IM, the lateral AMs of each phytomer unit transition
through a series of meristem identity states, beginning as a branch meristem (BM),
transitioning to a spikelet meristem (SM), and ultimately becoming a floral meristem (FM)
(Tanaka et al. 2013; Bartlett and Thompson 2014). Each meristem identity is categorised
by the type of lateral primordia a meristem produces. A BM produces additional phytomer
units along its flanks, generating primary and secondary branches off the central axis of
the inflorescence. A SM initiates two sterile bracts (glumes), followed by one or more
phytomer units composed of a lemma (a modified bract) and a subtending FM. Each FM

then gives rise to the floral organs (Bartlett and Thompson 2014).

This developmental framework, based on the fate of repeated phytomer units and shifts in
meristem identity, enables us to break down an inflorescence into smaller developmental

decisions. For example, in the panicle-type inflorescences of rice, spikelets are produced
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after multiple rounds of branching. This occurs when the IM initiates AMs in a spiral
phyllotaxis, which forms a type of BM termed ‘primary branching meristems’ (PBMs).
These PBMs initiate additional AMs in a distichous phyllotaxis, termed ‘secondary branch
meristems’ (SBMs), and both PBMs and SBMs elongate, subsequently producing SMs
along their flanks, and terminating in a SM. Additionally, the IM will terminate in a SM. Each
SM will produce a single FM (Figure 1.3A; Ikeda et al. 2004, 2019; Bommert et al. 2005).

Similarly, in the tassels of maize, the IM initiates several indeterminate BMs, termed long
branch meristems (LBM), along its flanks in a spiral phyllotaxis. The LBMs subsequently
initiate another type of BM, termed ‘spikelet pair meristem’ (SPMs) in a distichous
phyllotaxy. Once several LBMs are produced, the IM shifts to producing distichously
arranged SPMs along the central axis of the inflorescence. Each SPM will produce a pair of
SMs: one pedicellate and one sessile. Each SM will produce two FMs on the axis of the

rachilla (Figure 1.3B; Koppolu and Schnurbusch 2019).

In contrast, spike-type inflorescences such as those of wheat and barley (Hordeum
vulgare) bypass the branching phase entirely, producing spikelets in a distichous
phyllotaxy directly along the central inflorescence axis, the rachis (Koppolu and
Schnurbusch 2019; Koppolu et al. 2022). In barley, AMs initially transition to a meristem
identity referred to as the ‘triple spikelet meristem’ (TSM). Each TSM will produce three
SMs per rachis node, and each SM will initiate a single FM (Figure 1.3C). In contrast, in
wheat, AMs will form directly to SM identity, producing a single spikelet at each rachis

node (Figure 1.3D; Koppolu and Schnurbusch 2019).
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Figure 1.3 - Schematic of meristem identity transitions in major grass species and respective
inflorescence architectures

A) Meristem identity transitions in rice. IM: inflorescence meristem; PBM: primary branch
meristem; SBM: secondary branch meristem; SM: spikelet meristem; FM: floret meristem. B)
Meristem identity transitions in maize. SPM: spikelet pair meristem; ssm: sessile spikelet meristem;
psm: pedicellate spikelet meristem. C) Meristem identity transitions in barley. TSM: triple spikelet
meristem. D) Meristem identity transitions in wheat. Schematics of meristem differentiation
adapted from Koppolu and Schnurbusch (2019). Schematics of inflorescence architecture adapted

from Kellogg (2022; not to scale).
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1.5 — Examining the wheat inflorescence across developmental time

Given the primary focus on wheat inflorescence development in this body of work, | set
out to describe the developmental progression of the wheat inflorescence in greater
detail. To do so, | will examine the developmental stages described in the Waddington
scale of spike development (Waddington et al. 1983), and at key stages, explore how
morphology can be explained through individual phytomer units and their transition

through meristem identity states.

To begin, we start at the transition of the SAM to the IM, which is characterised by
elongation of the apex and the initiation of paired lateral ridges by the IM. During the
double ridge stage, lateral ridges are arranged in a distichous phyllotaxis to the central axis
(W2 to W2.5). Each double ridge consists of a smaller, suppressed bract primordium- the
leaf ridge (LR)- and a larger axillary meristem- the spikelet ridge (SR; Figure 1.4A; Kirby and
Appleyard 1984). The internodes of these phytomers will eventually elongate to form the
rachis (Patil et al. 2019; McKim 2020). As each lateral AM will begin to develop a spikelet,
the shift of the AM to SM identity is evident by the formation of the first two phytomer units
along the secondary axis. These two phytomers form outgrown bracts (glumes), which
form on the left and right flanks of the SM. Within the axils of each glume, axillary

meristems are suppressed (Figure 1.4B; Kirby and Appleyard 1984; Kellogg 2022).

As a brief note, in the wheat literature, the term “spikelet ridge” is often used to describe
the lateral meristems formed during early inflorescence development, reflecting their
eventual role in initiating a spikelet. Here, | instead use the term “axillary meristem” for
greater precision and to emphasise the distinction from a spikelet meristem, adopting
terminology consistent with Kellogg (2022). This terminology also better reflects the
developmental state at the double ridge stage, when the AM has not yet acquired spikelet
identity or initiated spikelet patterning. Thus, the term “spikelet ridge” can be misleading in

this context.
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Figure 1.4 - Schematic of early wheat inflorescence development
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A) Simplified model of phytomer units and diagrammatic representation of W2.5 spikes. B)

Simplified model of phytomer units and diagrammatic representation of W3 spikes. Inflorescence
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After the initiation of the glumes, the SM will initiate an indeterminate number of
phytomers (10 - 12), alternating in a distichous manner. The rachilla, formed from the
internodes of these spikelet phytomers, serves as the axis of the spikelet (Figure 1.5A;
Kirby and Appleyard 1984; Koppolu and Schnurbusch 2019). While the SM may initiate
over ten FMs, only four to six florets typically develop to maturity (Brinton & Uauy 2019).
Each floral phytomer consists of a lemma, an outgrown bract that subtends the FM
(Tanaka et al. 2013; Whipple 2017). By the floral primordia stage (W3.5), lemmas from
floret positions 1 and 2 (the first initiated across developmental time) are visible as raised
ridges formed in parallel to the glumes. FMs formed in the axil of florets one and two are
visible as a rounded meristematic dome, and additional floral phytomers are initiated in

floret positions 3, 4, and beyond (Figure 1.5B; Kirby and Appleyard 1984).

By stage terminal spikelet (W4), the final lateral AMs are initiated by the IM. The IM in
wheat is determinate; a terminal spikelet marks the completion of spikelet initiation.
Instead of the last initiated lateral AMs forming entire spikelets, they each form a
component of the terminal spikelet- two glumes (glume + suppressed AM) and florets
(lemma + FM), which form at a 90° angle to that of other spikelets (Figure 1.5C-D; Kirby
and Appleyard 1984). At the terminal spikelet (W4) stage, and subsequent carpel
extension round (W5 stages), the floral meristems differentiate into floral organ primordia.
Each floret contains a palea (outer perianth; equivalent to sepals), two lodicules (inner
perianth; equivalent to petals), three stamens and a gynoecium containing a single ovule
(Figure 1.5E; Kirby and Appleyard 1984). Because florets within a spikelet are initiated
sequentially, with floret one forming first, later florets are behind in developmental
progression. For instance, at stage W5, florets in positions 5 and 6 have produced a
lemma and established a floral meristem (FM) but have not yet initiated floral organ

primordia (Figure 1.5D; Kirby and Appleyard 1984).

Although the phytomer concept defines each unit as a successive building block, its
boundaries are less distinct in practice. Before internode elongation in the rachis and
rachilla, phytomers remain highly compact, and internode boundaries are indistinct or
absent during early inflorescence development (Patil et al. 2019; McKim 2020; Kellogg
2022). In floral structures, the model becomes more abstract than in vegetative shoots or
inflorescence axes, as organ initiation occurs in quick succession and within a highly
condensed space. This highlights the limitations of the phytomer model, yet it remains a
valuable framework for understanding how simple components give rise to complex
structures (Forster et al. 2007).
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Figure 1.5 - Schematic representation of spikelet and floret development

A) Simplified model of phytomer units forming a wheat spikelet. Diagrammatic representations of
B) W3.5 inflorescence, a side view of spikelets highlights the floral meristems developing in florets
1 and 2. C) W4 inflorescence, highlighting the formation of the terminal spikelet. D) W5
inflorescence, highlighting insets of the terminal spikelet and developing floral organs in central
spikelets (fl: florets). Diagrams adapted from Kirby and Appleyard, 1987. E) Simplified
representation of wheat spikelet, adapted from Debernardi et al. 2020 . Each spikelet consists of a

lemma, a palea, two lodicules, three stamens and a carpel.
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1.6 - Establishment of the lanceolate shape in wheat

As previously described, during early wheat inflorescence development, specifically at the
so-called double ridge stage, the IM initiates phytomer units (LR + AM pairs). As these
ridge pairs are initiated acropetally, a developmental gradient is established along the
nascent inflorescence, with basal phytomers being the oldest (Bonnett 1966; Waddington
et al. 1983). However, the timing of each SR to proceed through meristem identity
transition (AM > SM > FM) does not follow this age gradient. Instead, central SRs are the
first observed to form to glumes (the first indication of SM) and lemma primordia
(indication of FM)—while basal SRs, despite being older, are delayed (Bonnett 1966). Due
to this effect, it can be observed that within a single inflorescence, spikelet differentiation
begins in the centre of the inflorescence axis, and continues bi-directionally, towards the

top (apical), and bottom (basal) of the inflorescence (Kirby and Appleyard 1984).

While this variation in developmental progression across the apical-basal axis is evident
early in development, it has lasting effects. In wheat, florets that are underdeveloped are
aborted during a critical window, 10 — 20 days pre-anthesis. The survival of a floret
depends on whether it has reached at least Waddington stage 5.5. This threshold is
thought to narrow the developmental range of the remaining florets, contributing to the

relatively synchronous anthesis observed across the spike. (Backhaus et al. 2023).

Floret abortion impacts several areas across the developing spike. At the apical end of the
inflorescence, the spikelets are initiated last and have less time to mature, resulting in
delayed development and likely floral abortion. Likewise, within each spikelet, 8-10 florets
are typically initiated, but only the first four to six reach fertility and form a carpel, with the
firstinitiated over developmental time in floret position 1, 2, and so on remaining (Evers
and Millar 2002). In both these cases, this pattern reflects a temporal advantage - the
earliest-formed florets have the longest period for growth and maturation. However, the
effects of floral abortion are also observed in basal spikelets, which are initiated first in
terms of developmental time. In typical field conditions, the basal-most spikelets are
completely infertile and do not produce grain (Tamagno et al. 2024). This is thought to
arise when no florets within a single spikelet surpass the developmental threshold to

prevent floral abortion (Backhaus et al. 2023).

In this way, the number of surviving florets, and thereby the number of grains per spikelet,
is a function of time (when a floret is initiated), as well as space (position of the spikelet

across the apical-basal axis). This leads to the formation of the inflorescence in a
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lanceolate shape. The central spikelets are larger and produce more grain when compared
to apical and basal spikelets (Calderini and Ortiz-Monasterio 2003; Liu et al. 2006). This
characteristic is not only observed in wheat, but also in other members of the Triticum
genus, including Triticum aestivum (bread wheat), Triticum spelta (spelt), and Triticum
turgidum ssp. durum (durum wheat), Triticum turgidum ssp. dicoccum (emmer), and

Triticum monococcum (einkhorn).

The evolutionary and molecular reasons why a basal spikelet, which initiates first and has
the most time to develop, falls behind, particularly at such an early stage of inflorescence
development, are unclear. In a cascade of phytomers representing, in theory, identical and
repeatable units forming across the apical-basal axis of the inflorescence, why do some
behave differently than others? This requires us to frame the inflorescence as a compound
structure and consider the context of each phytomer unit across both developmental time
and space, such as a developmental axis. The fine dissection of these dimensions

requires further enquiry.
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1.7 - Implementation of semi-spatial transcriptomics in the grass
inflorescence

The wheat inflorescence is a compound structure. As stated previously, the
developmental progression of each phytomer unit is influenced by its relative time of
initiation and its position along the apical-basal axis (i.e., spikelet position within the
inflorescence). We observe this as early as the glume primordia stage (W3.25), where the
progression to SM identity cannot be explained solely by the time of initiation. Each of
these phytomers is formed within close proximity; ~1500 um covers the entire length of

the inflorescence.

Given this spatial complexity, the key transcriptional regulators determining the
developmental progression/suppression of AMs across the apical-basal axis in wheat
remain largely uncharacterised. Previous implementations of whole-tissue bulk RNA
sequencing obscure spatial variation in gene expression. To address this limitation, semi-
spatial transcriptomic techniques have been applied to grass inflorescences, including
manual microdissection (Backhaus et al. 2022) and laser capture microdissection (Harrop

et al. 2016; Thiel et al. 2021).

Low-input RNA-seq of apical, central and basal sections of micro-dissected wheat spikes
revealed significant differences in gene expression profiles among them. For example, the
MADS-box transcription factor VEGETATIVE TO REPRODUCTIVE TRANSITION 2 (VRT2)
exhibited its highest expression in basal sections, with decreasing levels toward the apex,
in a proposed gradient along the inflorescence (Backhaus et al. 2022). VRT-A2 belongs to
the SHORT VEGETATIVE PHASE (SVP) subfamily of MADS-box transcription factors, which
are associated with vegetative growth and are downregulated after floral transition in
Arabidopsis (Gregis et al. 2013), wheat (Adamski et al. 2021; Li et al. 2021b; Liu et al.
2021), rice (Sentoku et al. 2005; Lee et al. 2008), and barley (Trevaskis et al. 2007).

Genetic characterisation of VRT2 reveals its connection to the lanceolate shape of wheat.
In Triticum turgidum ssp. polonicum (Polish wheat), a natural variant at the P17 locus, was
traced to a partial deletion and rearrangement in intron 1 of VRT-A2. This allele (P77°)
drives overexpression of VRT-A2, leading to elongated grains and floral organs (glumes and
lemmas) characteristic of Polish wheat (Adamski et al. 2021). Introgression of P77°t into
the Triticum aestivum cv. Paragon background produced near-isogenic lines (NILs) with a
modest but significant increase in rudimentary basal spikelets (RBS) compared to the

wild-type allele (+1.1 RBS under field conditions), suggesting that elevated VRT-A2
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expression delays basal spikelet development (Adamski et al. 2021; Backhaus et al. 2022).
Transgenic lines carrying additional copies of P77°t further supported this connection.
VRT-A2 expression scaled with allele copy number, and higher copy humber lines
exhibited more RBS than low copy number lines in a dosage-dependent manner

(Backhaus et al. 2022).

Additionally, SVP transcription factors play a crucial role in the transition of meristem
identity in wheat. Loss-of-function alleles in vrt2 or its close paralog, svp1, cause delayed
heading and an increase in the number of spikelets per spike. These effects are more
pronounced in vrt2 svp1 double mutants, indicating overlapping roles for these genes in
promoting the transition from the SAM to the IM and in terminating the IM with a terminal
spikelet. These genes also function as repressors of AM outgrowth in vegetative tissues. In
vrt2 svp1 double mutants, axillary spikelets or spikes subtended by leaves form at sub-
peduncle nodes—structures absent in wild-type plants—while single vrt2 or svp1 mutants
show a weaker effect. This phenotype suggests that SVP transcription factors restrict the

transition of AMs to IM or SM identity during vegetative growth (Li et al. 2021b).

SVP function integrates with the activity of three SQUAMOSA-clade AP1/FUL-like MADS-
box transcription factors (VRN1, FUL2, FUL3), which redundantly regulate meristem
transitions throughout reproductive development. Mutations in these genes progressively
delay the transition from the SAM to IM, with vrn7-null showing a mild delay, vrn1 ful2 a
more substantial delay, and vrn1 ful2 ful3 the most severe, resulting in prolonged
vegetative growth (Li et al., 2019). VRN1, FUL2, and FUL3 also promote the transition from
AM to SM identity, as displayed through their loss of function. In vrn7 ful2 mutants, AMs in
the inflorescence develop vegetative structures with occasional residual floral organs,
while vrn1 ful2 ful3 give rise to complete vegetative tillers subtended by de-repressed

bracts, rather than spikelets (Li et al. 2019, 2021b).

Comparative transcriptomics of vrn1 ful2 double mutants (with spikelets transformed into
tillers) and vrn1 single mutants (forming a typical inflorescence) identified three SVP genes
(SVP1, VRT2, SVP3) strongly upregulated in the mutant background (Li et al. 2019),
suggesting that the upregulation of these genes may prevent the normal meristem identity
transition of AM > SM > FM. One hypothesised mechanism of action is that SVPs interfere
with the formation of MADS-box SEPALLATA-SQUAMOSA protein complex required for

normal spikelet development (Li et al. 2021b). Accordingly, coordinated SVP

20



Chapter 1 - General Introduction

downregulation alongside SEPALLATA (SEP) gene upregulation is essential for normal

floral transition and spikelet development (Backhaus et al. 2022).

This downregulation of SVPs during the transition to inflorescence development is further
refined in a semi-spatial laser capture micro-dissection experiment in barley. In this study,
transcriptomes of the IM at the double ridge stage were compared with those of the
vegetative apex (VA, encompassing the SAM and adjacent leaf ridges). SVPs were
preferentially expressed in the VA, whereas VRN7 and two SEP genes were specifically
induced in the IM. These observations suggest that the regulatory balance between SVPs
and SQUAMOSA/SEP genes during the shift from vegetative to reproductive growth of the

apex is conserved between barley and wheat (Thiel et al. 2021).

In Backhaus et al., it is proposed that the gradient of SVP expression along the spike aligns
with differences in AM activity: sub-peduncle axillary meristems are completely
suppressed in a ‘vegetative’ identity, basal spikelet meristems experience partial
suppression that limits their progression to floral development, and central to apical
spikelets remain fully active, producing viable florets. Therefore, the spatial variation of
VRT-A2 across the apical-basal axis of the inflorescence may reflect the imperfect
demarcation of developmental zones along the inflorescence, with rudimentary basal
spikelets emerging as a developmental consequence of delayed or incomplete release

from vegetative programs (Backhaus et al. 2022).

Additional studies have also characterised regulatory gradients formed across the apical-
basal axis of the wheat inflorescence. In developing wheat spikes across three
consecutive stages, expression of the AP2-like transcription factor AP2-5 is highest in
apical sections, in contrast to the elevated levels of its negative regulator miR172 in basal
sections, together forming proposed opposing gradients along the spike. These patterns
are consistent with mutant phenotypes. Enhanced miR172 activity (reducing AP2-5 levels)
produces empty florets, shortened awns, and incipient keels, most evident in basal
spikelets, while inhibition of miR172 (increasing AP2-5 levels) converts glumes into fertile
florets, a phenotype restricted to apical spikelets (Debernardi et al. 2017). These findings
support a model in which gene expression gradients establish distinct ‘developmental

zones’ in basal, central, and apical phytomers.

Indeed, from the same semi-spatial dataset in wheat spikes generated by Backhaus et al.,
it was observed that the highest levels of differential expression were observed across the

micro-dissections of apical, central, and basal sections of a single spike than between
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any section belonging to consecutive developmental time points (Backhaus et al. 2022).
Given the high levels of differential expression observed across the spike in this
experiment, we hypothesised that other genetic factors, beyond SVPs, SQUAMOSA/SEPs

and APZ2s, contribute to apical-basal axis patterning that warrant further investigation.

However, the implementation of semi-spatial techniques does not come without
limitations. Within each section of the wheat spike, divided into ‘apical’, ‘central’, and
‘basal’ zones, several tissue types are incorporated, obscuring precise gene expression
patterns. For example, in the barley laser capture microdissection study, 64 genes were
found to be differentially expressed between the AM and its subtending LR at the double
ridge stage, underscoring the transcriptional distinctiveness of tissues within a single
phytomer unit (Thiel et al. 2021). In wheat, 2,438 genes were identified as differentially
expressed across apical, central, and basal sections at the double ridge stage (Backhaus
et al. 2022), yet their spatial expression domains remain largely uncharacterized.
Therefore, resolving these patterns will be essential to move beyond approximated

gradients and towards a mechanistic understanding of inflorescence gene regulation.
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1.8 - Spatial transcriptomic techniques move to plant tissues

Addressing when and where genes are expressed has been a central challenge in plant
biology. Bulk tissue transcriptomics, a method most widely deployed to assess these
questions, provides valuable insights but inevitably averages signals across
heterogeneous cell populations (Nobori 2025). To further refine gene expression patterns,
single gene in situ hybridisation has been used since the 1970s to define transcript
localisation within a tissue context (Gall and Pardue 1969; John et al. 1969; Moses and

Pachter 2022). However, this approach is limited in scalability.

As technology has advanced, through improvements in computing infrastructure,
advanced automation and robotic techniques, and a decreasing cost to sequencing, a
new set of techniques have emerged and moved into the mainstream: spatial
transcriptomics (Moses and Pachter 2022). These techniques enable the quantification of
mMRNA expression for a large number of genes within the spatial context of tissues and
cells (Giacomello 2021; Moses and Pachter 2022). Initially optimised in animal model
systems, spatial transcriptomics was motivated by the need to identify cell-type-specific
and spatially restricted genes, to link gene activity with developmental processes, and to
uncover novel cell types not evident from morphology alone (Moses and Pachter 2022).
Adaptation of these approaches to plants has served a similar purpose, providing a
powerful means to map expression patterns of developmentally relevant candidate genes

in a highly multiplexed manner (Giacomello et al. 2017; Giacomello 2021; Nobori 2025).

In plants, early applications used single-molecule fluorescence in situ hybridisation
(smFISH), which improved upon traditional in situ methods by localising single RNA
molecules to sub-cellular resolution (Duncan et al. 2016). More recent techniques can
detect a larger set of genes and fall broadly into two categories: sequencing-based and
imaging-based (reviewed in Nobori 2025), with both being applied recently to
inflorescence tissues (Giacomello et al. 2017; Wang et al. 2024; Demesa-Arevalo et al.
2025; Liu et al. 2025; Xu et al. 2025, Chapter 2-4). Sequencing-based approaches enable
unbiased transcriptome-wide studies; however, in practice, these techniques are limited
in capturing low-abundance transcripts and often compromise cellular resolution.
Imaging-based methods target a predefined set of genes, limiting the number detected

per experiment, but allow for precise spatial and cellular resolution.
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1.9 - Thesis aims

The overall aim of this thesis is to explore gene expression across the apical-basal axis of
the developing wheat spike to novel resolution. Over the course of my PhD, | developed a
strong interest in optimising emerging spatial transcriptomic methods, which, at the time,
had rarely been applied to plant tissues. To this end, | report the development and
adaptation of two complementary approaches: the imaging-based multiplexed error-

robust in situ hybridisation (MERFISH) and the sequencing-based Stereo-seq.

First, | detail the implementation of MERFISH in wheat inflorescence tissues. In Chapter 2,
| describe the preparation and optimisation steps, beginning with the analysis of a semi-
spatial microdissection RNA-seq dataset to identify candidate regulators of apical-basal
patterning. These genes were incorporated into a 200-gene panel. | then established
protocols for plant tissue fixation, embedding, and sectioning, culminating in the first
application of MERFISH to wheat tissues. Chapter 3 builds on this foundation by applying
MERFISH across four developmental stages to examine tissue-specific transcriptional
programmes and the differentiation of phytomer units along the apical-basal axis. In
Chapter 4, | present the first application of Stereo-seq in wheat and critically assess its
performance, highlighting both its potential and the technical limitations observed during

these initial trials.
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Chapter 2 — MERFISH resolves gene expression patterns in
the wheat inflorescence to cellular resolution

This chapter includes results previously published in the following manuscript:

Spatial Transcriptomics Reveals Expression Gradients in Developing Wheat

Inflorescences at Cellular Resolution

Katie A. Long, Ashleigh Lister, Maximillian R. W. Jones, Nikolai M. Adamski, Rob E. Ellis,
Carole Chedid, Sophie J. Carpenter, Xuemei Liu, Anna E. Backhaus, Andrew Goldson, Vanda
Knitlhoffer, Yuanrong Pei, Martin Vickers, Burkhard Steuernagel, Gemy G. Kaithakottil, Jun

Xiao, Wilfried Haerty, lain C. Macaulay, Cristobal Uauy

bioRxiv 2024.12.19.629411; https://doi.org/10.1101/2024.12.19.629411 (See Appendix 1)

This work was conducted in collaboration with Ashleigh Lister (Earlham Institute), Dr Nikolai
Adamski (JIC), Dr Anna Backhaus (JIC), and Dr Maximillian Jones (JIC). For the bulk RNA-seq
dataset, RNA extractions were performed by Nikolai, Anna, and Max. Anna contributed to the
trimming and pseudo-mapping of RNA-seq data. Max conducted differential expression
analysis and visualisation of the RNA-seq dataset. Ashleigh performed the MERSCOPE
workflow for all steps following cryosectioning. | was assisted in the movement and storage of
Vizgen data by Dr Burkhard Steuernagel (JIC), Dr Martin Vickers (JIC), and Gemy Kaithakottil
(Earlham). The use of the MERSCORPE instrument was made possible through the
Transformative Genomic platform (Earlham Institute), with contributions from Dr lain
Macaulay, Andrew Goldson, Vanda Knitlhoffer, and Ashleigh Lister. Rob Ellis and Dr Burkhard
Steuernagel helped to implement the WebAtlas Interface for wheat-spatial.com. | am grateful
to Dr Carole Chedid (Vizgen) for consultation on this project. Thank you to Tobin Florio for his
help creating the wheat anatomical diagrams used in this chapter. | wish to thank the staff
members of Vizgen for their technical support throughout this project. JIC Horticultural

Services facilitated plant growth.
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2.1 — Chapter summary

In this chapter, | present the development and optimisation of MERFISH (Multiplexed Error-
Robust Fluorescence In Situ Hybridisation) for spatial transcriptomic profiling of wheat
inflorescence tissues, representing the first application of this technique in wheat. Given the
novelty of implementing MERFISH in plant tissues, | first detail the experimental preparation
required for the Vizgen MERSCOPE platform, including validation of sample integrity using
smFISH (single-molecule FISH) and the development of a robust embedding and
cryosectioning protocol. These methods enabled the preparation of high-quality
inflorescence sections, supporting the design and deployment of a 200-gene panel targeting
genes implicated in apical-basal patterning of the spike. The resulting dataset,
encompassing over 7 million transcripts and 50,731 high-quality segmented cells across four
developmental stages and two genotypes, provides single-cell-resolution maps of gene
expression in wheat spikes. Collectively, this chapter establishes a validated workflow for
MERFISH in plant tissue, providing detailed protocols, performance benchmarks, and
analytical approaches that will facilitate future spatial transcriptomic studies in diverse plant

systems.
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2.2 - Introduction

2.2.1 - Development of imaging-based techniques for spatial transcriptomics

As previously outlined in Chapter 1, a range of molecular techniques have been developed to
profile gene expression while preserving spatial tissue integrity—collectively referred to as
spatial transcriptomics. Among these, imaging-based approaches enable the quantitative
detection of RNA transcripts in single cells using fluorescence microscopy, typically through
the application of fluorophore-labelled, transcript-specific probes (Giacomello 2021). In
plants, early implementations of these methods involved single-molecule fluorescence in
situ hybridisation (smFISH), which offered a significant improvement over traditional in situ
hybridisation by enabling the localisation of individual RNA molecules at subcellular
resolution (Duncan et al. 2016). smFISH operates by hybridising single-labelled
oligonucleotide probes, each around 20 nucleotides long, to a target mRNA molecule
(Femino et al. 1998). To ensure a bright, detectable signal, a typical smFISH experiment
employs multiple probes which hybridise across the length of the transcript, collectively
producing discrete, diffraction-limited fluorescence spots visible under a microscope (Figure
2.1; Raj et al. 2008; Duncan et al. 2016). This technique can therefore quantify RNA copy
number at the single-cell level, in addition to spatially mapping gene expression within a

whole-tissue context.

Initial applications of smFISH in plants were conducted in Arabidopsis thaliana root cells,
where Duncan et al. (2016) demonstrated robust RNA detection and quantification in
individual cells isolated by physically squashing the roots between glass slides. This study
established the feasibility of smFISH in plant systems. The technique was subsequently
adapted for use in intact tissue sections, extending its utility to a whole-tissue context.
Notably, Zhang et al. optimised smFISH for cryo-sectioned tissues (2024), including the
inflorescence tissues of Hordeum vulgare, marking the first optimisations of smFISH
techniques to grass inflorescence tissues. A key limitation of traditional smFISH is its
restricted multiplexing capacity, as the number of transcripts detectable in a single
experiment is constrained by the limited number of spectrally distinct fluorophores that can
be used simultaneously. To overcome this bottleneck and dramatically increase the number
of transcripts that can be profiled in one experiment, several advanced methods have been

developed that modify the design of the oligo probes used in fluorescence in situ
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hybridisation, which allow for the detection of hundreds or thousands of RNA species

(Giacomello 2021).

— f__ _ smFISH probes

_—
+ hybridisation +
\/\/ imaging

smFISH

target RNA

Figure 2.1 - Schematic of smFISH experimental design

2.2.2 - MERFISH expands multiplexing capacities of fluorescence in situ techniques

In this study, we focus on the application of MERFISH (Multiplexed Error-Robust
Fluorescence In Situ Hybridisation), a method that extends the foundational principles of
smFISH. Like smFISH, MERFISH uses fluorescently labelled probes to detect individual
mMRNA molecules. However, MERFISH introduces a combinatorial barcoding system and
multiple rounds of hybridisation and imaging, which allows for the simultaneous profiling of
hundreds to thousands of transcripts within a single sample. This approach not only
enhances multiplexing capacity but also incorporates error-correction strategies to ensure

robust and accurate transcript identification (Chen et al. 2015; Moffitt et al. 2016).

The MERFISH probe design differs from conventional smFISH by employing two types of
probes: encoding probes and readout probes. Encoding probes are oligonucleotides
designed to hybridise to target mMRNAs and carry overhanging readout sequences, which
serve as binding sites for fluorescently labelled readout probes (Figure 2.2A-B). To ensure
high detection sensitivity, multiple encoding probes bind along the length of each RNA
species (in this case, mRNA transcripts). While individual readout sequences can be reused
across targets, each RNA species is identified by a unique combination of four readout
sequences, which allow for its identification during imaging (Figure 2.2C). MERFISH relies on
sequential cycles of hybridisation and imaging. In each round, fluorescently labelled readout
probes are washed over the sample and hybridise to the complementary readout sequences
found on the encoding probes. The sample is then imaged to detect the location of binding

events. (Figure 2.2D; Chen et al. 2015).
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Figure 2.2- Encoding and readout probes enable sequential rounds of hybridisation and imaging
A) Encoding probes contain four readout sequences, which are complementary to B) readout probes-
fluorescently labelled oligo probes. Each colour represents sequence complementarity. C) For each
RNA species, a unique set of readout sequences is designed. D) Across sequential rounds of
hybridisation and imaging, readout probes bind to the encoding probe, generating a fluorescent signal.
The number of rounds is variable; here we display an example of n=21. Diagram adapted from Chen et

al. 2015.
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MERFISH utilises encoding probes and readout probes to produce a combinatorial label for
each RNA species. Each transcript is assigned a unique binary barcode—a sequence of 1s
and Os—that encodes the presence or absence of fluorescence across imaging rounds. A
signal detected at a specific location, in a given imaging round, is recorded as a '1'; the
absence of a signalis recorded as a '0' (Figure 2.3A). Across all rounds, this sequential on/off
pattern produces a binary barcode unique to each RNA species, enabling both its accurate
identification and spatial localisation (Figure 2.3B; Chen et al. 2015). In this study, we
employed the Vizgen MERSCOPE platform, which uses three imaging channels over seven

rounds of imaging, generating a 21-bit barcode for each RNA species.

To ensure accurate RNA species identification in MERFISH, an error-robust barcode design is
implemented. This design accounts for the increasing risk of false positives associated with
additional imaging rounds. As described in the original MERFISH publication (Chen et al.
2015), each RNA species is assigned a unique binary codeword that is designed to tolerate
and correct errors introduced during imaging. These codes are selected based on an error-
correcting scheme that maintains a minimum Hamming distance of four between any two
valid codewords. This means that at least four-bit errors would be required to misclassify one
RNA as another, allowing for single-bit or even multi-bit errors to be identified and corrected
during decoding. Notably, the design accounts for the asymmetry in error types common in
fluorescence imaging: a missed hybridisation event (a 1 > 0 error) is much more likely than a
false-positive signal (a 0 > 1 error). To mitigate this, each barcode is designed to contain a
small number of '1' bits. In the Chen et al. (2015) implementation, each barcode contains
only four '1's, minimising the chance that a missed signal would lead to an incorrect

identification.

Each experimental design includes a codebook that maps each 21-bit barcode to its
corresponding transcript identity (Figure 2.3C). After decoding, each detected barcode is
matched against the codebook, with error-correction algorithms applied to resolve any
discrepancies. This process generates a "dot" or transcript call, containing both the assigned
RNA identity and its spatial coordinates within the image (Figure 2.3D). Critically, tissue
structure and placement must be maintained throughout the experimental protocol to assign
transcript identity accurately. Subsequently, DAPI and PolyT stains are used to segment the
image into individual cells. The detected transcripts are then assigned to these segmented
cells based on their spatial location, resulting in a cell-by-gene expression matrix (Chen et al.

2015).
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Figure 2.3 - MERFISH 21-bit barcoding enables RNA species identification

A) Simulated field of view showing the location of six RNA transcripts detected through the MERFISH
experiment. B) Simulated MERFISH results showing fluorescence images from sequential rounds of
hybridisation; white circles indicate the location of a single detected RNA transcript, as called by
fluorescent signal. C) For each RNA transcript, a 21-bit binary barcode is constructed based on signal
detection: a ‘1’ indicates fluorescence detected in that round; a ‘0’ indicates no signal detected. D)
Barcodes are generated for all detectable RNA transcripts in the field of view and are matched to their
corresponding gene identity, and a composite image with false dots representing each gene ID is

generated. Diagram adapted from Chen et al. 2015.
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2.2.3 - Implementation of imaging-based spatial transcriptomic techniques in plant

tissues to date

In recent years, spatially resolved, imaging-based techniques have expanded rapidly,
introducing novel strategies for interrogating gene expression in plant tissues. In this section,
I highlight key publications that illustrate the development of these approaches in the field of

plant biology and showcase the range of technologies now available to plant research.

In 2021, Laureyns et al. applied in situ sequencing (ISS) to the maize shoot apex, enabling
spatial localisation of 90 developmental genes (2021). While ISS is often grouped with
imaging-based approaches (Nobori 2025), some classify it separately from smFISH-based
techniques (Moses and Pachter 2022). ISS relies on padlock probe hybridisation, rolling circle
amplification, and sequence-by-ligation chemistry to detect individual mRNA molecules in
situ (Ke et al. 2013). In this study, sections of the shoot apex were used to investigate the
transcriptional dynamics underlying the formation of lateral organ primordia. A key finding
was the spatial characterisation of PLASTOCHRONT1, expressed at the boundary between
indeterminate and determinate cells. Its expression partially overlapped with
ROUGHSHEATH1 and OUTER CELL LAYER4, an observation enabled by the high multiplexing
capacity of ISS. Although this work represented a milestone in spatial profiling in plant
tissues, the authors noted that the resolution of ISS at the time limited precise cellular

localisation and quantification (Laureyns et al. 2021).

Subsequent advances have further refined imaging-based methods for plant tissues. In 2023,
Nobori et al. introduced Phytomap (Plant Hybridisation-based Target Observation of Gene
Expression Map), a protocol adapting multiplexed FISH for whole-mount plant samples.
Building on in situ hybridisation and ISS, Phytomap employs DNA probes that hybridise to
target mRNAs. After hybridisation, the probes are amplified in situ through rolling circle
amplification. The amplified product contains a binding site for fluorescently labelled readout
probes, enabling transcript detection via sequence-by-hybridisation chemistry. In their initial
application, 28 genes were identified in a single experiment, validating cell-type marker genes
detected through single-cell RNA-seq (scRNA-seq; Shahan et al. 2022; Nobori et al. 2023). A
key advantage of Phytomap is its compatibility with whole-mount samples, circumventing the
need for cryosectioning, particularly beneficial for small, delicate tissues such as
Arabidopsis roots. The technique was subsequently applied to Wolffia australiana, a minute

aquatic plant, where spatial localisation of 20 genes enabled the identification of four distinct
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cell subpopulations, demonstrating its versatility across species and tissue types (Denyer et
al. 2024). However, the number of genes that can be profiled with Phytomap is limited, as
each imaging round captures four targets, with demonstrated effectiveness up to ten rounds

(Nobori et al. 2023).

Another emerging technology, Molecular Cartography, developed by Resolve Biosciences,
has gained traction in plant studies. This multiplexed in situ hybridisation technique does not
rely on amplification, distinguishing it from ISS and Phytomap. Instead, it employs
combinatorial smFISH across multiple imaging rounds, enabling the detection of up to 100
genes per sample—similar in principle to MERFISH (Groiss et al. 2021). Molecular
Cartography was applied to maize roots to validate marker genes used in single-cell and
single-nucleus RNA-seqg-based cluster annotation (Guillotin et al. 2023). The method was
subsequently used to map the spatial expression of 27 auxin-related genes and candidate
regulators of vein patterning in maize leaves. Achieving single-cell resolution, this study
performed cell segmentation and clustering across six tissue sections, revealing that distinct
combinations of auxin influx and efflux transporters define major and minor leaf veins (Perico
et al. 2024). Further applications also include the validation of cell type markers identified
through scRNA-seq or single-nuclei RNA-seq (snRNA-seq). For example, Cervantes-Pérez et
al. used Molecular Cartography to identify subpopulations of infected cells in mature
soybean nodules, functionally annotating genes predicted to be cell-type specific (2024).
Additionally, a study conducted large-scale single-cell profiling of maize and Arabidopsis
meristems, identifying hundreds of cell type markers (Xu et al. 2024). Molecular Cartography
was used to spatially map these markers in the developing maize ear, validating newly
identified meristem marker candidates and revealing novel spatial domains in developing

meristems (Xu et al. 2024).

The next major advance in plant spatial transcriptomics came with the integration of snRNA-
seq data with imaging-based spatial platforms. This approach was first demonstrated by
Nobori et al. (2025), who generated a time-resolved dataset of Arabidopsis leaves infected
with Pseudomonas syringae. By combining single-nucleus multiome data (snRNA-seq and
single-nuclei ATAC-seq) with a MERFISH panel targeting 500 genes, the authors validated
cell-type markers and candidate genes involved in immunity, hormone signalling, and
epigenetic regulation. Aligning spatial MERFISH profiles with snRNA-seq data further enabled
inference of transcriptomic states beyond the 500 assayed genes (Nobori et al. 2025). This

integrative strategy has since been applied to other plant systems, including barley and
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wheat inflorescences, using Molecular Cartography (86 genes; Demesa-Arevalo et al. 2025;
99 genes; Xu et al. 2025). Most recently, a single-cell spatial transcriptomic atlas of the
Arabidopsis life cycle was released (2025), profiling over 1,000 genes across ten
developmental stages alongside a complementary snRNA-seq dataset of more than 400,000
nuclei (Lee et al. 2025). These studies illustrate both the growing multiplexing capacity of

imaging-based spatial methods and their potential for cross-platform integration.

Together, these advances highlight the growing utility of imaging-based spatial methods for
characterising gene expression in plant tissues. In 2024, | adapted MERFISH for use in wheat
inflorescence tissues, extending the technique for the first time to a crop species. In this
chapter, | describe the performance of MERFISH across multiple developmental stages of the
wheat inflorescence and outline key sample preparation and analytical steps that are critical

for establishing this method in a newly emerging area of plant biology.
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2.3 - Results

2.3.1 - Generation of a 200 gene panel summarising wheat inflorescence

development

To characterise gene expression along the apical-basal axis, we first selected genes for
spatial profiling. Initial gene selection was informed by a microdissection RNA-seq dataset
(Backhaus et al. 2022); however, given its limited developmental range and high variability, we
conducted a more extensive analysis across spike development. We generated RNA-seq from
central and basal spike sections across five development stages (Figure 2.4 A-B); Early and
Late double ridge (EDR, LDR; Waddington stage W2, W2.5; respectively), Lemma Primordia
(LP; W3.25), Terminal Spikelet (TS; W4), and Carpel Extension (CE; W5) (Waddington et al.
1983; Kirby and Appleyard 1984). Individual samples expressed, on average, 49,387 high-
confidence genes, with 55,346 unique genes expressed across all samples. We identified
12,384 genes with significant differential expression between central and basal sections over
time (Fig. 1B; See Methods), consistent with distinct spatial profiles along the apical-basal

axis.

The MERFISH experimental workflow begins with the curation of a gene panel, which is used
to design transcript-specific probes. We constructed a 200-gene panel capturing wheat
inflorescence development (See Appendix 2), which incorporated genes spanning four broad
categories: (1) genes differentially expressed along the apical-basal axis, (2) genes related to
inflorescence development, (3) cell type marker genes identified from a single-nucleus RNA-
seq study, and (4) housekeeping and control genes (Figure 2.4). In some cases, gene
selection within each category was informed by prior genetic characterisation in wheat or in
orthologs from related species, including Oryza sativa, Zea mays, and Hordeum vulgare.
However, our selection also incorporated genes not yet characterised in grass species.
Before final selections, we examined expression profiles from the microdissection RNA-seq
dataset to ensure that each selected gene was expressed at one or more of the sampled

developmental time points (significant expression considered >0.5 TPM).

Of the 200 gene panel, we selected 121 genes that are differentially expressed across the
apical-basal axis of the inflorescence, as determined by the RNA-seq microdissection
dataset. Our goal was to capture diverse transcriptional trajectories across developmental
timepoints. For instance, we included genes with strong expression in basal regions of the
inflorescence at early stages (Figure 2.4B - cluster 3; W2 - W2.5), such as VEGETATIVE TO

REPRODUCTIVE TRANSITION 2 (VRT2), SHORT VEGETATIVE PHASE 1 (SVP1), and
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VERNALIZATION 1 (VRN1). In contrast, we selected genes with elevated expression in apical
regions at the same stages (Figure 2.4B - cluster 2), including KNOTTED-LIKE HOMEOBOX 5
(KNOX5) and SEPALLATA 1-6 (SEP1-6). An additional 52 genes were chosen for their
progressive upregulation during later floral development stages (Figure 2.4B, clusters 1, 4, 5;

W3.25-W5).

An important component of the gene panel was the inclusion of housekeeping genes.
Although the number of characterised housekeeping genes in wheat is limited, we
supplemented our selection based on orthology with well-characterised housekeeping genes
in other grasses. These genes are anticipated to be expressed across all cell types in the
inflorescence and surrounding vegetative tissues, making them helpful in assessing
transcript detection and expression uniformity across tissue samples (Figure 2.4C). The
selected housekeeping genes span a range of expression levels, including low (e.g., CycTT,
mEF-G, ACT1-5, CAB; average TPM 5.60-14.48), moderate (ATG8g, elF-4a, UBQS5; average
TPM 31.75-56.85), and high expression (GAPC3, GAPC1; average TPM 54.90 and 187.75,

respectively).

In addition to transcription factors identified through differential expression analysis, we
supplemented the panel with 39 transcription factors drawn from the literature for their
generalroles in inflorescence development across grasses. Together with those selected
from the RNA-seq dataset, this brought the total to 127 transcription factors in the panel,
representing 34 gene families. The most significant contributions came from the MADS-MIKC
(23), HB-HD-ZIP (8), bHLH (8), bZIP (7), NAC (6), and AP2/ERF-AP2 (6) families, based on the

classification system of Evans et al. (2022).

In addition, we incorporated putative cell-type marker genes identified in a recent sshRNA-
seq study of wheat inflorescence (Liu et al. 2025), with candidate gene selection guided by
our collaborators. These genes are hypothesised to exhibit cell-type-specific enrichment,
although the spatial distribution of the corresponding cell types within the wheat
inflorescence remains uncharacterized. They serve a dual role: facilitating the annotation of
snRNA-seq clusters and contributing to spatial analyses of MERFISH data to delineate major

cell-type domains (Liu et al. 2025).

The final gene panel comprises 172 genes related to inflorescence development, 100 genes
involved in grain development (for a separate project), and 28 additional genes used for

housekeeping, controls, or miscellaneous purposes.
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Figure 2.4 - Curation of a 200-gene panel used to investigate wheat inflorescence development
A) Schematic illustrating the central and basal spike regions sampled for pooled-tissue RNA-
sequencing across five developmental stages (W2, W2.5, W3.25, W4, W5; not to scale). B) 12,384
genes were differentially expressed between central and basal regions of wheat inflorescence
microdissections. The 121 genes selected for inclusion in the MERFISH panel are indicated by black
bars. K-means clustering determines five (c1-c5) transcriptional trajectories identified through
differential expression analysis. C) Average expression (transcripts per million; TPM) values for nine
housekeeping genes in the micro dissected RNA-seq dataset (timepoints W2-W5), incorporated into
the MERFISH panel. D) Composition of 200-gene MERFISH panel, including differentially expressed
genes selected from microdissection dataset, single-nuclei RNA-seq markers (Liu et al. 2025),

additional transcription factors, and housekeeping/control genes.
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2.3.2 - Optimisation of smFISH in wheat inflorescence tissues

MERFISH sample preparation involves tissue dissection, fixation, embedding, and
subsequent cryosectioning. A critical first step in optimising this workflow is to ensure that
the preparation protocol preserves RNA integrity (particularly during fixation), and that the
processed tissue yields high-quality MERFISH results. To assess this, we tested prepared
samples using smFISH probes and a rapid imaging protocol on the MERSCOPE instrument.
Briefly, encoding probes with two unique readout bits were imaged using two fluorescence
channels. High colocalisation of sighals between these two channels is used as a proxy for

RNA integrity, with greater overlap indicating better RNA preservation (Figure 2.5A).

We used validation probes targeting TraesCS6B02G144000, the wheat ortholog of rice
EUKARYOTIC INITIATION FACTOR 4A-2 (EIF4A2). This gene is expected to be broadly
expressed, with average expression ranging from 48.9 to 61.4 TPM in the microdissection
RNA-seq dataset. To quantify spot detection and colocalization, we utilised the smFISH
image processing toolbox FISH-quant (Imbert et al. 2022). We selected a 50 pm? region of
spikelet meristem tissue from a high-quality section of wheat inflorescence tissue (W3.25).
From this region, we detected 554 spots in channel 1, of which 154 (27.8%) overlapped with
spots in channel 2. Conversely, of 507 spots in channel 2, 30.4% overlapped with channel 1
(Figure 2.5B). This process was repeated in two additional spikelet meristem regions of the
inflorescence (Figure 2.5C-E). These yielded similar results, with overlap ranging from 25.8%-
45.6% in total (Table 2.1). These results indicate spatial co-localisation between the two
channels. However, because this metric is primarily used as an internal quality check within
the Vizgen MERSCOPE workflow, it was challenging to identify comparable benchmarks in
the literature. Following consultation with Vizgen staff, we interpreted these results as

evidence of sufficient RNA quality and successful sample preparation.
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Figure 2.5 - Verification of smFISH signal co-localisation

A) Schematic of experimental design. smFISH probes were labelled with fluorophores detected in two
imaging channels (647 nm and 541 nm). Microscopy images show probe hybridisation in both
channels (smFISH1 and smFISH2), visualised using the MERSCOPE Visualizer Tool. DAPI = blue;
smFISH1 = green; smFISH2 = yellow. Scale bar = 10 um. B) Co-localisation of smFISH spots quantified

with the smFISH image processing toolbox FISH-quant (Imbert et al., 2022). Example from a 50 pm x
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50 um spikelet tissue tile (Tile1). All detected smFISH spots are shown in red; co-localised spots
between channels are shown in white. Visualised using the BIG-FISH function plot_detection() with
contrast enhancement. Scale bar =25 pm. (C-E) Three 50 pm x 50 um tiles were sampled for smFISH

quantification. Images acquired on the MERSCOPE instrument. Scale bar =100 um; DAPI = blue.

Table 2.1 - smFISH spot co-localisation in 50 pm x 50 um regions of meristem tissue.

Tile Coordinates smFISH Spots Spots Co- % Spots Co-
Name X, Y (um) channel Detected localised localised
Tile 1 (4270, 4255) 1 554 154 27.80%

2 507 30.40%
Tile 2 (4180, 4412) 1 544 173 31.80%

2 379 45.60%
Tile 3 (4150, 4210) 1 414 107 25.80%

2 392 27.30%
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2.3.3 - Implementation of MERFISH workflow defines spatial gene expression

patterns of a 200-gene panel

After designing and synthesising the 300-probe set, we performed the Vizgen MERSCOPE
workflow (Figure 2.6). Briefly, developing wheat spikes were dissected at four stages (W2.5,
W3.25, W4, W5; Waddington et al. 1983), embedded in optimal cutting temperature (OCT)
compound, flash frozen, and cryo-sectioned (See Appendix 3). To accommodate for variable
sectioning angle, we ensured the maximum amount of inflorescence tissues within a 1cm x
1cm area. Each OCT block included 5-36 spikes (depending on stage; Figure 2.7A-D) from
two near-isogenic lines: one carrying the wildtype VRT-A2a allele (P7"") and the other the

misexpression VRT-A2b allele (P17°%) from T. turgidum ssp. polonicum (Adamski et al. 2021).
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Figure 2.6 - MERSCOPE Workflow for plant tissues

To accommodate high auto-fluorescence in plant tissues, we performed autofluorescence
checks and increased photobleaching times as required, totalling three hours. Additionally,
we varied the amount of time left in clearing solution before imaging, ranging from 3 h to 4.5
days. Of the cryosectioned tissue included in the imageable area, some tissue experienced
lifting from slides after tissue clearing steps. To assess the quality of tissue sections, we first
imaged sections on the MERSCOPE instrument, using a rapid imaging round (~15 min) to
generate a low-resolution mosaic of DAPI staining (Figure 2.7E-H). Using the MERSCOPE
Instrument User Interface, we selected from the available sections a subset of tissues to
image with the region of interest selection tool. For the datasets covered in this thesis, we
imaged across four experimental runs in total, including a total of 36 imaged areas. The size
of raw imaging data generated from each experimental run ranged from 460 GB to 1.52 TB

total.
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Figure 2.7 - Optimal cutting temperature (O.C.T.) block layout, ‘Region of Interest’ selections, and
eight cryosections across four MERSCOPE experimental runs

A-D) Layout of wheat inflorescences in OCT blocks annotated with genotype and developmental time
point annotations. Asterisks denote spikes selected for final analysis. Taken on Leica S9
stereomicroscope. Scale bar = 5mm. E-H) DAPI stain overview and experimental region selections
from MERSCOPE Instrument output. I-P) Eight selected cryosections for onward analysis, stages W2.5
(1-)), W3.25 (K-L), W4 (M-N), W5 (O-P) in genotypes P77 (1,K,M,0) and P77 (J,L,N,P). Staining images
taken on the MERSCOPE Instrument before the MERFISH experimental run (See Methods). DAPI =

Blue, PolyT = Green.
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For downstream analysis, we selected two representative samples from each developmental
time point, one per genotype (P7""and P17°), resulting in a total of eight samples (Figure
3.71-P). Selection was based on sectioning angle, tissue adherence, and the number of
detected transcripts to ensure sample quality. Among these eight regions, the total tissue
area captured on the slide ranged from 0.50 to 4.35 mm?, and the number of transcripts

detected within tissue boundaries ranged from 147,308 to 2,636,435 counts.

To summarise transcript density, we calculated the number of transcripts detected per
100pm?, which ranged from 19.06 — 63.89 (Table 2.2). In total, we captured 7,308,224
transcripts across eight samples. The top five highest detected genes captured across eight
experimental runs were TraesCS7A02G313700 (739,501 counts, ortholog to rice
GLYCERALDEHYDE-3-PHOSPHATE DEHYDROGENASE, CYTOSOLIC), TraesCS3A02G 155200
(422,689 counts, ortholog to rice AUX/IAA PROTEIN 3), TraesCS2B02G260800 (393,558
counts, ortholog to rice METHYLTRANSFERASE 1B), TraesCS3D02G284200 (341,756 counts,
AGAMOUS-LIKE 14), and TraesCS2A02G174300 (242,771 counts, FRUITFULL3).

Table 2.2 - Total capture area and detected transcript count across eight MERFISH samples

Genotype Waddington Total detected Tissue Area Transcript counts /

Stage transcripts (mm?) 100 |.|m2

P W2.5 295,537 0.7529 39.2516

p1Fot W2.5 147,308 0.7728 19.0616

P W3.25 401,150 0.8162 49.1483

p1Pot W3.25 212,643 0.4997 42.5533

P w4 575,126 1.5833 36.325

p1Fot w4 990,962 1.8071 54.8371

P W5 2,636,435 4.1266 63.8888

p1Fot W5 2,049,063 4.3467 47.1407
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2.3.4 - Cell segmentation and transcript assignment refine gene expression data to

cellular resolution

A critical first step in spatial transcriptomic analysis is the segmentation of individual cells
from stained tissue images. To achieve this, we used mosaic images of DAPI and PolyT stains
and performed cell segmentation using Cellpose2 (Pachitariu and Stringer 2022). We
optimised the segmentation parameters to maximise cell detection while minimising small

segmentation artefacts, identifying an optimal flow threshold of 1.0 and a cell probability

threshold of -3.0 (Figure 2.8).

cell probability threshold

flow threshold

Figure 2.8 - Optimisation of cell segmentation parameters in Cellpose2 improves segmentation
outputs

Segmentation outputs with parameters of flow threshold (0.2 to 1.0) and cell probability threshold (-6.0
t0 0.0) in cellpose2 on a 500 pm x 500 um region of wheat spikelet tissue (Pachitariu and Stringer
2022). Staining images taken on MERSCOPE Instrument prior to MERFISH experimental run (See
Methods). DAPI = Blue. Segmentation lines = white. Scale bar = 250pm.
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A particular challenge was accurate segmentation across stitching lines in the mosaic.tiff
files generated by the MERSCOPE instrument. These stitching lines, which arise where
adjacent image tiles are joined during processing, often introduce artificial boundaries that
interfere with segmentation. To address this, we developed a preprocessing method in Image)
to lighten the seam lines, enabling more accurate segmentation across tile boundaries

(Figure 2.9; Schindelin et al. 2012; Schneider et al. 2012).

Figure 2.9 - Lightning of seam lines in staining images improves cellular segmentation outputs

A) Raw DAPI stain, as output from MERSCOPE Instrument. B) Cellpose2 segmentation outputs prior to
image edits, visualised in Vizgen MERSCOPE Visualiser Tool. White arrowhead denotes seam line
detected through segmentation, resulting in false cell boundaries. C) Image J filters (Maximum Filter, x3
and Median Filter, x3, Gaussian blur, See Methods) applied to DAPI stain image. D) Cell segmentation
of edited DAPI stain image visualised in Vizgen MERSCOPE Visualiser Tool. DAPI = blue, PolyT = green,

segmentation lines = white. Scale bar = 50pm.

45



Chapter 2 - MERFISH resolves gene expression patterns in

the wheat inflorescence to cellular resolution

Cell segmentation (Pachitariu and Stringer 2022) and transcript assignment (Wiggin and Yu
2024) produced a cell-by-gene matrix detailing transcript counts per cell and gene counts per
cell. This allowed for the filtering of segmentation artefacts (e.g., non-cellular objects) and
low-quality cells with low transcript counts. Cells were removed from the dataset if they
contained less than 25 transcript counts in total, and a volume threshold of >500 um?, which
reduced the number of segmented cells from 105,908 to 50,731 cells across eight samples

(Figure 2.10).

After filtering low-quality cells, we evaluated sample quality based on total transcript
abundance and the number of genes detected per cell. The number of cells captured per
sample ranged from 1,569 (W2.5, P17°%) to 15,185 (W5, P1"7). Across all samples, average
transcript counts per cell ranged from 77.9 to 152.4, while the average number of genes

detected per cell ranged from 29.6 to 42.1 (Table 2.3).

A pre-filtering B ..., pre-filtering
30000
12500 -
= -
g g 10000 4
g 20000 g
= — 7500
Q @
(8]
10000 © 50004
2500
0-— T T T T 07 T T
2500 post-filtering post-filtering
2000
o 2000 -
[ c
g g 1500
g 1500 3
T 1000 ‘B 1000
500 500
0 0
0 20 40 60 80 100 o 2000 4000 6000 8000 10000
Total Gene Count Per Cell Cell Volume (um?)

Figure 2.10 - Filtering of low-quality cells in eight selected MERFISH samples

A) Total gene count per cell before and after filtering low-quality cells (> 25 transcript counts per cell),
combined across eight samples. B) Cell volume before and after filtering segmentation artefacts (> 500
pm?). C-D) Cellular segmentation in cellpose2 before (C) and after (D) filtering of segmentation

artefacts in sample W5, P17,
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Table 2.3 - Transcript count and gene count per cell across eight MERFISH samples

Genotype Waddington Stage Number of Cells Metric Mean Median Min Max Range
p1wT W2.5 2209 transcript count per cell 118.5 93 25 615 590
p1FoL W2.5 1569 transcript count per cell 77.9 60 25 448 423
pwT W3.25 2896 transcript count per cell 122.7 97.5 25 625 600
p1FoL W3.25 2107 transcript count per cell 87.3 69 25 606 581
pwr w4 5405 transcript count per cell 88.4 61 25 823 798
p1Pot w4 6385 transcript count per cell 133.9 103 25 862 837
p1wT W5 15185 transcript count per cell 152.4 118 25 1092 1067
p1Pot W5 14975 transcript count per cell 118.4 84 25 1009 984
p1wT W2.5 2209 number of genes per cell 36.9 36 9 81 72
p1Pot W2.5 1569 number of genes per cell 29.6 27 3 80 77
Pt W3.25 2896 number of genes per cell 39.6 38 11 97 86
p1FoL W3.25 2107 number of genes per cell 34.4 32 9 87 78
pwT w4 5405 number of genes per cell 32.2 29 7 99 92
p1Pot w4 6385 number of genes per cell 39.6 38 8 93 85
Pt W5 15185 number of genes per cell 421 41 5 105 100
p1Pot W5 14975 number of genes per cell 37.6 35 5 99 94
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After cell filtering, transcript counts per cell exhibited a non-normal distribution, with a
pronounced left skew and a wide range (Figure 2.11A). This distribution pattern was
consistent across all eight samples (Figure 2.11B). For instance, in the W2.5 spike sample
(P1"7), total transcript counts per cell ranged from 25 to 615 (Figure 2.11C). To mitigate the
impact of technical variability and enable meaningful comparisons across cells and samples,
transcript counts were normalised prior to downstream analysis (Figure 2.11D-F). To do so,
we utilised standard normalisation functions in Scanpy (Wolf et al. 2018), which adjust the
total number of counts to be uniform across all cells, followed by a log-transformation of the

count matrix.
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Figure 2.11 - Normalisation of transcript count in eight selected MERFISH samples

(A-C) Total transcript counts per cell before normalisation, displayed in A) frequency plot of across
eight combined samples, B) violin plot of individual samples. C) heat plot of total transcripts per cell
displayed over cellular segmentation in sample W2.5, P17, D-F) Total transcript count per cell, after
counts normalisation with Scanpy functions pp.normalize_total() and pp.log1p() (Wolf et al. 2018);
displayed in D) frequency plot across eight samples combined, E) violin plot of individual samples, F)

heat plot of total transcripts per cell displayed over cellular segmentation in sample W2.5, P77,
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Beyond results from cell segmentation, we observed gene expression patterns restricted to
specific cell layers, demonstrating the cellular resolution achievable with MERFISH. For
example, TraesCS4D02G296400, the ortholog to rice ONION1, showed highly localised
transcript enrichmentin the L1 and epidermal layers of the inflorescence, illustrating layer-
specific gene expression (Figure 2.12A-E). This spatially resolved expression pattern

highlights MERFISH's ability to detect transcriptional differences at the single-cell level.

Figure 2.12- MERFISH refines gene expression to a single-cell layer
Transcript localisation of TraesCS4D02G296400 in four regions of P1"Tinflorescence. A-D) stages W2,
W3.25, W4, and florets (E; W5). DAPI = blue. Detected transcripts = white. Scale bar =100um.
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2.3.5 - MERFISH quality control and verification

We next implemented quality control measures to evaluate the off-target binding and false
identification rate of MERFISH in wheat inflorescence tissue. In MERFISH, each transcript is
identified through a unique barcode. To assess the percentage of errors in transcript
detection, the MERSCOPE platform detects the presence of 15 ‘blank’ barcodes not included
in the experimental library (Chen et al. 2015). Across all samples, we detected minimal off-
target hybridisation, with blank probe-derived transcripts accounting for less than 0.28% of
total counts (range by sample: 0.24% to 0.34%; Table 2.4). This low background signal
suggests high probe specificity and supports the robustness of our hybridisation conditions

in a plant tissue context.

In some cases, gene probes were detected at low rates across all samples. To identify probes
likely reflecting stochastic detection, we used the detection rates of blank barcodes as a
baseline. For each sample, we normalised the per-cell count matrix (including both gene and
blanks) and pooled the blanks to define a background distribution of per-cell counts
associated with stochastic detection. Each of the 200 gene probes was then compared to
this distribution using a two-sample Kolmogorov-Smirnov (KS) test (see Methods). This
analysis identified eight gene probes that were consistently low confidence across all eight
samples, suggesting their expression likely reflects non-specific or background detection.
The affected genes include: TraesCS2A02G306800, TraesCS1B02G274200,
TraesCS5A02G405900, TraesCS7D02G233300, TraesCS2D02G019300,
TraesCS5B02G560300, TraesCS3A02G093200, and TraesCS7A02G076500.

Due to the hybridisation-based nature of MERFISH and the ~98% sequence identity among
wheat homoeologs, we expected cross-hybridisation between homoeologous transcripts. To
test this, we included a probe set designed to target a B-genome homoeolog with minimal
expression (average 0.03 TPM; microdissection RNA-seq dataset, Figure 2.4), while the
corresponding A and D copies are expressed (16.05 and 14.05 average TPM, respectively,
Figure 2.13A). Despite being B-genome specific by design, this probe detected an average of
0.20 transcripts per cell, approximately tenfold higher than the signal observed in blank
controls (Figure 2.13B). This signal likely reflects binding to the closely related Aand D
homoeologs (Figure 2.13C), highlighting a lack of homoeolog-specificity under the current

hybridisation conditions.
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Table 2.4- Total Counts per sample of gene probes compared to blank barcode detection

Genotype Waddington Total Counts Blank Probe Percentage of Blank Gene Probe Percentage of Gene
Stage (Including Blanks) Counts Probe in Total Counts Counts Probe in Total Counts
pwT W2.5 262,562 713 0.27% 261,849 99.73%
p1Pot W2.5 122,641 418 0.34% 122,223 99.66%
pwT W3.25 356,417 973 0.27% 355,444 99.73%
p1Po- W3.25 184,436 442 0.24% 183,994 99.76%
pwT w4 478,986 1270 0.27% 477,716 99.73%
p1Pot w4 857,615 2569 0.30% 855,046 99.70%
pwT W5 2,320,062 6115 0.26% 2,313,947 99.74%
p1Pot W5 17,77,816 5404 0.30% 1,772,412 99.70%
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Figure 2.13 - MERFISH probes display non-homoeologous binding activity

A) Transcript per million (TPM) of the homoeologous triad from RNA-seq of micro-dissected basal and
central spike regions at stages W2.5-WS5. B) Average counts per cell (pre-normalisation) of
TraesCS1B02G448400 compared to 15 blank probes across eight samples. C) Sequence alignment of
homoeologous triad TraesCS1B02G448400, TraesCS1A02G418400, and TraesCS1D02G426100 using
MUSCLE (v5, Edgar 2022). Probes were designed to TraesCS1B02G448400; blue bars indicate

individual probe target sites along the transcript. Note that probes are purposely targeting polymorphic

regions among homoeologs.

52



Chapter 2 - MERFISH resolves gene expression patterns in

the wheat inflorescence to cellular resolution

2.3.6 - Spatial gene expression patterns are consistent with single gene in situ

hybridisation and bulk RNA-seq

To further validate the accuracy and biological relevance of our MERFISH data, we generated
in silico sections that correspond to the physical microdissections used in a previous bulk
RNA-seq experiment (Figure 2.4). We then compared the normalised gene expression data
within the in silico sections with those obtained from bulk RNA-seq of manually dissected
tissue. Across eight samples spanning four developmental time points, the average
Spearman’s correlation coefficient between the two datasets was 0.66 (range: 0.62-0.73;
Figure 2.14), indicating moderate to strong agreement. Spearman’s rank correlation was
chosen for its robustness to non-linear relationships and differences in expression scale
between technologies. This level of concordance supports the consistency between

approaches.

Additionally, we compared MERFISH data with published in situ hybridisation studies in
inflorescence tissues. Given the limited number of studies in wheat, we broadened the
comparison to include other cereals (Zea mays, Oryza sativa, Hordeum vulgare) and
compared results from P1"" samples to analogous stage and section areas between species
(Figure 2.15). We observed the consistent expression patterns comparing genes in wheat, in
PISTILLATA1 (PI1), SHORT VEGETATIVE PHASE 1 (SVP1), FRUITFULL 2 (FUL2), AGAMOUS-LIKE
6 (AGL6), VEGETATIVE TO REPRODUCTIVE TRANSITION 2 (VRT2), SEPALLATA 1-6 (SEP1-6),
and BARREN STALK1 (BA1). In genes orthologous to maize, we observe consistent expression
patterns in wheat to OUTER CELL LAYER 4 (ZmOCL4), KNOTTED 1 (ZmKN1), TASSEL SHEATH
1 (ZmTSH1), as well as the orthologs to rice TONGARI-BOUSHI3 (TOB3) and barley MANY-
NODED DWARF1 (MND1).
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Lp=0.727"

Figure 2.14- Normalised counts from in silico dissections of MERFISH regions show strong
correlation with TPM expression values from corresponding RNA-seq microdissection regions
(A-H) Cell segmentations (grey) overlaid with in silico dissection regions (red), as selected using the
MERSCOPE Visualizer tool. Spearman’s rank correlation coefficients (p) are shown for each genotype,

developmental stage, and section; significance is indicated (*** P< 0.001)
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Figure 2.15 - Single gene in situ hybridisation in cereals from equivalent tissues and time points
as those used for MERFISH

(A-L) Transcript localisation of wheat genes in MERFISH P1"" samples (left) compared to in situ
hybridisation of wheat gene (Ta) or cereal ortholog (Hv = barley; Os =rice; Zm = maize) at equivalent
inflorescence stage in published studies (right). Gl = glume, Le = lemma, Pa = palea, Lo = lodicule, St =

stamen, Pi = Pistil.
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2.3.7 - Inflorescence cell type markers verified with MERFISH data

We examined the spatial expression patterns of 36 putative cell-type marker genes from the
200-gene MERFISH panel. These genes were selected based on an analysis of an snRNA-seq
dataset, which identified 20 transcriptionally distinct clusters and 7,211 significantly
enriched marker genes across wheat inflorescence development (W2.5-W5). Cell-type
annotations were assigned based on known gene expression patterns and functional

enrichment (Liu et al. 2025).

To assess concordance between snRNA-seg-inferred cell types and spatial localisation, we
compared MERFISH expression patterns of these 36 genes to their snRNA-seq annotations
using broad tissue categories in the developing inflorescence (Figure 2.16A). Eighteen genes
exhibited spatial patterns fully or partially consistent with their snRNA-seqg-based
annotations (Table 2.5). Most were enriched in multiple snRNA-seq clusters and showed
precise MERFISH localisation in vasculature, epidermis, cortex/pith, proliferative zones, or
floral tissues, with representative examples shown in Figure 2.16 (all gene expression

patterns available at www.wheat-spatial.com).

The remaining 14 markers displayed less definitive patterns: one inferred ovary-specific gene
(TraesCS4B02G084800) showed expression in vegetative and non-ovary floral tissues; four
genes were broadly expressed without clear restriction; and nine showed low, stochastic
signal likely reflecting low abundance, limited representation of the corresponding cell types,

or suboptimal probe performance.

Further discussion of how MERFISH results inform and refine snRNA-seq cluster annotations
is addressed in Liu et al. (2025). The major tissue domains mentioned (vasculature,
cortex/pith, florets, and epidermis) are examined in further detail in Chapter 4. Overall, this
analysis demonstrates that MERFISH can effectively validate and spatially resolve snRNA-
seq-derived cell type markers, reinforcing its value as a high-throughput platform for spatially

contextualising gene expression in developing plant tissues.
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Figure 2.16 - Spatial validation of snRNA-seg-derived markers reveals tissue-specific expression
patterns

A) Schematic showing the major tissue domains used for classification of MERFISH expression
patterns in wheat inflorescence. Illustration adapted from original work by Xuemei Liu to represent a
W4-stage spike. (B-C) Transcript detection in spikelet tissue (stage W3.25; P1"7), B)
TraesCS4D02G296400 and C) TraesCS2B02G260800. Scale bar = 100pm. (D-F) Transcript detection in
whole inflorescence tissue (stage W4 P1"7), D) TraesCS7D02G261600, E) TraesCS2A02G 192600, F)
TraesCS5B02G353200. Scale bar =500 um. DAPI = blue. Yellow dots represent individual transcripts.
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Table 2.5 - Comparison of snRNA-seq cell type annotations to MERFISH gene expression patterns

IWGSC RefSeq1.1 Gene Cell Cluster, Cell Cluster Annotation, MERFISH Gene Expression Pattern MERFISH
Gene ID Name Liu et al. 2025 Liu et al. 2025 agrees with
snRNA-seq
annotation?

TraesCS1A02G077800 R12,R17 Vasculature Vasculature Yes
TraesCS2A02G192600 SHR R12, R14, R15, Floret, Spikelet primordium, Vasculature, Spikelet (W3.25), Floret (W4,  Yes

R17 Vasculature W5)
TraesCS5A02G230500 R12,R17 Vasculature Vasculature Yes
TraesCS5D02G385300 R12, R15,R17 Spikelet primordium, Vasculature Vasculature, Spikelet (W3.25), Floret (W5)  Yes
TraesCS7D02G191600 R12, R15, R17, Spikelet base, Spikelet primordium, Vasculature, Spikelet (W3.25, W4, W5) Yes

R5 Vasculature
TraesCS7A02G071700 R12,R15 Spikelet primordium, Vasculature Vasculature (W5) Partial
TraesCS1D02G343400 R14,R16,R3  Epidermis, Floret, Unknown Epidermis Yes
TraesCS6B02G251600 R10, R11, R14, Epidermis, Floret, Glume/Lemma, Epidermis (W3.25, W4), Floret (W5) Yes

R3 Proliferating cell G1/S
TraesCS4D02G296400 FDH R14,R16,R3  Epidermis, Floret, Unknown Epidermis Partial
TraesCS2B02G260800 R11, R14,R19, Floret, Ovary, Proliferating cell G1/S Proliferating cell Yes

R4, R7
TraesCS4D02G076900 R11, R19, R4, Ovary, Proliferating cell G1/S Proliferating cell Yes

R7
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TraesCS6A02G259000 AGL6 R14 Floret Floret (W4, W5) Yes
TraesCS7B02G014500 R19 Ovary Floret (W4, W5) Yes
TraesCS7D02G261600 SEP3-1 R14, R19 Floret, Ovary Floret (W4, W5) Yes
TraesCS4B02G050200 R10, R14, R15, Floret, Glume/Lemma, Ovary, Pith, Pith/Cortex (W3.25, W4), Floret (W4, W5), Yes
R19, R8 Spikelet primordium Vasculature (W5)
TraesCS1A02G156100 R10,R15,R17 Glume/Lemma, Spikelet Pith/Cortex (W3.25, W4), Vasculature (W5), Yes
primordium, Vasculature Spikelet (W5)
TraesCS7D02G339600 R1, R13,R5 Cortex, Spikelet base Pith/Cortex (W3.25, W4), Spikelet (W3.25, Yes
w4, W5)
TraesCS5A02G 185600 R1,R13,R16, Cortex, Spikelet base, Unknown Pith/Cortex (W3.25, W4), Spikelet (W3.25), Partial
R18, R5 Floret (W5), Leaf (W2.5)
TraesCS5B02G353200 R10,R13,R6, Cortex, Glume/Lemma, Pith Pith/Cortex (W2.5, W3.25, W4), Vasculature Partial
R8 (W5)
TraesCS4B02G084800 R19 Ovary Vasculature (W2.5-W5), Floret (W5) No
TraesCS1D02G373800 R19, R4, R7 Ovary, Proliferating cell G1/S Pattern unclear, low expression No
TraesCS2A02G306800 R15 Spikelet primordium Pattern unclear - low expression No
TraesCS3A02G251500 R17 Vasculature Pattern unclear - low expression No
TraesCS3D02G401200 nac6D R16, R18 Unknown Pattern unclear - low expression No
TraesCS5A02G098300 HTAS R11, R19, R4, Ovary, Proliferating cell G1/S Pattern unclear - low expression No
R7
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TraesCS5A02G 165400 R10,R13,R6, Cortex, Glume/Lemma, Pith Pattern unclear - low expression No
R8
TraesCS5D02G136300 TFL1 R13, R15 Cortex, Spikelet primordium Pattern unclear - low expression No
TraesCS6A02G171800 R15, R17 Spikelet primordium, Vasculature Pattern unclear - low expression No
TraesCS7D02G008500 R17 Vasculature Pattern unclear - low expression No
TraesCS3A02G 155200 R10,R12, R15, Glume/Lemma, Spikelet base, Pattern unclear - expressed throughout No
R17, R9 Spikelet primordium, Vasculature sample
TraesCS5D02G 133600 R11,R14,R19 Floret, Ovary, Proliferating cell G1/S Pattern unclear - expressed throughout No
sample
TraesCS5D02G232900 R16,R18,R5 Spikelet base, Unknown Pattern unclear - expressed throughout No
sample
TraesCS5D02G449200 BHLH007 R12,R15,R17 Spikelet primordium, Vasculature Pattern unclear - expressed throughout No

sample
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2.3.8 - MERFISH captures ectopic gene expression in VRT-A2b mutant

We next asked if MERFISH could quantify gene expression differences between genotypes.
We used this to investigate how a cis-regulatory mutation in VRT2 (P17°" allele), previously
shown to increase VRT2 expression (Adamski et al. 2021; Backhaus et al. 2022), alters its
spatial expression domain. Prior genetic studies have demonstrated that the VRT-A2b
allele leads to elevated VRT2 expression, resulting in subtle developmental delays in basal
spikelet formation and elongation of spikelet organs such as glumes and lemmas
(Adamski et al. 2021; Backhaus et al. 2022). However, the spatial consequences of this
elevated expression —specifically, whether it reflects ectopic expression or enhanced

expression within native domains —have remained uncharacterised.

In P1"" inflorescence tissues, VRT2 expression is localised to the vegetative tissues below
the inflorescence, and the developing cortex during early developmental stages (W2.5,
W3.25, W4), and becomes expressed primarily in the leaves and peduncle below the
inflorescence by stage W5 (Figure 2.17A-D). In contrast, MERFISH revealed that in P77t
inflorescence tissues, VRT2 is expressed ectopically, expanding its expression domain into
spikelet and floral tissues, with this expansion most pronounced at stages W4 and W5
(Figure 2.17E-H). These results demonstrate the ability of MERFISH to detect tissue-

specific changes in a developmental mutant.
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Figure 2.17- MERFISH detects ectopic expression of VRT2 in the P17° genotype.

Transcript detection of VRT2 (TraesCS7A02G175200) in genotypes P1"" (A-D) and P717°t (E-H).
Stages W2.5 (A, E), W3.25 (B, F), W4 (C, G), W5 (D-H). Scale bar =500 pm. DAPI = blue. Yellow dots

represent individual transcripts.
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2.4 - Discussion

2.4.1 - Development of an open-access spatial transcriptomic dataset with

MERFISH

This chapter presents the development of a spatial transcriptomic dataset profiling the
expression of 200 genes across four developmental stages of the wheat spike. To achieve
this, we optimised and implemented Multiplexed Error-Robust Fluorescence /n Situ
Hybridisation (MERFISH) in wheat inflorescence tissue, representing the first

implementation of MERFISH to a crop species.

Through MERFISH, we generated high-quality, reproducible, single-cell-resolution data.
The gene expression patterns detected with MERFISH were consistent with expression
patterns observed in single-gene in situ hybridisation, including MND1 in barley (Walla et
al. 2020), KN17 in maize (Jackson et al. 1994), and TOB3 in rice (Tanaka et al. 2017),
underscoring its utility for cross-species comparisons of conserved developmental
programs. In parallel, a related dataset of 99 genes was generated in tetraploid wheat
using Molecular Cartography at developmental stages W1.5, W2.5, and W3.25 (Xu et al.,
2025). Our panelincluded 34 overlapping genes, which showed strong concordance
between the two platforms (detailed in Xu et al., 2025). This cross-validation across
independent spatial transcriptomic approaches reinforces the robustness of the newly

characterised spatial expression patterns.

As MERFISH is an emerging technique in plant sciences, we have established a workflow
that spans from sample embedding to imaging, which can be applied to additional plant
tissue types. (Open-source protocol available at Long et al. 2025). Together with an open-
access resource for all generated data (doi.org/10.5281/zenodo.15720855), we aim to
provide a foundation for future analyses and applications of imaging-based spatial

transcriptomics in plants.
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2.4.2 - Interactive web tool provides access to spatial transcriptomic data to the

wider plant science community

A central goal in generating this dataset was to make it broadly accessible to the plant
science community. Spatial transcriptomic datasets can be challenging to explore due to
their large file sizes, complex formats, and, in the case of MERFISH, the need for
specialised software to open the final data outputs. To overcome these barriers and
maximise research impact, we developed an interactive online resource (www.wheat-

spatial.com) that enables the exploration of the wheat inflorescence MERFISH dataset.

The platform is built on the open-source WebAtlas framework (Li et al. 2024), which
supports user-friendly, browser-based navigation of large spatial datasets. Users can
visualise transcript counts at single-cell resolution, expression domain assignments, and
compare expression profiles across developmental stages without requiring local
installation of MERFISH-specific software (Li et al. 2024). This resource provides an openly
accessible reference for the wheat research community and a template for sharing spatial

transcriptomic data in other plant species.
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Figure 2.18 - www.wheat-spatial.com visualises cell-level gene expression information in an

interactive web browser.
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2.4.3 - Limitations of MERFISH technology

Both spatial transcriptomics and single-cell RNA sequencing technologies are emerging
as powerful tools in plant biology (Nobori 2025). The wide variety of technologies on the
market continues to expand, each presenting its own benefits and limitations. To discuss
some of the limitations of MERFISH, | present questions | commonly encounter when

presenting and discussing this work:
Can MERFISH easily be adapted to other plant tissue types?

Imaging-based spatial transcriptomic methods have been successfully applied to a wide
range of plant tissues, demonstrating their adaptability to diverse tissue compositions
(Nobori 2025). Notably, imaging-based techniques offer distinct advantages over scRNA-
seq, particularly in plant systems. Unlike scRNA-seq, spatial transcriptomic approaches
do not require protoplast isolation, enabling analysis of tissue types that are challenging
to optimise for scRNA-seq due to factors such as rigid cell walls, large cell size, or the

presence of secondary metabolites (Giacomello 2021).

Nonetheless, adapting MERFISH for plant tissues presents specific technical challenges.
High and variable levels of autofluorescence across tissue types can interfere with probe
detection, necessitating optimisation of clearing protocols and cell wall digestion (Duncan
et al. 2022). While imaging-based techniques have been most commonly applied to
relatively soft tissues Laureyns et al. 2021; inflorescences, Lee et al. 2025; Xu et al. 2025),
further protocol refinement is required for tissues with substantial secondary cell wall
deposition. Permeabilisation must balance probe accessibility with structural
preservation; over-digestion can damage tissue architecture or cause detachment from

slides, compromising imaging quality (Giacomello 2021).

Cryosectioning introduces additional complexity. In thin tissues, such as Arabidopsis
roots, producing consistent longitudinal sections is technically challenging, making
whole-mount strategies (PHYTOMap; Nobori et al. 2023) advantageous. In contrast,
thicker tissues such as wheat inflorescences are more straightforward to section but
present different obstacles: their intricate three-dimensional arrangement means that the
sectioning angle strongly influences the anatomical regions captured. Achieving
consistent sectioning angles across all samples and interpreting the anatomical context

of resulting sections were significant challenges in our MERFISH experiments.
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Will probe binding efficiency change vary between probes?

Probe binding efficiency in fluorescence in situ hybridisation (FISH)-based techniques,
including MERFISH, is inherently variable. Differences arise from both probe design and
the biological context of the target transcript. Factors such as partial RNA degradation,
secondary structure, or protein binding can reduce hybridisation efficiency and lower
fluorescence intensity to a level indistinguishable from background signal (Duncan et al.

2022).

Quantifying the proportion of poorly performing or “stochastic” probes in plant spatial
transcriptomic studies remains challenging. However, an ISS study of the maize shoot
apex documents the efficacy of their gene probe performance. 15 of 90 probes were
classified as stochastic based on a threshold of <15 total counts detected (Laureyns et
al., 2021). In our dataset, comparing counts per cell for blank barcodes and gene-targeting
probes across developmental stages identified eight genes (out of 200) whose signals
were indistinguishable from background noise, suggesting that they do not detect the
transcript of interest at a biologically meaningful level. This highlights variability in probe

performance, with a subset of probes failing to capture detectable expression.

Across species and tissue types, MERFISH generally shows a strong correlation with RNA-
seq datasets (Chen et al. 2015; Wang et al. 2018; Liu et al. 2022; Choi et al. 2023; Cisar et
al. 2023). However, transcript abundance measured by MERFISH does not always scale
proportionally with expression values from RNA-seq. In a comparison of MERFISH counts
to bulk RNA-seq counts in mouse liver and kidney, MERFISH detected systematically
higher transcript counts, with fold-change increases ranging from ~10x to >1000x,
indicating that relative gene abundance estimates do not scale uniformly across all targets

(Liu et al. 2022).
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Is this method truly quantitative? Could | use it for differential gene expression across

different samples?

FISH-based methods, including MERFISH, are inherently quantitative: each fluorescent
spot corresponds to a single RNA molecule, allowing for the absolute count of transcripts
within individual cells (Duncan et al. 2022). Owing to its high sensitivity and specificity,
smFISH is considered the gold standard for validating rare or variable gene expression and
is often used to complement scRNA-seq, which captures only a fraction of the
transcriptome and exhibits substantial cell-to-cell variability (Torre et al. 2018; Zhang et

al. 2020; Duncan et al. 2022).

However, interpreting MERFISH data in the context of differential gene expression (DGE),
particularly across biological samples, requires careful consideration of several technical
factors. In our dataset, we detected a median of 85.7 transcripts per cell (range: 61-118)
and 34.5 genes per cell (range: 27-41), comparable to a recent Arabidopsis MERFISH
study using a 500-gene panel (median: 161 transcripts, 79 genes per cell; Nobori et al.,
2025). Given our more targeted 200-gene panel, these values suggest that our sample
quality and capture efficiency are comparable to those of other plant MERFISH datasets.
However, total transcript counts varied between replicates and within tissue sections. For
example, in two W5 stage replicates, the wild type (P7"") had a median of 188 transcripts
and 118 genes per cell, while the (P77°") mutant had 103 transcripts and 84 genes per cell.
In one W2.5 sample, high-quality cells ranged from 25 to over 600 transcripts. Such
variability underscores the need for normalisation when comparing samples, and caution

when interpreting DGE from MERFISH data alone.

Despite these caveats, MERFISH is powerful for validating and spatially contextualising
DGE identified by other transcriptomic approaches. In our study, MERFISH confirmed
elevated VRT2 expression in the P77°t mutant (Adamski et al., 2021; Backhaus et al., 2022)
and revealed ectopic expression in spikelet and floret tissues, providing spatial resolution
to the regulatory effect of the cis-regulatory mutation. Similarly, Nobori et al. (2025)
utilised MERFISH in Arabidopsis leaves to detect pathogen-induced transcriptional
differences between two immune cell populations—an analysis that would not have been

possible without single-cell spatial resolution.

Ultimately, whether MERFISH is suitable for DGE depends on the specific biological
question being asked. Because MERFISH relies on a pre-designed gene panel, it is often

used as a follow-up to transcriptomic studies, such as bulk RNA-seq or single-cell RNA-
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seq. For instance, if prior transcriptomic data indicate that a gene is differentially
expressed across conditions or genotypes, MERFISH can reveal whether an altered spatial
distribution, such as emergence in a new tissue domain or cell type, a shift in spatial
expression boundaries, or an association with cell identity transitions accompanies this

change.

In summary, while MERFISH is quantitative and capable of supporting differential
expression analyses, its real strength lies in resolving where changes in expression occur
within the tissue. When integrated with broader transcriptomic datasets, it becomes a

powerful tool for uncovering the spatial context behind gene regulation.

Does the curation of a gene panel incorporate bias into results?

In contrast to sequencing-based spatial transcriptomics, which can capture the
transcriptome in an untargeted manner, FISH-based approaches, such as MERFISH,
require a predefined set of target genes, inherently limiting the experiment to a small
fraction of transcripts (Giacomello 2021). Panel design typically relies on prior
transcriptomic data to select genes based on criteria like expression abundance,
differential expression (across time, treatments, or cell types), and prior genetic
characterisation. This process inevitably introduces selection bias, potentially excluding

genes that are uncharacterized or exhibit complex expression patterns (Covert et al. 2023).

In our implementation of MERFISH, the 200-gene panel encompassed four broad
categories: (1) genes differentially expressed along the apical-basal axis based on bulk
RNA-seq, (2) characterised inflorescence development genes from the literature, (3)
putative cell-type markers from a wheat snRNA-seq dataset, and (4) housekeeping and
control genes. While this design introduces bias and may overlook novel or unexpected
expression patterns, MERFISH’s ability to resolve transcript localisation at single-cell
resolution provides a powerful advantage over untargeted sequencing-based spatial

methods, particularly for hypothesis-driven studies.
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2.4.4 - Future perspectives

The application of spatial transcriptomics offers clear advantages over bulk RNA-seq and
snRNA-seq for developmental biology. By preserving positional context and detecting
transcript localisation to a single-cell resolution, these approaches can be applied to the
precise delineation of sharp boundaries between developmental domains, reveal gradual
expression gradients along developmental axes, and quantify cell-type-specific co-
expression patterns in situ. Such spatially resolved insights can be used to understand
how transcriptional programs coordinate tissue differentiation and organ patterning and

can also aid in comparing tissue patterning between plant species.

Recent developments underscore the importance of integrating spatial transcriptomics
with scRNA-seq or snRNA-seq to connect high-resolution spatial maps with broader
transcriptomic coverage (Demesa-Arevalo et al. 2025; Nobori et al. 2025; Xu et al. 2025).
Future integrative strategies, such as combining FISH-based techniques with protein co-
detection (Tao et al. 2023) or co-applying MERFISH, ATAC-seq, and snRNA-seq (Nobori et
al. 2025), holds promise for capturing transcriptional, epigenetic, and post-transcriptional
regulation within its native spatial context, offering a more comprehensive understanding

of gene regulatory networks in plant development.

As demonstrated in this chapter, MERFISH offers a unique opportunity to investigate
developmental biology with single-cell spatial resolution, enabling precise mapping of
transcriptional programs within complex plant tissues. My next chapter explores in greater
depth how these data can be analysed for biological insights, revealing new perspectives

on the spatio-temporal dynamics of wheat inflorescence development.
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2.5 - Methods

2.5.1 - Plant materials and growth conditions

We used two BC; near-isogenic lines (NIL) differing for VRT-A2 alleles in a hexaploid wheat
(cv Paragon) background. One NIL carried the wildtype Paragon VRT-A2a allele, here
named P1"7, whereas the second NIL carried the VRT-A2b allele from Triticum turgidum
ssp. polonicum (named P7P°t; Adamski et al. 2021) Plants were grown under a 16/8 h
light/dark cycle at 20/15 °C, 65% relative humidity and bottom-watering irrigation
(Simmonds et al. 2024).

2.5.2 - Tissue dissections and sample preparation

The VRT-A2a NIL was used for semi-spatial RNA-seq, whereas both NILs were used for
MERFISH. For semi-spatial RNA-seq, we used a published dissection methodology (Faci
et al. 2024) to produce basal and central/apical sections. At the Early Double Ridge stage
(EDR, W2), spikes were bisected. In contrast, for the Late Double Ridge (LDR, W2.5),
Lemma Primordia (LP, W3.25), Terminal Spikelet (TS, W4) and Carpel Extension (CE, W5)
stages, the basal section consisted of the most basal four spikelets from each spike. Two
spikelets were skipped, then the subsequent four spikelets were harvested to comprise
the central section (Fig. 1A). Samples were stored at -70 °C until RNA was extracted from
the pooled micro dissected spikes using Qiagen RNeasy Plant Mini and Zymo Direct-zol
RNA Microprep kits as described in the manufacturer’s manual. Total RNA (~1 pg) was sent
to Novogene UK for PCR-free library preparation and Illumina sequencing (PE150; 50M

reads per sample).

For MERFISH, we used a similar dissection protocol (Faci et al. 2024) but retained the
youngest leaves surrounding meristems (Supplementary Fig. 2). After dissection,
meristems were transferred using an RNase-free pipette tip into 4% paraformaldehyde
(PFA) in 1x PBS (prepared from 6% formaldehyde [w/v], methanol-free; Pierce 28906) in 2
mL RNase-free Eppendorf tubes. Samples were vacuum infiltrated for 10 minutes or until
tissue sank and incubated overnight at 4 °C. The PFA solution was removed, and the
samples were washed three times with 1x PBS. Tissue was then immersed in 15% sucrose
in 1x PBS at 4 °C for 6 hours, followed by immersion in 30% sucrose in 1x PBS at 4 °C

overnight.
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2.5.3 - Analysis of semi-spatial RNA-seq data

We trimmed raw reads with cutadapt (v1.9.1, Martin 2011) and generated read counts and
transcripts per million (TPM) values using Kallisto pseudo-alighment (v0.44.0, Bray et al.
2016) for all genes in the IWGSC RefSeq v1.1 annotation (IWGSC 2014). We conducted
subsequent analyses for high-confidence gene models with non-zero counts in at least
one sample. We transformed read counts (rlog function; DESeq2 v1.34.0; Love et al.
2014), and performed principal component (PC) analysis with prcomp (R Core Team
2018). We calculated differential expression (p < 0.001; Benjamini-Hochberg corrected)
between central and basal sections across time using ImpulseDE2 (v3.6.1; Fischer et al.
2018), on genes with average > 0.5 TPM for at least one stage-section combination. We
clustered the 12,384 differentially expressed genes using k-means (k1:10) and displayed
with pheatmap (v1.0.12; Kolde 2019). RNA-seq sample metadata, TPM values, and
ImpulseDE2 output, see archive folder ‘RNAseq.tar.gz’ at

doi.org/10.5281/zenodo.14515926.

2.5.4 - Gene panel selection and design for MERFISH

We designed a 300-gene panel for MERFISH, comprising 200 genes associated with spike
development, and 100 genes from a separate wheat grain project, which are not described
here. We removed genes that could not accommodate at least 25 specific probes, based
on Vizgen’s probe design software, except for three genes targeted by between 20 and 25

probes. MERFISH probes were designed and synthesised by Vizgen.

2.5.5 - Meristem embedding and sectioning

We cleaned all surfaces and dissection tools with RNABLitz before use. We marked a 1 cm
x 1 cm area on the back of a Tissue-Tek mold (25 x 20 x 5 mm; Thermo Fisher, AGG4580)
and filled with Tissue-Plus OCT compound (Agar Scientific, AGR1180). We also filled a 60
mm Petri dish with OCT. We removed individual meristems from the 30% sucrose solution
using clean dissection tools, aided by a drop of OCT on the tool to adhere the meristems
during collection. We transferred meristems to the OCT-filled Petri dish, where they were
mixed with OCT to remove residual sucrose and ensure complete coating. Using a
stereomicroscope (Leica S9 with an HXCAM HiChrome HR4 Lite camera and a Photonic

Optics light source), we inspected meristems for air bubbles, which were carefully
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removed with a fine dissection tool. We trimmed excess vegetative tissue as needed.
Meristems were then placed into the OCT-filled Tissue-Tek mold, arranged within the
marked 1 cm? region according to genotype and developmental stage. Each OCT block
contained 5-36 meristems, depending on the developmental stage and we imaged them

using GX Capture-T. The OCT blocks were flash-frozen and stored at —70 °C.

We performed sectioning using a Leica CryoStar NX70. All inside surfaces and tools were
cleaned with Blitz RNase Spray (Severn Biotech Ltd, 40-1735-05), and a fresh blade (MX35
Ultra™ Microtome Blade, 3053835) was used. We set the chuck temperature to -20 °C, and
the blade temperature to —-18 °C. We pre-warmed samples at the back of the cryostat for
30 minutes before sectioning, and brought the MERSCOPE Slides (Vizgen, 20400001) to
room temperature. We trimmed OCT blocks to remove excess OCT, mounted to the chuck,
and further trimmed until tissue was exposed; 10 um sections were cut to inspect tissue
regions on glass slides. Once we identified the region of interest at the optimal depth and
angle, 10 um sections were flattened with paintbrushes, flipped, and mounted onto room-
temperature MERSCOPE slides, following the placement and technique outlined in the
MERSCOPE user guide. After mounting, we placed the slides in 60 mm Petri dishes and
incubated at the back of the cryostat for 30 minutes. We then fixed the slides in 4%
methanol-free PFA in 1x PBS for 10 minutes. We washed the slides three times with 1x
PBS, incubating for 5 minutes per wash. We aspirated residual PBS and air-dried the slides
for 1 hour in a cell culture hood with the Petri dish lid closed. We then incubated the slides
with 5 mL of 70% ethanol prepared in RNase-free water. Petri dishes were sealed with
parafilm and stored at 4 °C, either overnight or for up to 7 days. For more details, see

dx.doi.org/10.17504/protocols.io.rm7vzgwb4vx1/v1, or Appendix 3.

2.5.6 - Vizgen MERSCOPE workflow

Slide preparation for the Vizgen verification kit was followed using 91600004_MERSCOPE
Sample Verification Kit User Guide_Rev D and 91600002_MERSCOPE Fresh and Fixed
Frozen Tissue Sample Preparation User Guide_Rev E (Vizgen), following guidelines for non-
resistant fixed frozen tissue clearing. Careful cleaning using both 70% ethanol and then
RNAseZAP (Invitrogen, AM9782) or Blitz RNase Spray (Severn Biotech Ltd, 40-1735-05) was
conducted on gloves, tweezers, scalpels, workbenches, incubators and hybridisation box
(Brabantia, 203480). Slides were prepared using Vizgen sample preparation kit (Vizgen,

10400012). Autofluorescence levels were assessed using a EVOS FL2 Auto (Invitrogen by
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Thermo Fisher Scientific, AMAFD2000), and found to be low at 10X. Slide was bleached for
3 hours and then reassessed using the microscope. Custom verification kit (Vizgen,
10400124, unique ID ZM1147) was applied and incubated at 37 °C for 24 hours. Nuclear
and cytoplasmic staining were performed using a Primary Staining Solution (DAPI and
PolyT, see Guide 91600002). After staining, checks for efficiency were also made. Clearing
at 47 °C for 1 day with clearing buffer (Vizgen) with proteinase K (NEB, P81070S) addition.
A further day of clearing at 37 °C, without proteinase K was performed. Care was taken to
minimise smears and lint on the slide before running, by cleaning with 80% ethanol and

lens cleaning tissue (2105-841, Whatman).

For a full MERSCOPE experimental run with a 300-gene panel, we performed slide
preparation following guidelines for non-resistant fixed frozen tissue clearing
(91600002_MERSCOPE Fresh and Fixed Frozen Tissue Sample Preparation User
Guide_Rev E (Vizgen)). We prepared slides using Vizgen sample preparation kit (Vizgen,
10400012) with all instruments (including hybridisation box (Brabantia, 203480)) cleaned
using both 70% ethanol and then RNAseZAP (Invitrogen, AM9782) or Blitz RNase Spray
(Severn Biotech Ltd, 40-1735-05). We performed checks for autofluorescence at 10X using
an EVOS FL2 microscope under a DAPI light cube, recording light intensity levels to decide
on the reduction of autofluorescence before and after photobleaching (performed for
between 3 and 8 hours in EtOH 70%, Vizgen 10100003). A 300-gene probe set (Vizgen
product number 20300007) was applied and hybridised for 48 hours. On the days of a run,
we re-checked autofluorescence levels and topped up using the photobleacher for 3
hours if necessary. After DAPI staining, we also made checks for the efficiency of staining.
Clearing times varied depending on run slots. A standard clearing at 47 °C for 1 day with
clearing buffer (Vizgen) containing proteinase K (NEB, P81070S) addition was always
performed, whereas additional days (1 to 4 days) of clearing at 37 °C without proteinase K
in the buffer were performed. Tissue is never fully cleared by eye, nor when using a light

microscope, before MERSCOPE runs.

Upon imaging, care was taken to minimise smears and lint on the slide by cleaning with
80% ethanol and lens cleaning tissue (2105-841, Whatman). We outlined regions of
interest around individual spikes on the slide overview using DAPI staining. Following 60x
imaging, we decoded transcripts using the panel-specific MERSCOPE Codebook as
detailed in the Introduction (Figure 2.3). We processed raw data with the MERSCOPE
Instrument Software to generate and output file structures as described in the MERSCOPE
instrument User Guide.
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2.5.7 - Cell segmentation and processing

We performed cell segmentation on stitched images of DAPI and PolyT staining. Prior to
segmentation and to minimise error, we lightened seam lines in the stitched images using
FUJI (v 1.54f; Schindelin et al. 2012). Dark stitching lines were processed using the
following steps: ‘Process>Filters>Maximum’ (radius = 2 pixels, applied twice) and
‘Process>Filters>Median’ (radius = 2 pixels, applied twice). We then applied three times
across the entire image the following step: ‘Process>Filters>Gaussian Blur’ (radius =4

pixels). Image edits and segmentation results are exemplified in Figure 2.8.

We performed cell segmentation and transcript assignment using the Vizgen Post-
Processing Tools (v1.2.2; Wiggin and Yu 2024), within a Python virtual environment on
Ubuntu 20.04. We used the Cellpose2 cyto2 model (Pachitariu and Stringer 2022) with
DAPI (blue channel) as the nuclear marker and PolyT (green channel) as the cytoplasmic

marker. For segmentation parameters, see logs (doi.org/10.5281/zeno0do0.14515926). We

exported segmentation results as polygon geometry in both mosaic and micron space,
assigned transcripts to cell boundaries using the partition-transcripts function in VPT, and
generated cell metadata with the derive-entity-metadata function. Finally, we integrated
cell boundaries into existing .vzg files for visualisation in the Vizgen MERSCOPE Visualizer

Tool (MERSCOPE Vizualizer 2023) using the update-vzg function. All implementation

scripts are available (https://github.com/katielong3768/Wheat-Inflorescence-Spatial-

Transcriptomics) with example commands. For a gene x cell matrix for all samples, see

archive folder ‘QC.tar.gz’ at doi.org/10.5281/zen0do.14515926.

2.5.8 - smFISH spot detection

Regions of interest for smFISH spot detection were extracted from smFISH channel 1 and
smFISH channel 2 (laser channels 647nm and 561nm, respectively) high-resolution TIFF
mosaics using tifffile (v2024.5.10; Gohlke 2024). First, we used the affine transformation
matrix to convert user-defined tile centre coordinates (in microns) to pixel coordinates
with NumPy (v1.26.3, Harris et al. 2020). The specified tile width and height defined a
rectangular crop area, which was clipped to image bounds and read directly from the high-

resolution mosaic .tiff file (zarrv2.16.1). Crops were returned as 16-bit grayscale arrays,
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and percentile-based intensity scaling was applied using NumPy and tifffile to generate

display-ready TIFFs.

Spot detection and co-localisation was quantified with FISH-quant, using the python-
based analysis package big-FISH (v0.6.2; Imbert et al. 2022). First, we processed each
smFISH channel separately using the detection.detect_spots() function with a voxel size of
108 nm (X,Y) and an expected spot radius of 300 nm. The spot radius was chosen based on
the anticipated size of a diffraction-limited smFISH spot (200-300nm; Lyubiomova et al.
2013). An initial automatic detection threshold was estimated for each channel and
subsequently increased 2-fold to reduce false positives. Subpixel localisation of detected
spots was refined using function detection.fit_subpixel(). Colocalization between
channels was quantified using multistack.detect_spots_colocalization(), with a maximum
pairing distance threshold of 324 nm (three pixels). The function returned the coordinates
of colocalised spots for each channel, inter-spot distances, and the index positions of
matched spots. The total number of detected spots and the proportion of colocalised
spots were calculated separately for each channel. Plots were displayed with BIG-FISH

function plot_detection().

2.5.9 - Quality checks and filtering

Raw stain images were imported with tifffile (v2024.5.10) and an affine transform matrix
storing imaging metadata was read in with pandas (v2.2.0; McKinney 2010; The Pandas
Development Team 2024) and converted to a NumPy array (read_affine_matrix; v1.26.3,
Harris et al. 2020). The transformation matrix was converted to micron space and applied
the raw image using Scikit-image (v0.23.3, Walt et al. 2014). After transformation, the
image was normalised, and image contrast and brightness were adjusted with Scikit-
image (v 0.23.2; Walt et al. 2014). The enhanced image was rendered as a blue-channel
RGB for visualization. Tissue masks were generated from the blue channel with Scikit-
image functions Otsu thresholding (skimage.filters.threshold_otsu), morphological closing
and small-object removal (skimage.morphology.binary_closing; remove_small_objects).
Transcript coordinates were loaded, filtered to include the 200-spike development and
control genes, and classified as in-tissue by indexing the binary mask. Mask area (mm?)
was computed from the number of true pixels multiplied by the squared pixel size, and

transcript density was reported per specified area unit (mm?). For each sample, the
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workflow returned the number of transcripts within the mask, mask area and density

metrics.

We loaded the spatial transcriptomic data from the eight samples into AnnData objects
(anndata v0.10.7; Virshup et al. 2021) and processed using Squidpy (v1.4.1; Palla et al.
2022) and Scanpy (v1.10.0; Wolf et al. 2018). We filtered expression data to include the
200 spike development and control genes, selected cells from a single inflorescence
within the imaged area and excluded low-quality cell segmentations based on volume
(>500 pixels) and transcript count (>25 counts). For each sample, we calculated quality
control (QC) metrics (total counts per cell, number of genes detected per cell, percentage

of counts from top-expressed genes).

We assessed off-target hybridisation using total counts per cell in 15 blank probes, and
across wheat homoeologs. We normalised expression data for all samples using scanpy
functions sc.pp.normalize_total and sc.pp.log1p (v1.10.0, Wolf et al. 2018). We identified
low-detecting probes by pooling the normalised counts per cell of blank probes to define a
background distribution of per-cell counts associated with stochastic detection. Each of
the 200 gene probes was then compared to this distribution using a two-sample
Kolmogorov-Smirnov (KS) test (SciPy v1.13.0; Virtanen et al. 2020). Probes that were not
significantly different from the blank distribution (p > 0.1) were classified as low-
confidence, unless they exhibited high expression (log1p-normalised value > 1.5) in at
least 25 cells. Supplementary information including QC metrics per sample and total
blank counts per sample, can be accessed in archive folder ‘QC.tar.gz’ at

doi.org/10.5281/zen0do.14515926.

As a further quality control metric, we performed in silico spike dissections equivalent to
those captured by physical microdissection for 8 high-quality MERFISH sections using the
MERSCOPE Visualiser ‘draw ROI polygon’ tool (MERSCOPE Vizualizer 2023). We extracted
cell ids within each selected region and summated the total normalised counts, yielding
transcript count information on 200 genes total. We used Spearman’s rank correlation
coefficients between these values and the mean transcript per million (TPM) values from
the relevant genotype-section-stage combination of the semi-spatial RNA-seq data
(Supplementary Fig. 7). For information of ROl area and correlation results, see archive

folder QC.tar.gz’ at doi.org/10.5281/zenodo.14515926.

Additionally, we identified in situ hybridisation results in wheat, barley, rice, and maize

from equivalent tissues and time points as those used for MERFISH and visualised them in
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side-by-side comparisons as described in ‘Staining, Segmentation, and Transcript

Visualisation’.

2.5.10 - Staining, segmentation, and transcript visualisation

We processed the cell segmentation data as GeoDataFrames (Geopandas v0.14.4;
Jordahl et al. 2020), and converted the transcript coordinates into a GeoDataFrame from
global x and y coordinates. We performed a spatial join operation to assign transcripts to
segmented cells, retaining only transcripts located within cell boundaries. We loaded the
DAPI staining image as a .tiff file, alongside a transformation matrix enabling conversion
between pixel space to physical (micron) space, as generated by the MERSCOPE
Instrument Software. The transformation matrix converted to micron space and applied to
the raw image using Scikit-image (v0.23.3, Walt et al. 2014). After transformation, the
image was normalised, and image contrast and brightness were adjusted with Scikit-
image. We next rotated segmented cell polygons and transcript coordinates using NumPy
(v1.26.3, Harris et al. 2020), and visualised cell geometries as polygons using Matplotlib
(v3.8.2, Hunter 2007) with polygon handling and transformations facilitated by Shapely
(v2.0.4, Gillies et al. 2022). Transcripts were overlaid as point features. The corresponding
image was rotated with Scipy.ngimage (Virtanen et al. 2020; v1.13.0). Full details in

implementation scripts, see https://github.com/katielong3768/Wheat-Inflorescence-

Spatial-Transcriptomics.
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This chapter includes results previously published in the following manuscript:

Spatial Transcriptomics Reveals Expression Gradients in Developing Wheat

Inflorescences at Cellular Resolution

Katie A. Long, Ashleigh Lister, Maximillian R. W. Jones, Nikolai M. Adamski, Rob E. Ellis,
Carole Chedid, Sophie J. Carpenter, Xuemei Liu, Anna E. Backhaus, Andrew Goldson, Vanda
Knitlhoffer, Yuanrong Pei, Martin Vickers, Burkhard Steuernagel, Gemy G. Kaithakottil, Jun

Xiao, Wilfried Haerty, lain C. Macaulay, Cristobal Uauy

bioRxiv 2024.12.19.629411; https://doi.org/10.1101/2024.12.19.629411 (See Appendix 1)

This work was conducted in collaboration with Ashleigh Lister (Earlham Institute) and Dr
Nikolai Adamski (JIC). Ashleigh performed the MERSCOPE workflow for all steps following
cryosectioning. Nikolai assisted in conducting a literature review of proposed ABCDE model
genes in wheat and related grass species, as well as interpreting the findings of floral gene
expression patterns in the MERFISH dataset. | was assisted in the movement and storage of
Vizgen data by Dr Burkhard Steuernagel (JIC), Dr Martin Vickers (JIC), and Gemy Kaithakottil
(Earlham). The use of the MERSCORPE instrument was made possible through the
Transformative Genomic platform (Earlham Institute), with contributions from Dr lain
Macaulay, Andrew Goldson, Vanda Knitlhoffer, and Ashleigh Lister. | am grateful to Dr Carole
Chedid (Vizgen) for consultation on this project. | wish to thank the staff members of Vizgen
for their technical support throughout this project. JIC Horticultural Services facilitated plant

growth.
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3.1 - Chapter summary

In this chapter, | demonstrate how MERFISH can be applied to investigate the spatio-
temporal regulation of spikelet and floral development in wheat. | first analysed spatial
transcriptomic data by clustering ~50,000 cells into 18 expression domains, followed by the
identification of domain-enriched genes that serve as tissue-level markers. Using these
domain- and cell-level maps, | examine gene co-expression relationships within spikelet and
floral tissues, including shifts in gene expression observed in the regulatory mutant PTPOL
NILs. | also investigate genes differentially expressed along the apical-basal axis, identifying
distinct and spatially coordinated patterns that distinguish axillary meristems and
subtending leaf ridges prior to visible spikelet formation across the apical-basal axis.
Together, these analyses reveal novel regulatory factors that pattern meristem identity and

guide the transition to spikelet development.
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3.2 - Introduction

3.2.1 - MERFISH as a tool for candidate gene validation and hypothesis generation

Spatial transcriptomic approaches offer a powerful platform for gene function. Over recent
years, their use has expanded considerably, complementing traditional transcriptomic
analyses, such as bulk RNA-seq and single-cell RNA-seq (scRNA-seq), which primarily
identify genes through differential expression across tissues or conditions. Spatial
techniques, such as MERFISH, enable researchers to go a step further by mapping the
distribution of these genes within intact tissue (example studies reviewed in Nobori, 2025),
providing additional context on gene function at a scale not previously attainable through

single-gene in situ hybridisation.

However, the utility of MERFISH extends well beyond candidate gene validation and can be
harnessed as a platform for hypothesis generation in plant developmental biology. Rather
than focusing exclusively on individual genes, MERFISH datasets can be interrogated at the
scale of an entire gene panel, enabling analyses that draw on bioinformatic approaches
commonly applied in scRNA-seq (Wolf et al. 2018; Palla et al. 2022). These methods allow
the identification of groups of cells with transcriptionally similar profiles, thereby reframing
the analysis from the spatial context of a single gene to the broader context of cells and
tissues. Within this framework, cells can be organised into gene expression “domains” -
clusters of cells that share a common transcriptional state (Shi et al. 2023b). Importantly,
such domains can be defined across all samples in a dataset, offering a powerful basis for
comparing transcriptional states across tissues, developmental stages, and genotypes (Hie
et al. 2019). In this chapter, | apply this approach to explore how tissue identity is established
and maintained over developmental time, to investigate tissue-specific patterns of gene co-
expression, and to assess how positional context influences cell fate decisions within the

developing wheat inflorescence.
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3.2.2 - Genetic regulation of tissue identity in grasses

To interpret the spatial patterns revealed by MERFISH, it is necessary to place them within the
established framework of developmental regulation in grasses. Many of these expression
patterns are conserved among cereals, reflecting shared regulatory programs that underlie
tissue identity (Kellogg 2022). Here, | explore the genetic characterisation of key
inflorescence-related genes in grass species, including rice (Oryza sativa), maize (Zea mays),
barley (Hordeum vulgare), and wheat (Triticum spp.), and their corresponding gene
expression patterns. This is not intended to be a complete review of the genetic controls in
inflorescence development, but instead highlights some of the known developmental genes
with distinct expression patterns characterised across the grasses that will be explored
further in this chapter. | structure this as a relatively chronological series of events: the
initiation and maintenance of axillary meristems, the transition of axillary meristems (AM) to
spikelet meristem (SM), and the formation of floral meristems (FM) with the elaboration of

floral organs.

3.2.2.1 - Axillary meristem initiation and maintenance

As the inflorescence meristem (IM) elongates, it maintains a pool of undifferentiated
meristematic cells at its apex, while initiating lateral AM + bract pairings on its flanks (Kirby
and Appleyard 1984). In this process, AMs must not only be initiated but also maintained as
they transition through successive developmental identities (Tanaka et al. 2013). In grasses,
neighbouring regions adjacent to AMs function as signalling centres, regulating meristem
growth in a non-cell-autonomous manner. These are often described as ‘boundary genes’,
which direct cell fate at the meristem boundary, determining whether cells contribute to the
bract, remain part of the meristem, or cease division to establish the boundary domain

(Whipple 2017; Kellogg 2022; Xiao et al. 2022).

One key regulatory gene, basic helix-loop-helix (bHLH) transcription termed BARREN STALK 1
(BA1) in maize and LAX PANICLE 1 (LAX1) inrice, is a regulator of AM initiation and
maintenance acting non-cell autonomously. In maize, BA17 is expressed in a distinct cell layer
above the initiating AM. In ba1 loss-of-function mutants, plants fail to produce AMs in
vegetative and reproductive structures, leading to an inability to form tillers, ears, and tassels
(Gallavotti et al. 2004). In rice, the ortholog LAXT displays a conserved function similar to that
of maize. LAX1 is expressed in a few cell layers surrounding the axillary meristems of the

inflorescence, including primary and secondary branch meristems. Strong loss-of-function
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lax1 alleles suppress lateral spikelet initiation and reduce panicle branching. Unlike its
ortholog in maize, LAX1 is not expressed in the vegetative shoot apical meristem (SAM),
indicating a more specialised role in inflorescence development (Komatsu et al. 2001, 2003).
In wheat, laxT-aabbdd mutant lines produce compact spikes, suggesting potential
neofunctionalization relative to maize and rice (He et al. 2021). A regulator of BA1/LAX1 has
also been identified in rice, MONOCULM1 (MOCT1), a GRAS family transcription factor. This
gene acts upstream as a positive regulator of LAX7; moc1 mutants exhibit reduced
inflorescence branching (Li et al. 2003), highlighting its role as a positive regulator in AM

formation (Kellogg 2022).

Disruption of additional genes involved in boundary specification often impairs AM initiation,
underscoring the importance of a bract-meristem boundary. Among these, NAC-domain
transcription factors of the CUP-SHAPED COTYLEDON (CUC) family have been extensively
studied in eudicots (Souer et al. 1996; Aida et al. 1997, 1999; Weir et al. 2004). Grass species
also contain CUC homologs with expression patterns restricted to boundary regions
(Zimmermann and Werr 2005; Chang et al. 2021; Wang et al. 2021). In maize, orthologs of
CUCT1 and CUCS3 are expressed at the boundaries between the bract and spikelet pair
meristem (SPM), on the flanks of the SPM, and between the SM and glume primordia during
floral development. Loss-of-function mutants phenocopy ba7, with defective axillary bud
initiation and absence of ears. Notably, BAT expression persists in these mutants, suggesting
that CUC genes act independently of BA7 in axillary meristem initiation (Zhong et al. 2025).
Similarly, in rice, loss-of-function mutants in NO APICAL MERISTEM (NAM; ortholog to
AtCUCT and AtCUC?2) display small panicles with reduced primary branch meristem (PBM),
and rare secondary branch meristem (SBM) formation (Chang et al. 2021). However, the

contribution of CUC genes to wheat inflorescence development remains uncharacterised.

Once an AM is initiated, the maintenance of meristematic identity is regulated by several
genetic pathways; one key player is Class 1 KNOTTED 1-like homeobox (KNOX) proteins. In
Arabidopsis, the class-| KNOX gene SHOOT MERISTEMLESS (STM) is required to maintain the
SAM. Strong loss-of-function stm-7 mutant alleles completely lack a SAM, while weaker stm-
2 alleles show abnormal SAM organisation and arrested floral development (Barton and
Poethig 1993; Clark et al. 1996; Long et al. 1996). These phenotypes demonstrate that STM
suppresses differentiation within the meristem, preventing meristematic cells from being
recruited into organ primordia (Scofield et al. 2014, 2018). In maize, the STM homolog
KNOTTED1 (KN1) fulfils a comparable role. Loss-of-function kn7 mutants exhibit severe
inflorescence and floral defects, including absent ears, reduced branching in tassels and
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ears, and extra carpels and proliferating ovules in female flowers (Kerstetter et al. 1997). KN1
is expressed in meristematic tissues, ground tissue, and developing vascular bundles, and is
downregulated as leaves and floral organs are initiated (Smith et al. 1992, Jackson et al.
1994). Orthologs to KN1, the rice ortholog ORYZA SATIVA HOMEOBOX1 (OSH1), and barley
ortholog KN17 display similar expression patterns (Sentoku et al. 1999; Demesa-Arevalo et al.
2025), suggesting a role in meristematic maintenance in inflorescence and floral tissues

more broadly across the grasses.

3.2.2.2 - Bracts act as signalling centres to adjacent axillary meristems

In most grasses, the lateral phytomers initiated along the central axis of the inflorescence
display a suppressed growth of leaf ridges (LRs), whereas the AMs grow immediately upon
their formation. This developmental pattern is underpinned by a conserved genetic program
across the grasses and depends on the precise coordination of developmental progression or
suppression within a small region of the inflorescence (Kellogg et al. 2013; Kellogg 2022).
Genetic characterisation has suggested that bracts act as local signalling centres, providing

positional cues that influence the determinacy of adjacent meristems (Whipple 2017).

In grasses, LRs are characterised by a distinct gene expression program linked to their
arrested growth, setting them apart from other lateral organs. Key genes restricted to the
ridge act in bract repression, including the maize genes TASSELSHEATH1 (a GATA domain
zinc-finger transcription factor) and TASSELSHEATH4 (a SQUAMOSA BINDING PROTEIN
transcription factor). Loss-of-function mutations in either result in ectopic leaves forming in
the inflorescence (Chuck et al. 2010; Whipple et al. 2010), and a double loss-of-function
mutantin tsh1 and tsh4 results in a more severe bract outgrowth phenotype, indicating their
redundancy (Xiao et al. 2022). This phenotype is explained clearly by its expression pattern:
both TSH7 and TSH4 are localised to the bract primordium from the earliest stages of bract

initiation (Chuck et al. 2010; Whipple et al. 2010).

Interestingly, these mutants also affect inflorescence branching. Loss-of-functionin tsh7 or
tsh4 separately both reduce the number of long tassel branches (Chuck et al. 2010; Whipple
et al. 2010), and in tsh7 tsh4 double mutant tassels, there is a heightened effect with no long
tassel branches present (Xiao et al. 2022). In maize, in addition to TSH1 and TSH4, two SBP
transcription factors, UNBRANCHED2 (UB2) and UNBRANCHEDS3 (UB3), display a similar
role. Maize ub2/ub3 double mutants produce extra leaves at the base of the tassel and

initiate fewer BMs, consistent with their co-localisation with TSH4 in bracts subtending
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axillary meristems. Triple mutant ub2/ub3/tsh4 lines displayed a more severe phenotype,
characterised by the complete absence of tassel branches, suggesting genetic redundancy
(Chuck et al. 2014). Together, these findings highlight the connection between the bract and
the adjacent meristem in the inflorescence. One interpretation is that de-repressed bract
growth occurs at the expense of AM development, thereby reducing branching potential

(Chuck and Bortiri 2010).

Evidence from other cereals suggests a broadly conserved role for these bract suppression
genes. TSH1-mediated bract suppression appears to be broadly conserved across the
grasses; comparable phenotypes are observed in orthologs of TSH17, including NECK LEAF1
(NLT)inrice and THIRD OUTER GLUME (TRD1) in barley (Wang et al. 2009; Houston et al.
2012). Inrice, knockdown lines of OsSPL 74 (orthologous to maize UB2/UB3) exhibit reduced
panicle branching (Wang et al. 2015). Wheat presents a slightly different outcome:
simultaneous loss-of-function mutations in orthologs of TSH4 and UB2 (SPL17 and SPL14) in
a hexa-mutant (TaSPL14-aabbdd_TaSPL17-aabbdd) do not directly mirror the panicle
branching phenotypes of maize and rice. Instead, hexa-mutant lines show a reduced number
of spikelets per spike alongside bract outgrowth at the base of the inflorescence (Chen et al.
2023). This phenotype is consistent with a conserved role in bract suppression; however, the
interpretation of reduced spikelet number as it pertains to a ‘reduced branching’ phenotype

should be further explored.
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3.2.2.3 AP1/FUL-like and SVP transcription factors in spikelet meristem transition

Whether examined through the framework of an unbranched spike-type inflorescence in
Triticeae, or a branching panicle-type inflorescence seen in Oryza sativa and Zea mays, the
transition to SM identity is accompanied by fundamental changes in meristem-bract pairings.
In either inflorescence type, the establishment of an SM is ultimately marked by the
outgrowth of two bracts (the glumes) with suppressed AMs, followed by one or more large
bracts (lemmas) subtending outgrown FMs (See Figure 1.5A; Kellogg 2022). While the timing
of the transition to SM identity is variable across grass species (Kyozuka 2014), the regulatory

programmes underlying this transition exhibit some level of conservation.

Among the key regulators of SM identity in grasses are APELATA1 (AP1) /FRUITFULL (FUL)-like
MIKC-type MADS box transcription factors. In wheat, single loss-of-function mutants of the
AP1/FUL-like genes VERNALIZATION1 (VRN1), FUL2, and FUL3 retain a normal spikelet
phenotype. However, in vrn1 ful2 double mutants, although a typical double ridge forms, the
AMs develop vegetative structures with occasional residual floral organs. This phenotype is
further exacerbated in vrn1 ful2 ful3 triple mutants, where AMs give rise to complete
vegetative tillers subtended by de-repressed bracts, rather than spikelets. These
observations indicate that AP1/FUL-like genes are essential for specifying AM and LR fate,
and for promoting the transition to SM identity (Li et al. 2019, 2021b). A comparable role for
AP1/FUL-like genes is observed inrice. In the osmads 14 osmads15 double mutant
(orthologous to wheat VRN17 and FUL2), secondary branches and spikelets are entirely

absent; instead, AMs on primary branches develop into leaf-like organs (Wu et al. 2017).

Arelated function is seen for the SEPALLATA (SEP) transcription factor PANICLE PHYTOMER 2
(PAP2), where loss-of-function (pap2-7) mutants fail to specify SM identity and produce
branching structures in place of spikelets (Kobayashi et al. 2010). Notably, when these SM
identity genes are disrupted together, the earlier vegetative-to-inflorescence meristem
transition is also compromised. Knockdown lines targeting OsMADS 14, OsMADS15,

and OsMADS18 (ortholog to TaFUL3) cause a delay in the transition to IM formation;
knockdown in a pap2 loss-of-function background results in the complete loss of transition
to an IM, whereby the plants formed multiple shoots in place of the inflorescence (Kobayashi
et al. 2010, 2012). Together, these findings suggest that AP1/FUL-like and SEP transcription
factors function cooperatively to specify SM identity and to promote the transition from

vegetative to IM identity.
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To further clarify the role of VRN1 and FUL2 in meristem transitions, transcriptomic profiling
of vrn1 ful2 double mutants identified upregulation of three SHORT VEGETATIVE PHASE (SVP)
MADS-box transcription factors: SVP1, VEGETATIVE TO REPRODUCTIVE TRANSITIONZ2 (VRT2),
and SVP3. This suggests that SVP genes act in an antagonistic manner to SM identity.
Supporting this, constitutive expression of VRT2 transforms basal spikelets into branches
with multiple spikelets, further indicating that high SVP activity confers a branching identity in
AMs (Li et al. 2019, 2021b). A comparable role for SVP-like genes has also been observed in
barley, where ectopic expression of BARLEY MADS1 (BM1, orthologous to TaSVP3) or BM3
(orthologous to TaSVP1) results in basal spikelets being replaced by tillers or inflorescence-

like branches (Trevaskis et al. 2007).

Further evidence suggests that SVP downregulation is required for proper SM identity. In
barley, loss-of-function mutations in MANY NODED DWARF 1 (MND1), encoding an acyl-CoA
N-acyltransferase, produce phenotypes reminiscent of the wheat vrn1 ful2 ful3 triple mutants
(Walla et al. 2020). The mnd1.a allele causes a pronounced delay in the vegetative-to-
reproductive transition and a high-tillering phenotype. Even after reproductive initiation,
these plants continue to produce vegetative structures: triple spikelet meristems (TSMs)
revert to a branch meristem-Llike identity, and bracts become derepressed. In situ
hybridisation revealed that MND1 is expressed in the vasculature of SAMs undergoing the
transition to IM but is absent in earlier (SAM) or later (IM) stages. MND1 expression is also
restricted to AMs subtending leaves below the inflorescence, consistent with the aerial node
branching observed in mnd1.a mutants. Notably, SVP-like HvBM1 was upregulated in mnd1.a
apices, suggesting that the reversion of SMs to BM identity in these mutants may result from

misregulation of SVPs (Walla et al. 2020).

A related connection is observed in rice, where the ALOG protein TAWAWA1 (TAW1) regulates
SVP gene activity. In the dominant gain-of-function mutant taw1-D, the transition to SM
identity is delayed, leading to excessive branch formation. Conversely, reduced TAW1
expression accelerates spikelet formation, producing compact inflorescences with fewer
branches. During vegetative development, TAW1 is expressed in the SAM, AMs, and young
leaves, while in reproductive stages, it is active in the IM and BMs but excluded from SMs.
Consistent with its role in promoting branching, taw7-D mutants show upregulation of
OsMADS22 (orthologous to SVP1), OsMADS55 (orthologous to VRT2), and OsMADS47
(orthologous to SVP3), strengthening the evidence that SVP genes act to delay the transition
to SMidentity (Yoshida et al. 2013).
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3.2.2.4 - Regulation of spikelet meristem identity with COMPQOSTIUM pathways

The transition to SM identity is also influenced by the COMPOSITUM pathway, which contains
two major regulators: COM71 and COM2 (AP2-ERF transcription factors). Mutations in these
regulators induce spike branching, indicating that COM7 and COM2 are key determinants of
the direct transition from AM to SM characteristic of spike-type inflorescences. Beyond this
role, however, both genes also contribute more broadly to inflorescence architecture in other

grasses, including maize and rice (Koppolu et al. 2022).

COMPOSITUMZ2 has multiple names across the grasses: COM2 in barley, FRIZZY PANICLE
(FZP) in wheat and rice, and BRANCHED SILKLESS1 (BD1) in maize. In wheat loss-of-function
fzp mutants, SMs revert to BM or IM-like identity, leading to the indeterminate production of
ectopic spikelets that give rise to branch-like structures. In barley, a comparable phenotype is
observed (Dobrovolskaya et al. 2015; Poursarebani et al. 2015). In maize, bd7 mutants exhibit
a related but distinct outcome: IM and SPM development appear normal, yet presumptive
SMs fail to initiate glumes and instead produce SPMs indeterminately (Chuck et al., 2002).
Similarly, in rice, fzp mutants produce higher-order branches in place of spikelets (Bai et al.
2016). Interestingly, overexpression of FZP in rice panicle branching was dramatically
reduced, with spikelets forming on primary branches, indicating that the overexpression of
FZP leads to the premature transition of BMs to SMs. These overexpression lines also show
induction of B- and E-class MADS-box floral identity genes, consistent with a role for FZP in
promoting floral organ specification (Bai et al. 2016). In situ hybridisation reveals that BD1
transcripts localise to the glume-meristem junction in wild-type maize inflorescences, with
expression persisting at the base of developing florets, a pattern conserved in sorghum, rice,

and barley (Chuck et al. 2002; Poursarebani et al. 2015).

A similar phenotype, where spikelets revert to branches, is observed in another key SM
identity gene, COMPOSITUM 1 (TCP24), a grass-specific TCP transcription factor. In barley,
the com1.a loss-of-function allele results in basal AMs that fail to form spikelets, instead
producing indeterminate multimeric spikelets or branch-like structures, indicating a failure to
establish SM identity. COM1 is expressed within the boundary region adjacent to SMs
(Poursarebani et al. 2020), with a similar expression pattern observed in maize (Bai et al.
2012). However, functional divergence is evident: whereas barley COM1 suppresses
branching, maize orthologs promote it. (Bai et al. 2012; Poursarebani et al. 2020). Loss-of-
function in the maize gene WAVY AURICLE IN BLADE1 (WAB1, ortholog to COMT7), for
example, disrupts boundary formation between tassel branches and the rachis when

mutated, resulting in organ fusion (Bai et al. 2012), a phenotype mirrored in sorghum
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(Sorghum bicolor) (Poursarebani et al. 2020). Despite this divergence, phenotypic and
expression data suggest that COM1 provides critical positional information to adjacent SMs
(Koppolu et al. 2022). Notably, while barley com1 and com2 mutants share similar branching
phenotypes, double mutants display enhanced and more consistent branching, indicating
that these two pathways act independently to regulate SM fate and inflorescence

architecture (Poursarebani et al. 2015, 2020).

3.2.2.5 - Floral meristem determinacy & floral organ specification

During inflorescence development, SMs progressively form FMs in an alternating, distichous
pattern along their flanks. Each new floral meristem is first signalled by the emergence of a
subtending bract, the lemma. In wheat, the FM subsequently gives rise to the floral organ
primordia, including the palea as part of the outer perianth, the lodicules as inner perianth
organs, and reproductive structures such as stamens and a gynoecium enclosing a single
ovule (Kirby & Appleyard, 1987). The FM meristem is referred to as determinant- the

meristematic cells are consumed by the formation of floral organs (Tanaka et al. 2013).

Many of these genes that control FM determinacy also play a role in floral organ patterning. A
central framework for explaining how these organs acquire their identities is provided by the
ABCDE model of floral organ identity. This model, along with the related “floral quartet”
concept, proposes that floral identity is determined by specific combinations of MADS-
domain transcription factors forming higher-order protein complexes that activate
downstream developmental programs specification (Coen and Meyerowitz 1991; Ma and
dePamphilis 2000; TheiBen et al. 2016). In this framework, the flower is organised into four
concentric whorls: sepals (whorl 1) are specified by A- and E-class proteins; petals (whorl 2)
by A-, B-, and E-class proteins (Honma and Goto 2001); stamens (whorl 3) by B-, C-, and E-
class proteins (Coen and Meyerowitz 1991); and carpels (whorl 4) by C- and E-class proteins.
Ovule development within the carpel is regulated primarily by D- and E-class proteins,
although it is not considered a separate whorl (Colombo et al. 1995; Becker and TheiBen

2003).

In Arabidopsis thaliana, extensive genetic characterisation has identified genes with these
proposed ABCDE functions: A-class identity is encoded by APETALA1 (AP1) and APETALA2
(AP2), with AP2 representing the sole non-MADS-box gene in the model (Mandel et al. 1992;
Jofuku et al. 1994; Irish 2010). B-class function is controlled by APETALA3 (AP3) and
PISTILLATA (Pl) (Jack et al. 1992; Goto and Meyerowitz 1994). C-class identity is specified by
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AGAMOUS (AG), while D-class roles are carried out by AGAMOUS-like genes such as
SEEDSTICK (STK), SHATTERPROOF1 (SHP1), and SHP2 (Favaro et al. 2003; Pinyopich et al.
2003). E-class function is encoded by several AGAMOUS-like genes, including SEPALLATA1
(SEP1), SEP2, SEP3, and SEP4 (Pelaz et al. 2000; Ditta et al. 2004).

Although the ABCDE model was initially developed in eudicots, it is also broadly conserved in
monocots. Grass flowers follow a similar organisational logic, with floral organ identity also
governed by MADS-box gene combinations. In this context, A- and E-class proteins specify
the palea (whorl 1), A-, B-, and E-class proteins determine lodicule identity (whorl 2), B-, C-,
and E-class specify stamens (whorl 3), and C- and E-class define carpels (whorl 4). D-class
genes play central roles in ovule development. Comparative studies in rice, maize, barley,
and wheat demonstrate strong conservation of B-, C-, and D-class gene functions, although
the contributions of A- and E-class genes show greater divergence across species (Whipple

and Schmidt 2006; Thompson and Hake 2009; Murai 2013).

Together, these studies highlight a conserved regulatory framework that coordinates the
balance between meristem identity, transition, and floral patterning across the grasses.
While much of this knowledge has been gained from genetic and transcriptomic studies in
model cereals such as maize, rice, and barley, less is known about how these regulators
function in wheat, particularly within their native spatial and developmental context. In the
following section, | use spatial transcriptomic data to map the expression of key regulators
across wheat inflorescence development and explore the dynamics of gene expression

domains that underlie tissue identity and developmental transitions.
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3.3 - Results

3.3.1 - Unsupervised clustering of 50,000 cells reveals 18 expression domains

A common approach for analysing spatial transcriptomic data is to group cells into
transcriptionally similar clusters, which can reveal distinct tissue types. To explore these
spatial and temporal dynamics, we performed clustering analysis across all samples
collected in this study, which spanned four developmental stages and two genotypes.
Transcript counts were normalised for samples individually, followed by sample integration to
group 50,731 total cells across the four developmental stages and two genotypes, and
subsequent Leiden clustering (Wolf et al. 2018; Palla et al. 2022). This pipeline yielded 18
distinct expression domains (ED, Figure 3.1A), which were visualised as spatially resolved
maps (Fig. 3.1B-I. The total number of clusters per sample increases over developmental
time, with WT samples W2.5, W3.25, W4, W5, summarised by 11, 12, 17, and 18 domains,

respectively (Table 3.1, removing clusters representing less than 0.5% of cells per sample).

We observed that EDs remained consistent in their patterning across biological replicates, in
addition to across time points. For example, expression domain 3 (ED3) maps consistently to
the developing rachis in W2.5, W3.25, and W4 in both P1¥"and P17°, followed by the relative
decrease in ED3 and increase in ED6 in the vasculature of the W4 spike. Similarly, in both
replicates, we observe the consistent patterning of the L1 layer of spikelet ridges in stages
W2.5 and W3.25 assighed to ED4. As the spikelets gain complexity in stages W4 and W5, this

patterning of ED4 to the L1 layer becomes less prominent.
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4- Meristem L1 & Epidermal
5- Rachilla

6- Spike/ Spikelet Vasculature 11- Boundary Cells

2- Glume & Lemma,
Young Leaf - 2 e 12- Leaf Ridge 17- Lodicule

3- Developing Rachis

Figure 3.1 - Leiden clustering identifies 18 expression domains over four developmental stages
A) UMAP projection 50,731 cells from eight samples (four developmental stages, two genotypes), and

expression domain assignment. (B-E) Spatial maps of Leiden clustering in P7""samples across time
points W2.5 B), W3.25 C), W4 D), and W5 E) using Squidpy (v1.4.1), Scanpy (v 1.10.0), and Scanorama
(v1.7.4); Scale bar = 500um. F-l) Corresponding spatial maps in P77°t samples at W2.5 (F), W3.25 (G),

W4 (H), and W5 (I), showing consistent expression domain patterns; scale bar =500 pm.
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Cluster Number

Total Cells
Time 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 per
Point Genotype Sample
W2.5 p1wr 165 251 166 599 233 23 98 1 142 0 41 367 116 0 1 0 0 2209
W2.5 p1PoL 79 191 138 357 198 6 72 1 143 0 21 307 51 0 0 0 0 1569
W3.25 p1wr 782 138 62 761 355 90 104 6 58 120 0 151 226 40 0 3 0 0 2896
W3.25 p1PoL 614 95 21 384 284 54 83 1 59 123 0 99 261 27 0 2 0 0 2107
W4 p1wr 1196 385 284 965 659 248 299 233 157 186 40 284 141 82 35 134 76 1 5405
W4 p1PoL 1264 439 432 667 538 447 558 631 135 78 90 271 57 93 90 383 202 10 6385
W5 p1wr 1558 1954 1743 349 803 1550 1260 990 814 598 871 362 105 399 711 393 444 281 15185
W5 p1PoL 1393 1899 2159 559 969 1513 1248 949 674 309 645 383 56 626 586 397 292 318 14975
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3.3.2 - Gene expression analysis defines identity of expression domains

Beyond cell clustering, all generated expression domains require tissue-specific
annotations in order to gain biological context. To do so, we annotated the 18 domains by
combining knowledge of anatomical features with the identification of domain-enriched
genes. In total, we characterised 54 genes from our panel to show domain-specific
enrichment. Gene enrichment was determined using rank gene functions in Scanpy, with a
logistic regression model (Ntranos et al., 2019). In brief, this analysis generated a ranked
list of genes most likely to be enriched gene markers, from which we identified the top

enriched genes using the logistic regression score (+2 STD threshold, see Methods).

A majority of these markers (57.4%) were enriched across multiple expression domains,
with 23 genes enriched in a single domain. Ten genes were enriched in >3 clusters. These
included markers of vegetative tissues and bracts: (YABBY7 (YAB7)), outer cell layers
(orthologs to rice ONION1 (ONI1), RICE OUTERMOST CELL-SPECIFIC 7 (ROC7), RICE
OUTERMOST CELL 3 (ROC3)), meristematic and ground tissue (KNOTTED HOMEOBOX-
LIKE 5 (KNOX5)), and floral tissues (APETALA3 (AP3), AGAMOUS-LIKE 6 (AGL6),
SEPALLATA3-1 (SEP3-1), and SEPALLATA3-2 (SEP3-2)). Across domains, the total number

of significantly enriched marker genes ranged from 3 to 10.

Domains were annotated based on the functional characterisation of marker genes in
wheat and related grasses. Orthologs in maize, rice, and barley were identified, and their
reported expression patterns were reviewed through comparative literature analysis. In the
following section, | will document the annotation of each domain with a tissue type

description (Table 3.2)
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Table 3.2 - Enriched genes and tissue type annotation in 18 expression domains
For each domain, the top enriched genes are listed alongside their corresponding wheat gene
names and orthologous genes in Oryza sativa L. ssp. japonica.

Oryza sativa

Domain Annotation Gene ID Gene Name Oryza sativa genelD Gene Name

TraesCS4A02G256700 KNOX5 0s03g0727000 OSH1

Meristem / TraesCS4B02G064000 0s03g0733600 OsGIF3

Meristem Base TraesCS3D02G284200 AGL14 0Os01g0726400 MADS32

TraesCS4D02G296400 FDH 0Os03g0181500 ONI1
TraesCS6D02G220400 YABBY7 0s02g0643200 YAB4

Glume & TraesCS7A02G308400 Os08g0136100 Roc7(t)

Lemma TraesCS1D02G197300 0Os10g0575600 Roc3(t)

Epidermis, TraesCS5A02G185600 0Os09g0334500 WRKY74

Young Leaf 0s11g0124300,

Epidermis TraesCS4A02G191300 0s12g0122000 OsSCR2
TraesCS6D02G220400 YABBY7 0s02g0643200 YAB4
TraesCS2B02G403100 YABBY3 0Os04g0536300 YAB5

Glume & TraesCS3D02G284200 AGL14 0s01g0726400 MADS32
Lemma, Young TraesCS1D02G162600 YABBY1 0s10g0508300 YAB3
Leaf TraesCS5B02G246700 0Os09g0470500 Oshox4
TraesCS1B02G042200 MT2B 0Os05g0111300 OsMT2b
TraesCS4A02G256700 KNOX5 0s03g0727000 OSH1
TraesCS2B02G399800 0s04g0516200 OsG1L4
TraesCS7A02G175200 VRT2 0s06g0217300 OsMADS55
TraesCS5A02G401800 SP3 0s03g0764900 OsDof15
TraesCS7D02G191600 0s06g0232300 PIN1C
Developing TraesCS6A02G335900 GRF10-6 0s02g0776900 GRF1
Rachis TraesCS7A02G246500 SPL14 0Os08g0509600 WFP
TraesCS7A02G308400 0s08g0136100 Roc7(t)
TraesCS4D02G296400 FDH 0s03g0181500 ONI1
TraesCS1D02G197300 0Os10g0575600 Roc3(t)
TraesCS7D02G246100 CUCS3 0Os08g0511200 OsCUC3
TraesCS4B02G064000 0Os03g0733600 OsGIF3
MeristemL1& TraesCS1D02G343400 0s08g0562500

Epidermal TraesCS3D02G357400  RIL1 0s01g0848400 qSH1, RIL1
TraesCS3D02G284200 AGL14 0Os01g0726400 MADS32
TraesCS1B02G042200 MT2B 0Os05g0111300 OsMT2b
TraesCS1D02G075700 KNOX3 0Os05g0129700 OsKn2

Rachilla TraesCS3A02G155200 0Os01g0231000 OslAA3
TraesCS1B02G479300 0s05g0595800
TraesCS6A02G176400 0s02g0203700 SRZ1
TraesCS7D02G191600 0s06g0232300 PIN1C
TraesCS1A02G077800 0Os10g0147400 OsLAX4
TraesCS2A02G192600 SHR 0Os07g0586900 OsSHR1
TraesCS6A02G335900 GRF10-6 0s02g0776900 GRF1

Spike / Spikelet TraesCS4A02G256700 KNOX5 0Os03g0727000 OSH1
Vasculature TraesCS6D02G011600

TraesCS6A02G259000 AGL6 0s02g0682200 MFO1

TraesCS4A02G256700 KNOX5 0s03g0727000 OSH1
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Floral Organ TraesCS2B02G464200 LFY 0s04g0598300 RFL
Primordium TraesCS5A02G401800  SP3 0s03g0764900 OsDof15
Base TraesCS7A02G383800 AP3 0s06g0712700 SPW1
TraesCS4D02G245300 YABBY4 0s03g0215200 DL
TraesCS2B02G403100 YABBY3 0s04g0536300 YAB5
Glume &
8 Lemma Midrib  TraesCS6D02G220400 YABBY7 0s02g0643200 YAB4
TraesCS4B02G064000 0s03g0733600 OsGIF3
TraesCS6A02G313800  SVP-1 0s02g0761000 OsMADS22
TraesCS6A02G335900 GRF10-6 0s02g0776900 GRF1
TraesCS7B02G413900  MND1 0s06g0650300 OsglHAT1
TraesCS7A02G175200 VRT2 0s06g0217300 OsMADS55
TraesCS5A02G356100 0s09g0555700 OsIDD6
TraesCS2B02G399800 0s04g0516200 OsG1L4
Suppressed AP2/EREBP
9 AxMs, Leaf TraesCS5A02G473800 AP2-5 0s03g0818800 #033
TraesCS7A02G383800 AP3 0s06g0712700 SPW1
TraesCS7D02G261600  SEP3-1 0s08g0531700 OsMADS7
TraesCS6A02G313800  SVP-1 0s02g0761000 OsMADS22
TraesCS1A02G264300  PI1 0s05g0423400 OsMADS4
TraesCS4B02G084800 0s03g0416300
TraesCS1D02G127700 AG1 0s05g0203800 MADS58
TraesCS5A02G230500 0s09g0410700 OsbHLHO039
TraesCS3A02G406500  PI2 0s01g0883100 OsMADS2
10 Stamen TraesCS5A02G286800 SEP3-2 OsMADS24
TraesCS7D02G246100 CUCS3 0s08g0511200 OsCUC3
TraesCS3D02G284200 AGL14 0s01g0726400 MADS32
TraesCS5A02G 161000 0s09g0111100 CycD3
TraesCS5B02G246700 0s09g0470500 Oshox4
11 Boundary Cells TraesCS7D02G339600 0Os06g0336200 OsTIP2
TraesCS6A02G287300 LECT 0s02g0725700 OsLEC1
TraesCS1A02G418200  TSH1 0s05g0578900 NL1
TraesCS7A02G246500 SPL14 0s08g0509600 WFP
TraesCS6D02G245300 GRF9-6
TraesCS5A02G265900  SPL17 0s09g0491532 OsSPL17
12 Leaf Ridge TraesCS1D02G162600 YABBY1 0s10g0508300 YAB3
TraesCS6D02G220400  YABBY7 0s02g0643200 YAB4
TraesCS1D02G162600  YABBY1 0s10g0508300 YAB3
TraesCS2A02G192600  SHR 0s07g0586900 OsSHR1
TraesCS7D02G 191600 0s06g0232300 PIN1C
Leaf TraesCS1B02G479300 0s05g0595800
13 Vasculature TraesCS1A02G077800 0s10g0147400 OsLAX4
TraesCS4D02G296400 FDH 0s03g0181500 ONI1
TraesCS1D02G 197300 0Os10g0575600 Roc3(t)
TraesCS1A02G264300  PI1 0s05g0423400 OsMADS4
TraesCS7A02G383800 AP3 0s06g0712700 SPW1
TraesCS7A02G308400 0s08g0136100 Roc7(t)
TraesCS5A02G286800  SEP3-2 OsMADS24
TraesCS7D02G261600  SEP3-1 0s08g0531700 OsMADS7
TraesCS3A02G406500  PI2 0s01g0883100 OsMADS2
Stamen TraesCS1D02G127700 AGT 0s05g0203800 MADS58
14 Epidermis TraesCS7D02G246100 CUCS3 0s08g0511200 OsCcUC3
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TraesCS6A02G259000 AGL6 0s02g0682200 MFO1
TraesCS2B02G464200 LFY 0s04g0598300 RFL
TraesCS6D02G220400  YABBY7 0s02g0643200 YAB4
TraesCS4D02G296400 FDH 0s03g0181500 ONI1
TraesCS1D02G 197300 0s10g0575600 Roc3(t)

15 Palea TraesCS7A02G308400 0s08g0136100 Roc7(t)
TraesCS6A02G259000 AGL6 0s02g0682200 MFO1
TraesCS1D02G127700 AG1 0s05g0203800 MADS58
TraesCS5A02G286800  SEP3-2 OsMADS24
TraesCS7D02G261600  SEP3-1 0s08g0531700 OsMADS7
TraesCS4D02G245300 YABBY4 0s03g0215200 DL
TraesCS1B02G283900 0s05g0438800

16 Carpel TraesCS3A02G314300 AG2
TraesCS6A02G259000 AGL6 0s02g0682200 MFO1
TraesCS7A02G383800 AP3 0s06g0712700 SPW1
TraesCS5A02G286800  SEP3-2 OsMADS24
TraesCS7D02G261600  SEP3-1 0s08g0531700 OsMADS7
TraesCS1A02G264300  PI1 0s05g0423400 OsMADS4
TraesCS6D02G220400  YABBY7 0s02g0643200 YAB4
TraesCS2B02G464200 LFY 0s04g0598300 RFL
TraesCS1A02G052000 0s05g0118700 LSY1
TraesCS2D02G256600 PARG-2D 0s07g0124700 OsPLT8

17 Lodicules TraesCS3A02G406500 PI2 0s01g0883100 OsMADS2
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Bracts & lateral organ domains

ED1/2 are identified in leaves at stage W2.5, and in the bract tissues of spikelets at stages
W3.25, W4, and W5. These domains are enriched for YABBY7, YABBY3, and YABBY1, which
are orthologs to the rice TONGARI-BOUSHI genes (TOB1/TOB2/TOB3), which are
characterised inrice to be expressed in bracts and leaf primordia (Figure 3.2A-B; Tanaka et
al. 2017). This shared expression pattern observed between these two tissue types
potentially highlights their transcriptional similarities- consistent with the classification of
glumes and lemmas as leaf-like bracts (Patterson et al. 2023). ED8 is positioned adjacent
to ED2 in spatial arrangement and shares a similar transcriptional profile in UMAP space.
This domain shares the enrichment of YABBY7 and YABBY3, in addition to YABBY4, the
ortholog to rice DROOPING LEAF (DL), a gene characterised to specify the central region
(midrib) of leaf primordia (Figure 3.2C; Ohmori et al. 2011). This suggests a potential role

for YABBY4 in midrib patterning and central domain formation in glumes and lemmas.

YABBY7 4 YABBY4

Figure 3.2 - Gene enrichment in bract and lateral organ domains

A) Transcript detection and domain map in PT""W2.5 spikes. Expression of YABBY7, Domains ED1,
ED2, ED8. B-C) Transcript detection and domain map in P7YT W5 spikes. Domains ED1, ED2, EDS.
B) Expression of YABBY7. C) Expression of YABBY4. Detected transcript represented by white. Scale
bar=100 pm.
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Rachis & Rachilla domains

Two domains, ED3 and EDBG, are located within the developing rachis of the inflorescence.
Both are enriched for KNOX5, whose rice ortholog, OskKN1, is expressed in meristems,
ground tissue, and vascular strands (Jackson et al. 1994). ED3 and EDG6 are distinguished
by their temporal dynamics and gene expression profiles. ED3 is prominent during early
developmental stages in the developing ground tissues, comprising 27.1% and 26.2% of
total cells in the PT"" sample at W2.5 and W3.25, respectively. By stage W4 in P1"" and
P1F°t replicates, distinct bands of ED6 formed in patterns indicating localisation to the
vasculature. ED6 is enriched for SHORT ROOT (SHR), whose orthologs have been shown to
regulate vascular cell identity and ground tissue proliferation in rice and Setaria viridis (Liu
et al. 2023a), as well as vascular patterning in maize leaves (Slewinski et al. 2014). A
spatial transcriptomic analysis of the maize shoot apex identified a vascular domain
marked by SHR1 and SHR2 expression (Perico et al. 2024), further supporting the vascular
identity of ED6. Based on these data, ED6 was annotated as 'spike and spikelet

vasculature, while ED3 was designated as 'developing rachis.

ED5 was localised to the base of each spikelet and observed at stages W3.25, W4, and
WS5. This domain is enriched for the wheat ortholog of OsMADS32, arice gene expressed in
floral organ primordia and the rachilla (Sang et al. 2012). ED5 also shows enrichment for
KNOXS3, orthologous to rice KNOTTEDZ2, which is expressed in the basal regions of
spikelets and in pedicels (Postma-Haarsma et al. 2002). Given its spatial localisation and

gene expression profile, ED5 was annotated as ‘rachilla’
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Early inflorescence development domains

Early during wheat inflorescence development, in the double ridge stage (W2.5), the IM
initiates pairs of ridges, comprising a lower suppressed bract (leaf ridge, LR) and an upper
axillary meristem (AM). The inflorescence can be summarised by five domains at this

stage: EDO, ED3, ED4, ED11, and ED12 (Figure 3.3A).

ED12 was annotated as the leaf ridge based on its strong enrichment for
TraesCS1A02G418200, the wheat ortholog of maize TASSELSHEATH1 (TSH1), which is
expressed in the suppressed bract (leaf ridge) of the inflorescence (Figure 3.3B; Whipple et
al. 2010). EDO was assigned as L2/L3 meristematic cells of the spikelet ridge due to the
enrichment of KNOX5. KNOX5 is enriched across multiple domains in stage W2.5: ED3
and EDO. We observe KNOX5 expression in meristematic cells and ground tissue;
however, it is excluded from the tunicate/L1 layer, consistent with observations of its
maize ortholog KNOTTED1 (Figure 3.3C; Jackson et al. 1994). ED3 was differentiated from
meristematic cells by the unique expression of genes, including METALLOTHIONEIN 2
(MT2; Figure 3.3D). ED4 was annotated as the L1 layer of the spikelet meristem, based on
the enrichment of L1-specific markers including TraesCS7A02G308400 (ortholog to rice
OsROC7t), TraesCS4D02G296400 (ONION1, OsONI1), and TraesCS1D02G197300
(OsROCS3t; Figure 3.3E). Flanking the adaxial boundary of the spikelet meristem are cells
assigned to ED11. These genes are enriched in ortholog to rice OsCUC3, which is
characterised to be expressed between meristem/organ boundaries (Wang et al. 2010). In
addition, the expression of LAX7, a gene expressed in the cell layers surrounding the
meristems (Komatsu et al. 2001), further provided evidence that ED11 cells are located in
the ‘boundary’ region between bracts and meristems (Figure 3.3F). Therefore, this domain

is annotated as boundary cells.

Below the inflorescence, we observed ED9 marked by strong localised expression of
MANY NODED DWARF 1 (MND1), a gene whose barley ortholog suppresses axillary
meristem outgrowth (Walla et al., 2020). This domain includes multiple tissues: ED9
marks both developing young leaves and suppressed AM below the inflorescence per se,
with MANY NODED DWARF 1 (MND1) marking suppressed AMs only (Figure 3.3G). We
hypothesise that the spike-focused probe panel lacked sufficient genes to distinguish
these tissues as distinct ED. This domain was annotated as suppressed axillary meristems

& leaf.
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Figure 3.3 - Gene enrichment in early inflorescence development
A) Spatial map of six expression domains in W2.5 spikes, highlighting domains enriched with

transcripts (B-E), B) TSH1, C) KNOX5, D) MT2B, E) ONI1, F) CUC3, and G) MND1. Scale bar =250
pm. Blue stain = DAPI. EDO = meristem, ED3 = developing rachis, ED4 = meristem L1, ED9 =
suppressed AMs, ED11 = boundary, ED12
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Floral domains

We identified eight expression domains corresponding to floral organs and their
subtending bracts in wheat, including glumes and lemmas (ED1,2), palea (ED15),
lodicules (ED17), stamens (ED10 and ED14), and the carpel (ED16; Figure 3.4). Six of these
domains (ED16, 14, 7,15, 10, 17) were primarily detected at developmental stages W4
and W5, consistent with the onset of floral organ specification proceeding from stage
Wa3.5 onwards. We observed that these domains exhibited consistent spatial organisation
between P71 and P17°t replicates (Figure 3.1). Notably, these domains form a distinct
cluster in UMAP space, reflecting their high transcriptional similarity and separation from

other expression domains (Figure 3.1A).

ED17- Lodicule

Mglume lemma Mpalea
stamen [ carpel "FM  SM

Figure 3.4 - Eight expression domains represent floral organs and subtending bracts
A) Spatial map of floral and bract expression domain (ED1,2 = glume/lemma, ED7 = floral organ

primordia base, ED15 = palea, ED17 = lodicule, ED14,10 = stamen, ED16 = carpel) fl = floret. B)
Diagrammatic representation of wheat floral anatomy and cryosection angle (black dashed line).
The sectioning angle through spikelet is representative of the cryosection captured in panel A. fl =

floret, SM = Spikelet meristem, FM = floral meristem.
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We hypothesised that concatenation of samples across developmental time prior to
clustering would reveal floral cells in their earliest stages of emergence. For example, in
W3.25 spikes, we identified only three ED15 cells (Figure 3.5A), a predominant domain in
more mature spikes (Figure 3.5B) and which later localises to paleae in W5 samples
(Figure 3.5B-C). At W3.25, these three ED15 cells were positioned just above the lemma
primordia (ED1, 2), a spatial arrangement consistent across stages (Figure 3.5D-F). In all
ED15 cells, we observe the expression of AGAMOUS-LIKE6 (AGL6), a key regulator of palea
identity in wheat (Kong et al. 2022). This indicates that ED15 at W3.25 most likely

represents the first cells with palea identity in the developing spike.

Figure 3.5 - Expression domains and gene enrichment trace floral identity across
developmental time

Spatial plots of cell segmentation and assigned expression domains 1, 2, & 15in A) W3.25 spikelets
3,5,7 B) W4 spikelets 7,9 C) W5 spikelet 9 (florets = fl; 1,3,5). (D-F) Expression of AGL6 in same

tissues as F-H, respectively. Blue= DAPI staining; Scale bar =100 pm.
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In total, the floral expression domains are enriched for 29 genes, including 10 MIKC-type
MADS-box transcription factors. We hypothesised that the spatial gene expression of

these genes would align with the putative functions defined by the ABCDE model.

Consistent with this model, we observe spatially restricted expression of B-, C-, and D-
class genes in their expected floral organ domains. B-class genes, including APETALA3
(AP3), PISTILLATA1 (PI-1), and PISTILLATA2 (PI-2), are enriched in lodicules and stamens
(Figure 3.F-H). C-class genes AGAMOUS1 (AG-1) and AGAMOUS2 (AG-2) show enrichment
in both stamens and carpels (Figure 3.61-J), while the D-class gene SEEDSTICK1 (STK1) is

exclusively expressed in the carpel domain (Figure 3.6K).

E-class function encoding genes in monocots are divided into three groups: SEP3,
LOFSEP, and AGL6-like (Malcomber and Kellogg 2005; Wu et al. 2018; Dreni and Ferrandiz
2022). In the case of E-class LOFSEP clade, expression of orthologs to SEPALLATA1 (SEP1-
1, SEP1-2, SEP1- 4, SEP1-5, SEP1-6) are mostly absent from floral organ primordia (Figure
3.6L-S). However, the E-class genes SEPALLATA 3-1 (SEP3-1), SEP3-2, and AGL6 display
overlapping, not fully redundant, enrichment across all floral organs. AGL6 is expressed in
palea, carpels, and lodicules, while SEP3-1 and SEP3-2 are expressed in stamens,

carpels, and lodicules.

Variable expression patterns are observed within the A-class members of the AP71/FUL-like
clade include VRN1, FUL3, and FUL2. We observe that VRN1 and FUL3 are expressed
broadly across floral tissues, while FUL2 displays restricted expression, primarily in the
lemmas and glumes (Figure 3.6A-C). The AP2-like genes AP2-5 and AP2-2 differ in their
distribution: AP2-5 is broadly expressed, whereas AP2-2 is expressed in the lemma, palea,

lodicules, and stamen primordia (Figure 3.6D-E).
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Figure 3.6 - Expression of ABCDE-class genes in floral organ domains
Spatial Transcript Localisation in W5 P71 florets, in (A-F) A-class genes B) VRN1, B) FUL2, C) FUL3,

D) AP2-2, E) AP2-5, (F-H) B-class genes F) AP3, G) PI1, H) PI2, (I-J) C-class genes 1) AG1, J) AG2, D-
class genes K), and (L-S) E-class genes, L) SEP3-1, M) SEP3-2, N) AGL6, O) SEP1-1, P) SEP1-2, Q)
SEP1-4, R) SEP1-5, S) SEP1-6. Scale bar =100 um. Yellow dots represent a detected transcript.
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The spatial co-expression of floral identity genes—including those encoding proposed
ABCDE-class functions—provides a benchmark for evaluating MERFISH's capacity to
resolve the combinatorial gene expression patterns underlying cell identity. We observed
that specific combinations of transcription factors differentiate the eight floral and bract

domains.

Lodicules, palea, glumes, and lemma all exhibit enrichment of YABBY7, a marker of lateral
organs inrice (OsTOB2, Tanaka et al. 2017). While glumes and lemmas cluster together in
ED1+2, the separation of palea and lodicules into ED15 and ED17 is distinguished in part
by the enrichment of E-class AGL6. This expression pattern is consistent with the
classification of palea and lodicules as the first two whorls in floral tissues, in contrast to

the bract-like (non-floral) identity in glumes and lemmas.

According to the ABCDE model, B-, C-, and E-class genes specify stamens (whorl 3), while
C- and E-class genes determine carpels (whorl 4). In line with this, we observe the
enrichment of B-class genes PI-1 and PI-2, as well as AP3, in stamen domains (ED10,
ED14), and their absence in carpel domains (ED16). Carpel and stamen domains are also
distinguished through the domain-specific expression of E-class genes. Both tissues
express the E-class genes SEP3-1 and SEP3-2; however, carpels are uniquely enriched in
AGL6. Notably, restricted regions within the carpel domain express the YABBY4 (ortholog
to rice DROOPING LEAF 1), previously characterised to specify carpel midrib identity
(Yamaguchi et al. 2004), suggesting fine-scale tissue patterning is captured within single

MERFISH-defined domains.

Of particular interest is ED7, a domain located at the base of floral organ primordia. This
domain is enriched in B-class encoding gene AP3, E-class encoding AGL6, as well as
transcription factors outside of the ABCDE model, including LEAFY (LFY) and KNOX5
(KN5). The maize LFY orthologs (ZmFL1 and ZmFL2) are expressed in floral meristems and
within the floral organ primordia as they develop (Bomblies et al. 2003). KNOX5 orthologs,
such as maize KNOTTED1, are floral meristematic markers (Jackson et al. 1994), and the
rice AGL6 ortholog (MFO1) is also characterised as being expressed in floral meristems.
Both the domain positioning and gene enrichment suggest that these cells are
meristematic floral tissues and are therefore given the annotation name: floral organ

primordia base.
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3.3.3 - The spatial restriction of VRT2 and SEP1-4 is disrupted in the VRT-A2b

mutant

We previously identified differences in gene expression between spike sections using
microdissection. VRT2 was most highly expressed in basal sections, with lower expression
in the apex, whereas SEP MADS-box transcription factors displayed the opposite pattern
(Backhaus et al. 2022). VRT2 is proposed to disrupt SEP-SQUAMOSA complex formation,
critical for normal spikelet development, through a protein competition model (Li et al.
2021b). However, the co-expression of VRT2 and SEP genes remains uncharacterised. To
quantify these profiles, we computationally dissected P7"" spikes into 30 transverse bins
at W4, confirming opposing expression patterns along the apical-basal axis to a finer scale
than microdissections. We confirmed the high expression of VRT2 at the base of the
inflorescence. Mean counts per cell of VRT2 in bins 1-10 (basal) are 3.4x higher than in bins
11-30 (central/apical; Figure 3.7A). Additionally, MERFISH results revealed the spatial
restriction of these two genes across the inflorescence. VRT2 was primarily expressed in
ED3 developing rachis cells, with 32.2% of ED3 cells expressing VRT2, and showed
minimal expression in spikelet tissues such as glumes/lemmas (ED2, 3.3%). In contrast,
SEP1-4 was largely absent from ED3 (1.4%) but enriched in spikelet tissues, including
glumes/lemmas (ED2, 31.1%; Fig. 3.7C). Across the P77 spike, only 0.7% of cells co-
expressed VRT2 and SEP1-4.

We next asked if MERFISH could quantify the mis-expression of VRT2 in P17°t, a near-
isogenic line carrying the VRT-A2b allele. MERFISH revealed ectopic VRT2 expression and
disruption of the heightened VRT2 signal at the base of the inflorescence, whereas the
SEP1-4 expression pattern remained intact (Figure 3.7B). This ectopic expression pattern
led to increased co-localisation of VRT2 and SEP1-4, with 8.2% of cells co-expressing both
transcripts along the spike. Co-expression was most pronounced in tissues exhibiting the
strongest phenotypic effects in P77, glumes and lemmas, where 26.3% of ED2 cells co-
expressed both genes (compared to 1.1% in P1"7; Figure 3.7C-D). These findings establish
the low rates of co-expression in VRT2 and SEP1-4, which is disrupted in VRT-A2b mutants,
and demonstrate the ability of MERFISH to detect tissue-specific changes in gene co-

localisation in a developmental mutant.
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Figure 3.7 - Opposing and spatially restricted gene expression patterns of VRT2 and SEP1-4 are
disrupted in P17° lines

A, B) Spatial plot of VRT2 and SEP1-4 expression in (A) P1"T and (B) P17° W4 spikes, divided into 30
transverse bins along the apical-basal axis, with average normalised expression counts of VRT2 and
SEP1-4 per transverse bin, normalised with sc.pp.normalize_total and sc.pp.log1p functions
(Scanpy v1.10.0). Note the difference in scale between (A) and (B). C, D) Proportion of cells
expressing either VRT2, SEP1-4, or co-expressing both. Calculated as the percentage of total cells

per cluster type in (C) P1¥T and (D) P17°! near-isogenic lines.
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3.3.4 - Transcriptional states differentiate spikelet meristems and leaf ridges along

the spike

The chronological initiation of AMs does not coincide with their developmental
progression. Basal AMs, though first to initiate, lag in development compared to central
AMs. By the glume primordium stage (W3), central AMs display visible outgrowth, while
basal AMs remain less developed (Bonnett 1966). This is evident from the emergence of
glumes, the lateral organs marking SM identity. Due to these morphological differences,
we anticipated that central meristems would exhibit a distinct transcriptomic signature,
reflecting their transition toward SM identity and the initiation of lateral organ formation.
Consistent with this, we observe FZP expression adjacent to glume tissues (ED1+2) in
central spikelets of P77 inflorescences at W3 (Figure 3.8). Across the grasses, in situ
hybridisation shows the FZP ortholog is confined to the glume-meristem boundary (Chuck
et al. 2002; Poursarebani et al. 2015). Here, we detected a comparable pattern, with FZP
localised adjacent to ED1+ED2 cells. Given the established role of FZP in promoting SM
identity across grasses, these results indicate a transcriptional distinction between

central and basal meristems by W3.

FZP
ED1- Glume / Lemma

Figure 3.8 - Expression of FZP in central spikelets differentiates meristems across the apical-
basal axis of the inflorescence

Expression of FZP in A) whole inflorescence, and B) central spikelets of PT"" W3 sample. DAPI =
blue. Scale bar =500 ym.
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Therefore, we hypothesised that gene expression patterns may influence these differences
before W3, at stage W2.5, when the IM initiates AM + bract pairings. At this stage, the spike
has a relatively simple ED composition, with four domains accounting for 94.8% of the
inflorescence cells. By contrast, at W3.25, eight domains account for a comparable
proportion of cells (94.1%). The W2.5 AM comprises four domains: the L1 layer (ED4),
meristematic cells in layers L2/L3 (EDO, ED12), and boundary cells (ED11) marking the
adaxial boundary. While all SRs exhibit similar L1 (ED4) and boundary (ED11) patterns,
basal AMs lack well-defined EDO regions (Figure 3.9). Additionally, while all LRs are
represented by one domain (ED12), basal LRs are larger, averaging 32.5 = 15.8 cells per
section (LR1-4), compared to 12.5 = 1.5 cells in central LRs (LR8-11). These findings
support the idea that gene expression patterns may differentiate AMs and LRs across the

apical-basal axis during or before W2.5.

AM10 Domains
EDO

Genes
KNOX5

Figure 3.9 - Basal and central axillary meristems differ in expression domain assignhment
Domain and gene expression maps of A) Basal AMs (2,4) and B) central AMs (8,10). TSH7 and CUC3

mark the suppressed leaf ridge and the adaxial boundary of the AM, respectively. KNOX5 in layers
L2/L3 highlights transcriptional differences between AMs along the apical-basal axis. Scale bar =50

pm.
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To explore gene expression patterns across the apical-basal axis in W2.5 inflorescences,
we first examined the expression of key regulators of the vegetative-to-reproductive
transition, particularly those involved in establishing AMs with a reproductive identity (i.e.,
a transition to SMs without reversion to branch-like or vegetative states). Using expression
domains, we defined the onset of the inflorescence at the first appearance of leaf ridges
(ED12; Figure 3.10A). A clear transcriptional distinction emerged between vegetative and
inflorescence phytomers. SEP7-6 (ortholog of PAP2) is expressed in the inflorescence in a
broad expression pattern (Figure 3.10B), and LAX7 is expressed in inflorescence
phytomers only, in a restricted expression pattern adjacent to AMs (Figure 3.10C). In
contrast, TAW1 expression was restricted below the inflorescence in the region of
suppressed AMs, closely paralleling the pattern of MND1 (Figure 3.10D-E). Among the
AP1/FUL-like genes, VRNT and FUL3 were broadly expressed across vegetative and
reproductive tissues, whereas FUL2 expression was limited to the inflorescence (Figure
3.10F-H). The SVP-like transcription factors VRT2 and SVP1 were expressed primarily
below the inflorescence, but both also exhibited activity in the basal-most inflorescence
region and the developing rachis (Figure 3.101-J). Given this basal restriction of two genes
associated with the delay of transition of AM to SM, we anticipated that the most basal
meristem-bract pairings may show distinct gene expression patterns beyond SVP

transcription factors.
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3- Developing Rachis 6- Vasculature 11- Boundary Cells
4- Meristem L1 12- Leaf Ridge
5- Rachilla

SVP1

Figure 3.10 - Gene expression signatures differentiate vegetative and reproductive tissues in
late double ridge inflorescences

A) Expression domains clarify the start of the inflorescence, which we defined as the boundary
between the leaf ridge (ED12) and suppressed axillary meristems in leaf axils (ED9). Transcript
localisation in W2.5 P1"" samples of genes B) SEP1-6, C) LAX1, D) TAW1, E) MND1, F) VRN1, G)
FUL3, H) FUL2, 1) VRT2, J) SVP1. Scale bar =250 um. The white dashed line represents the

boundary between inflorescence and vegetative tissues, determined by expression domains.

111



Chapter 3 - MERFISH reveals the spatio-temporal dynamics

of wheat inflorescence development

To quantify differential gene expression patterns within the same tissue-type across the
bract-meristem pairs across the inflorescence, we grouped cells from each AM, ordered
them longitudinally from basal (1) to apical (13; Fig. 3.11A), and performed principal
component (PC) analysis using a matrix of average counts per cell in each cell grouping
(Fig. 3.11B). PC analyses revealed a strong positive correlation (o = 0.68, P =0.01) between
PC1 and location along the apical-basal axis, with lower PC1 scores associated with basal
SRs. Given this relationship, we investigated genes with the highest and lowest loading
scores on PC1. Genes with the lowest PC1 loadings, such as AINTEGUMENTA-LIKEG (AIL6,
-0.177), KNOX5 (-0.175), HOMEOBOX DOMAIN 1 (HB1, -0.170), INCREASED LEAF
INCLINATION 3 (ILI3, -0.167), are expressed highly in central/apical AMs (Figure 3.11C;
Figure 3.12). In the case of KNOX5, we observed high levels of expression in the meristem
corpus of central SRs, which is absent in basal SRs (Figures 3.9 and 3.12D). Additionally,
we observed the specific expression of ortholog to barley COMPOSITUM 1 (HvCOM1) to
ED11 cells only in SR7,9,10. In contrast, genes with the highest PC1 loadings, including
RACHIS-LIKET (RIL1, 0.186) and SQUAMOSA-PROMOTER BINDING PROTEIN-LIKE 14
(SPL14, 0.180), showed higher expression in basal AMs (Figure 3.12).
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Figure 3.11 - Gene expression patterns define spikelet ridges across the apical-basal axis at

the late double ridge stage

A) Expression domains define SRs from 1 (basal) to 13 (apical). B) Principal component (PC)

analysis of averaged transcripts per SR group. C) Normalised gene expression (Z-score) of select

genes with the highest/lowest PC1 loading scores from analysis in (B). Scale bar =250 pm.
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Figure 3.12 - Expression of select genes defining AM across the apical-basal axis at the late

double ridge
(A-1) Transcript location of genes A) AIL6, B) HB1, C) ILI3, D) KNOX5, E) HOX33, F) RIL1, G) SPL14, H)

FUL3, 1) SPL17J) COM1. Cells in each leaf ridge are highlighted in blue, and axillary meristems are

in pink. Scale bar = 250 pm. White dots = transcripts.
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The equivalent PC analysis on LRs also revealed a correlation between PC1 and position
along the apical-basal axis (p =0.97, P = 2.62e-08; Fig. 3.13A-B). Genes with the highest
PC1 loading score, such as LEAFY COTYLEDONT1 (LEC1, 0.179), APETALA2-5 (AP2-5,
0.179), SPL17(0.171), and RIL1 (0.159), were more highly expressed in basal LRs, whereas
AGL14 (-0.171) is more highly expressed in central/apical LRs (Figure 3.13C; Figure 3.14).
Some genes distinguish between basal and central/apical sections for both LRs and SRs.
Ortholog to SHORT PANICLE 3 (SP3) is expressed in distinct bands in central/apical
regions of both SRs and LRs (Figure 3.14A), while RILT marked both tissues at the base.
Notably, LEC7 was expressed in basal SR1-3 and LR1-3, but from position four onward
was restricted to AMs (Figure 3.14D). In contrast, SPL17 showed LR-specific expression in
a position-dependent manner, expressed only in basal LRs (Figure 3.14E). Together, these
results provide strong evidence that apical-basal patterning in the developing spike is
established before W3 through distinct, tissue-specific gene expression gradients that
differentiate SR and LR primordia, and highlight key regulators—such as RIL1, LEC1, and

SPL17—that contribute to early axial patterning across multiple cell types.
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Figure 3.13 - Gene expression patterns define leaf ridges across the apical-basal axis at the

late double ridge stage

A) Expression domains define leaf ridges (LRs) from 1 (basal) to 13 (apical). B) PC analysis of

averaged transcripts per LR group. C) Normalised gene expression (Z-score) of select genes with

the highest/lowest PC1 loading scores from analysis in (H). Scale bar =250 pm.
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Figure 3.14 - Expression of select genes defining LR across the apical-basal axis at late double
ridge
(A-G) Transcript location of genes A) SHORT PANICLE 3 (SP3), B) LEAFY 2 (LFY2), C) AGAMOUS-LIKE

14 (AGL14), D) LEAFY COTYLEDONT1 (LEC1), E) SPL17, F) AP2-LIKE 5 (AP2-5), G) RIL1. Cells in each
leaf ridge are highlighted in blue, and axillary meristems are in pink. Scale bar = 250 uym. White dots

=transcripts.
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3.4 - Discussion

3.4.1 - Expression domains trace phytomer units across developmental time

Using domain assignment and gene enrichment, we quantified the transcriptional
programmes distinguishing vegetative and inflorescence phytomers in wheat, expanding
upon genetic characterisation across the grasses. In barley, MND1 is specifically
expressed during the transition from the SAM to the IM and otherwise is restricted to AMs
below the inflorescence (Walla et al. 2020). This is largely in agreement with the
expression patterns observed in wheat. At stage W2.5 in vegetative tissues below the
inflorescence, AMs (ED9) located in the axils of leaves (ED1, ED2, ED13) are enriched in
MND1. Given our limited sample coverage during the transition to an IM (Waddington
stages 1.5-2), itis currently unknown whether this pattern is in complete agreement. At
W2.5, a similar expression pattern is observed for TAWT. In wheat, TAW7 expression is
detected in suppressed axillary meristems below the inflorescence but is absent from the
inflorescence meristem (IM) and spikelet ridges. This contrasts with rice, where TAWT1 is
expressed in axillary meristems of vegetative tissues as well as in the IMs and BMs, but is
excluded from incipient SMs (Yoshida et al. 2013). The restriction of TAW7 expression to
primarily below the inflorescence in wheat may indicate neofunctionalization of TAW7 to a
primary role in the regulation of AMs in vegetative phytomers, however; earlier-stage
expression data and further genetic characterisation are needed to clarify its role in the
transition between vegetative to reproductive growth. In wheat, MND1 and TAW1
expression persists in ED9 cells below the inflorescence at stages W3.25 and W4, perhaps
indicating these genes have a continual role in the suppression of meristem outgrowth in
vegetative phytomers as inflorescence development continues. This data is consistent
with unpublished results from fellow PhD student Isabel Faci in the lab, who has found
that between lemma primordia (W3.25) and terminal spikelet (W4), the AMs below the
inflorescence are susceptible to environmentally induced differentiation, resulting in the
outgrowth of the AMs to pattern leaves, spikes, or tillers. Taken together, these results
suggest an opportunity to further define the genetic network conferring a suppressed

axillary meristem below the inflorescence.

In contrast, inflorescence phytomers are characterised by the presence of spikelet ridges
(SRs; EDO, 4, 11, 12), which alternate with leaf ridges (LRs; ED12). The bract suppression
gene TSH1, conserved across maize, rice, and barley (Wang et al. 2009; Whipple et al.

2010; Houston et al. 2012), is specifically expressed in LRs, highlighting a shift in lateral
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organ fate. This shift coincides with LAX7 expression in the adaxial boundary of AMs. While
CUCS3, another boundary-related gene, is expressed across both vegetative and
inflorescence phytomers, LAX1 expression is unique to reproductive phytomers. Inrice,
LAX1 is required for the initiation and maintenance of AMs in the panicle (Komatsu et al.
2001, 2003), underscoring the uniqgue gene expression signature of reproductive
phytomers. Atstage W2.5, SEP1-6, the wheat orthologue of rice PAP2, is broadly
expressed across inflorescence phytomers. Additionally, while the AP2/FUL-like
transcription factors VRN17 and FUL3 were broadly expressed, FUL2 was restricted to the
inflorescence. Inrice, PAP2, together with AP1/FUL-like genes, coordinates the vegetative-
to-inflorescence meristem transition (Kobayashi et al. 2012). This shift—from suppression
of AMs in vegetative phytomers to suppression of LRs and promotion of AM progression in
inflorescence phytomers—reflects a fundamental developmental reprogramming eventin

the wheat shoot apex at the onset of inflorescence formation.

By integrating data across four developmental stages prior to clustering, we could trace
how these domain-level programs are deployed along the apical-basal axis of
inflorescence phytomers as the spike acquires its lanceolate form. For example, ED12
cells (LRs) were present throughout the inflorescence at W2.5 and W3.25 but became
restricted to the basal region by W4 and W5, suggesting TSH7 mediated bract suppression
continues in basal LRs. Similarly, the lanceolate shape can be observed through the
transcriptomic signatures marking the transition from SM to FM identity, and the
elaboration of floral organs. At stage W3.25 in central spikelet meristems, distinct bands
of COM2/FZP expression are observed, characterised as a marker of SM identity following
formation of the glumes (Poursarebani et al. 2015). In parallel, a small population of cells
within a central spikelet expressed AGL6, a gene associated with palea identity in wheat
(Kong et al. 2022), likely marks the earliest emergence of palea cells (ED15). By W4,
central spikelets also contained ED10, ED14, and ED16 domains (associated with stamen
and carpel identity), and were enriched for AG1, SEP3-1, SEP3-2, key C- and E-class floral
regulators (Cui et al. 2010; Dreni et al. 2011). In contrast, these floral domains were absent
from basal spikelets at both stages, reflecting a developmental gradient along the spike

and delayed floral progression in the basal region.
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3.4.2 - MERFISH quantifies gene co-expression key to development

By detecting hundreds of transcripts simultaneously, MERFISH enabled a tissue-specific
analysis of gene co-localisation. We used this to investigate how a cis-regulatory mutation
in VRT2 (P17°" allele), previously shown to increase VRT2 expression (Adamski et al. 2021;
Backhaus et al. 2022), alters its spatial expression. MERFISH revealed the P17 allele
drives ectopic VRT2 expression into spikelet and floral tissues, resulting in elevated co-
localisation with SEP7-4, potentially inhibiting the formation of SEP-SQUAMOSA protein
complexes required for spikelet development (Li et al. 2021b). In this context, the utility of
MERFISH was not in quantifying relative transcript abundance (which can be captured by
bulk RNA-seq), butin resolving co-expression networks as spatial domains are
reprogrammed in a regulatory mutant. Additionally, while co-expression of VRT2 and SEP1-
4 could be inferred from snRNA-seq, MERFISH uniquely revealed both the extent of their
ectopic co-expression and their spatial distribution, providing mechanistic insight into

how P71 alters spikelet architecture.

Similarly, MERFISH revealed the co-localisation of MADS-MIKC transcription factors in
wheat floral tissues, allowing us to connect gene co-expression with floral organ identity.
The ABCDE model was an ideal application of a multiplexed spatial technique- this model
alongside the subsequent floral quartet model describes the specification of floral organ
identity through spatially restricted and combinatorial gene expression (Coen and
Meyerowitz 1991; Colombo et al. 1995; Honma and Goto 2001; Mohanty et al. 2022),
which lacks thorough characterisation in wheat compared to other model species. Here,
we observe the high levels of conservation in B- C- and D- class gene expression across

species, indicating their conserved function outlined in the ABCDE model.

These tissue-specific patterns align with phenotypes of homeotic mutants in grasses. For
example, B-class genes AP3, PI-1, and PI-2 are expressed in lodicules and stamens,
consistent with the homoeotic transformation of these organs in rice ap3 mutants
(lodicules to palea-like structures, stamens into carpels (Nagasawa et al. 2003) and in
maize silkyT mutants (Ambrose et al. 2000). Similarly, the expression of C-class AG7 and
AG2 are expressed in the stamen and carpel, consistent with the rice double mutant
(orthologs osmads3 and osmads58), which forms lodicule and carpel-like organs in place
of the stamens and carpel (Dreni et al. 2011; Sugiyama et al. 2019). Additionally, AGL6
distinguishes palea cells (ED15) from glumes and lemmas (ED1+2) in clustering analyses,

and is enriched in palea, carpel, and lodicules. In tetraploid wheat, AGL6 double mutants
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produce lemma-like paleas, lack lodicules, develop ectopic organs between the second

and third floral whorls, and display loss of carpel determinacy (Kong et al. 2022).

However, MERFISH detected the divergence in gene expression in E- class genes, even
among monocots, in direct contrast to their modelled function. Five SEP17 orthologs-
members of the LOFSEP gene family in wheat are expressed throughout the spike;
however, are mostly absent from floral organ primordia- with most expression observed in
glume and lemma primordia tissue. This is consistent with the loss-of-function
phenotypes observed in barley and rice- whereby loss of LOFSEP members disturbs
lemma development and inflorescence branching, while inner floral organs remain
unaffected; suggesting further genetic characterisation in wheat may display a similar
phenotype (Gao et al. 2010; Wu et al. 2018; Li et al. 2021a; Zhang et al. 2024b; Shen et al.
2025).

Among the E-class genes expressed in floral tissues, SEP3-2, and AGL6 display
overlapping, but not fully redundant, expression across all floral organs. In wheat, AGL6 is
expressed in palea, lodicules, and carpels. These spatial patterns align with the
phenotypes reported in mads6 mutants in rice, which exhibit altered palea morphology
and homoeotic conversion of lodicules and stamens into glume-Llike organs (Li et al.
2010). In tetraploid wheat, AGL6 double mutants produce lemma-like paleas, lack
lodicules, develop ectopic organs between the second and third floral whorls, and display
loss of carpel determinacy, with some carpels developing into spikelet (Kong et al. 2021).
While the functional significance of the partially overlapping expression between E-class
genes remains unresolved, a similar expression pattern has been recently observed in
barley floral tissues using spatial transcriptomics (Demesa-Arevalo et al., 2025),

suggesting conservation of this regulatory arrangement across cereals.

In wheat, the function of A-class genes—postulated to specify sepal and petal identity—
remains unclear based on current genetic characterisation. Our MERFISH dataset shows
that orthologs in the AP71/FUL-like clade, including VRN1 and FUL3, are broadly expressed
across all floral whorls, whereas FUL2 expressed primarily in lemmas and glumes. These
spatial patterns are consistent with mutant phenotypes: vrn1 ful2 double and vrn1 ful2
ful3 triple mutants exhibit de-repression of the leaf ridge into a true leaf subtending a
spikelet ridge that develops into a vegetative tiller, along with floral defects such as leafy

paleas and lodicules (Li et al. 2019). These phenotypes implicate VRN1, FUL2, and FUL3
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in a broader role coordinating meristem identity and phase transition in addition to

potential A-class functions (Li et al. 2019).

In the case of E-class AP2 genes, the two wheat orthologs AP2-2 and AP2-5 are expressed
in the lemma, palea, lodicule, and stamen primordia, or broadly across all floral tissues,
respectively. Given its co-expression with E-class genes in the palea and with B- and E-
class genes in the lodicules, AP2-2 may fulfil an A-class function. In ap2(2-null mutants,
floral organ identity remains largely unaffected. However, ap2(2 ap2(5 double mutants
produce multiple empty bracts before transitioning to florets, and display organ defects
including missing paleas and lodicules transformed into carpel-like organs (Debernardi et
al. 2020). The upregulation of C-class AG genes in these double mutants suggests that the
two AP2 genes function analogously to A-class genes, repressing C-class activity in the

outer floral whorls (Causier et al. 2010).

3.4.3 - Gene expression patterns differentiate the apical-basal axis

Variation in domain composition and gene expression across SRs prior to visible spikelet
initiation may reflect shifts in meristem identity along the apical-basal axis of the
developing spike. Given limited functional characterisation in wheat, we infer putative
gene function based on orthologous genes characterised in grasses. At W2.5, central SRs
exhibit a transcriptional state distinct from basal SRs, marked by expression of genes
including KNOX5, AIL6, and HB1. Orthologs of KNOX5 (ZmKNOTTED1/ OsOSH1) are
expressed in ground tissue and meristems in maize and rice- including in IM, BM, SM, FM-
and are excluded from sites of determinate organ initiation (Jackson et al. 1994; Hake et al.
1995; Suzaki et al. 2006). In wheat, KNOX5 shows a similar pattern yet is notably absent
from the meristem corpus of basal SRs. In barley, HYKN1 is similarly excluded from newly
initiated meristems and reactivated upon acquisition of triple spikelet meristem (TSM)
identity, suggesting a role in meristem phase transitions (Demesa-Arevalo et al. 2025).
AIL6, associated with the indeterminate-to-determinate transition and FM identity (Nole-
Wilson et al. 2005; Krizek 2009) and LF1 (orthologous to wheat HB1), a regulator of FM
specification (Zhang et al. 2017), further support transcriptomic signatures of meristem
transition in central SRs. Additionally, we observe the specific expression of COM1 to
SR7,9,10. In similar spatial transcriptomic studies, the barley ortholog HvCOMT1 is used as

a marker of true TSM identity (Demesa-Arevalo et al. 2025). Collectively, these expression
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patterns indicate that only central SRs acquire spikelet meristem competency at this

stage.

We propose that the specific expression of KNOX5, AIL6, and LF1 in central SRs reflects
the progressive acquisition of spikelet meristem (SM) identity. In contrast, the identity of
basal SRs remains less clear. Basal SRs are enriched in RILT and SPL14, genes associated
with BM identity in rice. Knockdown of OsSPL 14 reduces panicle branching and spikelet
formation (Wang et al. 2015), while a heterozygous ril7 mutation in a ri background- its
close paralog- disrupts the spatial and temporal regulation of BM initiation (lkeda et al.
2019). BM identity is not directly translatable to the unbranched wheat inflorescence,
whereby AMs transition directly to SM identity without branching (Koppolu and
Schnurbusch 2019). However, the expression of BM-associated genes in basal SRs may
reflect a shared indeterminate transcriptional state preceding the transition to the

determinate SM fate.

Although the functional consequences of these gene expression patterns have yet to be
characterised in wheat, they may help explain phenotypes observed in branching mutants.
In spike-type inflorescence such as wheat and barley, loss of function in key regulators
such as FRIZZY PANICLE (FZP) results in the replacement of spikelets by branch-like
structures, most prominent at the base of the spike (Dobrovolskaya et al. 2015;
Poursarebani et al. 2015). Similarly, in barley, mnd17 loss-of-function mutants show a
reversion of TSMs to a BM-like identity, accompanied by an outgrowth bracts formed in the
most basal phytomer units (Walla et al. 2020). In wheat, vrnT-null/ful-A2-null Ful-B2
mutants (retaining only one functional copy of FUL2), frequently produce branch-like
structures at the base of the inflorescence. In more severe vrn1ful2ful3-null mutants,
branch-like AMs are often subtended by fully elongated leaves in basal phytomers,
whereas central and apical AMs are subtended by bracts (Li et al. 2019). This branching
pattern resembles the panicle-type inflorescence of rice, in which primary branches are
longest at the base and gradually decrease toward the apex (Bommer and Whipple, 2018).
Across species, these observations suggest that the position and timing of meristem-

bract pair initiation strongly influence the determinacy and fate of lateral organs.

Genetic studies in grasses suggest that suppressed LRs can function as signalling centres
regulating adjacent AM activity (Whipple et al. 2010). At stage W2.5, we detect expression
of genes in LRs, whose orthologs involved in both bract suppression and promotion of AM

development. For example, we observe expression of TSH7 and SPL17 in LRs—genes
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whose orthologs in maize (TSH1 and TSH4, respectively), suppress bract/LR outgrowth
while regulating BM determinacy (Xiao et al. 2022). Interestingly, SPL17 expression is
restricted to basal LRs and absent from more central and apical LRs (positions 8-13),
consistent with the basal specific expression of RILT in LRs and AMs. Both genes have
dualroles, in bract suppression and BM initiation (Ikeda et al. 2019; Xiao et al. 2022).
These results indicate that the genetic program regulating bract suppression and
meristem determinacy shifts along the apical-basal axis of the wheat spike, reinforcing

the idea of their coordinated role in spike development.
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3.5 - Methods

3.5.1 - Staining, segmentation, and transcript visualisation

We processed the cell segmentation data as GeoDataFrames (Geopandas v0.14.4;
Jordahl et al. 2020), and converted the transcript coordinates into a GeoDataFrame from
global x and y coordinates. We performed a spatial join operation to assign transcripts to
segmented cells, retaining only transcripts located within cell boundaries. We loaded the
DAPI staining image as a .tiff file, alongside a transformation matrix enabling conversion
between pixel space to physical (micron) space, as generated by the MERSCOPE
Instrument Software. The transformation matrix converted to micron space and applied
the raw image using Scikit-image (v0.23.3, Walt et al. 2014). After transformation, the
image was normalised, and image contrast and brightness was adjusted with Scikit-
image. We next rotated segmented cell polygons and transcript coordinates using NumPy
(v1.26.3, Harris et al. 2020), and visualised cell geometries as polygons using Matplotlib
(v3.8.2, Hunter 2007) with polygon handling and transformations facilitated by Shapely
(v2.0.4, Gillies et al. 2022). Transcripts were overlaid as point features. The corresponding
image was rotated with Scipy.ngimage (Virtanen et al. 2020; v1.13.0). Full details in

implementation scripts, see https://github.com/katielong3768/\Wheat-Inflorescence-

Spatial-Transcriptomics.

3.5.2 - MERFISH data integration, unsupervised clustering, and gene enrichment

analysis

We processed spatial transcriptomic data from eight samples (four timepoints; two NILs)
using the Scanorama (Hie et al. 2019, 2024) integration tool, and performed clustering
using the Leiden algorithm with a resolution parameter of 1.0. Spatial maps of Leiden
cluster assignment were performed as described in ‘Staining, Segmentation, and
Transcript Visualisation’. We exported the expression domain (ED) assignment of each per
cell (see archive folder ‘Samplelntegration_Clustering.tar.gz’ at

doi.org/10.5281/zenodo.14515926). The number of domains representing each sample

were summated, with domains representing less than 0.5% of total cells in sample
removed. Next, we performed gene enrichment analysis on the integrated AnnData object
with metal function sc.tl.rank_genes_groups() using the logistic regression model (Ntranos

et al. 2019). This analysis returned a ranked list of genes most probable to be enriched
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gene markers, which we displayed alongside the average normalised expressions per ED
for each sample. We determined top enriched values (using a +2 standard deviation
threshold) and used these to annotate EDs with tissue type identity labels. See archive

folder ‘GeneEnrichmentAnalysis.tar.gz’ at doi.org/10.5281/zenod0.14515926 for domain

assignments, gene enrichment analysis output, and domain annotations.

3.5.3 - Transect analysis of VRT-SEP gradients

We filtered cells from two samples (W4, VRT-A2a and VRT-A2b NILs) to include only cells
from the inflorescence region, defined as the beginning of ED12 marking leaf ridges. These
cells were selected in the MERSCOPE Visualizer tool (MERSCOPE Vizualizer 2023) using
the Polygon Lasso Tool, exported as a .csv file, and the segmented cells and transcripts
were mapped as previously described. The Y-axis of the spatial plot was divided into 30
transverse bins along the spike. Each cell was assigned to a bin based on its centre Y-
coordinate, and we averaged the normalized transcript counts per cell within each bin (Fig.
4, A and B). For both samples, we binarized gene expression data for VRT2 and SEP1-4
within each cell, assigning a value of 1 for detected reads and 0 for no detected reads. For
each ED, we quantified the number of cells expressing only VRT2, only SEP1-4, or co-

expressing both genes and visualised them as a percentage with Matplotlib (Hunter 2007).

3.5.4 - Gene expression analysis on late double ridge spikes

We selected Late Double Ridge (W2.5) and Lemma Primordia (W3.25) P1"Tinflorescence
cells using the MERSCOPE Visualizer Polygon Lasso tool and exported cell identity data as
a .csv file. We defined the inflorescence boundary by the first suppressed leaf ridge (ED12)
and excluded cells outside the inflorescence. Cell counts were summed by ED, and we
calculated the cumulative percentage of cells in the most populated ED to assess their
contribution to the total cell population. We calculated the top EDs accounting for

approximately 94% of the cells in the sample.

Groups of cells comprising the Leaf Ridges (LR) and Spikelet Ridges (SR) (defined by EDs)
were annotated as "Custom Cell Groups" in the MERSCOPE Visualizer tool(MERSCOPE
Vizualizer 2023). We delineated SR boundaries by ED4 cells along the adaxial and abaxial
axes, extending to the start of ED3 cells along the medio-lateral axis. We identified LRs as
groups of ED12 cells beginning beneath the end of ED4 cells from adjacent SRs. We

labelled SRs and LRs sequentially from 1 (most basal) to 13 (most apical) along the
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inflorescence (Fig. 5, C and H). We calculated the total number of cells in basal (LR1-4)
and central (LR8-11) leaf ridges and determined the mean cell numbers and summary

statistics to compare ridge sizes between these regions.

Normalized gene expression values per cell were averaged by LR or SR group and filtered
to include only genes with at least one average expression score above 0.30 across all
groups. We standardised the resulting data matrix using StandardScaler and performed
PC analysis with scikit-learn (v1.4.2; Pedregosa et al. 2011), to extract the first two
principal components (Fig. 5, D and I). We inverted PC1 and PC2 scores to align the axes
with the desired biological orientation and calculated the Spearman’s Correlation
Coefficient between the position along the inflorescence (1-13) and PC1 scoring
(Scipy.stats, v1.13.0). We extracted the top genes contributing to PC1 through PC1 loading
scores, and calculated average expression (Z-score normalised) in each cell grouping and

visualised using Matplotlib (v3.8.2; Hunter 2007) and Seaborn (v0.13.1; Waskom 2021). All

scripts and supplementary data are available (https://github.com/katielong3768/\Wheat-

Inflorescence-Spatial-Transcriptomics/ and doi.org/10.5281/zenodo.14515926 ).

127


https://github.com/katielong3768/Wheat-Inflorescence-Spatial-Transcriptomics/FOLDER
https://github.com/katielong3768/Wheat-Inflorescence-Spatial-Transcriptomics/FOLDER
https://doi.org/10.5281/zenodo.14515926

Chapter 4 - Applying Stereo-seq to
the wheat inflorescence

Chapter 4 — Applying Stereo-seq to the wheat
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This work was conducted in collaboration with staff members at BGI, Latvia. The STOmics
team at BGI performed the permeabilisation testing, full transcriptomic capture
experiments, and sequencing at the BGI Facilities in Riga, Latvia. The STOmics
bioinformatics team processed raw sequencing data with the SAW pipeline. Thank you to
Lili Feng and YenYu Lin for coordinating the project, including overseeing the shipment of
samples, organising my visit to the BGl facilities, overseeing data transfer, and providing

consultation on results. JIC Horticultural Services facilitated plant growth.

4.1 - Chapter summary

In this chapter, | present the implementation of Stereo-Seq (SpaTial Enhanced REsolution
Omics-sequencing) for the spatial transcriptomic profiling of wheat inflorescence tissues,
representing the first application of this technique in wheat. | document the preparation of
high-quality, fresh-frozen samples, in addition to our results from permeabilisation testing,
which optimises the incubation times for a critical step in the Stereo-seq protocol.
Following on from these optimisations, we performed a complete transcriptome capture
experiment across three sequencing arrays on late double ridge (W2.5) inflorescence
tissues. We observed an overall low mapping rate with the Stereo-Seq Analysis Workflow
(SAW), with 63.3% of reads remaining unmapped to the wheat reference genome. Of the
high-quality reads obtained, we observed a significant lateral diffusion of mMRNA outside of
tissue boundaries, with 78.5% of detected transcripts falling outside of tissue boundaries
across the sequencing array. Due to a combination of these effects, the low number of

detected transcripts in key developmental genes limited further analysis of this dataset.
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4.2 — Introduction

4.2.1 -Sequencing-based spatial transcriptomics in plant tissues

Spatial transcriptomics techniques encompass a diverse set of methods that aim to
measure gene expression while preserving positional context within tissues (Moses and
Pachter 2022). Broadly, these methods can be divided into two categories: imaging-based
and sequencing-based (Nobori 2025). Imaging-based approaches, derived from single-
molecule RNA fluorescence in situ hybridisation (smFISH), rely on fluorescently labelled
probes and microscopy to localise and quantify RNA molecules within cells. By contrast,
sequencing-based approaches capture mRNA transcripts with specialised arrays,
followed by RNA sequencing to generate spatially resolved maps of gene expression

(Giacomello et al. 2017; Moses and Pachter 2022; Nobori 2025).

Sequencing-based spatial transcriptomic methods have advanced rapidly since their first
demonstration in 2016 (Stahl et al. 2016). In this first approach, tissue cryosections are
placed on arrays patterned with spots (each ~100um diameter) containing millions of
capture oligonucleotides. These oligonucleotides are designed with three key features: a
spot-specific barcode sequence for spatial localisation (coordinate identity sequence;
CID), an oligo(dT) sequence for binding polyadenylated mRNA, and a semi-randomised
unique molecular identifier (UMI) for distinguishing individual transcripts. Following their
placement on the array, tissue cryosections are permeabilised to allow for the movement
of polyadenylated RNA molecules onto the spot array, where they hybridise with the
capture probes. Reverse transcription is then performed in situ, incorporating the spatial
barcode and UMl into the resulting cDNA, which is subsequently processed for

sequencing library preparation (Figure 4.1; Stahl et al. 2016; Giacomello et al. 2017).
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Figure 4.1 - Schematic representation of spatial transcriptomics through an array of barcoded
oligos
A) A glass slide is prepared with capture oligonucleotides to generate thousands of capturing spots,

each with a unique coordinate identity sequence (CID) assigned to its spatial location. B) mRNA
molecules diffuse from the tissue onto the glass slide and are captured by oligonucleotide probes.
cDNA is synthesised, incorporating the CID and MID sequences. Adapted from Giacomello et al.,

2017.

The first application of a sequencing-based spatial method to plants was reported by
Giacomello et al. (2017), who adapted the technique pioneered by Stahl et al. (2016) for
Arabidopsis thaliana inflorescence meristems, Populus tremula leaf buds, and Picea
abies female cones. This work established key workflows for plants, including adaptations
suitable for these tissues, such as changes to fixation, staining, and enzymatic
permeabilisation. Importantly, it demonstrated the ability to capture gene expression
differences between tissue domains in Arabidopsis; however, resolution was constrained
by the 100 um spot size of the array, limiting analysis to tissue-level rather than single-cell

resolution (Giacomello et al. 2017).

The limitations of early low-resolution arrays (Stahl et al. 2016; Giacomello et al. 2017)
were soon addressed by emerging techniques, which improved spatial resolution (from
100 pym to a submicron scale), enhanced capture efficiency, and expanded the field of
view. Visium (10x Genomics) reduced spot size to ~55 um and increased the density of
capture probes, thereby improving transcript recovery and enabling analyses at finer
spatial scales. Slide-seq (Rodriques et al. 2019) further enhanced spatial resolution by
replacing fixed capture spots with DNA-barcoded beads of ~10 um diameter, positioned at
high density and computationally mapped back to spatial coordinates, achieving near
single-cell resolution. Stereo-seq (Chen et al. 2022) extended these innovations by using
patterned DNA nanoball arrays with diameters measuring 220 nm, offering subcellular

resolution while also providing centimetre-scale fields of view. Collectively, these
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techniques have been successfully applied to diverse plant species, including Arabidopsis
thaliana (Xia et al. 2022), Solanum lycopersicum (Song et al. 2023), Glycine max (Liu et al.
2023b; Zhang et al. 2024a), Zea mays (Fu et al. 2023; Wang et al. 2024), Medicago
truncatula (Serrano et al. 2024) and Triticum aestivum (Liu et al. 2025; Qu et al. 2025).
Notably, the applications of these techniques are novel to the field of plant science. All of

these studies were published during the course of this thesis.

Sequencing-based spatial transcriptomic techniques offer clear advantages: unlike
imaging-based techniques that are limited to a predefined gene set, sequencing-based
approaches allow for an unbiased capture of the transcriptome (Shi et al. 2023a). The
ability to capture a broad range of gene expression, without prior selection or indeed,
without known characterisation, has a wide appeal. An additional advantage in plants is
that sequencing-based methods require only that tissue sections be applied to a capture
array, after which the tissue can be removed following mRNA capture. This circumvents
challenges common to imaging-based FISH approaches, where high autofluorescence in
plant tissues often necessitates additional optimisation (Donaldson 2020; Giacomello

2021).

4.2.2 - Stereo-seq for plant developmental biology

Building on advances in sequencing-based spatial transcriptomics in plants, | apply
Stereo-seq to wheat inflorescence tissues to investigate the transcriptional programs
underlying spike development. Stereo-seq (SpaTial Enhanced REsolution Omics-
sequencing) is a DNA nanoball (DNB) based technology that enables transcriptome-wide
capture of mMRNA with both submicron resolution across large tissue areas (Chen et al.
2022). The method relies on a silicon-based patterned array (chip) densely coated with
single-stranded DNBs, each ~220 nm in diameter and positioned at 500 nm intervals in a
highly regular grid. DNBs are generated by rolling-circle amplification and carry unique
coordinate identifiers (CIDs), which serve as spatial barcodes to define the position of

each spot on the array (Chen et al. 2022).

To establish the location of each spatial barcode, in situ sequencing is first used to read
the CID of each DNB (Figure 4.2A; Drmanac et al. 2010; Chen et al. 2022). Subsequently,
oligonucleotide capture probes are hybridised to each DNB, which contains a UMI,
providing a sequence associated with each captured mRNA molecule, and a poly(T) tail,

enabling capture of poly(A)-tailed mMRNA molecules (Figure 4.2B). Frozen tissue sections

131



Chapter 4 - Applying Stereo-seq to
the wheat inflorescence
are mounted directly on the chip, fixed, and permeabilised, allowing endogenous mRNA to
hybridise to the poly(T) region of the probes anchored on the DNBs. The captured mRNA is
converted into cDNA via reverse transcription, which incorporates both the CID and the
UMI (Figure 4.2C). The resulting cDNA is then amplified and used as a template for library
preparation, and sequenced (Chen et al. 2022). Computational analysis of the sequencing
data determines the mRNA transcript identity and the precise spatial location on the array,

yielding high-resolution gene expression maps across tissue sections (Gong et al. 2024).

DNB patterned chip Stereo-seq chip . In situ RNA capture

Spot size
220 nm

ng\/\

=
N

N

500/715 nm
Center to center
Tissue
Chip
CID cDNA

Figure 4.2 - Schematic of Stereo-seq experimental design
A) Patterned arrays contain regularly spaced DNB, each containing a CID determined by in situ

sequencing. B) UMI-polyT containing oligonucleotide probes are ligated to each DNB spot. C) in situ

RNA capture from tissue and cDNA generation. Figure adapted from Chen et al. 2022.

Although first established in mammalian systems (Chen et al. 2022), Stereo-seq was soon
adapted to plants. In Arabidopsis leaves, Stereo-seq resolved transcriptomic differences
between upper and lower epidermal cells and characterised gene expression gradients
across the medio-lateral axis of the leaf (Xia et al. 2022). Its application across diverse
plant tissues continues to expand, with recent studies demonstrating successful
implementation in grass inflorescences, including maize ears (Wang et al. 2024) and
wheat spikes and roots (Ke et al. 2025; Liu et al. 2025; Qu et al. 2025). As with other spatial
transcriptomic studies, the field is advancing rapidly, with technological improvements
and newly released datasets continually expanding our understanding of plant
development. In this chapter, | present the first application of Stereo-seq to wheat
inflorescence tissues, carried out before the method was widely implemented in plant
systems. | describe the limitations encountered when applying the technology to plant
samples and compare our results with more recent Stereo-seq datasets as well as with

imaging-based MERFISH.
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Chapter 4.3 - Results

4.3.1- Sample preparation and optimisation of wheat spike samples for Stereo-seq

The preparation of Stereo-seq requires fresh frozen tissue with high-quality RNA. We
optimised a tissue dissection and embedding protocol to maximise RNA integrity and
section quality. In brief, this required the dissection of wheat inflorescence tissues
(Waddington stage W2.5; Figure 4.3A-B), followed by rapid embedding in O.C.T., ensuring a
lack of air bubbles surrounding the tissue (Figure 4.3C). Using this technique, we obtained
high-quality tissue cryosections in fresh tissues (Figure 4.3D). To test RNA quality following
sample preparation and sectioning, we extracted RNA from sectioned fresh tissue, which
yielded an average RIN score of 7.9, exceeding the requirements of RIN = 6 recommended

for Stereo-Seq.

Following the optimisation of fresh-frozen samples and cryosectioning techniques, we
visited the BGI facilities in Latvia, where we performed the next steps. A further
optimisation step involves tissue permeabilisation tests, which use fluorescent labelling
and visualisation of captured mRNA to determine the ideal conditions that maximise
mMRNA captured onto the sequencing chip while preventing excess lateral mRNA diffusion
or tissue damage. For this test, we performed tissue mounting onto four sequencing chips,
followed by incubation of the tissue in permeabilisation reagents tested at four time points
(6,12, 18, and 24 minutes). Following permeabilisation, we incorporated fluorescently
labelled nucleotides into the captured mRNA by reverse transcription, digested the tissue
away from the chip, and imaged the resulting signal from the fluorescently labelled
nucleotides to determine the localisation and quantity of mRNA released to the chip. A
strong signal with minimal lateral diffusion indicates quality permeabilisation conditions.
Based on our results (Figure 4.4), we determined an 18-minute permeabilisation to be the
optimal time based on the strength of fluorescence and the minimal diffusion outside
tissue boundaries, which became more evident in the 24-minute permeabilisation

sample.

133



Chapter 4 - Applying Stereo-seq to
the wheat inflorescence

Figure 4.3 -Initial tests of sample preparation and cryosectioning yield high-quality samples of
wheat inflorescence tissue

A) Waddington stage 2.5 (double ridge) spikes were dissected for use in Stereo-Seq. Scale bar =
0.5mm. B) For ease in sampling and cryosectioning, inflorescence tissues were dissected with
surrounding leaf tissue. Scale bar = 0.5 mm. C) Orientation of 6 double ridge spikesinal1cmx1cm
mould embedded in OCT before flash freezing. Scale bar = 5mm. D) Cryosection of fresh double
ridge spike mounted onto a glass slide and imaged on a Leica S9D stereomicroscope. Scale bar =

0.5mm.

6 minutes 12 minutes

18 minutes 24 minutes

Figure 4.4 - Fluorescence microscopy detects cDNA synthesised on chip after 6, 12,18, or 24
minutes of permeabilisation

Detection of mRNA capture in four sequential cryosections of wheat inflorescence tissue following
incubation of permeabilisation reagent for A) 6 minutes, B) 12 minutes, C) 18 minutes, D) 24

minutes. TRITC channel. Scale bar represents 1000um.
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4.3.2- Full transcriptome capture experiment yields low mapping rates and excess

lateral mMRNA diffusion

After confirming quality sample preparation and optimising permeabilisation time, we
proceeded to the transcriptomic capture experiment. We processed three sequencing
chips in total, with six inflorescence samples each (Triticum aestivum cv. Paragon). One
crucial step of the experimental protocol is the capture of quality images of nuclei and cell
wall staining, which is used to determine later where tissue boundaries lie on the
sequencing chip. Of the three chips processed during the experiment, one passed image
quality checks (Table 4.1). The remaining two chips could not be focused during imaging of
ssDNA or cell wall staining. Cryosectioning was of variable quality across the sequencing
chips. In all three chips, we observed the folding of tissue, indicating tissue detachment
during cryosectioning steps (Figure 4.5). In only one chip, C02134B1, we observed optimal
section depth through inflorescence tissues and successful adherence of tissue (Figure
4.5A). Due to the high quality of sectioning and pass of imaging quality checks, onward

analysis reported on will be from sequencing chip C02134B1, containing six spikes.

Table 4.1- Two samples failed QC during the imaging of ssDNA and cell wall staining

Chip ID Tissue Type QC check Imaging Remarks

C02134B1 Inflorescence Yes Clear focus, normal tissue morphology.

Some areas of folded tissue

C02134B2 Inflorescence No Unfocused; Folded tissue; Sectioning past

the centre of the inflorescence

C02134B3 Inflorescence No Unfocused; Folded tissue
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Figure 4.5 - ssDNA staining of six sequencing chips used for transcriptomic experiments

A) C02134B1, B) C02134B2, C) C02134B3. Scale bar=1000pum.

Raw sequencing reads from sequencing chip C02134B1 were aligned to the IWGSC
RefSeq v2.1 genome (Zhu et al. 2021), using the Stereo-Seq Analysis Workflow (SAW)
standard analysis process pipeline (Gong et al. 2024). From a total of 4.57 billion
sequencing reads, 89.8% achieved a Q score =30, indicating high base-calling accuracy.
Of these, 81.9% contained a valid CID, resulting in 3.40 billion clean reads. However, the
standard SAW workflow yielded relatively low alignment rates, with 63.3% of reads
unmapped. This is a low alignment rate when compared to other transcriptomic
techniques, with an average alignment rate of 85% from the bulk RNA-seq microdissection
dataset documented in Chapter 2. Among the mapped reads, 593 million aligned uniquely
to the reference genome, while 654 million mapped to multiple genomic loci. Of these,

only 305 million reads aligned to annotated exon regions.

Of the sequencing reads mapped to an annotated gene in the reference genome, many
represent PCR duplicates derived from the same captured molecule. Collapsing reads by
unique combinations of capture ID (CID) and molecular identifier (UMI) yields the number
of distinct RNA molecules detected. For this sample, we obtained 42,205,135 unique
reads detected across the array, representing 95,398 genes. Notably, we observe the
significant expression of 75,962 genes from the microdissection bulk RNA-seq dataset on
inflorescence tissues of the equivalent stage (>0.5 TPM, W2.5), indicating that Stereo-seq
detected the expression of additional genes. However, these results may reflect the
inclusion of vegetative tissues in the samples used for the Stereo-seq array that were not
captured in the bulk RNA-seq dataset, including leaf primordia and peduncle tissues. The
SAW pipeline summarises spatial resolution at multiple bin sizes; in the standard output
at Bin200 (200 x 200 DNA nanoball spots, ~100 x 100 ym area), we observed an average of
2,093 unique reads and 754 genes per bin200 area.
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However, because the wheat inflorescence samples are relatively small (~1.2 mm in
length), only a minor fraction of the 1 cm x 1 cm chip was covered by tissue. To correct for
this, a tissue mask was applied to quantify the number of reads detected under tissue
boundaries. Under the tissue mask, we observed an average of 22,532 unique reads
detected and 6,716 genes detected per bin 200 area (Table 4.2). Based on their
distribution across the chip, we observe a high number of reads detected past tissue
boundaries, resulting in a large capture area surrounding the tissue (Figure 4.6). Under the
tissue-defined area, we detected 21.5% of unique reads (~9.1 million UMIls), while the
remaining 78.5% were located outside tissue boundaries. The high percentage of reads
across the sequencing array likely reflects the lateral diffusion of mMRNA transcripts during

the tissue permeabilisation step, a noted issue with Stereo-seq (You et al. 2024).

Table 4.2 - Summary statistics under captured tissue in bin 20, 50, 100, and 200 regions

Mean Median Mean Unique Median
Bin Size Estimated Genes Genes Reads Unique Reads
Size Detected Detected Detected Detected
(per bin) (per bin) (per bin) (per bin)
50 25x 25 pm 968 961 1,855 1,855
100 50 x 50 um 2,812 2,971 6,739 7,060
200 100 x 100 pm 6,716 7,255 22,532 23,023
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unique reads per bin20

Figure 4.6 - Transcriptome capture with Stereo-seq displays lateral diffusion of mRNA
transcripts beyond tissue boundaries.

Heatmap of UMI count (unique reads) per bin20 region (10 pm x 10 ym area). Scale bar =1000 pm.
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4.3.3 - Low capture rates of key developmental genes observed with Stereo-seq

To evaluate the spatial precision of Stereo-seq, given the diffusion of mMRNA transcripts
across the chip, we analysed the expression of established cell-type and tissue-domain
markers. These included KNOTTED HOMEOBOX-LIKE 5 (KNOX5), a marker of ground
tissues and meristematic cells; TASSEL SHEATH 1 (TSH1), a marker of leaf ridges; CUP-
SHAPED COTYLEDON 3 (CUC3), a marker of meristem-leaf ridge boundaries; ONION1
(ON1), an epidermal marker; MANY NODED DWARF 1 (MND1), a marker of suppressed
axillary meristems below the inflorescence; and METALLOTHIONEIN 2 (MT2), a marker of
ground tissues (See Chapter 3). For each gene, we assessed gene expression across all
homoeologs (see Table 4.3). We found that the majority of transcripts were detected
outside their expected tissue boundaries, with an average of 74.1% detected transcripts
falling outside annotated regions. Within tissues, transcript detection was generally low,
ranging from 40 to 442 counts per gene (excluding the highly expressed MT2, Table 4.3). As

a result, Stereo-seq spatial patterns were often difficult to resolve.

To evaluate the accuracy of Stereo-seq in capturing spatial gene expression, we compared
its expression profiles with those obtained from a comparable stage and section in the
MERFISH dataset. In all cases, the number of detected transcripts within the
inflorescence was low when compared to MERFISH, further indicating the effects of lateral
diffusion limiting biological interpretation (Table 4.3). For KNOX5, transcripts were
detected in ground tissues but lacked the clear enrichment in meristematic L2/L3 layers
observed with MERFISH (Figure 4.7A). MND1 transcripts were primarily detected in
vegetative tissues below the inflorescence, with occasional expression in inflorescence
tissues, broadly consistent with MERFISH results (4.7B). For TSH7, CUCS3, and ONI1, low
transcript counts limited spatial resolution, and patterns were only discernible when
compared directly to MERFISH data (Figure 4.7C-E). In contrast, MT2 showed consistently
high expression in ground tissues, closely mirroring patterns observed with MERFISH
(Figure 4.7F). This high expression was also supported by the microdissection RNA-seq
dataset, in which MT2 averaged 1570 TPM in basal sections and 1168 TPM in central
sections of W2.5 spikes. However, Stereo-seq data exhibited pronounced transcript
diffusion, with frequent detection of MT2 transcripts outside the expected ground tissue

boundaries.
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Table 4.3 - Total detected transcripts within tissue boundaries of 6 tissue domain marker genes

Detected Transcripts in

Detected % Transcripts Detected % Transcripts MERFISH samples
Detected Transcripts Under Detected Under Transcripts Outside Detected (homoeolog non-
Gene Name IWGSC RefSeq v2.1 IWGSC RefSeq v1.1 Transcripts Total Tissue Tissue Tissue Outside Tissue specific)
TraesCS4A03G0012800  TraesCS4A02G007400 1810 442 24.4% 1368 75.6% 4121
ONI1 TraesCS4B03G0780900 TraesCS4B02G297500 1185 280 23.6% 905 76.4%
TraesCS4D03G0701000  TraesCS4D02G296400 1355 301 22.2% 1054 77.8%
TraesCS4A03G0671200  TraesCS4A02G256700 989 268 27.1% 721 72.9% 6200
KNOX5 TraesCS4B03G0126000 TraesCS4B02G057900 578 127 22.0% 451 78.0%
TraesCS4D03G0106600  TraesCS4D02G058000 1313 321 24.4% 992 75.6%
TraesCS1A03G1020200  TraesCS1A02G418200 781 241 30.9% 540 69.1% 2484
NL1 TraesCS1B03G1202900 TraesCS1B02G448200 249 53 21.3% 196 78.7%
TraesCS1D03G0980700  TraesCS1D02G425900 430 122 28.4% 308 71.6%
TraesCS7A03G0569500  TraesCS7A02G247600 257 47 18.3% 210 81.7% 1431
cucs TraesCS7B03G0391800 TraesCS7B02G143900 482 105 21.8% 377 78.2%
TraesCS7D03G0550700  TraesCS7D02G246100 187 40 21.4% 147 78.6%
TraesCS7A03G1228100  TraesCS7A02G506400 1061 299 28.2% 762 71.8% 1135
MND1 TraesCS7B03G1114800 TraesCS7B02G413900 516 128 24.8% 388 75.2%
TraesCS7D03G1168900  TraesCS7D02G494500 705 204 28.9% 501 71.1%
TraesCS1B03G0086800 TraesCS1B02G042200 32323 12021 37.2% 20302 62.8% 10962
T2 TraesCS1D03G0066100  TraesCS1D02G034800 142330 51244 36.0% 91086 64.0%
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Figure 4.7 - Comparison of MERFISH and Stereo-seq highlights limited transcript capture and
poor spatial resolution of Stereo-seq in tissue-domain marker genes
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Spatial transcript detection from Stereo-seq (Bin20, 10pm x 10pum area) in two biological replicates
of W2.5 inflorescence tissue is compared with a corresponding MERFISH sample. Expression
patterns are shown for six developmental marker genes: A) KNOX5, B) MND1, C) CUCS3, D) ONI1, E)
TSH1, and F) MT2. Scale bar = 250 um. Blue stain corresponds to ssDNA in Stereo-seq samples and
DAPI in MERFISH samples. For each gene name, expression information from all homoeologs is

displayed (see Table 4.3).
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We next compared our spatial expression data with a published Stereo-seq dataset from
late double ridge (W2.5) spikes of Triticum aestivum (Qu et al., 2025). From our collection,
we selected two high-quality inflorescence sections for comparison with a representative
section from Qu et al. In their dataset, a high-quality inflorescence sample yielded on
average 1,771 unique reads per bin40 (20 pm x 20 um). By contrast, our two sections
contained 1,389 and 1,479 unique reads per bin40 (replicates 1 and 2, respectively; Figure

4.8), indicating somewhat lower rates of transcript capture.

We then examined four reported marker genes, KNOX5, MND1, CUC3, and TSH1. Spatial
profiles were broadly consistent across datasets: KNOX5 localised to ground tissues
(Figure 4.8A), MND1 marked the base of the inflorescence (Figure 4.8B), and CUC3 and
TSH1 were expressed within the inflorescence (Figure 4.8C-D). However, expression
patternsin Qu et al. generally appeared sharper. For example, TSH7, a marker of leaf
ridges, was strictly confined to those regions in their dataset. In ours, TSH17 was also
detected outside leaf ridges, with transcripts dispersed throughout the inflorescence, a
signal absent in both the Qu et al. dataset and our MERFISH dataset. This suggests that
lateral diffusion of MRNA may be more pronounced in our Stereo-seq application. A
limitation of the Qu et al. dataset is that transcripts outside annotated tissue boundaries
were not reported, preventing a direct comparison of lateral mRNA diffusion. Overall, the
reduced resolution of marker gene expression in our Stereo-seq sections constrains the

biological interpretations that can be drawn from this dataset.
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Figure 4.8 - Comparison of Stereo-seq data from our initial trials with a published dataset of
late double ridge wheat spikes

Spatial transcript detection at bin40 resolution (20 um x 20 um) is shown for two biological
replicates of W2.5 inflorescence tissue alongside a corresponding sample from Qu et al. (2025).
Expression patterns are presented for four tissue-domain marker genes: A) KNOX5, B) MND1, C)
CUCS3, and D) TSH1. Scale bar =200 pm. Blue staining indicates ssDNA in Stereo-seq samples and
DAPI in MERFISH samples. For each marker, expression represents the combined signal from all
homoeologs (see Table 4.3). Note: the MND1 panel from Qu et al. does not include a gene

expression scale.
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Chapter 4.4 - Discussion

4.4.1 - Our application of Stereo-seq to wheat inflorescence has limited utility

Overall, we found that our first implementations of Stereo-seq to wheat inflorescence
tissues had limited utility. Due to a low overall mapping rate and lateral transcript diffusion
across the sequencing array, the detection of meaningful expression patterns in key

developmental genes was limited and difficult to interpret.

The lateral diffusion of transcripts with Stereo-seq is a documented issue reported in
mammalian tissues, with this issue being noted in a benchmarking paper applied to
mouse (You et al. 2024). The authors commented on the lateral diffusion in Stereo-seq
being particularly pronounced when compared to related technologies, Slide-seq (bead-
based technique; Rodriques et al. 2019) and PIXEL-seq (gel-based array; Fu et al. 2022),
and BMKMANU S1000 (bead-based; BMKGENE). In comparison between these
techniques, marker genes selected for their distinct cell-layer specific expression patterns
were detected diffusely in the Stereo-seq datasets. However, in the case of one marker
gene specific to melanocytes, Stereo-seq showed the best control of lateral diffusion
among the techniques benchmarked, indicating that tissue type influences mRNA
diffusion (You et al. 2024). Indeed, transcript diffusion is not always a barrier in the
application of Stereo-seq to plant tissues, with its implementation in Arabidopsis leaves
reporting minimal lateral diffusion outside tissue boundaries (Xia et al. 2022). Aside from
tissue type, permeabilisation time is a key factor impacting the lateral diffusion of mMRNA
(You et al. 2024). An obvious first step for improving Stereo-seq in wheat inflorescence
tissues is reducing permeabilisation time. Qu et al. (2025) achieved this by implementing a
12-minute permeabilisation step (compared to our 18 minutes), resulting in notably

improved results.

Another key limitation of this dataset is the relatively low proportion of reads that align to
the wheat reference genome, with 63.3% of reads remaining unmapped, and a small
proportion of total reads mapping to an exon (9.0% of total clean reads). Several factors
could underlie these reduced mapping rates, including technical issues during library
preparation, RNA quality, or limitations in the alighment strategy. In general, | found the
reporting of alignment rates found in applications of Stereo-seq to plant tissues to be
challenging to find, making a comparative analysis not possible. To address the poor
mapping rate of sequencing reads in this dataset, the logical next step is to optimise the

alignment settings used in the Stereo-seq Analysis Workflow (SAW) pipeline (Gong et al.
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2024)to improve alignment to a reference genome, which may be particularly challenging

in a polyploid plant genome.

4.4.2 - Improvements to Stereo-seq in plants further develop our understanding of

meristematic development

The first implementation of sequencing-based spatial transcriptomics in plant tissues
relied on a technique using barcoded spot arrays, with a resolution of 100 pm (Giacomello
et al. 2017). Building on this foundation, subsequent technologies have been applied to
plants, which have progressively refined spatial resolution, ranging from ~55 pm with 10x
Genomics Visium (Fu et al. 2023; Song et al. 2023; Serrano et al. 2024; Zhang et al. 2025),
to submicron scales with Stereo-seq (Xia et al. 2022; Wang et al. 2024; Liu et al. 2025; Qu
et al. 2025). These advances now enable transcriptomic data to be resolved at cellular and
even subcellular scales, providing powerful opportunities to investigate plant

development.

Following the generation of our Stereo-seq dataset, subsequent applications of Stereo-
seq to wheat inflorescence tissue have produced higher-quality datasets, enabling more
comprehensive spatial transcriptome maps. Liu et al. (2025) applied Stereo-seq to wheat
spikes at the lemma primordia (W3.25; Waddington et al. 1983) and terminal spikelet (W4)
stages, integrating the spatial data with a complementary single-nuclei RNA-seq (snRNA-
seq) dataset. Similarly, Qu et al. (2025) applied Stereo-seq to late double ridge (W2.5) and
lemma primordia (W3.25) stages. Compared with our dataset, the Qu et al. study detected
the expression of key tissue-domain markers such as TSH7, MND1, and MT2 with greater
clarity, potentially due to a higher capture of transcripts or a reduction in lateral diffusion.
Qu et al. (2025) leveraged this improved resolution to cluster bin40 regions of double ridge
spikes into 10 expression domains. Similarly, Liu et al. (2025) utilised the integration of
snRNA-seq with Stereo-seq data to resolve 18 transcriptionally defined cell types spatially.
These studies demonstrate the capacity of Stereo-seq to achieve finer spatial resolution
and more comprehensive transcriptome coverage, facilitating the classification of cell

types and tissue domains.

Indeed, the application of Stereo-seq to inflorescence tissues has further advanced our
characterisation of meristematic development. For example, in maize ears, meristematic
cells from the inflorescence meristem (IM), spikelet meristem (SM), and (floral meristem)

FM cannot be resolved by single-cell RNA-seq (scRNA-seq) analysis alone (Xu et al. 2021).
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However, the application of Stereo-seq distinguished transcriptional differences between
the indeterminate IM and the determinate SM through the expression of the MADS-box
transcription factors ZmMADS8 and ZmMADS 14. Functional validation confirmed their
role, as double mutants disrupted meristem determinacy and produced indeterminate
branch-like structures (Wang et al. 2024). In wheat, Stereo-seq clustering resolved two
distinct cell populations: SMs, marked by genes such as RAMOSAZ2 and SEPALLATA1-4,
and boundary regions, associated with SPL14, SPL17, and TSH1. Loss-of-function of
RAMOSAZ2 produced a paired-spikelet phenotype, demonstrating its central role in
specifying SM identity and promoting the formation of short lateral branches bearing a
single spikelet (Qu et al. 2025). In both cases, these studies highlight the utility of
sequencing-based spatial transcriptomics in characterising expression domainsin a
developing inflorescence tissue, adding to our breadth of knowledge on the key regulators

of meristem identity.

Looking forward, the capabilities of sequencing-based spatial transcriptomics continue to
expand, offering improved performance in plant systems. New sequencing chemistry
released with Stereo-seq V2 is now compatible with formalin-fixed paraffin-embedded
samples (Zhao et al. 2025). In brief, updates to the technique include a random-priming-
based strategy for in situ RNA capture, which is reported to improve on unbiased transcript
capture and whole-body gene coverage. As a result of these improvements to the
techniques, Stereo-V2 also displays a reduction in lateral diffusion, measured by a higher
level of restriction of marker genes (Zhao et al. 2025), noting significant improvement from
the results reviewed by You et al. (2024). This updated sequencing chemistry may reduce
lateral diffusion in plant tissues while preserving the advantage of high-resolution

transcript capture.
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4.4.3 - Towards standardised reporting in spatial transcriptomics

Overall, this chapter highlights some of the lessons learnt when first optimising a spatial
transcriptomic technique for a plant tissue. Our implementation of Stereo-seq to wheat
inflorescence tissue documented some key limitations, including lateral mRNA diffusion,

which limited the biological interpretation of our dataset.

Currently, an open framework has been proposed to establish standards for the primary
data and metadata released alongside spatial transcriptomic publications (Jackson and
Pachter 2023), aligning with the FAIR principles of data management and stewardship
(Wilkinson et al. 2016). This is a particular challenge in spatial transcriptomic techniques,
where even amongst the sequencing-based methods, data types are variable (Jackson
and Pachter 2023). In future, | would encourage the plant science community to adopt
such frameworks, while also incorporating additional quality metrics that could inform
protocol optimisation and reproducibility. In particular, transparency in overall alighnment
rates is critical given the complexity of plant genomes, where large size, repetitive content,
and polyploidy can strongly influence mapping performance (Claros et al. 2012).
Reporting the proportion of reads mapping to exons, together with clear documentation of
the alignment parameters used in bioinformatic pipelines, would further support the
development of robust computational approaches. Moreover, while excellent work has
benchmarked lateral mMRNA diffusion in animal tissues (e.g., You et al., 2024), equivalent
metrics remain largely absent from plant studies. Systematic reporting of transcripts
detected outside tissue boundaries could ultimately help refine wet-lab protocols and

enable meaningful comparisons across plant tissue types.
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Chapter 4.5 - Methods

4.5.1 - Plant materials and growth conditions

For all samples used in Stereo-seq experiments, we used hexaploid bread wheat, Triticum
aestivum cv. Paragon. Plants were grown under a 16/8 h light/dark cycle at 20/15 °C, 65%

relative humidity and bottom-watering irrigation (Simmonds et al. 2024).

4.5.2 - Tissue dissections and embedding

We cleaned all surfaces and dissection tools with RNABLitz before use. For the dissection
of plant tissues for Stereo-seq, we used a published dissection methodology (Faci et al.
2024), but maintained the youngest leaves surrounding meristems (See Figure 4.3B). We
dissected inflorescence tissues at Waddington stage W2.5, ‘Late Double Ridge’
(Waddington et al. 1983). We filled a 1 cm x 1 cm Tissue-Tek mould (Thermo Fisher,
AGG4581) with Tissue-Plus O.C.T. compound (Agar Scientific, AGR1180) using clean
dissection tools. We also filled a 60 mm Petri dish with O.C.T. compound. Using clean
dissection tools, we carefully transferred dissected inflorescence tissues to the OCT-filled
Petri dish, where they were mixed with O.C.T. to ensure complete coating. Using a
stereomicroscope (Leica S9 with an HXCAM HiChrome HR4 Lite camera and a Photonic
Optics light source), we inspected meristems for air bubbles, which were carefully
removed with a fine dissection tool. Meristems were then placed into the O.C.T.-filled
Tissue-Tek mould and arranged at the bottom of the mould. Each O.C.T. block contained
six inflorescences. The O.C.T. blocks were flash-frozen and stored at -=70 °C. Frozen blocks

were shipped on dry ice to MGl in Riga, Latvia.

4.5.3 - Assessment of RNA integrity

For a block of O.C.T. containing six inflorescence tissues, 10-20 O.C.T. sections of 10 pm
section thickness were collected into pre-cooled 1.5ml Eppendorf tubes. Total RNA was
extracted with the RNA Clean and Concentrator Kit (ZYMO-Research, R1017). RNA quality
was quantified with the Agilent Tapestation system according to the manufacturer’s

recommendation.
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4.5.4 -Tissue cryosectioning, mounting, and fixation

A PCR Thermal Cycler with Stereo-Seq PCR Adaptor plate (Cat. No. 301AUX001) was set to
37°C in advance. Cryostat was set to a chamber temperature of -24°C and -15°C. OCT-
embedded tissues were stored at -80°C to equilibrate to the cryostat chamber, and
forceps and brushes were placed inside the chamber to pre-cool. Each sample of fresh-
frozen wheat tissue was mounted on the tissue block with OCT. We used the Stereo-seq
Chip P slide (1Tcm*1cm; Cat. No. 210CP118). Before sectioning, the chip ID number was
recorded, and the chip was equilibrated to room temperature for 1 minute, then rinsed
twice with 100 uL 0.01N HClin nuclease-free and coated in 0.01% Poly-L-Lysine. Excess
water was dried with a power dust remover from one side of the chip at a 30-45° angle and
wiped around the edges of the chip with a dust-free tissue. 10 ym sections of wheat
meristematic tissue in OCT were flattened with a brush, moved to the edge of the cryostat
stage, and flipped. A room-temperature chip was picked up with forceps and gently placed
down onto the section. Immediately after placement, the chip was placed on the PCR

thermal cycler front side up for 5 minutes.

Methanol in a 50ml Corning Tube was precooled for 10-30 minutes at -20°C. Following the
drying step, chips were immediately submerged in pre-cooled methanol for 30 minutes at
-20°C. Chips were moved to a sterile fume hood, and excess methanol was wiped from the
back and sides of the chip with dust-free paper and left for 4-6 minutes to allow for

complete evaporation. Then, the chip was transferred to a clean benchtop.
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4.5.5 - Stereo-seq tissue permeabilisation testing

Tissue permeabilisation testing was conducted based on the Stereo-Seq Permeabilisation
for Chip-on-a-Slide User Manual (Cat. No.: 211SP118, Kit Version: V1.0, Manual Version
B). We used the Stereo-seq Permeabilisation Kit (Cat. No 111KP118) and the Stereo-seq
Chip P slide (1Tcm*1cm; Cat. No. 210CP118). In brief, four chips with four consecutive
cryosections of inflorescence tissues were prepared in line with section ‘Tissue
Cryosectioning, Mounting, Fixation’. Following fixation, chips were placed on a PCR
thermal cycler with Stereo-Seq PCR Adaptor to 37°C (Cat. No. 301AUX001). 150puL of 1x
Permeabilisation Reagent Solution was added onto each chip and incubated at 37°C for
either 6 min, 12min, 18min, or 24min. Following permeabilisation, tissues were rinsed
with 100 pL of PR Rinse Buffer, and 90 pL of RT QC mix was applied to each sequencing
chip. Reverse transcription was carried out at 42°C (on PCR Thermal Cycler) for 3 hours in
the dark. RT QC mix was removed, and tissues were washed with 100 pL 0.1x SSC (with 5%
RNase inhibitor, Cat. No. 1000028499) solution. Tissue Removal enzyme was added to
each chip and incubated for 1 hour at 55°C. Following incubation, chips were washed with
0.1x SSC (with 5% RNase inhibitor, Cat. No. 1000028499) solution, followed by nuclease-
free water. Chips were visually inspected to ensure tissue was removed entirely from the
chips. Fluorescence imaging was performed in the TRITC channel with a 10x objective

lens.
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4.5.6 — Stereo-seq transcriptomic capture experiment

Transcriptome capture experiments were conducted based on the Stereo-Seq
Transcriptomic Set for Chip-on-a-Slide User Manual (Cat. No.: 211ST114, Kit Version:
V1.2, Manual Version A_1). We used the Stereo-seq Transcriptomics T Kit (Cat. No
111KT114) and the Stereo-seq Chip T slide (1Tcm*1cm; Cat. No. 210CT114). In brief, three
chips were mounted with cryosections of inflorescence tissues, which were prepared in
line with section ‘Tissue Cryosectioning, Mounting, Fixation’. The Stereo-seq chip was
placed in a clean 10cm Petri dish, and 100 pL of tissue fluorescent staining solution (5x
SSC with calcofluor white, ssDNA stain, and RNAse inhibitor, Cat. No. 1000028499) was
added to the chip and incubated for 5 minutes at room temperature in the dark. Staining
solution was removed from the corner of the chip with a pipette, and 100 pL of 0.1X SSC
(with 5% RNase inhibitor, Cat. No. 1000028499) was added per chip. Chips were
transferred to dust-free paper and thoroughly dried with a power dust remover. 5 L of
imaging reagent was added gently to the centre of the tissue. Fluorescence images were
taken on the FITC channel and DAPI channel with a 10x objective lens. ssDNA images were
checked for quality with STOmics ImageStudio software. To remove the imaging reagent,
chips were washed with 0.1xSSC, excess solution was wiped from the sides and back with

dust-free paper.

Following imaging, tissues were incubated in 100 pL of permeabilisation reagent solution
(PR enzyme 1mg/mL, cat. No. 1000028500 in 0.01N HCL) for 18 minutes at 37°C. Chip was
rinsed with 100 pL PR rinse buffer with 5% RNase Inhibitor (Cat. No. 1000033684). Rinse
buffer was removed, and 90 pL of reverse transcription mixture (Cat. No. 1000028501) was
added per chip, and incubated at 42°C for 3 hrs. Following incubation, the reverse
transcription mixture was removed through a slight tilt of the chip, and liquid was pipetted
away from the corner without touching the chip surface. 400 pL tissue removal buffer was
added to each chip and incubated at 55°C for 10 minutes. cDNA Release Mix (Cat. No.
1000028512) was prepared during the incubation step. Subsequently, the tissue removal
buffer was removed, and 400 pL of cDNA Release mix was added per chip, sealed in a
Petri dish, and incubated overnight at 55°C. Released cDNA was carefully removed from
each chip with a pipette and aliquoted into a 1.5ml tube. 100uL of nuclease-free water
was added to each chip, pipetted up and down on the chip surface, and collected into the

same 1.5ml tube.

Released cDNA was purified with DNA Cleanup Beads AMPure® XP (Agencourt, Cat. No.
A63882) using the manufacturer’s recommendation. cDNA was eluted in 44 L of
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nuclease-free water and collected in a 0.2ml PCR tube. cDNA was amplified by PCR with
the cDNA Amplification Mix (Cat. No. 1000028514) and cDNA primer (Cat. No.
1000028513). PCR programming was conducted as follows: incubation at 95 °C for 5
minutes, 15 cycles at 98°C for 20 seconds, 58°C for 20 seconds, 72°C for 3 minutes, and a

final incubation at 72°C for 5 minutes.

Sequencing library preparation was performed with the Stereo-seq Library Prep Kit (Cat.
No. 111KL114).1 pL of cDNA sample was used to measure and record the concentration of
purified cDNA with the Qubit dsDNA HS Kit (Thermo, Cat. No. Q32854). A total of 20 ng of
DNA was fragmented using transposase-assisted tagmentation. Indexed PCR and library
purification were performed according to the manufacturer’s recommendations to
generate the final sequencing libraries. Stereo-seq libraries were subsequently sequenced

with the MGI DNBSEQ-T10x4RS at the MGI Latvia sequencing facility.

4.5.7 — Stereo-seq raw data processing and genome alignment

For onward bioinformatic analysis, we followed the Stereo-seq Analysis Workflow
(STOmics, Version A2, 2023). Mapping of raw reads to the IWGSC RefSeq v2.1 genome
assembly and annotation (Zhu et al. 2021) was performed with the Stereo-seq Analysis
Workflow (SAW, v5.5.3) software suite (Gong et al. 2024). In brief, this bioinformatic
pipeline processes the raw sequencing reads from the Stereo-seq sequencing platform,
and in combination with chip ID information and microscopy images, generates mRNA
spatial position reconstruction, filtering, genome alignment, expression matrix generation,
and tissue region expression (Gong et al. 2024). The workflow outputs .gef files (gene
expression file) for onward analysis, in addition to a report containing information on

genome alignment statistics, and spatial visualisation of gene expression information.
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4.5.8 — Stereo-seq data visualisation

For the visualisation of total transcripts density across the sequencing chip, we extracted
transcript counts from the bin20 resolution matrix of the .gef file with h5py (v3.11.0). We
aggregated per bin to obtain total transcript counts. Resulting counts were visualised as a

heatplot with matplotlib (v3.8.2; Hunter 2007).

For visualisation of transcript count for individual genes. A brightfield stain image (.tif) was
aligned to the bin20 transcriptomic mask (.tif) using scipy (v1.13.0; Virtanen et al. 2020)
and numpy (Harris et al. 2020; v1.24.3). The aligned stain was cropped to a region of
interest, and transcript counts for the selected genes were extracted from the .gef file
using h5py (v3.11.0) and aggregated per bin with pandas to construct a dense expression
grid. The stain and an overlaid heatmap of bin20 counts were visualised with matplotlib

(v3.8.2; Hunter 2007)
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Chapter 5 — General Discussion

5.1 —-Thesis summary

This thesis aimed to investigate spatially restricted gene expression across the wheat
inflorescence. To achieve this, | built upon a microdissection-based bulk RNA-sequencing
dataset and sought to refine gene expression patterns across the apical-basal axis to a
cellular resolution. Specifically, | implemented two spatial transcriptomic approaches in
wheat tissues for the first time: multiplexed error-robust fluorescence in situ hybridisation

(MERFISH) and Stereo-seq, to address the following questions:

1. Canwe apply spatial transcriptomic techniques to inflorescence tissues and

successfully resolve gene expression patterns at cellular resolution?

2. What are the spatio-temporal dynamics of gene expression underlying spikelet and

floret patterning in the wheat inflorescence?

3. Can gene expression signatures distinguish axillary meristems along the apical-

basal axis before the establishment of spikelet patterning?

154



Chapter 5 - General Discussion

5.2 — Evaluating spatial transcriptomic approaches for plant developmental
biology

Spatial transcriptomics has rapidly expanded in scope and application in plant research
(Giacomello 2021; Nobori 2025), with a growing variety of methods now available (Moses
and Pachter 2022). Broadly, these approaches can be divided into ‘targeted’ imaging-
based techniques and ‘untargeted’ sequencing-based techniques, each with distinct
strengths and limitations. Imaging-based approaches, such as MERFISH, provide
subcellular resolution but are constrained by a predefined gene list. In contrast,
sequencing-based platforms such as Stereo-seq capture transcriptomes in an unbiased
manner, though often at the cost of spatial resolution and cellular precision (Giacomello

2021).

In this study, we applied both imaging-based and sequencing-based approaches for the
first time to developing wheat spikes. Our initial attempts with Stereo-seq revealed
technical challenges associated with the permeabilisation step required to transfer mMRNA
molecules onto the sequencing chip. We observed a lateral diffusion effect, in which
transcripts were detected beyond their cellular origins, complicating the interpretation of
spatial patterns - a noted limitation of stereo-seq (You et al. 2024). This resulted in 78.5%
of the total detected transcripts falling outside tissue boundaries, dramatically reducing
the overall transcripts available for analysis. This effect, in combination with the low
mapping rates (with 63.6% of reads remaining unmapped to the reference), resulted in few
developmental genes being detected under tissue boundaries, limiting interpretations. For
instance, TASSEL SHEATH 1 (TSH1), a marker of leaf ridges (LRs), is expressed at an
average of ~56 TPM in late double ridge (W2.5) spikes (central and basal, microdissection
RNA-seq dataset). In our MERFISH dataset, we detected 2,484 transcripts at this stage
(non-homoeolog specific); whereas Stereo-seq detected only 416 counts within the

inflorescence across all three homoeologs.

More recent applications of Stereo-seq in plants have reported improved accuracy of
transcript capture within tissue boundaries (Liu et al. 2025; Qu et al. 2025). For example,
Qu et al. reported improved expression patterns in wheat inflorescence tissue when
compared to our Stereo-seq dataset (2025). In their dataset, expression of TSH1 was
restricted to leaf ridges (LRs), a pattern that appeared more diffuse in our implementation.
These improvements may be explained in part by the reduction in permeabilisation time
(12 minutes), which prevents excess mRNA diffusion within and outside tissue

boundaries. However, even with these improvements in mind, the total number of
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detected transcripts observed in key developmental regulators remained sparse in both
datasets when compared with imaging-based approaches such as MERFISH and

Molecular Cartography (Xu et al. 2025).

A strength of MERFISH in our application to wheat spikes was the ability to segment cells
directly from DAPI and PolyT stains, ensuring accurate assignment of transcripts into
cellular boundaries. This allowed for the clustering of individual cells into expression
domains, which defined key regions patterning the late double ridge spike. For example, in
our MERFISH dataset on late double ridge spikes, KNOTTED-LIKE HOMEOBOX 5 (KNOX5)
is clearly confined to the L2/L3 layers, ONION1 (ONI1) to L1 layers, and CUP SHAPED
COTYLEDON 3 (CUC3) in two to three cell layers formed in the boundary region adjacent
to the axillary meristem (AM). Alternating with these domains are LRs, marked by the
expression of TASSEL SHEATH 1 (TSH1). These gene expression patterns refined the
clustering of cells into expression domain (ED) categories, including meristematic cells

(EDQ), the L1 layer/epidermis (ED4), boundary cells (ED11), and leaf ridges (ED12).

In contrast, our implementation of Stereo-seq yielded poor-quality stains, as the images of
cell wall staining with Calcofluor White often failed quality control, preventing cell
segmentation and further downstream analyses. In the implementations of Stereo-seq in
wheat spikes (Qu et al. 2025), and maize ears (Wang et al. 2024), cell segmentation was
not performed; instead, clustering was conducted on square regions of the chip, termed
bin40 (20 pm x 20 um) and bin50 (25 pm x 25 pm), which serve as an approximation of a
single cell. However, such grid-based assignments may obscure aspects of complex
tissue organisation observed in meristematic tissues, where gene expression domains

define single-cell layers in orientations not aligned with square grids.

In the Qu et al. dataset, clustering distinguished alternating LRs and AMs into two
domains. However, the AM cluster was marked by CUCS3, a marker of boundary cells, and
also by the ortholog of RICE OUTERMOST CELL-SPECIFIC GENE 4 (ROC4), which in our
MERFISH dataset was expressed within AMs at the late double ridge stage. This suggests
that the Stereo-seq AM domain encompasses both the boundary cells and AM. At a
subsequent developmental stage, the lemma primordia (LP), clustering again resolved two
alternating domains: one corresponding to spikelets, and a second termed the 'spikelet
boundary. This boundary domain was marked by CUC3 together with LR markers TSH1
and SQUAMOSA PROMOTER BINDING PROTEIN-LIKE 17, indicating that it clustered
together both LRs and boundary cells (Qu et al. 2025). These observations raise the
possibility that implementing cellular segmentation could refine Stereo-seq clustering,

separating these broader domains into refined categories such as boundary cells and LRs.
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Nonetheless, there are examples where square-bin clustering has captured fine-scale
meristem organisation. In maize ears, for instance, clustering resolved distinct zones
within lateral meristems, including the meristem base, internal region, adaxial periphery,

and epidermis (Wang et al. 2024).

Collectively, these comparisons highlight how methodological choices influence the
biological conclusions that can be drawn from spatial transcriptomic studies. In our
dataset, lateral diffusion of MRNA molecules and low transcript capture limited the ability
of Stereo-seq to resolve developmental gene expression. Future improvements, including
optimised permeabilisation, cell segmentation, and transcript assighment, may enhance
its performance. By contrast, MERFISH consistently provided accurate gene expression
patterns to cellular resolution, which aided in the clustering of expression domains. While
the gene set of MERFISH was limited to 200 genes, this technique offers a clear advantage
for validating or screening cell-type markers identified in bulk or single-cell transcriptomic

datasets, where spatial precision is more critical than transcriptome breadth.

Although our findings highlight the advantages of MERFISH, it is equally important to
recognise the unique contributions and future promise of sequencing-based methods
such as Stereo-seq. Unlike imaging-based approaches, sequencing provides an unbiased
survey of the transcriptome, allowing for data-driven exploratory experiments (Giacomello
2021) and enabling the clustering of cells into cell-type categories analogous to those
obtained through single-cell RNA-seq (scRNA-seq; as seen in Xia et al. 2022; Wang et al.
2024; Qu et al. 2025). Here, we use MERFISH data to a similar effect. The clustering of
cells using expression data from 200 genes provided a valuable framework for tracing
developmental trajectories, capturing 18 reproducible ‘expression domains’ that can be
mapped across time and tissue contexts. However, a limitation of this approach is that
expression domains derived from a targeted 200-gene panel inevitably obscure finer
cellular heterogeneity and bias domain assignments toward the selected marker set. For
instance, expression domain clustering grouped two distinct tissue types: young leaves
surrounding the inflorescence in late double ridge spikes (W2.5), and the glume and
lemma tissues in the spikelet (stages W3.25 - W5), suggesting the panel lacked genes
distinguishing these tissues. The capabilities of MERFISH continue to expand, with novel
chemistry enabling the detection of fragmented and low-quality samples, and panel sizes
expanding up to 1000 genes (Vizgen 2025). However, with continued technical advances,
sequencing-based methods have the potential not only to replicate this type of
spatiotemporal mapping but also to extend it to the whole transcriptome, offering a more
comprehensive view of cell-type clustering in complex plant tissues.
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A further advantage of sequencing-based platforms in polyploid crops such as wheat is
their potential to achieve homoeolog-specific resolution. In our MERFISH dataset, the
binding sites of gene probes were designed across the full length of an mRNA transcript of
interest to maximise signal, similar to the probe design described for smFISH (Duncan et
al. 2016). In hexaploid wheat, there is a high sequence similarity between homoeologs
from the three sub-genomes (AABBDD; Ramirez-Gonzalez et al. 2018). Given the many
target sites across a transcript, we confirm this sequence similarity leads to the binding of
gene probes across homoeologs in the A, B, and D sub-genomes. This means MERFISH
cannot accurately distinguish between homoeolog-specific contributions to gene
expression. Yet such differences can be biologically meaningful. Approximately 30% of
wheat triads (composed of A, B, and D genome copies) exhibit nonbalanced expression,
and in some cases, display high inter-tissue variation (Ramirez-Gonzalez et al. 2018). To an
even finer resolution, single-nuclei RNA-seq (snRNA-seq) on wheat roots shows that the
level of non-balanced expression is highly heterogeneous. Within whole roots, bulk RNA-
seq determined ~40% of homoeolog triads to be nonbalanced; however, when examining
gene expression to a single-cell resolution, nonbalanced expression varied among cell-
types, ranging from 31% to 76 % (Zhang et al. 2023). These patterns of tissue-level and
cell-level variations in homoeolog balance are undetectable with probe-based imaging

methods but could be resolved in future experiments with sequencing-based approaches.

Overall, I believe it is crucial to adopt a nuanced approach, comparing the diverse range of
spatial transcriptomics techniques available to plant researchers. This field represents a
world that is rapidly expanding, where no single platform provides a complete solution.
Continued innovation, combined with a nuanced appreciation of the strengths and
limitations of each method, will enable plant researchers to select spatial technologies

best suited to their questions.
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5.3 — Rapid advancements in spatial and single-cell biology will advance our
understanding of meristematic development

Over recent years, single-cell transcriptomics has transformed our ability to interrogate
meristematic development at unprecedented resolution. While decades of work have
identified networks of individual genes controlling meristem fate, the precise cellular
trajectories through developmental transitions remain poorly defined. Single-cell and
single-nuclei RNA-seq now provide detailed profiles of individual cells, enabling the
reconstruction of developmental trajectories and the detection of rare or transient states
(Giacomello 2021). These approaches have already yielded comprehensive cell atlases of
floral meristems in Arabidopsis (Neumann et al. 2022), and inflorescence tissues in rice

and maize (Xu et al. 2021; Zong et al. 2022).

Nevertheless, scRNA-seq alone loses information on the physical location of cells,
limiting our ability to connect transcriptional identity to tissue architecture and function.
Developmental trajectories inferred from single-cell data can highlight changes in gene
expression patterns and shifts in cell fate, but the spatial origin of individual cells can only
be inferred indirectly from marker gene expression (Giacomello 2021). The integration of
single-cell profiles with spatially resolved datasets overcomes this limitation, enabling the
projection of cellular expression patterns onto tissue sections and effectively
reconstructing spatially resolved single-cell atlases (implemented in Demesa-Arevalo et

al. 2025; Xu et al. 2025)

Such integrative approaches are now advancing our understanding of meristem
transitions in grasses. In barley, the combination of scRNA-seq with single-molecule
fluorescence in situ hybridisation (smFISH) revealed the complexity of spikelet meristem
(SM) identity and spikelet maturation. Analysis of com7a;com2g mutants—lacking two key
regulators that suppress branch-like identity in AMs—showed that central SMs reverted to
indeterminate IM-like states. These indeterminate structures produced multiple spikelets
from their flanks, and the onset of RAMOSA2 (RA2) and CRABS CLAW (CRC) expression
was reduced and delayed, signifying a dissimilarity from wild-type SMs. In contrast, wild-
type SMs progressed smoothly toward FM and floret identities, characterising key
regulators in this transition, including COMPQOSITUM1 (COM1; Demesa-Arevalo et al.
2025).

A comparable strategy was applied in wheat inflorescence, where a Molecular
Cartography dataset comprising 99 genes was used to annotate cell clusters identified by

snRNA-seq (Xu et al. 2025). Developmental trajectory analyses revealed that
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meristematic cells (IM and SM) diverged along several paths, including toward floral
meristems, or toward a distinct “transition zone” and suppressed bracts. This transition
zone corresponded closely to the earliest basal phytomers described in our study and was
characterised by preferential expression of TEOSINTE BRANCHED 1 (TB1), TB2, and
SQUAMOSA PROMOTER BINDING PROTEIN LIKE 17 (SPL17). Gene imputation further
indicated enrichment of LEC1, an observation also supported by our dataset. The authors
concluded that these inferred developmental paths reflected the expected relationships
among cell types derived from meristematic populations (Xu et al. 2025). Together, these
studies highlight the power of sScRNA-seg-based trajectory analysis integrated with spatial
validation to explore meristem transitions. Looking forward, applying these approaches to
finely resolved developmental time courses in wheat will be critical for dissecting how
AMs transition to SM identity, providing a higher-resolution view of the dynamics that

shape wheat spike architecture.

In parallel, the development of whole-mount spatial transcriptomic approaches offers a
unique opportunity to dissect the complex three-dimensional organisation of meristems.
Recent advances, such as Phytomap (Plant Hybridisation-based Target Observation of
Gene Expression Map), which adapts multiplexed fluorescence in situ hybridisation (FISH)
for intact plant tissues (Nobori et al. 2023), demonstrate the feasibility of capturing gene
expression patterns without the need for sectioning. Our MERFISH dataset illustrates the
value of such approaches: we observed the organisation of distinct gene expression
domains associated with SM identity, with KNOTTED HOMEOBOX LIKE 5 (KNOX5)
restricted to the L2/L3 layers, COM1 expressed in bands adjacent to each meristem, and
AINTEGUMENTA-LIKEGS (AIL6) forming discrete domains within single meristems. As
development progresses, this spatial complexity increases further, with SMs giving rise to
FMs on their flanks and FRIZZLE PANICLE (FZP) expressed in bands between glumes and
floral meristems. While section-based profiling captures a portion of these spatially
organised expression patterns, whole-mount strategies promise a more continuous and
integrated view of spatial patterning, enabling a higher-resolution reconstruction of the
earliest events in meristem differentiation. Looking forward, this technique presents

promise in its applications to grass inflorescence development.
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5.4 -The inflorescence is a cascade of phytomers

Grass morphology is organised into repeating units called phytomers, produced
sequentially to form a modular architecture (Briske 1991; Moore and Moser 1995).
Throughout this thesis, | have described wheat development using a phytomer-based
framework, highlighting how the repetition of meristem-leaf units form the foundation of

both vegetative and reproductive growth.

The application of spatial transcriptomics to such a repeating system is particularly
powerful, as described by Laureyns et al. in their work, adapting in situ sequencing (ISS) to
the maize shoot apex (2021). By sampling and sectioning both the shoot apex and recently
initiated lateral primordia, they captured a cascade of phytomers at successive
developmental stages, providing a spatiotemporal sequence of transcriptional events
(Laureyns et al. 2021). We see clear parallels in our application of spatial transcriptomics
to wheat, where our approach captured both inflorescence and vegetative phytomers in a

gradient of age and developmental stage.

While microdissection-based bulk RNA-seq has allowed the profiling of several phytomer
units at the base, centre, or apex of the inflorescence, spatial transcriptomics refines this
to a higher resolution. Within the inflorescence, we detected opposing gradients of gene
expression signatures distinguishing AMs across the apical-basal axis. During the double
ridge (W2.5) and glume primordia (W3.25) stages, central phytomers exhibited gene
expression signatures indicating the transition to SM identity, including COM1 and
COM2/FZP. By stages W3.25 and W4, these phytomers expressed floral identity markers
such as AGAMOUS LIKE-6 (AGL6), AGAMOUS 1 (AG1), SEPALLATA 3-1 (SEP3-1), and SEP3-
2. The expression of these genes first observed in central phytomers highlights the
establishment of the lanceolate shape of the spike. Importantly, these insights depended
on maintaining spatial context. In single-cell approaches, the dissociation of tissue prior
to sequencing removes positional information (Giacomello 2021), making it difficult (if not
impossible) to reconstruct the sequential arrangement of phytomers through
computational methods such as UMAP clustering and cell type identification. In contrast,
the application of MERFISH connected the transcriptional state of each phytomer to their

position across the apical-basal axis.

In addition, our capture of vegetative tissues below the inflorescence also expanded our
understanding of meristem transition beyond what was possible with the micro-dissection
experiment. In W2.5 samples, we observed that AMs are enriched in TAW1 and MND1

genes implicated in meristem identity transition (Yoshida et al. 2013; Walla et al. 2020),
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with MND1 specifically characterised in barley to suppress the transition of vegetative
AMs to an IM identity (Walla et al. 2020). These signatures of meristematic suppression
were absent in inflorescence phytomers, which instead expressed genes associated with
LR suppression, such as TSH7 (Wang et al. 2009; Whipple et al. 2010; Houston et al. 2012;
Xiao et al. 2022). Thus, by comparing vegetative and reproductive phytomers, we observed
distinct regulatory modules that separate vegetative from reproductive phytomer contexts.
These findings provide a framework for functional characterisation, as they highlight
candidate genes whose altered expression could shift meristem fate. For example, testing
whether ectopic expression of MND1 or TAWT in inflorescence AMs alters the timing or
outcome of meristem identity transitions would directly evaluate their regulatory roles. In
this way, our spatial dataset not only describes transcriptional signhatures but also

generates hypotheses for dissecting the genetic control of meristem transitions.
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5.5 - Making a model of the wheat spike

Here we interpret inflorescence development within a framework of meristem identity
transitions, where shifts in meristem fate across developmental time underpin the
patterning of branches, spikelets, and florets, which collectively establish the architecture
of the inflorescence. One question we can examine is whether the diversity of
inflorescence types can be modelled through a common mechanism of meristem identity

transitions (Prusinkiewicz et al. 2007; Harder and Prusinkiewicz 2013).

Early models of inflorescence development describe an iterative series of ‘switches’ that
control the timing of transitions between meristematic identities (Kellogg 2000). Building
on this concept, Prusinkiewicz et al. developed a computational model in which meristem
identity is governed by a hypothetical variable representing the degree of “vegetativeness”
(veg) of a meristem (2007). In this framework, veg declines over developmental time, and a
transition to floral meristem (FM) identity occurs once veg falls below a critical threshold.
When veg remains high, meristems adopt an indeterminate fate and produce branching
structures, whereas lower veg values promote the switch to FM identity. Thus, temporal
variation in veg provides a dynamic mechanism for regulating meristem fate, offering a
unifying principle to explain inflorescence architectures. Indeed, the model can produce a
continuum of inflorescence structures, creating racemes, panicles, and cymes,
highlighting its capacity to capture the diversity of plant architectures observed in nature.

(Prusinkiewicz et al. 2007).

Such a framework aligns with the broader evolutionary concept of heterochrony, in which
shifts in the timing of developmental programs generate variation in organ size, shape, and
number (Gould 1988; Geuten and Coenen 2013; Buendia-Monreal and Gillmor 2018). In
the Prusinkiewicz et al. model, the developmental threshold at which veg falls below a
critical value provides a direct source of heterochronic variation (2007). If this transition
occurs earlier, meristems switch more rapidly to a floral fate, whereas a delayed transition
prolongs indeterminate growth and branching. These temporal shifts in meristem fate do
not require changes to the underlying developmental program but rather to its timing,
thereby illustrating how heterochrony can diversify inflorescence architecture (Bartlett

and Thompson 2014; Bommert and Whipple 2018; Koppolu and Schnurbusch 2019).

While this model highlights how heterochrony in meristem identity transitions shapes
inflorescence diversity across species, the same principles can also be applied at a finer
scale within a single inflorescence. Variation in the timing of meristem identity transition is

also a developmental feature observable along the axis of one spike. Early developmental
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observations of the wheat spike reveal that basal meristems are delayed in their
progression to SM identity compared with more central meristems (Bonnett 1966;
Waddington et al. 1983; Kirby and Appleyard 1984). Consistent with this, our MERFISH
dataset identifies transcriptionally distinct states between basal and central meristems,
highlighting the specific expression of transcription factors R/-LIKE1 (RIL1), SPL14 to basal
AMs, and KNOX5, AIL6, and COMT1 to central AMs. Given the role of these regulatory genes
in meristem identity and transition (Jackson et al. 1994; Hake et al. 1995; Nole-Wilson et
al. 2005; Poursarebani et al. 2015, 2020; Wang et al. 2015; Ikeda et al. 2019), our results
indicate the presence of distinct signatures in basal AMs consistent with delayed

progression toward spikelet identity.

Why might basal meristems undergo this delay? One explanation lies in their
developmental context: the earliest initiated ridges form during a transition from
vegetative to reproductive growth. In this light, the basal ridges may originate under a
heightened “vegetative” state, slowing their transition toward spikelet fate (Backhaus et al.
2022). SHORT VEGETATIVE PHASE (SVP) transcription factors are key in this transition
between vegetative and reproductive cues, which provide a molecular correlate for the veg
factor in the Prusinkiewicz model. SVPs are broadly associated with vegetative growth and
are downregulated following floral transition across species, including Arabidopsis (Gregis
et al. 2013), wheat (Adamski et al. 2021; Li et al. 2021b; Liu et al. 2021), rice (Sentoku et
al. 2005; Lee et al. 2008), and barley (Trevaskis et al. 2007). Functionally, they repress the
transition of AMs to an IM or SM identity during vegetative phases, with vrt2 svp1 double
mutants producing axillary spikelets or spikes at sub-peduncle nodes (Li et al. 2021b). Itis
proposed by Li et al. that SVPs disrupt SQUAMOSA-SEP protein interactions required for
normal spikelet development (Li et al. 2021b), thereby providing a mechanism of action by
which SVP expression must decrease for reproductive development to proceed. As
observed in both the micro-dissection bulk RNA-seq and MERFISH dataset, SVP genes are
more highly expressed in the basal ridges (first initiated), suggesting a molecular
mechanism that holds these meristems back from transitioning to SM identity. This
interpretation agrees with observations that VRT-A2 dosage correlates with the presence
of rudimentary basal spikelets (Backhaus et al. 2022), further reinforcing the idea that
elevated SVP activity delays or suppresses meristem fate transitions at the base of the

spike.

Based on these concepts, Backhaus et al. developed a computational model of a growing
wheat spike (2022), which is influenced by the role of SVPs and SEPs as proposed by Li et
al. (2021). In this model, SVP is a “vegetative” signal, and SEP is a “floral signal”. The
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model assumes that 1) SVP suppresses SEP expression, 2) SEP promotes spikelet
outgrowth, and 3) SVP decreases over time. This model recreated the opposing gradients
of SVP and SEP transcription factors across the apical-basal axis of the inflorescence, in
addition to recapitulating the formation of the lanceolate shape (Backhaus et al. 2022),
providing evidence similar to the Prusinkiewicz model, that a decreasing level of
vegetative signal can control the timing and behaviour of meristem fate, ultimately

influencing the shape and form of the inflorescence (Prusinkiewicz et al. 2007).

Our MERFISH dataset provides an opportunity to refine such models of wheat spike
development further. First, transcriptional differences between central and basal
meristems could define a molecular ‘signature’ of meristem identity, which can then be
tested in existing germplasm such as transgenic VRT-A2 overexpression lines (Adamski et
al. 2021) or vrt2svp1-null double mutants (Li et al. 2021b) to assess how SVPs contribute
to delayed basal meristem transitions. In addition, MERFISH revealed a distinct set of
genes restricted to basal LRs, including SPL17 and LEAFY COTYLEDONT1 (LEC1). Given the
hypothesis that LRs act as signalling centres regulating adjacent AMs (Whipple et al.
2010), this expression pattern suggests coordinated regulation between LRs and AMs
along the apical-basal axis. An important future direction will be to test whether these LR-
specific expression programs operate independently of SVP activity, and whether the
organisation of LRs adds an additional regulatory dimension to models of meristem
identity transitions in wheat. As spatial transcriptomic methods become more widely
accessible, including the optimisation of approaches such as Phytomap, there is
considerable promise for using these techniques to characterise developmental
regulators across diverse genetic backgrounds and fine-scale time courses. In doing so,
we can further bridge developmental modelling with functional genetics, providing a
framework to dissect how spatiotemporal regulation of meristem fate shapes

inflorescence architecture.
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5.6 — Interpretations of spatial data require functional validation

The distinct expression signatures observed along the apical-basal axis of late double-
ridge spikes within both AMs and adjacent LRs suggest a potential contribution to the
delayed progression of basal spikelet ridges. Whether these transcriptional states actively
drive such delays remains unresolved. This highlights the value of functional studies,
where loss-of-function mutations can test the causal roles of these genes in meristem

identity transitions during inflorescence development.

While rudimentary basal spikelet formation has been a central focus of this thesis, the
broader literature in grass inflorescence development emphasises that a wider spectrum
of phenotypes reflects altered meristem identity transitions. Variation in branch number,
spikelet number, bract outgrowth, and the ectopic formation of branch-like structures all
represent developmental outcomes of shifts in meristem fate. In this study, MERFISH data
identify a suite of candidate genes associated with meristem identity in wheat—including
RIL1, AlL6, KNOX5, COM1, LEC1, MND1, and TAW1. Functional characterisation of these
genes will provide valuable insight into their roles in regulating meristem fate and

inflorescence architecture.

In addition to their potential regulatory roles, the candidate genes identified here can
serve as transcriptional signatures for follow-up work in genetic lines that exhibit altered
inflorescence phenotypes. For instance, assessing whether high-RBS lines share similar
expression profiles marked by RIL71, SPL14, or LEC1 would provide a means to test
whether delayed meristem identity transitions at the spike base are consistently
associated with specific gene signatures. Comparative analysis of wild-type and
developmental mutant lines could therefore refine the functional roles of these candidate

regulators and establish diagnostic markers of basal meristem fate.

Recent advances in transgenic methods also open exciting opportunities for functional
characterisation of these genes in wheat. Our lab has optimised a technique to mis-
express candidate genes with a transgenic approach. In brief, the semi-spatial
microdissection dataset was used to identify genes that are strongly expressed at the base
of the inflorescence. To test their regulatory potential, these cis-regulatory elements were
placed upstream of two candidate regulators of spikelet development, SEP7-6 and MOFT1.
Preliminary evidence suggests that this targeted overexpression of SEP7-6 reduced the

number of rudimentary basal spikelets (Jones 2025, unpublished).

The integration of this technique with the spatial data provided by MERFISH is clear: gene

expression data from 200 genes identifies highly specific regulatory contexts, such as

166



Chapter 5 - General Discussion

SPL17 expression restricted to basal LRs, or RIL7 expression in basal LRs and AMs. Using
these regulatory elements to mis-express genes such as KNOX5, which is enriched in
central meristems, would provide a powerful strategy to test how altering spatial domains
of expression reshapes meristem identity transitions. Alternatively, MND1 expression,
known to suppress axillary meristems outgrowth in vegetative tissues (Walla et al. 2020),
may contribute to the delayed basal phenotype when ectopically expressed within the
inflorescence. Together, these candidate genes and emerging functional approaches
highlight the potential of combining high-resolution spatial datasets with targeted genetic
manipulation. Such integration will enable not only the validation of putative regulators
but also the dissection of their activity in precise spatial contexts, ultimately refining our
understanding of how meristem identity transitions are coordinated across developmental

time and space.
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5.7 — Concluding statement

This thesis represents a first step toward optimising spatial transcriptomic approaches in
wheat, demonstrating how these technologies can be applied to uncover the cellular and
molecular organisation of the inflorescence. By generating and analysing a dataset of 200
genes across four developmental stages of wheat spike development, | have provided new
insights into the genetic regulation of spikelet and floral development, as well as the
patterning events that underlie the early formation of the wheat spike. Beyond these
specific findings, | hope the release of this dataset offers a valuable resource to the wheat
research community, in addition to enabling broader comparisons across related grasses

and supporting efforts to dissect conserved developmental programs.

As single-cell and spatial transcriptomic methods continue to advance, they will open
new avenues to understand and characterise development in complex plant tissues such
as the grass inflorescence. While these approaches provide fundamental insights into
gene regulation, they also hold promise as practical tools to support crop improvement,
allowing researchers to rapidly characterise gene expression and extend insights to select
candidate genes of interest. By offering high-resolution gene expression data in wheat
spikes, | hope this work contributes to the toolkit available to researchers, ultimately

supporting efforts to develop higher-yielding and more resilient wheat varieties.
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Abstract

The diversity of plant inflorescence architectures is specified by gene expression patterns. In
wheat (Triticum aestivum), the lanceolate-shaped inflorescence (spike) is defined by
rudimentary spikelets at the base which initiate first but subsequently lag in development
compared with central spikelets. While previous studies identified gene expression
differences between central and basal inflorescence sections, the spatio-temporal dynamics
and gradients along the apical-basal axis remain poorly resolved due to bulk tissue-level
techniques. Here, using spatial transcriptomics, we profiled 200 genes across four stages of
wheat inflorescence development to cellular resolution. Cell segmentation and unsupervised
clustering identified 18 expression domains and their enriched genes, revealing dynamic
spatio-temporal organisation along the apical-basal axis of the inflorescence. Along this axis,
we uncovered distinct and spatially coordinated gene expression gradients patterning
meristems prior to the visible delay in basal spikelet development. This study demonstrates
the potential for spatial transcriptomics time-series to advance plant developmental biology.
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Introduction

Nature provides a stunning diversity of vegetative and flowering structures contributing
to plant fitness. Understanding the process of tissue patterning requires characterizing
regulatory genes and their spatial expression, as cell fate depends on positional cues within
developing tissues'. Grass morphology is patterned through phytomers, a basic unit
consisting of a node, internode, leaf, and axillary meristem (AM)%€. During vegetative growth,
the shoot apical meristem (SAM) initiates phytomers, with lateral leaf primordia outgrowing
while AMs remain dormant’. This developmental trajectory shifts as the SAM transitions to the
inflorescence meristem. Phytomer initiation continues, however leaf (bract) outgrowth is
suppressed, and AMs transition to spikelet meristems (SM) to pattern reproductive growth?®®,

Bread wheat (Triticum aestivum) forms an unbranched spike-type inflorescence where
pairs of AMs and suppressed bracts are initiated sequentially forming a gradient of meristem
ages along the inflorescence, with basal meristems being the oldest ™. The timing of
transition of each AM (spikelet ridges (SRs) in wheat) into SMs, however, does not align with
their developmental progression. Central SRs along the apical-basal axis are the first to
initiate spikelet development, while basal SRs, despite having more time to develop, lag
behind"'. This delay persists throughout inflorescence patterning, resulting in basal spikelets
forming immature floral structures that fail to produce grains'>'3. This highlights the
composite nature of the developing wheat spike, where meristems of different ages and
developmental stages coexist within an ~1000 pm inflorescence, ultimately influencing its
final structure.

Low-input RNA-seq of apical, central and basal sections of micro-dissected wheat
spikes revealed large differences in gene expression profiles among them'. For example, the
MADS-box transcription factor VEGETATIVE TO REPRODUCTIVE TRANSITION 2 (VRT2)
exhibited its highest expression in basal sections, with decreasing levels toward the apex, in a
proposed gradient along the inflorescence. Increased expression of VRT2 led to a subtle delay
in basal spikelet development and elongated organs within the spikelet (glumes and
lemmas)™". While informative, the semi-spatial resolution of microdissections leaves
precise expression patterns and putative gradients undefined. Given the high levels of
differential expression observed across the spike in this experiment, we hypothesized that
other genetic factors contribute to apical-basal axis patterning that warrant further
investigation.

Here, we employ an adapted Multiplexed Error Robust Fluorescence In Situ
Hybridization (MERFISH)''® protocol to map the spatial expression of 200 genes along the
apical-basal axis of the wheat spike to cellular resolution. Cell segmentation and
unsupervised clustering across four timepoints identified 18 expression domains and their
enriched gene markers, offering detailed insights into gene expression at tissue and cellular
levels'2%. We uncovered detailed spatial and temporal organization patterns in the
developing wheat spike, including coordinated transcriptional gradients that distinguish and
define leaf and spikelet ridges along the apical-basal axis, prior to central meristem
outgrowth. To support the broader research community, we developed an open-access
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including transcripts localized to a single cell layer of the epidermis (Fig. 1f) and clear
separation of floral tissues by the profiles of floral homeotic regulators (e.g. AGAMOUS-LIKE6
(AGLG6), PISTILLATA1 (PI1); Fig. 1g). These observations are consistent with MERFISH providing
spatial expression data at cellular resolution.

f TraesCS4D02G296400

Figure 1. Development and implementation of a 200-gene MERFISH panelin wheat
inflorescence tissue

a, Cryosection of W5 spike showing DAPI stain (blue) and polyT stain (green). Inset: higher
magnification of floral tissues with individual staining of DAPI (b) and PolyT (¢). d, Cellular
segmentation with cellpose2, filtered for high quality cells. e, Heatmap displaying ‘transcript
counts per cell’ for AGL6, with assighment conducted using the Vizgen Post-Processing Tool.
f, TRAESCS4D02G296400 transcripts (green) localized in the first cell layer of floral tissues. g,
Tissue-specific expression patterns of AGL6 (white) and P/7 (pink) with distinct, non-
overlapping spatial localization towards tips of palea and stamen, respectively.

MERFISH yields low off-target rates and consistent expression patterns
with in situ hybridisations

We next implemented quality control measures to evaluate the performance of
MERFISH in plants. We detected minimal off-target hybridisation based on 15 blank controls
which represented <0.3% of total counts per cell (range: 0.24%-0.35%; Supplementary Table
6). As expected, probes were non-homoeolog specific, an important consideration for
polyploids (Supplementary Note 1; Extended Data Fig. 2). To further validate our results, we
generated in silico sections equivalent to physical microdissections used in RNA-seq, yielding
an average Spearman’s correlation coefficient of 0.66 (range 0.60-0.73; Supplementary Fig.
2c, Supplementary Table 7), supporting consistency between approaches. Additionally,
MERFISH data was consistent with published in situ hybridizations in cereals (Supplementary
Table 8, Supplementary Fig. 3). These results demonstrate that our MERFISH data exhibits
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WebAtlas interface?' (www.wheat-spatial.com), enabling visualization of all measured genes
and expression domains. This work highlights the power of spatial transcriptomics time-series
to investigate gene expression patterns to single cell resolution while retaining the tissue
morphology and spatial context of each cell in planta.

Results
MERFISH of wheat inflorescence resolves gene expression to cellular
resolution across four developmental timepoints

To study transcriptional gradients in wheat spikes over time, we selected genes of
interest for the MERSCOPE spatial transcriptomics platform. To define these genes we first
examined a micro-dissection RNA-seq dataset'?, however, given its limited developmental
range and high variability, we conducted a more extensive analysis across spike development.
We generated RNA-seq from central and basal spike sections across five development stages
(Extended Data Fig. 1a,b; Supplementary Table 1)??; Early and Late double ridge (EDR, LDR;
Waddington stage W2, W2.5; respectively), Lemma Primordia (LP; W3.25), Terminal Spikelet
(TS; W4), and Carpel Extension (CE; W5). Individual samples expressed, on average, 49,387
high-confidence genes, with 55,346 unique genes expressed across all samples. We
identified 12,384 genes with significant differential expression between central and basal
sections over time (paqg; < 0.001; Extended Data Fig. 1c; Supplementary Table 2), consistent
with distinct developmental pathways along the apical-basal axis.

We selected 116 genes from our differential expression dataset, supplemented with 73
additional genes including known inflorescence development genes. The final panel included
189 inflorescence related genes, 100 grain development genes for a separate project, and
eleven house-keeping genes (Supplementary Table 3). After designing and synthesising the
300-probe set, we performed the Vizgen MERSCOPE workflow (see Methods). Developing
wheat spikes were dissected at four stages (W2.5, W3.25, W4, W5), embedded in optimal
cutting temperature (OCT) compound, flash frozen, and cryo-sectioned (Extended Data Fig.
1d). Each OCT block included 5-36 spikes (depending on stage) from two near-isogenic lines:
one carrying the wildtype VRT-A2a allele (P7"") and the other the misexpression VRT-A2b
allele from T. turgidum ssp. polonicum™ (P17°; Extended Data Fig. 1e; Supplementary Fig. 1).
We hybridised the probes to the samples and imaged across five experimental runs.

For downstream analysis, we selected two representative samples at each timepoint
(one per genotype) for a total of eight samples. Cell segmentation’ and transcript
assignment? (Fig. 1a-e) yielded a cell-by-gene matrix detailing transcript counts per cell for
each gene (Supplementary Table 4). After filtering for low-quality cells (see Methods), we
assessed sample quality using ‘total transcript counts’ and ‘gene counts per cell’ metrics.
Across all samples, the total transcript counts per cell averaged between 77.9to 152.4
counts, while average gene counts per cell ranged from 29.6 to 42.1 (Supplementary Fig. 2a,b,
Supplementary Table 5). We observed gene expression patterns at cellular resolution,
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minimal off-target activity, is non-homoeolog specific, and is consistent with established
gene expression patterns, confirming the technique’s robustness in plant tissues.

Unsupervised clustering defines 18 expression domains traced through
developmental time

We integrated eight samples and applied unsupervised clustering''® which identified
18 distinct expression domains (Fig. 2a). These were visualized as spatially resolved maps
across developmental stages and genotypes (Fig. 2b-e; Extended Data Fig. 3). By
concatenating all time points before clustering, we traced the spatio-temporal dynamics of
the domains. Notably, six domains were primarily detected at stages W4 and W5 (Fig. 2f;
Supplementary Table 9), which we identified as floral tissues (Fig. 2a-e) based on their spatial
distribution and organization. We hypothesised that concatenating samples across time
would reveal cells in their earliest stages of differentiation. For example, in W3.25 spikes, we
identified only three expression domain 15 (ED15) cells (Fig. 2g), a predominant domain in
mature spikes and which later localises to paleae in W5 samples (Fig. 2h). At W3.25, these
three ED15 cells were positioned just above the lemma primordia (ED1, ED2), a spatial
arrangement consistent across stages. ED15 cells expressed AGL6 (Extended Data Fig. 4),
suggesting an early role for AGL6 in palea identity consistent with wheat agl6é mutants where
paleae transform into lemma-Llike organs?:. This indicates that ED15 at W3.25 represents the
earliest palea progenitor cells. The presence of ED15 cells on the seventh spikelet ridge again
highlights developmental differences between central and basal spikelets and the compaosite
nature of meristems along the spike.
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Figure 2. Unsupervised clustering identifies 18 expression domains mapped over four
developmental stages.

a, UMAP projection of cells from eight samples, and expression domain assignment. b-e,
Spatial maps of Leiden clustering across time points W2.5 (b), W3.25 (¢), W4 (d), and W5 (e)
using Squidpy (v1.4.1), Scanpy (v 1.10.0), and Scanorama (v1.7.4) scale bar = 500pm. f,
Proportion of cells in each expression domain per sample, calculated as the percentage of
total cells assigned to each cluster. g-h, Spatial plots of cell segmentation and assigned
expression domains 1, 2, & 15in (g) W3.25 spikelets and (h) W5 florets highlight the tracing of
cell groups across developmental time, with two ED15 cells in W2.5 found above glumes &
lemmas (ED1&2) tracing to palea in W5 florets. Scale bar = 100pum.
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Gene Expression Analysis defines identity of Expression Domains

Expression domains require biological context for tissue-specific annotation. We
annotated the 18 domains by combining anatomical features, such as ED15's association
with palea, with domain-enriched genes (Methods; Supplementary Table 10-11). These
annotations remained consistent across time and genotypes. For instance, at W2.5, ED12is
enriched for TraesCS1A02G418200 (Fig. 3a-b), the wheat ortholog of maize TASSEL SHEATH1
(TSH1) which suppresses bract outgrowth in cereal inflorescences®?528, Furthermore, at W2.5
ED12 cells and TSH1 expression form a repeating pattern along the spike, corresponding to
the suppressed leaf ridge (LR). By W3.25, LRs are no longer visible in the central and apical
spike sections, yet TSH1 persists in the few ED12 cells at the base of each spikelet ridge (SR),
indicating active LR suppression during early floral organ differentiation. Furthermore, we
validated the ABCDE model of floral development in wheat (Supplementary Note 2; Extended
Data Fig. 5; Supplementary Table 12).

Some genes uniquely mark single domains, such as METALLOTHIONEIN 2 (MTZ2), which
identifies early vasculature in ED3 (Fig. 3a,c). Others are enriched across multiple domains,
such as KNOTTED1-LIKE HOMEOBOX 5 (KNOX5) in ED3 (developing rachis) and EDO
(meristem cells; Fig. 3a,d). KNOX5 exclusion from the L1 layer is consistent with observations
of its maize ortholog KNOTTED12°. Certain domains encompass multiple tissues: ED9 marks
both developing young leaves and suppressed AM below the inflorescence per se, with MANY
NODED DWARF 1 (MND1) marking suppressed AMs only (Fig. 3a,e). We hypothesize that the
spike-focused probe panel lacked sufficient genes to distinguish these tissues as distinct ED.
Despite the limitations of the 200-gene panel, these findings demonstrate how expression
domains capture complex gene expression profiles, revealing distinct developmental
identities within the spike.

b

EDO =0 ED9 ED1 ‘ T2 - KNOX5 ~ MND1
Figure 3. Gene expression analysis defines identity and enriched genes in Expression
Domains

a, Spatial map of four Expression Domains in W2.5 spikes, highlighting domains enriched with
transcripts of (b) TASSEL SHEATH1 (TSH1)/ NECK LEAF 1 (NL1); (¢) METALLOTHIONEIN 2
(MT2); (d) KNOTTED1-LIKE HOMEOBOX 5 (KNOX5), and (e) MANY NODED DWARF 1 (MND1).
Scale bar=250um.
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Spatial analysis of VRT2 and SEP1-4 gradients

We previously identified differences in gene expression between spike sections using
microdissection. VRT2 was most highly expressed in basal sections, with lower expressionin
the apex, whereas SEPALLATA (SEP) MADS-box transcription factors displayed the opposite
pattern'®. To quantify these profiles at W4, we computationally dissected spikes into 25
transverse bins, revealing opposing expression gradients along the apical-basal axis (Fig.
4a,b). Expression domain analysis revealed spatial segregation of VRT2 and SEP7-4. VRT2 was
primarily expressed in ED3 developing rachis cells with 32.2% of ED3 cells expressing VRT2
and showed minimal expression in spikelet tissues such as glumes/lemmas (ED2, 3.3%). In
contrast, SEP7-4 was largely absent from ED3 (1.4%) but enriched in spikelet tissues including
glumes/lemmas (ED2, 31.1%; Fig. 4c; Supplementary Table 13). Across the spike, only 0.7% of
cells co-expressed VRT2 and SEP1-4.

Next, we analysed the spatial profiles of VRT2 and SEP7-4in P17°. MERFISH revealed
ectopic VRT2 expression and disruption of its gradient, whereas the SEP1-4 gradient remained
intact (Fig. 4b). This led to increased co-localisation of VRT2 and SEP1-4, with 8.2% of cells
co-expressing both transcripts along the spike. Co-expression was most pronounced in
tissues exhibiting the strongest phenotypic effects in P17, glumes and lemmas, where 26.3%
of ED2 cells co-expressed both genes (compared to 1.1% in P1""; Fig. 4d; Supplementary
Table 13). These results support the ‘protein competition’ model proposed by Li et al®’, where
VRT2 interferes with SEP-FRUITFULL2 protein interactions essential for normal spikelet
development. Overall, these findings demonstrate the precision of MERFISH in detecting gene
expression gradients and uncovering tissue-specific co-expression patterns in developmental
mutants.
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Figure 4. Opposing spatial gradients of VRT2 and SEP1-4 along the apical-basal axis
disrupted by ectopic expression in P77,

a, Spatial plot of VRT2 and SEP1-4 expression in PT"TW4 spikes, divided into 25 transverse
bins along the apical-basal axis, with average normalized expression counts of VRT2 and
SEP1-4 pertransverse bin, normalised with sc.pp.normalize_total and sc.pp.log1p functions
(Scanpy v1.10.0). b, Spatial plot of VRT2 and SEP1-4 expression in P1°°:\W4 spikes, divided
into 25 transverse bins along the apical-basal axis. with average normalized expression
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counts of VRT2 and SEP1-4 per transverse bin, normalised with sc.pp.normalize_total and
sc.pp.log1p functions (Scanpy v1.10.0). Note difference in scale with (a). e-d, Proportion of
cells expressing either VRT2, SEP1-4, or co-expressing both. Calculated as the percentage of
total cells per cluster type in (¢) P1"and (d) P717°" isogenic lines.

Transcriptional states differentiate spikelet meristems and suppressed leaf
ridges along the spike

The chronological initiation of SRs does not coincide with their developmental
progression. Basal SRs, though first to initiate, lag behind in development compared to central
SRs. By the Glume Primordium stage (W3), central SRs display visible outgrowth, while basal
SRs remain less developed!'. We hypothesized that additional gene expression gradients,
beyond VRT2 and SEP7-4, may influence these differences before W3. To explore this, we
analysed transcriptional and ED patterns in W2.5 spikes. At this stage, the spike has a
relatively simple ED composition, with four domains accounting for 94.8% of the
inflorescence. By contrast, by W3.25, eight domains account for a comparable proportion
(94.1%). The W2.5 SR comprises four domains: the L1 layer (ED4), meristematic cells in layers
L2/L3 (EDO, ED12), and boundary cells (ED11) marking the adaxial boundary (Supplementary
Table 14). While all SRs exhibit similar L1 (ED4) and boundary (ED11) patterns, basal SRs lack
distinct EDO regions and the expression of KNOX5 typical of central SRs (Fig. 5a,b).
Additionally, basal LR are larger, averaging 32.5 = 15.8 cells per section (LR1-4), compared to
12.5 % 1.5 cells in central LRs (LR8-11; Supplementary Table 14). These findings suggest
developmental gradients between basal and central SR during or before W2.5.

To quantify these gradients, we grouped cells from each SR and LR, ordered them
longitudinally from basal (1) to apical (13; Fig. 5c,h), and performed principal component (PC)
analysis using average normalised counts per cell in each group (Fig. 5d,l; Supplementary
Table 15). PC analyses revealed a consistent developmental progression for SRs and LRs
along PC1 (Fig. 5d). Genes positively correlated with PC1, such as KNOX5 (0.867),
AINTEGUMENTA-LIKEE (AIL6, 0.877), and INCREASED LEAF INCLINATION 3 (IL13, 0.828), have
elevated expression in more central/apical SRs (Fig. 5f,g; Supplementary Table 16). Negatively
correlated genes, including SQUAMOSA-PROMQOTER BINDING PROTEIN-LIKE 14 (SPL14, -
0.890), FRUITFULL3 (-0.820), and RACHIS-LIKET (RIL1, -0.923), were more prominent in basal
SRs (Fig. 5f; Supplementary Table 16). Leaf ridges showed a similar separation along PC1;
APETALA2-5 (-0.932), SPL17(-0.889), and LEAFY COTYLEDON 1 (LEC1, -0.934) showed
elevated expression in basal LRs, contrasting to YABBY7 (0.944) and MADS32 (0.894) with
higher expression in more central/apical LRs (Fig. 5k,|; Supplementary Table 16). Thus, based
on the highly correlated genes across SRs and LRs, we observed two opposing gradients along
the apical-basal axis, which comprise different sets of genes, but which cross at a mirrored
position along the inflorescence (SR5 & LR6; Fig. 5e,j). This suggests that adjacent spikelet
and leaf ridges coordinate gene expression gradients, and collectively shift their specific
expression profiles at the position where SM first start to actively differentiate.
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Figure 5. Coordinated and distinct transcriptional gradients define leaf ridges and
spikelet ridges across the apical-basal axis at double ridge stage

a-b, Basal (2,4) and central (8,10) spikelet ridges (SRs) differ in expression domain assignment
and marker gene expression. TSH1 and CUC3 mark the suppressed leaf ridge and the adaxial
boundary of the spikelet meristem, respectively. KNOX5 in layers L2/L3 highlights
transcriptional differences between SRs along the apical-basal axis. ¢, Expression domains
annotate and group SRs from 1 (basal) to 13 (apical). d, Principal component (PC) analysis of
averaged transcripts per SR group. e, Normalized gene expression (Z-score) of genes highly
correlated with PC1 (correlation > 0.80 or < —-0.80), with polynomial regression trend lines for
positively and negatively correlated groups. f, Normalized gene expression (Z-score) of select
highly correlated genes. g, Expression of AIL6 and RIL7 in W2.5 spikes. h, Expression domains
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annotate and group leaf ridges (LRs) from 1 (basal) to 13 (apical). i, PC analysis of averaged
transcripts per LR group. j, Normalized gene expression (Z-score) of highly correlated genes to
PC1 (> 0.80 and < -0.80), with polynomial regression trend lines shown separately for
positively and negatively correlated groups. k, Normalized gene expression (Z-score) of select
highly correlated genes. |, Expression of YABBY1 and SPL17 expressed in W2.5 spike.

Discussion

A systematic and unbiased approach is critical to uncover biologically meaningful
insights from spatial transcriptomics data. To achieve this, we clustered cells across all
developmental stages into EDs and identified enriched gene markers. By concatenating
samples, we traced EDs across time, revealing novel insights into tissue identity and
differentiation (Fig. 2). For example, a small population of three ED15 cells identified at W3.25
marked the earliest palea progenitors, a discovery that would have been missed through
single-sample clustering. EDs also revealed similarities between tissue types. Both
developing leaves at W2.5 and lemmas at W5 consist of ED1 and ED2, supporting the
classification of lemmas as leaf-like organs, rather than floral-tissues®. Concatenating
samples before clustering provided novel biological insights, therefore, we propose this
strategy to analyse spatial transcriptomics data across developmental time-courses.

By utilising expression domains, we characterised each phytomer unit along the
apical-basal axis, capturing the transcriptional programmes patterning vegetative and
inflorescence tissues. At W2.5, ED9 cells marked by MND1, were identified in axillary
meristems below the inflorescence (Fig. 3). These cells, forming in the axils of leaves
(ED1,2,183,9), are specific to the transcriptional program driving leaf outgrowth and axillary
meristem suppression. In contrast, the inflorescence is patterned by LRs (ED12) and SRs (Fig.
5), with SR adaxial boundaries consistently marked by CUC3 and BARREN STALK1 (ED11)3%35,
However, SR patterning also varied along the apical-basal axis. Basal SRs (SR1-5) show
increased ED12-type cells and higher expression of genes involved in AM suppression like
MND 13, while central and apical SRs (SR6-13) expressed meristem-specific genes like
KNOX5% and floral identity-promoting factors such as A/L6%-*8, Additionally, the cellular
resolution of MERFISH revealed not only differences between meristems but also within
them, uncovering spatially restricted A/L6 and ILI3 expression along the adaxial-abaxial axis
(Extended Data Fig. 6).

Gene expression patterns distinguishing SRs form opposing gradients that define their
developmental progression, as revealed by PC analysis (Fig. 5). A similar apical-basal gradient
emerged in LRs. While all LRs clustered into ED12, basal LRs specifically expressed additional
bract suppression genes (SPL17/TSH4 and RIL1)%*, suggesting a more complex LR
suppression network at the base of the spike involving factors beyond TSH7. Models of
inflorescence development propose that the suppressed LR serve as a signalling centre
orchestrating neighbouring SR meristem activity®". The fined-tuned transcriptional patterns of
basal LRs and SRs, which are unique compared to central/apical regions, support their
coordinated activity. Importantly, this insight into their spatial coordination is only achievable



bioRxiv preprint doi: hitps://doi.org/10.1101/2024.12.19.629411; this version posted December 21, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

with spatially resolved techniques, which overcome the limitations of bulk tissue or single-
nuclei RNA sequencing.

We hypothesize that the opposing gradients observed along the inflorescence may
define meristem phase transition*'. Prusinkiewicz et al. proposed that meristem transitions
are governed by the degree of ‘vegetativeness’, which must drop below a threshold to enable
flowering*?. Backhaus et al. put forward a wheat-specific model to meristem transition in
which basal phytomers, initiated shortly after the SAM transitions to an inflorescence
meristem, encounter heightened ‘vegetative’ signals, which may account for reduced SR
development and enhanced LR growth'®. We suggest that the distinct yet spatially
coordinated transcriptional states of basal SRs and LRs adds to this understanding,
potentially highlighting novel factors involved in meristem transition.

In summary, applying the cellular resolution of MERFISH to plant tissues allowed us to
map the expression of a curated 200-gene panel. While the panel is limited in the breadth of
genes assayed, our systematic approach combining sample integration, expression domain
clustering, and gene enrichment analysis, provided novel candidate factors contributing to
apical-basal patterning in wheat spikes. To support further research, all raw data is made
available in addition to analysed data accessible via a WebAtlas?' interface (www.wheat-
spatial.com). We aim to empower the research community to leverage spatial transcriptomics
analyses as a valuable tool in plant biology.
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Methods

Plant materials

We used two BCs near isogenic lines (NIL) differing for VRT-A2 alleles in a hexaploid wheat (cv
Paragon) background. One NIL carried the wildtype Paragon VRT-A2a allele, here named P71%,
whereas the second NIL carried the VRT-A2b allele from Triticum turgidum ssp. polonicum
(named P77°4)', Plants were grown under a 16/8 h light/dark cycle at 20/15 °C, 65% relative
humidity and bottom-watering irrigation®.
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Dissections and Sample Preparation

The VRT-A2a NIL was used for semi-spatial RNA-seq, whereas both NILs were used for
MERFISH. For semi-spatial RNA-seq we used a published dissection methodology** to
produce basal and central/apical sections. At the Early Double Ridge stage (EDR, W2), spikes
were bisected, whereas for the Late Double Ridge (LDR, W2.5), Lemma Primordia (LP, W3.25),
Terminal Spikelet (TS, W4) and Carpel Extension (CE, W5) stages, the basal section consisted
of the most basal four spikelets from each spike. Two spikelets were skipped, then the
subsequent four spikelets were harvested to comprise the central section (Extended Data Fig.
1; Supplementary Table 1). Samples were stored at -70 °C until RNA extractions which were
conducted from the pooled microdissected spikes using Qiagen RNeasy Plant Mini and Zymo
Direct-zol RNA Microprep kits as described in the manufacturer’s manual. Total RNA (1 ug)
was sent to Novogene UK for PCR-free library preparation and Illumina sequencing (PE150;
50M reads per sample).

For MERFISH, we used a similar dissection protocol*, but maintained the youngest leaves
surrounding meristems (Supplementary Fig. 1). After dissection, meristems were transferred
using an RNase-free pipette tip into 4% paraformaldehyde (PFA) in 1x PBS (prepared from 6%
formaldehyde [w/v], methanol-free; Pierce 28906) in 2 mL RNase-free Eppendorf tubes.
Samples were vacuum infiltrated for 10 minutes or until tissue sank and incubated overnight
at 4 °C. The PFA solution was removed, and the samples were washed three times with 1x
PBS. Tissue was then immersed in 15% sucrose in 1x PBS at 4 °C for 6 hours, followed by
immersion in 30% sucrose in 1x PBS at 4 °C overnight.

Analysis of semi-spatial RNA-seq data

We trimmed raw reads with cutadapt (v1.9.1)*° and generated read counts and transcripts per
million (TPM) values using Kallisto pseudo-alignment (v0.44.0)% for all genes in the IWGSC
RefSeq v1.1 annotation*” (Supplementary Table 1). We conducted subsequent analyses for
high confidence gene models with non-zero counts in at least one sample. We transformed
read counts (rlog function; DESeq2 (v1.34.0))*, and performed principal component (PC)
analysis with prcomp?®; we identified no outliers (Extended Data Fig. 1b). We calculated
differential expression (p <0.001; Benjamini-Hochberg corrected) between central and basal
sections across time using ImpulseDE2 (v 3.6.1)%°, on genes with average > 0.5 TPM for at
least one stage-section combination (Supplementary Table 2). We clustered the 12,384
differentially expressed genes using k-means (k1:10) and displayed with pheatmap (v1.0.12)5".

Gene Panel Selection and Design for MERFISH

We designed a 300-gene panel for MERFISH, comprising 200 genes associated with spike
development (116 from differential expression dataset, 73 additional genes, and 11
housekeeping genes), and 100 genes from a separate wheat grain project which are not
described here. We removed genes that could not accommodate at least 25 specific probes,
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10400012) with all instruments (including hybridisation box (Brabantia, 203480)) cleaned
using both 70% ethanol and then RNAseZAP (Invitrogen, AM9782) or Blitz RNase Spray
(Severn Biotech Ltd, 40-1735-05). We performed checks for autofluorescence at 10X using an
EVOS FL2 microscope under a DAPI light cube, recording light intensity levels to decide on
reduction of autofluorescence before and after photobleaching (performed for between 3 and
8 hours in EtOH 70%, Vizgen 10100003). A 300-gene probe set (Vizgen product number
20300007) was applied and hybridised for 48 hours. On the days of a run, we re-checked
autofluorescence levels and topped up using the photobleacher for 3 hours if necessary. After
DAPI staining, we also made checks for efficiency of staining. Clearing times varied
depending on run slots. A standard clearing at 47 °C for 1 day with clearing buffer (Vizgen)
containing proteinase K (NEB, P81070S) addition, was always performed, whereas additional
days (1 to 4 days) of clearing at 37 °C without proteinase Kin the buffer was performed. Tissue
never fully cleared by eye nor when using a light microscope before MERSCOPE runs.

Upon imaging, care was taken to minimise smears and lint on the slide by cleaning with 80%
ethanol and lens cleaning tissue (2105-841, Whatman). We outlined regions of interest
around individual spikes on the slide overview using DAPI staining (Supplementary Figure 1).
Following 60x imaging, we decoded transcripts using the panel specific MERSCOPE
Codebook. We processed raw data with the MERSCOPE Instrument Software to generate and
output file structures as described in MERSCOPE instrument User Guide.

Cell segmentation and processing

We performed cell segmentation on stitched images of DAPI and PolyT staining. Prior to
segmentation and to minimize error, we lightened seam lines in the stitched images using FlJI
(version 1.54f)%2, Dark stitching lines were processed using the following steps:
‘Process>Filters>Maximum’ (radius = 2 pixels, applied twice) and ‘Process>Filters>Median’
(radius = 2 pixels, applied twice). Then applied three times across the entire image:
‘Process>Filters>Gaussian Blur’ (radius = 4 pixels). See Supplementary Fig. 4 forimage edits
and segmentation results.

We performed cell segmentation and transcript assignment using the Vizgen Post-Processing
Tools (VPT, version 1.2.2)%, within a Python virtual environment on Ubuntu 20.04. We used
Cellpose2 cyto2 model'” with DAPI (blue channel) as the nuclear marker and PolyT (green
channel) as the cytoplasmic marker. For segmentation parameters, see logs
(https://zenodo.org/records/14515927). We exported segmentation results as polygon
geometry in both mosaic and micron space, assigned transcripts to cell boundaries using the
partition-transcripts function in VPT, and generated cell metadata with the derive-entity-
metadata function. Finally, we integrated cell boundaries into existing .vzg files for
visualization in the Vizgen MERSCOPE Visualizer Tool®* using the update-vzg function. All
implementation scripts are available (https://github.com/katielong3768/Wheat-
Inflorescence-Spatial-Transcriptomics) with example commands
(https://zenodo.org/records/14515927).
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based on Vizgen’s probe design software, except for three genes targeted by >20 probes.
MERFISH probes were designed and synthesized by Vizgen (Supplementary Table 3).

Meristem Embedding and Sectioning

We cleaned all surfaces and dissection tools with RNABLitz before use. We marked a1 cm x 1
cm area on the back of a Tissue-Tek mold (25 x 20 x 5 mm; Thermo Fisher, AGG4580) and
filled with Tissue-Plus OCT compound (Agar Scientific, AGR1180). We also filled a 60 mm Petri
dish with OCT. We removed individual meristems from the 30% sucrose solution using clean
dissection tools, aided by a drop of OCT on the tool to adhere the meristems during
collection. We transferred meristems to the OCT-filled Petri dish, where they were mixed with
OCT to remove residual sucrose and ensure complete coating. Using a stereomicroscope
(Leica S9 with an HXCAM HiChrome HR4 Lite camera and a Photonic Optics light source), we
inspected meristems for air bubbles, which were carefully removed with a fine dissection
tool. We trimmed excess vegetative tissue as needed. Meristems were then placed into the
OCT-filled Tissue-Tek mold, arranged within the marked 1 cm? region according to genotype
and developmental stage. Each OCT block contained 5-36 meristems, depending on the
developmental stage (Supplementary Fig. 1), and we imaged them using GX Capture-T®2. The
OCT blocks were flash-frozen and stored at —70 °C.

We performed sectioning using a Leica CryoStar NX70. All inside surfaces and tools were
cleaned with Blitz RNase Spray (Severn Biotech Ltd, 40-1735-05), and a fresh blade (MX35
Ultra™ Microtome Blade, 3053835) was used. We set the chuck temperature to -20 °C, and
the blade temperature to —18 °C. We pre-warmed samples at the back of the cryostat for 30
minutes before sectioning, and brought the MERSCOPE Slides (Vizgen, 20400001) to room
temperature. We trimmed OCT blocks to remove excess OCT, mounted to the chuck, and
further trimmed until tissue was exposed; 10 um sections were cut to inspect tissue regions
on glass slides. Once we identified the region of interest at the optimal depth and angle, 10
pm sections were flattened with paintbrushes, flipped, and mounted onto room-temperature
MERSCOPE slides, following the placement and technique outlined in the MERSCOPE user
guide. After mounting, we placed the slides in 60 mm Petri dishes and incubated at the back
of the cryostat for 30 minutes. We then fixed the slides in 4% methanol-free PFA in 1x PBS for
10 minutes. We washed the slides three times with 1x PBS, incubating for 5 minutes per
wash. We aspirated residual PBS and air-dried the slides for 1 hour in a cell culture hood with
the Petri dish lid closed. We then incubated the slides with 5 mL of 70% ethanol prepared in
RNase-free water. Petri dishes were sealed with parafilm and stored at 4 °C, either overnight
or forup to 7 days.

MERSCOPE Workflow

We performed slide preparation following guidelines for non-resistant fixed frozen tissue
clearing (91600002_MERSCOPE Fresh and Fixed Frozen Tissue Sample Preparation User
Guide_Rev E (Vizgen)). We prepared slides using Vizgen sample preparation kit (Vizgen,
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Quality Checks and Filtering

We loaded the spatial transcriptomic data from the eight samples into AnnData objects
(anndata v0.10.7)%® and processed using Squidpy (v1.4.1)'" and Scanpy (v 1.10.0"8. We filtered
expression data to include the 200 spike development and control genes, selected cells from
a single inflorescence within the imaged area, and excluded low-quality cells based on
volume (>500 pixels) and transcript count (>25 counts)(Supplementary Table 4). For each
sample we calculated quality control (QC) metrics (total counts per cell, number of genes
detected per cell, percentage of counts from top-expressed genes) and summary statistics
(total counts per cell, detected genes per cell; Supplementary Table 5; Supplementary Fig. 2).
We assessed off-target hybridization using blank probes (Supplementary Table 6), and across
wheat homoeologs (Supplementary Note 1; Extended Data Fig. 2). Finally, we normalised
expression data for all samples using scanpy functions sc.pp.normalize_total() and
sc.pp.log1p() (v 1.10.0)".

As a further quality control metric, we performed in silico spike dissections equivalent to
those captured by physical microdissection for 16 high-quality MERFISH sections using the
MERSCOPE Visualiser ‘draw ROl polygon’ tool®*. We exported frequency tables of MERFISH
transcripts within basal and central/apical regions and calculated Spearman’s rank
correlation coefficients between these values and the mean TPM values from the relevant
genotype-section-stage combination of the semi-spatial RNA-seq data (Supplementary Table
7; Supplementary Fig. 2).

Additionally, we identified in situ hybridisation results in wheat, barley, rice, and maize from
equivalent tissues and time points as those used for MERFISH (Supplementary Table 8) and
visualised them in side-by-side comparisons (Supplementary Fig. 3). We also compared
expression profiles of genes involved in the ABCDE model of floral development with mutant
phenotypes and knowledge from orthologs in rice, maize, barley, and wheat (Supplementary
Note 2; Supplementary Table 12), and visualised using www.wheat-spatial.com (Extended
Data Fig. 5).

Cell Segmentation and Transcript Visualisation

We processed the cell segmentation data as GeoDataFrames using the GeoPandas
(v0.14.4)%, and converted the transcript coordinates into a GeoDataFrame from globalx and y
coordinates. We performed a spatial join operation to assign transcripts to segmented cells,
retaining only transcripts located within cell boundaries. We next rotated segmented cell
polygons and transcript coordinates using NumPy (v1.26.3)%, and visualised cell geometries
as polygons using Matplotlib (v 2.0.4)% with polygon handling and transformations facilitated
by Shapely (v2.0.4)%°. Transcripts were overlaid as point features (Fig. 2b-e,g-h, 3a-e, 4a-b, 5a-
c,g-h,1). Full details in implementation scripts (https://github.com/katielong3768/Wheat-
Inflorescence-Spatial-Transcriptomics).
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MERFISH Data Integration, Unsupervised Clustering, and Gene Enrichment
Analysis

We processed spatial transcriptomic data from eight samples (four timepoints; two
NILs) using the Scanorama (v 1.7.4)%%¢" integration tool, and performed clustering using the
Leiden algorithm with a resolution parameter of 1.0 (Fig. 2a). Spatial maps of Leiden cluster
assignment were performed as described in ‘Cell Segmentation and Transcript Visualisation’
(Fig. 2b-e; Extended Data Fig. 3). We exported the expression domain (ED) assignment of each
per cell (Supplementary Table 9), and visualised as percentage of cells in each ED, per
sample (Fig. 2f). Next, we performed gene enrichment analysis on the integrated AnnData
object with Scanpy function sc.tl.rank_genes_groups() using the logistic regression model?°.
This analysis returned a ranked list of genes most probable to be enriched gene markers,
which we displayed alongside the average normalised expressions per ED for each sample
(Supplementary Table 10). We determined top enriched values (using a +2 standard deviation
threshold) and used these to annotate EDs with tissue type identity labels (Supplementary
Table 11).

Transect analysis of VRT-SEP gradients

We filtered cells from two samples (W4, VRT-A2a and VRT-A2b NiLs) to include only cells from
the inflorescence region, defined as the beginning of ED12 marking leaf ridges. These cells
were selected in the MERSCOPE Visualizer tool® using the Polygon Lasso Tool, exported as a
.csvfile, and the segmented cells and transcripts were mapped as previously described. The
Y-axis of the spatial plot was divided into 25 transverse bins along the spike. Each cell was
assigned to a bin based on its centre Y-coordinate, and we averaged the normalized transcript
counts per cell within each bin (Fig. 4a-b). For both samples, we binarized gene expression
data for VRT2 and SEP1-4 within each cell, assigning a value of 1 for detected reads and 0 for
no detected reads. For each ED, we quantified the number of cells expressing only VRT2, only
SEP1-4, or co-expressing both genes and visualised them as a percentage with Matplotlib (v
3.8.2%; Supplementary Table 13; Fig. 4c¢,d).

Gene expression analysis on Late Double Ridge Spikes

We selected Late Double Ridge (W2.5) and Lemma Primordia (W3.25) P1"Tinflorescence cells
using the MERSCOPE Visualizer Polygon Lasso tool and exported cell identity data as a .csv
file. We defined the inflorescence boundary by the first suppressed leaf ridge (ED12) and
excluded cells outside the inflorescence (Supplementary Table 14). Cell counts were
summed by ED, and we calculated the cumulative percentage of cells in the most populated
ED to assess their contribution to the total cell population. We calculated the top EDs
accounting for approximately 94% of the cells in the sample.

Groups of cells comprising the Leaf Ridges (LR) and Spikelet Ridges (SR) (defined by EDs)
were annotated as "Custom Cell Groups" in the MERSCOPE Visualizer tool®*. We delineated
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SR boundaries by ED4 cells along the adaxial and abaxial axes, extending to the start of ED3
cells along the medio-lateral axis. We identified LRs as groups of ED12 cells beginning
beneath the end of ED4 cells from adjacent SRs. We labelled SRs and LRs sequentially from 1
(most basal) to 13 (most apical) along the inflorescence (Fig. 5¢,h; Supplementary Table 14).
We calculated the total number of cells in basal (LR1-4) and central (LR8-11) leaf ridges and
determined the mean cell numbers and summary statistics to compare ridge sizes between
these regions.

Normalized gene expression values per cell were averaged by LR or SR group and filtered to
include only genes with at least one average expression score above 0.30 across all groups
(Supplementary Table 15). We standardised the resulting data matrix using StandardScaler
and performed PC analysis with scikit-learn (v 1.4.2)%?, to extract the first two principal
components (Fig. 5d,i). We inverted PC1 and PC2 scores to align the axes with the desired
biological orientation, and calculated correlations between individual genes and PC1
(Supplementary Table 16).

We selected genes with strong positive or negative correlations to PC1 (> | 0.80 | ). We
calculated average expression (Z-score normalised) trends for these groups and smoothed
values using a Savitzky-Golay filter (SciPy v1.13.0)%. Individual gene trends were also
smoothed for visualisation. The smoothed average trends were fitted with cubic polynomial
curves (NumPy v 1.26.3)% to highlight overall expression gradients (Fig. 5e,j). Plots were
generated using Matplotlib (v3.8.2)% and Seaborn (v0.13.1)%, and all scripts are available
(https://github.com/katielong3768/Wheat-Inflorescence-Spatial-Transcriptomics).

Next, we developed maps of gene expression inside spikelet meristems focused on SR8-11.
We selected individual spikelet meristems using predefined cell groups and rotated the cells
to achieve a consistent orientation across the four SRs. We filtered transcript coordinates to
include only those falling within selected cells and defined a 25 x 25 grid over the SR cells. We
calculated transcript counts for each gene within each grid bin using NumPy digitize function
(v1.26.3)%, resulting in frequency matrices for genes of interest . We then averaged
frequencies across SR8-11 to generate composite frequency matrices for each gene. To
enhance spatial patterns, we applied smoothing to the composite matrices using a Gaussian
filter with SciPy (v1.13.0)%. To suppress low-frequency noise, we also applied thresholding by
setting the bottom 20% of values as minimum the threshold. Finally, we generated contour
plots to visualize smoothed composite matrices (Matplotlib, v3.8.2)%8.
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Extended Data Figure Legends

Extended Data Figure 1. Micro-dissection of wheat inflorescence and pooled RNA-
sequencing distinguishes samples by section and stage.

a, Location of central and basal sections for each developmental time point used in pooled
tissue RNA-sequencing. b, Principal component (PC) analysis separate samples by timepoint
(PC1) and spatial section (PC2). EDR, Early Double Ridge; LDR, Late Double Ridge; LP, Lemma
Primordium TS, Terminal Spikelet; CE, Carpel Extension. ¢, 12,384 genes differentially
expressed between central and basal microdissections of wheat inflorescences across five
developmental time points, genes selected for panel annotated with black bars. d,
Representative cryosections of four developmental stages: Late Double Ridge (LDR, W2.5),
Lemma Primordia (LP, W3.25), Terminal Spikelet (TS, W4), and Carpel Extension (CE, W5);
DAPI staining in blue, PolyT in green, visualised with MERSCOPE Visualizer Tool. e, OCT-
embedded block of 32 dissected meristems from stages EDR and LP, representing P77 and
P1FCt genotypes.

Extended Data Figure 2. Hybridisation patterns indicate non-homoeolog specificity and
low off-target rates for MERFISH probes.

a, Average count per cell metrics of 15 blank probes (grey) and two gene encoding probes,
TraesCS1B02G448400 and TraesCS2A02G314100, designed to test off-target activity, as
described in Supplementary Note 1. b,c, Expression patterns in W5 spikes of gene encoding
probes (b) TraesCS1B02G448400 and (c) TraesCS2A02G374100 visualised in the MERSCOPE
Visualizer Tool. DAPI stain in blue and detected transcripts in white.

Extended Data Figure 3. Spatial maps of 18 expression domains mapped over four
developmental stages in P77° NIL replicates.

a, UMAP projection of cells from eight samples, and expression domain assignment as in Fig.
2a. b-e, Spatial maps of Leiden clustering across time points (b) W2.5, (¢) W3.25, (d) W4, and
(e) W5 using Squidpy (v1.4.1), Scanpy (v 1.10.0), and Scanorama (v1.7.4). Scale bar = 500 pm.

Extended Data Figure 4. Spatial expression patterns of AGL6 marks palea and palea
progenitor cells.

a,d, Expression patterns of AGL6 in wildtype spikes at (a) LDR/W2.5, (b) LP/W3.25, (¢) TS/W4,
and (d) CE/W5 developmental stages. DAPI channel in blue, AGL6 transcripts in pink,
visualised with the MERSCOPE Visualizer Tool. LDR, Late Double Ridge; LP, Lemma
Primordium TS, Terminal Spikelet; CE, Carpel Extension. e-g, Higher magnification of AGL6
expression at (e) LP, (f) TS, (g) CE stages.

Extended Data Figure 5. Spatial expression patterns of putative floral organ identity
genes.

To test the assumptions of the ABCDE model in wheat, we use MERFISH to investigate spatial
expression patterns of (a) B-class genes AP3, PI1, and PI2, (b) C-class genes AG7T and AG2, (c)
D-class gene STK7, and (d) E-class genes SEP3-1, SEP3-2, and AGL6 in W5 florets. The genes
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in a-d are expressed in a highly spatially defined manner, suggesting their role as floral organ
identity genes as postulated by the ABCDE model. In contrast, genes belonging to (e) the
LOFSEP clade or (f) encoding putative A-class function (AP1/FUL-like or AP2-like) show either
little or unrestricted expression in developing florets, suggesting that they do not contribute to
defining floral organ identity. g, Expression domains (EDs) obtained through cell segmentation
and unsupervised clustering accurately predict floral organ identity. This image corresponds
to the left-hand spikelet of each panel in a-f. Note that the heatmaps in a-f are not scaled
uniformly, but instead to maximize visibility of each gene’s expression domain. Hence,
transcript levels in these images are not comparable. For further details see www.wheat-
spatial.com.

Extended Data Figure 6. Composite maps of gene expression within spikelet ridges
reveals phased gene expression patterns across meristems.

a, Individual SR8 meristem spatial map with overlaid expression of KNOX5, CUCS3, ILI3, and
AlL6. b-d, Equivalent spatial maps for SR9-11, respectively. e-h, Composite maps of average
expression from SR8-11 summarised for genes (e) KNOX5, (f) CUCS3, (g) AIL6, and (h) ILI3.

Supplementary Figure Legends

Supplementary Figure 1. OCT block layout and ‘Region of Interest’ selections for five
MERSCOPE experimental runs.

Layout of wheat inflorescence in OCT blocks (a,c,e,g,i), annotated with genotype and
developmental time point annotations. Asterisk annotations denote spikes selected for final
analysis. Images of OCT blocks taken on Leica Dissection Microscope. DAPI stain overview
and experimental region selections from MERSCOPE Instrument output (b,d,f,h,j).

Supplementary Figure 2. Quality control checks of eight samples and high correlations
between MERFISH data and bulk RNA-seq data indicate high sample quality.

a,b, Quality control metrics of (a) Total Transcript Counts per cell and (b) Total Gene Counts
per cellin high quality cells only, in eight samples, across four time points and two genotypes
used for onward analysis. ¢, Example of in silico microdissection used to select transcript
counts in PTWTLDR (W2.5) inflorescence correlated to bulk RNA-seq data (Supplementary
Table 7).

Supplementary Figure 3. /In situ hybridisation results in cereals from equivalent tissues
and time points as those used for MERFISH.

a-l, Transcript of wheat genes in MERFISH P1%" samples (left) compared to in situ
hybridisation of wheat gene or cereal ortholog at equivalent inflorescence stage in published
studies (right). Details of growth stages, gene IDs and publication are found in Supplementary
Table 8.
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Supplementary Figure 4. Editing seam lines in staining images improves segmentation
along cell boundaries.

a, Segmentation outputs without staining image edits, visualised in Vizgen MERSCOPE
Visualiser Tool. DAPI stain in blue, PolyT in green, and cell segmentation boundaries in white.
White arrow denotes seam line detected through segmentation resulting in false cell
boundaries. b, Raw DAPI stain, visualised in Imagel. White arrow denotes seam line detected
through segmentation resulting in false cell boundaries. ¢, Image J filters (Maximum Filter, x3
and Median Filter, x3) applied to stitching edge and Gaussian blur applied to full DAPI stain
image. d, Cell segmentation of edited staining images, after filtering of high-quality cells.
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Appendix 2 - MERFISH 200 gene panel

RefSeq v1.1 Gene ID Gene Homoeologous Hordeum vulgare Hordeum Oryza sativa Oryza sativa Zea mays Transcription
Name genes Refseq v1.1 gene ID vulgare Japonica Japonica Zea mays Gene Name Factor Family
gene id Gene gene ID Gene Name gene ID (Evans et al. 2022)
Name
TraesCS1A02G418400, Zm00001eb296790,
TraesCS1B02G448400 TraesCS1D02G426100 05050579100 Zm000016b344580
TraesCS2B02G332600,
TraesCS2A02G314100 TraesCS2D02G312300 0s05g0468400
TraesCS2D02G339400, Zm00001eb001290,
TraesCS2A02G323500 TraesCS2B02G358600  HORVU.MOREX.r3.2HG0176090 0s11g0157100  CycT1 Zm000016b428220
TraesCS2D02G229900, Zm00001eb105850
TraesCS2B02G274200 ATG8g TraesCS2A02G224000  HORVU.MOREX.r3.2HG0141620 0s07g0512200  Atg8
TraesCS7D02G344300, Zm00001eb064310
TraesCS7A02G336600 TraesCS7B02G248200  HORVU.MOREX.r3.7HG0712610 050380565500 mEF-G
TraesCS7D02G494400, Zm00001eb275020,
TraesCS7B02G413800 TraesCS7A02G506300  HORVU.MOREX.r3.7HG0742760 050680650100  OsUBQ5 Zm00001eb349470
0s01g0600900,
050140720500 Zm000016b296090
TraesCS7D02G276300 TraesCS7A02G276400 05090346500
TraesCS1A02G274400, Zm00001eb348450
TraesCS1B02G283900 TraesCS1D02G274400  HORVU.MOREX.r3.1HG0075220 050580438800 ACT1_5
TraesCS7B02G234400, Zm00001eb184000,
TraesCS6B02G243700, Zm00001eb246370  GAPC3 1,
TraesCS6A02G213700 TraesCS6D02G196300  HORVU.MOREX.r3.6HG0592050 0s02¢0601300  OsGapC1 GAPC3_2
TraesCS6A02G116200, Zm00001eb226920,
TraesCS6B02G144000 TraesCS6D02G105000  HORVU.MOREX.r3.6HG0558540 0s06g0701100  elF-4a Zm00001eb272920
TraesCS7B02G213300, Zm00001eb173410,
TraesCS7A02G313100 TraesCS7D02G309500  HORVU.MOREX.r3.7HG0703580 0s08g0126300  OsGapC3 Zm00001eb261430  Gapco
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Zm00001eb117830,

TraesCS2A02G267600,

TraesCS2D02G256600 PARG-2D  TraesCS2B02G268100  HORVU.MOREX.r3.2HG0154350 0s07g0124700  OsPLT8 Zm00001eb299300 AP2/ERF-AP2
TraesCS2B02G542400, Zm00001eb068520,

TraesCS2D02G515800 AP2-2 TraesCS2A02G514200  HORVU.MOREX.r3.2HG0204770 050480649100  SHAT1 Zm000016b432100 AP2/ERF-AP2
TraesCS4D02G291300, Zm00001eb005740

TraesCS4A02G011600 TraesCS4B02G292900  HORVU.MOREX.r3.4HG0404560 0s03g0176300  OsPLT10 AP2/ERF-AP2
TraesCS4B02G180600, Zm00001eb015020

TraesCS4A02G123800 AILE TraesCS4D02G182100  HORVU.MOREX.r3.4HG0381400 0s03g0313100  AP2/EREBP#086 EREB26 AP2/ERF-AP2
TraesCS5B02G486900, Zm00001eb062460

TraesCS5A02G473800 AP2-5 TraesCS5D02G486600  HORVU.MOREX.r3.5HG0525620 0s03g0818800  AP2/EREBP#033 EREB11 AP2/ERF-AP2
TraesCS3A02G259900, £m00001eb156040,

TraesCS3B02G293000 TraesCS3D02G260100  HORVU.MOREX.r3.3HG0281730 0s01g0693400  AP2/EREBP#127 £m00001eb360750 AP2/ERF-RAV
TraesCS2D02G 148000,

TraesCS2B02G168900 TraesCS2A02G144100  HORVU.MOREX.r3.2HG0119460 0s01g0234100 B3
TraesCS4A02G003900,

TraesCS4D02G299700 TraesCS4B02G301400  HORVU.MOREX.r3.4HG0405940 0sUBQS B3

TraesCS5B02G073400 TraesCS5D02G077800  HORVU.MOREX.r3.5HG0438190 Zm00001eb030510 B3
TraesCS3B02G273400, Zm00001eb157270

TraesCS3A02G246000 TraesCS3D02G245400 0s01g0670800  OSARF2 B3-ARF
TraesCS1D02G425900, Zm00001eb296770,

TraesCS1A02G418200 TSH1 TraesCS1B02G448200  HORVU.MOREX.r3.1HG0091840  TRD 050580578900  NL7 Zm00001eb344540 C2C2-GATA
TraesCS1B02G203800, Zm00001eb043940,

TraesCS1D02G 162600 YABBY1 TraesCS1A02G176300  HORVU.MOREX.r3.1HG0049220 0s10g0508300  YAB3 Zm00001eb220660 49 C2C2-YABBY
TraesCS2D02G382700, Zm00001eb075520,

TraesCS2B02G403100 YABBY3 TraesCS2A02G386200  HORVU.MOREX.r3.2HG0184460 0s04g0536300  YAB5 Zm00001eb427470 C2C2-YABBY
TraesCS4A02G058800, Zm00001eb008680,

TraesCS4D02G245300 YABBY4 TraesCS4B02G245900  HORVU.MOREX.r3.4HG0396510 0s03g0215200 DL Zm00001eb400130 7,5 o C2C2-YABBY
TraesCS5D02G380900, Zm00001eb218500

TraesCS5A02G371500 YABBY6 TraesCS5B02G373600  HORVU.MOREX.r3.5HG0507700 0s03g0650000  OsSh7 YAB6 C2C2-YABBY
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TraesCS6B02G266200, Zm00001eb248640
TraesCS6D02G220400 YABBY7 TraesCS6A02G237700  HORVU.MOREX.r3.6HG0598850 050280643200  YAB4 C2C2-YABBY
TraesCS2A02G312200, Zm00001eb081940,
TraesCS2D02G310500 TraesCS2B02G329000  HORVU.MOREX.r3.2HG0170820 0s04g0444100  NSGT Zm000016b423170 C2H2
TraesCS5D02G364900, Zm00001eb104490,
TraesCS5A02G356100 TraesCS5B02G358600  HORVU.MOREX.r3.5HG0504500 050980555700  OsIDD6 Zm00001eb320600 C2H2
Zm00001eb265700,
Zm00001eb292470,
Zm00001eb389000,
TraesCS5B02G125100, 7m000016b407120
TraesCS5D02G 133600 TraesCS5A02G125900  HORVU.MOREX.r3.5HG0458170 05120158800 E2FA_1 E2F-DP
TraesCS2D02G400100, Zm00001eb073790,
TraesCS2B02G420900 MOF1 TraesCS2A02G402700  HORVU.MOREX.r3.2HG0187690 050480566600  MOF1/MFS2 Zm00001eb428890 GARP-G2-like
TraesCS6A02G266400, Zm00001eb187880,
TraesCS6D02G248300 TraesCS6B02G293700  HORVU.MOREX.r3.6HG0606010 050280696900  OSKANADI1 Zm00001eb251390  jAno 1 GARP-G2-like
TraesCS7B02G200700,
TraesCS7A02G298700 TraesCS7D02G294400  HORVU.MOREX.r3.7HG0698540 GARP-G2-like
TraesCS2D02G194800, Zm00001eb108090,
TraesCS2A02G192600 SHR TraesCS2B02G214600  HORVU.MOREX.r3.2HG0130150 0s07g0586900  OsSHRT Zm00001eb326020  Grasgs GRAS
TraesCS4D02G122000, 05110124300, Zm00001eb093670,
TraesCS4A02G191300 TraesCS4B02G124000  HORVU.MOREX.r3.4HG0353780 051280122000  OsSCR2 Zm00001eb195650  gop GRAS
TraesCS4A02G430600 HORVU.MOREX.r3.7HG0642830 0s06g0127800  DLT Zm00001eb136140 GRAS
TraesCS2D02G435200,
TraesCS2A02G435100 GRF3 TraesCS2B02G458400  HORVU.MOREX.r3.2HG0193490 0s04g0600900  GRF3 GRF
TraesCS6A02G269600, Zm00001eb071830,
TraesCS6D02G245300 GRF9-6 TraesCS6B02G296900  HORVU.MOREX.r3.6HG0606810 Zm00001eb430300 GRF
TraesCS3B02G396100, Zm00001eb147970
TraesCS3D02G357400 RIL1 TraesCS3A02G363900  HORVU.MOREX.r3.3HG0302040  BEL2 0s01g0848400  gSH1, RIL1 HB48 HB-BELL
TraesCS4A02G289500, Zm00001eb051910
TraesCS4D02G022500 TraesCS4B02G025400  HORVU.MOREX.r3.4HG0334350 05030680700 HB-BELL

221



TraesCS1A02G 193400, Zm000016b024680

TraesCS1D02G197300 TraesCS1B02G208400  HORVU.MOREX.r3.1HG0053250 0s10g0575600  Roc3(t) ROC3_1 HB-HD-ZIP
TraesCS2D02G398600, Zm00001eb428740

TraesCS2B02G419200 TraesCS2A02G401200  HORVU.MOREX.r3.2HG0187460 0s04g0569100  ROC4 HB-HD-ZIP
TraesCS4D02G359600, Zm00001eb404260

TraesCS5A02G549700 HB-1 TraesCS4B02G385200  HORVU.MOREX.r3.4HG0417970 0s03g0109400  HOX10, LF1 HB-HD-ZIP
TraesCS5A02G043400, Zm00001eb031670

TraesCS5B02G047200 TraesCS5D02G052300  HORVU.MOREX.r3.5HG0429100 0s12g0612700  HOX33 HB-HD-ZIP
TraesCS5B02G378000, Zm00001eb050660,

TraesCS5D02G385300 TraesCS5A02G375800  HORVU.MOREX.r3.5HG0508470 050380640800  OsHB4 Zm00001eb218730 HB-HD-ZIP
TraesCS7D02G 168700, Zm00001eb278870

TraesCS7A02G167900 TraesCS7B02G072700  HORVU.MOREX.r3.7HG0663320 0s06¢0208100  Roc8(t) HDZIV15_0OCL15  HB-HD-ZIP
TraesCS1A02G072800, Zm00001eb264910,

TraesCS1D02G075700 KNOX3 TraesCS1B02G091700  HORVU.MOREX.r3.1HG0016370 050580129700  Oskn2 Zm00001eb354880 0y, (agp HB-KNOX
TraesCS2D02G256400, Zm00001eb117820,

TraesCS2B02G268200 TraesCS2A02G267400  HORVU.MOREX.r3.2HG0154270 0s07g0129700  OskN3, OSH15  £m00001eb299420 HB-KNOX
TraesCS4D02G058000, Zm00001eb055920

TraesCS4A02G256700 KNOX5 TraesCS4B02G057900  HORVU.MOREX.r3.4HG0339120 0s03g0727000  OSH1 KN-1 HB-KNOX
TraesCS5B02G410600, 0Os03g0771500, Zm00001eb058930

TraesCS5A02G405900 TraesCS5D02G415900  HORVU.MOREX.r3.5HG0513530 0s03g0772100  OsH43 HB-KNOX
TraesCS5B02G410600, 0s03g0771500, Zm00001eb058930

TraesCS5D02G415900 TraesCS5A02G405900  HORVU.MOREX.r3.5HG0513530 0s03g0772100  OsH43 HB-KNOX
TraesCS1D02G054000, Zm00001eb265710,

TraesCS1A02G052000 TraesCS1B02G069000  HORVU.MOREX.r3.1HG0010970 0s05g0118700  LSY7 Zm00001eb355310 /34 HB-WOX
TraesCS1A02G399400, Zm00001eb295920

TraesCS1B02G427400 TraesCS1D02G406900  HORVU.MOREX.r3.1HG0088440 0s05¢0564500  OsWOX9C wox9C HB-WOX
Zm00001eb067310,
Zm00001eb280440,

TraesCS2A02G491900 HORVU.MOREX.r3.2HG0201080 0s04g0663600  WOX1 Zm00001ebd33010 o, HB-WOX
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Zm00001eb157360,

TraesCS3A02G247200,

TraesCS3D02G244300 TraesCS3B02G272200  HORVU.MOREX.r3.3HG0278560 0s01g0667400  DWTT Zm00001eb359810 HB-WOX
TraesCS5A02G157300, 0s11g0102100, Zm00001eb197430

TraesCS5D02G162600 TraesCS5B02G156400  HORVU.MOREX.r3.5HG0467090 0s12g0101600  WOX3 HB-WOX
TraesCS2A02G443100, Zm00001eb071990,

TraesCS2B02G464200 LFY TraesCS2D02G442200  HORVU.MOREX.r3.2HG0194240 0s04g0598300  RFL Zm00001eb430240  f o LFY
TraesCS3B02G108500, Zm00001eb123060

TraesCS3A02G093200 RA2 TraesCS3D02G093500  HORVU.MOREX.r3.3HG0233930  RA2 ra2 ra2 LOB
TraesCS3A02G402300, Zm00001eb145150

TraesCS3B02G435700 TraesCS3D02G397200  HORVU.MOREX.r3.3HG0306540 0s01g0889400  CRLTL3 LBD6_1 LOB
TraesCS4B02G078800, Zm00001eb051620

TraesCS4A02G236200 TraesCS4D02G077600  HORVU.MOREX.r3.4HG0342720 0s03g0609500  OsLBD38 LBD37._3 LOB

TraesCS3A02G434900 TraesCS3D02G427900 0s01g0922800  MADS51 MADS-M-type
TraesCS1B02G214500, Zm00001eb393670

TraesCS1A02G199600 TraesCS1D02G203300  HORVU.MOREX.r3.1HG0054220 0s10g0536100  OsMADS56 MADS76 MADS-MIKC
TraesCS2B02G200800, Zm00001eb327040

TraesCS2A02G174300 FUL3 TraesCS2D02G181400  HORVU.MOREX.r3.2HG0127410 0s07g0605200  MADS18 m28 MADS-MIKC
TraesCS2D02G262700, DEP/ Zm00001eb298680

TraesCS2B02G281000 FUL2 TraesCS2A02G261200  HORVU.MOREX.r3.2HG0156870 0s07g0108900  OsMADS15 MADS-MIKC
TraesCS3B02G 157500,

TraesCS3A02G314300 AG2 TraesCS3D02G140200  HORVU.MOREX.r3.3HG0243770 MADS-MIKC
TraesCS3B02G318300, Zm00001eb154380

TraesCS3D02G284200 AGL14 TraesCS3A02G284400  HORVU.MOREX.r3.3HG0286170 0s01g0726400  MADS32 MADS-MIKC
TraesCS4D02G245200, Zm00001eb008690,

TraesCS4B02G245800 SEP1-1 TraesCS4A02G078700  HORVU.MOREX.r3.4HG0396440 OsMADS1 Zm00001eb400120  pppg74 MADS-MIKC
TraesCS4B02G346700, Zm00001eb001670,

TraesCS5A02G515500 TraesCS4D02G341700  HORVU.MOREX.r3.4HG0412460 0s03g0122600  OsMADSS50 Zm00001€b403750 5457 MADS-MIKC

Zm00001eb057540,

TraesCS5D02G401500,  HORVU.MOREX.r3.1HG0050060, gzgggg] ZE; i;gg’

TraesCS5B02G396600 VRN TraesCS5A02G391700  HORVU.MOREX.r3.5HG0511210 0s03g0752800  MADS14 MADS-MIKC
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Zm00001eb057560,

TraesCS5A02G391800, OsMADS34,

TraesCS5B02G396700 SEP1-6 TraesCS5D02G401700  HORVU.MOREX.r3.5HG0511250 PAP2 Zm00001eb214740 MADS-MIKC
TraesCS5A02G117500, Zm00001eb138380,  papgq3 1,

TraesCS5D02G118200 TraesCS5B02G115100  HORVU.MOREX.r3.1HG0024860 0s12g0207000  OsMADS13 Zm00001eb411130  pjapgo MADS-MIKC
TraesCS6B02G343900, Zm00001eb193790,

TraesCS6A02G313800 SVP-1 TraesCS6D02G293200  HORVU.MOREX.r3.6HG0616500 050280761000  OsMADS22 Zm00001eb255670  pjapg73 MADS-MIKC
TraesCS7D02G176700,

TraesCS7A02G175200 VRT2 TraesCS7B02G080300  HORVU.MOREX.r3.7HG0664320 0s06¢0217300  OsMADS55 MADS-MIKC
TraesCS7D02G380300, Zm00001eb272490

TraesCS7A02G383800 AP3 TraesCS7B02G286600  HORVU.MOREX.r3.7HG0721170 0s06g0712700  SPW1 silky1 MADS-MIKC

Zm00001eb271400,

TraesCS7D02G120500 SEP1-4 0s06g0162800  OsMADS5 Zm00001eb375830  sG19 MADS5 0 MADS-MIKC
TraesCS7B02G021000, Zm00001eb271400,

TraesCS7D02G120600 SEP1-5 TraesCS7A02G122100  HORVU.MOREX.r3.7HG0654930 050680162800  OsMADS5 Zm00001eb375830  AG19 MADS5 0 MADS-MIKC
TraesCS7B02G143900, Zm00001eb035180

TraesCS7D02G246100 cucs TraesCS7A02G247600  HORVU.MOREX.r3.7HG0680310 0s08g0511200  OsCUC3 NAC
TraesCS7A02G334800, Zm00001eb264380

TraesCS7D02G342300 TraesCS7B02G246300  HORVU.MOREX.r3.7HG0712060 0s06g0344900  OMTN5 NAC098_0 NAC
TraesCS6B02G316600, Zm00001eb189490,

TraesCS6A02G287300 LECT TraesCS6D02G268000  HORVU.MOREX.r3.6HG0611100 0s02g0725700  OSLECT Zm00001eb253260 | 50q NF-YB
TraesCS6A02G307500, Zm00001eb372360

TraesCS6D02G286800 TraesCS6B02G336100  HORVU.MOREX.r3.6HG0615300 RWP-RK
TraesCS5D02G273900, Zm00001eb316740

TraesCS5A02G265900 SPL17 TraesCS5B02G265600  HORVU.MOREX.r3.5HG0490900 0s09g0491532  OsSPL17 SPL17, TSH4 SBP
TraesCS7B02G144900, Zm00001eb035030

TraesCS7A02G246500 SPL14 TraesCS7D02G245200  HORVU.MOREX.r3.7HG0679980 0s08g0509600  WFP ub2 SBP
TraesCS7D02G261500, Zm00001eb175150,

TraesCS7A02G260500 TraesCS7B02G158500  HORVU.MOREX.r3.7HG0684000 0s08g0531600  GW3 Zm00001eb175190  popq ygag SBP
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HORVU.MOREX.r3.4HG0336690,

Zm00001eb054440,

TraesCS4D02G040100, HORVU.MOREX.r3.4HG0336700, Zm00001eb216630
TraesCS4B02G042700 81 TraesCS4A02G271300  HORVU.MOREX.r3.4HG0336720 0s03g0706500  FCT TCP1 TCP
Zm00001eb098330,
TraesCS5B02G183700, izggggl ::E g;?g’
TraesCS5A02G185600 TraesCS5D02G190700 0s09g0334500  WRKY74 WRKY46_1 WRKY
TraesCS5A02G225600, Zm00001eb312870
TraesCS5D002G232900 TraesCS5B02G224100  HORVU.MOREX.r3.5HG0484070 050980417600  WRKY76 WRKY
TraesCS3D02G009200,
TraesCS3B02G003500,
TraesCS3A02G000600 TraesCS3B02G002300  HORVU.MOREX.r3.3HG0218140 bHLH
TraesCS3D02G344600, Zm00001eb148990
TraesCS3A02G350600 BA1 TraesCS3B02G383000 0s01g0831000  LAXT BA1 bHLH
TraesCS4D02G286800, Zm00001eb005540,
TraesCS4A02G016000 I3 TraesCS4B02G288000  HORVU.MOREX.r3.4HG0403770 0s03g0171700  ILI3 Zm00001eb402170 bHLH
TraesCS5D02G237300, Zm00001eb099390
TraesCS5A02G230500 TraesCS5B02G229000  HORVU.MOREX.r3.5HG0484930 050980410700  OsbHLHO39 BHLH30_1 bHLH
TraesCS4B02G347100, Zm00001eb001630,
TraesCS5A02G515800 TraesCS4D02G342000  HORVU.MOREX.r3.4HG0412560 0s03g0122100  OsbHLH052 Zm00001eb403770 bHLH
TraesCS5B02G445900, Zm00001eb212930
TraesCS5D02G449200 BHLH007  TraesCS5A02G441900  HORVU.MOREX.r3.5HG0519660 050380797600  OsbHLHO98 bHLH
TraesCS6D02G357700, Zm00001eb258240
TraesCS6A02G373500 TraesCS6B02G411300  HORVU.MOREX.r3.6HG0627040 0s02g0805250  OsbHLH107 bHLH168 bHLH
TraesCS2D02G467100, Zm00001eb259650
TraesCS2A02G467100 TraesCS2B02G489900  HORVU.MOREX.r3.2HG0194820 050280833600  OsbZIP24 bzIP
TraesCS2D02G495700,
TraesCS2A02G495400 TraesCS2B02G523600  HORVU.MOREX.r3.2HG0201700 bzIP
TraesCS3D02G365200, Zm00001eb147220,
TraesCS3A02G372400 TraesCS3B02G404800  HORVU.MOREX.r3.3HG0300720 0s01g0859500  OsLG2 Zm00001eb366880 | ;5 bzIP
TraesCS4D02G335000,
TraesCS5A02G508600 TraesCS4B02G338700  HORVU.MOREX.r3.4HG0411520 0sUBQ6 bzIP
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0s01g0882200,

TraesCS7B02G114300, 050680265400, £m00001eb280500
TraesCS7A02G207100 TraesCS7D02G209800  HORVU.MOREX.r3.7HG0670600 0s10g0566200  OsbZIP47 FEA4, FEA4, FEA4  bZIP
TraesCS4B02G089700, Zm00001eb168120
TraesCS4D02G086300 TraesCS4A02G226800  HORVU.MOREX.r3.4HG0344270 0s11g0243300  OsZHD4 2f-HD
TraesCS1B02G172100, Zm00001eb045800,
TraesCS1A02G154900 TAW1 TraesCS1D02G153700  HORVU.MOREX.r3.1HG0043170 0s10g0478000  GI1L5 Zm00001eb221810 4,5 o G115 1
TraesCS1B02G386600,
TraesCS1A02G388600, HORVU.MOREX.r3.1HG0079250, Zm00001eb357340
TraesCS1A02G367900, HORVU.MOREX.r3.1HG0079280, H2B2_1, H2B2_1,
TraesCS1D02G373800 TraesCS1B02G386500  HORVU.MOREX.r3.1HG0080550 H2B2_1
Zm00001eb093840,
Zm000016b097490,
Zm00001eb097500,
Zm00001eb116180,
Zm00001eb116620,
Zm00001eb236870,
Zm00001eb239630,
Zm00001eb258420,
Zm00001eb276660,
Zm00001eb340540,
Zm00001eb424950,
Zm00001eb429320
TraesCS2D02G176500,
TraesCS2A02G168900 TraesCS2B02G195200  HORVU.MOREX.r3.2HG0125150 0s07g0188000  OsAGO14
TraesCS2A02G235900, Zm00001eb301620,
TraesCS2B02G260800 TraesCS2D02G241800  HORVU.MOREX.r3.2HG0151710 0s07g0182900  MET1B Zm00001eb301630
TraesCS2D02G378900, Zm00001eb426660
TraesCS2B02G399800 TraesCS2A02G382500  HORVU.MOREX.r3.2HG0181760 0s04g0516200  OsG1L4 GI1L3 3
Zm00001eb112080,
TraesCS2D02G079600 Ppd1 TraesCS2A02G081900  HORVU.MOREX.r3.2HG0107710 0s07g0695100  Hd2 Zm00001eb331630
TraesCS3D02G037400, Zm00001eb125440,
TraesCS3A02G043300 TraesCS3B02G040200  HORVU.MOREX.r3.3HG0222050 0s01g0129200  SL7 Zm00001eb335100
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TraesCS3B02G162000, Zm00001eb338650
TraesCS3A02G143100 FT2 TraesCS3D02G144500 HORVU.MOREX.r3.3HG0244930 FT2 0s01g0218500 OsFTL1 ZCN14
TraesCS3B02G161000, Zm00001eb337910,
TraesCS3D02G143300, Zm00001eb337920
TraesCS3A02G311100 TraesCS3D02G143500 HORVU.MOREX.r3.3HG0244570 CKXx2.2 0s01g0197700 Gnla
TraesCS3D02G434500, Zm00001eb142560
TraesCS3A02G441700 TraesCS3B02G475600 HORVU.MOREX.r3.3HG0312290 0s01g0927500 CRN
TraesCS3B02G141800, 0Os01g0177400, Zm00001eb122500
TraesCS3D02G124500 GA30x-D2 TraesCS3A02G122600 HORVU.MOREX.r3.3HG0240140 GA3ox2 0s04g0517600 D18 Dwarf1
TraesCS4B02G307600, Zm00001eb084030
TraesCS4A02G409200 RCN4-1 TraesCS4D02G305800 HORVU.MOREX.r3.4HG0407080 0s04g0411400 Rcn4 ZCN4
TraesCS4D02G050400,
TraesCS4B02G050200 TraesCS4A02G264800 HORVU.MOREX.r3.4HG0337770
TraesCS4D02G062900, Zm00001eb056300
TraesCS4B02G064000 TraesCS4A02G250600 HORVU.MOREX.r3.4HG0339920 0s03g0733600 OsGIF3 GIF1
TraesCS4A02G231200,
TraesCS4B02G084800 TraesCS4D02G082700 HORVU.MOREX.r3.4HG0343610 0s03g0416300
TraesCS4B02G078300, Zm00001eb051770,
TraesCS4D02G076900 TraesCS4A02G236700  HORVU.MOREX.r3.4HG0342640 050380607600  CycA3 Zm00001eb219220  yppz.q 1
TraesCS4A02G007400, Zm00001eb006020
TraesCS4D02G296400 ONI1 TraesCS4B02G297500 HORVU.MOREX.r3.4HG0405320 FDH 0s03g0181500 ONI1
TraesCS5B02G103600, Zm00001eb410730
TraesCS5A02G098300 HTA3 TraesCS5D02G110600 HORVU.MOREX.r3.5HG0446810 0s12g0530000
0s12g0274700,
051280291100, Zm00001eb092540,
05120291200, Zm00001eb197410
TraesCS5B02G162600, HORVU.MOREX.r3.5HG0468970, 0s12g0291400,
TraesCS5A02G165400 TraesCS5D02G169900 HORVU.MOREX.r3.5HG0469020 RBCS 051280292400 RBCS RBCS
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Zm00001eb063810,

Zm00001eb063840,
Zm00001eb063860,
Zm00001eb311640,
TraesCS5D02G509700, HORVU.MOREX.r3.5HG0529120, 05020519900, Zm00001eb371200
TraesCS5B02G509600 TraesCS4A02G363800  HORVU.MOREX.r3.5HG0529130 0s04g0118400 LOS1_2,L0S1_2
TraesCS4A02G319100, Zm000016b064970
TraesCS5B02G560300 TraesCS5D02G566200  HORVU.MOREX.r3.5HG0536610  GA20ox7  Os03g0856700  GA200X1
Zm00001eb164120,
TraesCS5A02G128600, ;:gggglzglgéggg’
TraesCS5D02G136300 TFL1 TraesCS5B02G127600  HORVU.MOREX.r3.5HG0460080 0s11g0152500  RCN1 ZCN1,ZCN3
TraesCS6D02G204800, Zm00001eb184610,
TraesCS6B02G251600 TraesCS6A02G230100  HORVU.MOREX.r3.6HG0594230 050280613900 Zm00001eb247050
TraesCS7A02G076500 TraesCS7D02G072200  HORVU.MOREX.r3.7HG0647300 0s06g0136900  DP1 Zm00001eb270060
TraesCS7A02G464400, Zm000016b224740
TraesCS7B02G364900 TraesCS7D02G452000  HORVU.MOREX.r3.7HG0735700 0s06g0677000  DEP3
TraesCS7A02G481600,
TraesCS7B02G384000 WAPO TraesCS7D02G468700  HORVU.MOREX.r3.7HG0738310 0s06g0665400  APO1
TraesCS7A02G506400, Zm00001eb275010
TraesCS7B02G413900 MND1 TraesCS7D02G494500  HORVU.MOREX.r3.7HG0742750  MND1 0s06g0650300  OsglHATT
TraesCS7D02G521200 TraesCS7A02G533800  HORVU.MOREX.r3.7HG0747230 0s06g0717200  FON1 Zm00001eb228140  7pq
TraesCSU02G093200 HORVU.MOREX.r3.7HG0654410
TraesCS7D02G292500, Zm00001eb415010
TraesCS7A02G292900 TraesCS7B02G186900 AP2/ERF-AP2
TraesCS2A02G116900, Zm00001eb111080,  pprygg g
TraesCS2B02G136100 Fzp TraesCS2D02G118200  HORVU.MOREX.r3.2HG0114260 050780669500  FZP Zm00001eb330200  £prpig3 AP2/ERF-ERF
Zm00001eb051360,
TraesCS4A02G233900, 0s03g0619600, izgggglzggfggzg’
TraesCS4D02G080200 TraesCS4B02G081600  HORVU.MOREX.r3.4HG0343160 05030619800 B3
TraesCS4A02G358000, HORVU.MOREX.r3.4HG0366420,
TraesCS5B02G514600 TraesCS5D02G514900  HORVU.MOREX.r3.5HG0518220 B3
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Zm00001eb378270

TraesCS7A02G066900 TraesCS7D02G061300  HORVU.MOREX.r3.7HG0644500 0s06g0130600 BBR-BPC
TraesCS5B02G406500, Zm00001eb058480,

TraesCS5A02G401800 SP3 TraesCS5D02G412000  HORVU.MOREX.r3.5HG0512830 0s03g0764900  OsDof15 Zm00001eb214170  poeoy poF2s C2C2-Dof

TraesCS3D02G233200 TraesCS3A02G219300  HORVU.MOREX.r3.3HG0271180 CPP
TraesCS5B02G201900, Zm00001eb311960

TraesCS5A02G203200 TraesCS5D02G209600  HORVU.MOREX.r3.5HG0478780 0s09g0395300  RL9 GARP-G2-like
TraesCS6A02G007300,

TraesCS6D02G011600 TraesCS6B02G012800  HORVU.MOREX.r3.6HG0540370 GARP-G2-like
TraesCS7A02G382800, Zm00001eb388460

TraesCS7D02G379200 MOC1 TraesCS7B02G285500  HORVU.MOREX.r3.7HG0720900 0s06g0610350  MOCT GRAS

Zm00001eb269150,

TraesCS4A02G434900 GRF5 TraesCS7D02G044200  HORVU.MOREX.r3.7HG0641080 0s06g0116200  OsGRF5 Zm00001eb378820 GRF
TraesCS6D02G315700, Zm00001eb193180,

TraesCS6A02G335900 GRF10-6  TraesCS6B02G366700  HORVU.MOREX.r3.6HG0620090 050280776900  GRF1 Zm00001eb256730 GRF
TraesCS7D02G 166400, Zm00001eb278670,

TraesCS7A02G165600 TraesCS7B02G070200  HORVU.MOREX.r3.7HG0662690 050680204800  OsGRF2 Zm00001eb373670  Gprqq GRF
TraesCS5A02G249000, Zm00001eb101280,

TraesCS5B02G246700 TraesCS5D02G256200  HORVU.MOREX.r3.5HG0488170 050980470500  Oshox4 Zm00001eb315750 5,19 HB-HD-ZIP
TraesCS7B02G208600, Zm00001eb416980

TraesCS7A02G308400 TraesCS7D02G305200  HORVU.MOREX.r3.7HG0702200 0s08g0136100  Roc7(t) HB-HD-ZIP
TraesCS3D02G540700, Zm00001eb296470, 1) 61 ,

TraesCS3B02G608600 TraesCS3A02G535200  HORVU.MOREX.r3.3HG0330190 Zm00001eb344240 g 60 0 MADS-M-type
TraesCS7B02G295200, Zm00001eb107600,
TraesCS7B02G295100, Zm00001eb340810  MADS46,

TraesCS7D02G388600 TraesCS7A02G393100  HORVU.MOREX.r3.7HG0723010 0s01g0340100  OSMADS93 MADS17 MADS-M-type
TraesCS1D02G264500, Zm00001eb349060,

TraesCS1A02G264300 PI7 TraesCS1B02G275000  HORVU.MOREX.r3.1HG0065060 0s05g0423400  OsMADS4 Zm00001eb349070 1,15 pmapS29 MADS-MIKC
TraesCS1A02G125800, Zm00001eb284010

TraesCS1D02G127700 AG1 TraesCS1B02G144800  HORVU.MOREX.r3.1HG0031260 050580203800  MADS58 ZAG1 MADS-MIKC
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TraesCS3D02G401700, Zm00001eb145660
TraesCS3A02G406500 PI2 TraesCS3B02G440200  HORVU.MOREX.r3.3HG0307160 05010883100  OsMADS2 m16 MADS-MIKC
Zm00001eb008690,
TraesCS4D02G243700 SEP1-2 TraesCS4B02G245700  HORVU.MOREX.r3.4HG0396400 OsMADST Zm00001eb400120  papg74, pan MADS-MIKC
TraesCS4B02G302600, Zm00001eb006480
TraesCS4D02G301100 SVP3 TraesCS4A02G002600  HORVU.MOREX.r3.4HG0406150 0s03g0186600  OsMADS47 MADS-MIKC
TraesCS5D02G294500,
TraesCS5A02G286800 SEP3-2 TraesCS5B02G286100  HORVU.MOREX.r3.5HG0494190 OsMADS24 MADS-MIKC
TraesCS6D02G240200, Zm00001eb187330,
TraesCS6A02G259000 AGL6 TraesCS6B02G286400  HORVU.MOREX.r3.6HG0604360 050280682200  MFO1 Zm00001eb250710 7453 MADS-MIKC
TraesCS7A02G260600, Zm00001eb036590
TraesCS7D02G261600 SEP3-1 TraesCS7B02G158600  HORVU.MOREX.r3.7HG0684020 0s08g0531700  OsMADS7 mé MADS-MIKC
TraesCS6A02G273200, Zm00001eb252160
TraesCS6D02G253300 TraesCS6B02G300600  HORVU.MOREX.r3.6HG0607680 050280706400 MYB-related
TraesCS7D02G233300 TraesCS7A02G233300  HORVU.MOREX.r3.7HG0676910 0s12g0522516 MYB-related
TraesCS2B02G323500, Zm00001eb082430
TraesCS2A02G306800 TraesCS2D02G305300  HORVU.MOREX.r3.2HG0169570  NAC026 0s04g0437000  ONAC079 NAC
TraesCS3B02G439600, Zm00001eb145580
TraesCS3D02G401200 nacéD TraesCS3A02G406000  HORVU.MOREX.r3.3HG0307040 05010884300  OsNAC6 NAC
HORVU.MOREX.r3.7HG0668720,
HORVU.MOREX.r3.7HG0670950,
HORVU.MOREX.r3.7HG0670970,
HORVU.MOREX.r3.7HG0671010,
HORVU.MOREX.r3.7HG0671160,
HORVU.MOREX.r3.7HG0671170,
HORVU.MOREX.r3.7HG0671220,
TraesCS7D02G210900, HORVU.MOREX.r3.7HG0671300,
TraesCS7B02G116300, HORVU.MOREX.r3.7HG0671420,
TraesCS7A02G209100 TraesCS7D02G211300  HORVU.MOREX.r3.7HG0678520 OsUBQ11 NAC
TraesCS7D02G008500 TraesCS4A02G486200  HORVU.MOREX.r3.7HG0635150 0s06g0104200  OsSWN7 Zm00001eb379460 NAC
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Zm00001eb208150,

TraesCS6B02G138400,
TraesCS6A02G110100 SPL3 TraesCS6D02G098500  HORVU.MOREX.r3.6HG0557190 0s02g0139400  OsSPL3 Zm00001eb232050  ggpoq sppo7 SBP
TraesCS1D02G241300, Zm00001eb287080,
TraesCS1A02G241400 TraesCS1B02G253200  HORVU.MOREX.r3.1HG0058900 0s05g0386201  OsUBQ7 Zm000016b347090 SRS
Zm00001eb041640,
Zm00001eb113670,
Zm00001eb164370,
TraesCS2B02G025700, 7m0000716b179560
TraesCS2D02G019300 TCP22 TraesCS2A02G018000  HORVU.MOREX.r3.2HG0097880 0s08g0432300  OSTCP22 TCP11 TCP
TraesCS5B02G205600, Zm00001eb099370,
TraesCS5A02G207300 TraesCS5D02G213400  HORVU.MOREX.r3.5HG0479720  COM1 0s09g0410500  REPT Zm000016b312380 TCP
TraesCS4A02G355900, Zm00001eb037480
TraesCS5D02G516300 PCF2 TraesCS5B02G516200  HORVU.MOREX.r3.5HG0530230 0s08g0544800  PCF2 TCP
TraesCS7D02G113100, Zm00001eb332170
TraesCS7B02G014500 TraesCS7A02G117100  HORVU.MOREX.r3.7HG0654120 0s01g0293100  OsbHLH142 bHLH16 bHLH
TraesCS1B02G317100, Zm00001eb352240
TraesCS1A02G306300 FDL2 TraesCS1D02G306000  HORVU.MOREX.r3.1HG0070040 050580489700  HBF1 bZIP96 bzIP
TraesCS3A02G337200, Zm00001eb150010,
TraesCS3B02G368300 TraesCS3D02G330300  HORVU.MOREX.r3.3HG0296180 0s01g0813100  HBF2 Zm00001eb369160 bzIP
TraesCS1B02G095900, Zm00001eb026490
TraesCS1A02G077800 TraesCS1D02G079900  HORVU.MOREX.r3.1HG0017310 051080147400  OsLAX4
TraesCS1D02G 154700, Zm00001eb045690,
TraesCS1A02G156100 TraesCS1B02G173200  HORVU.MOREX.r3.1HG0043530 0s10g0479500  LOGL10 Zm00001eb221650 | 55,19 o
TraesCS1D02G400800,
TraesCS1A02G392600 TraesCS1B02G420900  HORVU.MOREX.r3.1HG0087000
TraesCS1B02G042200 MT2B TraesCS1D02G034800  HORVU.MOREX.r3.1HG0005600 0s05g0111300  OsMT2b Zm00001eb355770
TraesCS1D02G263700,
TraesCS1B02G274200 TraesCS1A02G263600  HORVU.MOREX.r3.1HG0065220 050580421900  GA200X4
TraesCS1D02G452700, Zm00001eb297830
TraesCS1B02G479300 TraesCS1A02G444500  HORVU.MOREX.r3.1HG0095240 05050595800
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TraesCS1A02G341300, Zm00001eb038890
TraesCS1D02G343400 TraesCS1B02G354000  HORVU.MOREX.r3.1HG0076820 050880562500
TraesCS2B02G393900, 0s04g0525100, Zm00001eb076850
TraesCS2A02G376400 TraesCS2D02G372800  HORVU.MOREX.r3.2HG0182990 050480525200
TraesCS2B02G170400 TraesCS2D02G149200
TraesCS2A02G302300,
TraesCS2B02G318100 TraesCS2D02G301000 0s04g0429600  OsCslH3
TraesCS3D02G162700,
TraesCS3A02G155200 TraesCS3B02G181500  HORVU.MOREX.r3.3HG0249060 050180231000  OSIAA3
TraesCS3D02G251900, Zm00001eb155240
TraesCS3A02G251500 TraesCS3B02G281000  HORVU.MOREX.r3.3HG0284030 0s01g0708500  LOGLT LOGL1
TraesCS3D02G247700, Zm00001eb154930
TraesCS3B02G276500 TraesCS3A02G243700  HORVU.MOREX.r3.3HG0284930 0s01g0715600  OsPINS
TraesCS4D02G190100, Zm00001eb013890,
TraesCS4A02G115400 TraesCS4B02G188800  HORVU.MOREX.r3.4HG0383650 05030299200 Zm00001eb396660
TraesCS4A02G294000, Zm00001eb052290
TraesCS4D02G017800 RGB TraesCS4B02G019900  HORVU.MOREX.r3.4HG0333760 050380669200  OsWD40-80 GB1
TraesCS5D02G165900, Zm00001eb095620,
TraesCS5A02G161000 TraesCS5B02G158400  HORVU.MOREX.r3.5HG0467900 0s09g0111100  CycD3 Zm00001eb307250  cycpg.o g
050180600900,
TraesCS5A02G350600, 05010720500,
TraesCS5B02G353200 TraesCS5D02G357600 050980346500  CAB2R
TraesCS5B02G377300 TraesCS5A02G375200  HORVU.MOREX.r3.5HG0508300 0s03g0642300  OsUBQ9
TraesCS5D02G507300, Zm00001eb211290,
TraesCS5B02G507300 TraesCS4A02G366000  HORVU.MOREX.r3.5HG0528540 050380829200 Zm00001eb211300
TraesCS4A02G357800,
TraesCS5B02G513800 TraesCS5D02G514300 05030789900
Zm00001eb100230,
TraesCS5D02G216900 DEP1 TraesCS5A02G215100  HORVU.MOREX.r3.5HG0480200 OsDEP1 Zm00001eb314160
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0s02g0189800,

TraesCS6D02G161200, 050280190000, Z£m00001eb206350
TraesCS6A02G171800 TraesCS6B02G199700  HORVU.MOREX.r3.6HG0574990 0s02g0190300  OsABCB9
TraesCS6D02G167500, Zm00001eb205550,
TraesCS6A02G 176400 TraesCS6B02G209100  HORVU.MOREX.r3.6HG0577760 0s02g0203700  SRZ1 Zm000016b235450
TraesCS6B02G414700, £m00001eb191830,
TraesCS6A02G377300 TraesCS6D02G361900  HORVU.MOREX.r3.6HG0627710 0s02g0811000  GI1L6 Zm00001eb258390 4,6 1 G116 3
TraesCS7A02G071700 TraesCS7D02G067300  HORVU.MOREX.r3.7HG0645770 0s08g0167000 OsABCG18 Zm00001eb415250
TraesCS7D02G190900, Zm00001eb020600
TraesCS7A02G189800 TraesCS7B02G094700  HORVU.MOREX.r3.7HG0666770 050380436600
TraesCS7D02G209200, Zm00001eb380020
TraesCS7A02G206400 TraesCS7B02G113600  HORVU.MOREX.r3.7HG0670510 05060264500
TraesCS7D02G263600, Zm00001eb036900,
TraesCS7A02G262900 TraesCS7B02G160700 0s08g0535600  OsUBQ11 Zm00001eb175490  pp10
TraesCS7D02G337800, Zm00001eb281500
TraesCS7A02G341800 TraesCS7B02G241100  HORVU.MOREX.r3.7HG0710810 05060503400
TraesCS7A02G372700
TraesCS7A02G426200
TraesCS7B02G095500, Zm00001eb372180
TraesCS7D02G191600 TraesCS7A02G190600  HORVU.MOREX.r3.7HG0666880 050680232300  PIN1C PINTC
TraesCS7A02G331300,
TraesCS7D02G339600 TraesCS7B02G243000  HORVU.MOREX.r3.7HG0711310  HVTIP2 0s06g0336200  OsTIP2
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Abstract

This protocol documents the steps for tissue fixation, embedding, and sectioning of wheat inflorescence tissue in
preparation for a Multiplexed Error Robust Fluorescence In Situ Hybridisation (MERFISH) protocol; however, can
be applied to other spatial transcriptomic or histology applications. Accompanying information can be found at
Long & Lister et al., 2024 doi: https://doi.org/10.1101/2024.12.19.629411

Guidelines

Safety warnings

- WARNING: Formaldehyde is a carcinogen. Use in a chemical fume hood.

- WARNING: Take care when using microtome blades. The cutting edge is extremely sharp. It is recommended to
wear cut-resistant safety gloves. Before manipulating or moving a specimen, or taking a break, always lock the
handwheel and cover the cutting edge with the knife guard.

- WARNING: Liquid nitrogen rapidly vaporizes to gas. Displacing air in a confined space such as a service lift may
kill by asphyxiation. Cold and frostbite burns can occur from direct contact or contact with items cooled by Liquid
Nitrogen.

211
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Materials

Materials/Reagents

- 16% formaldehyde [w/v], methanol-free (Pierce, 28906M)
- Tissue-Tek mold, 25 x 20 x 5 mm (Thermo Fisher, AGG4580M)
- Blitz RNase Spray (Severn Biotech Ltd, 40173505M)

- MX35 Ultra Microtome Blade (Epredia, 3053835M)

- Tissue-Plus OCT compound (Agar Scientific, AGR1180M)
- Polysine Adhesion Slides (Epredia, J2800AMNZM)

- RNase-free 2ml Eppendorf Tubes

- Sucrose

- Plastic Petri Dishes

- 1x PBS in nuclease-free water

- Liquid Nitrogen

Equipment/Tools

- Liguid Nitrogen Carrier, 4 Litre (Agar Scientific, AGB7477M)

- Dissection Tools (GeeEdge ophthalmic slit knife model CJY01-2.2, GeeEdge MVR CJY04-209)

- Stereo microscope with lighting & camera (Leica S9, HXCAM HiChrome HR4 Lite camera and a Photonic Optics

light source)
- Cryostat (Leica CryoStar NX70M)
- Paintbrushes

3/1
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I Tissue Dissection & Fixation

1 Prepare 4% Paraformaldehyde solution in 1x PBS. Aliquot & 1mL 4% PFA solution into

2ml RNase-free Eppendorf Tube, store on ice.

2 Follow steps for tissue dissection documented in 'Wheat spike meristem microdissection’
(dx.doi.org/10.17504/protocols.io.3byl49r2zgo5/v2). We modified this protocol by

including the youngest leaves wrapped around the spike meristem.

i
w25 W3.25 w4 W5
(Late Double Ridge) (Lemma Primordia) (Terminal Spikelet) (Carpel Extension)

Dissected spike meristem prepared for MERFISH protocol, in four developmental stages
(Waddington stage W2.5, W3.25, W4, and W5). Taken on Leica Stereomicroscope.

3 Carefully transfer dissected spike meristems to 4% PFA solution with RNase-free pipette
tip.

4 Vacuum infiltrate tissue submerged in 4% PFA solution for Q') 00:10:00 , or until tissue 10m

sinks.

5 Incubate tissues in 4% PFA solution overnightat § 4 °C

Tissue Cryoprotection

6 Prepare 15% [w/v] sucrose solution with 1.5 g sucrose in 10 mL of 1x PBS.

4/11
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7 Prepare 30% [w/v] sucrose solution with 3.0 g sucrose in 10 mL of 1x PBS.

8 Carefully aspirate 4% PFA solution from tissue.

9 Wash tissues with 1x PBS solution, repeat step 3x.

10 Immerse tissue in 15% sucrose solution for &) 06:00:00 at 4°C. 6h

11 Carefully aspirate 15% sucrose solution from tissues.

12 |mmerse tissue in 30% sucrose solution, () Overnight at § 4 °C . 6h

13 Prior to embedding, clean all work surfaces and dissection tools with Blitz RNase Spray.

following step: With a lab marker, draw a 1cm x 1cm square on the back of a mold,
centering the drawn square in the middle of the mold. Label the front of the mold with
sample information.

14 If protocol requires tissues be embedded within a limited area, proceed with the

5/11
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15

16

17

18

19

Tissue-Tek mold (25 x 20 x 5 mm) with a 1Tcm2 square drawn on the back of the mold
with
lab marker

Tissue Embedding

Prepare a 60 mm Petri dish filled with O.C.T. compound, adding enough to entirely cover
dissected tissues.

Collect a drop of O.C.T. compound on a dissection tool, and use to carefully pick up
tissue from 30% sucrose solution.

With a dissection tool, carefully transfer tissue to the Petri dish, and submerge tissue into
O.C.T. compound.

Examine tissue in O.C.T compound under a stereo microscope. With a dissection tool,
gently move tissue within OCT for 1 minute, ensuring tissue is fully coated in O.C.T.
compound. Remove any visible air bubbles from tissue, either by moving tissue gently
around in OCT solution, or gently moving bubble with clean dissection tool.

Keeping tissue emerged in O.C.T. compound, trim excess tissue with dissection tools as
required.

6/11
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20 Using a dissection tool, move O.C.T. coated tissue into Tissue Tek mold. Push to the
bottom of the mold and align tissue to desired orientation for sectioning.

Wheat Inflorescence embedded in OCT, placed within 1Tcm2 area of TissueTek mold

Freezing & Storage

21 Fill liquid nitrogen carrier with liquid nitrogen.

22 Carefully place a Petri dish lid upside down, floating on liquid nitrogen solution.

23 Place Tissue-Tek mold on top of Petri dish lid. Close liquid nitrogen carrier lid.

24 Once O.C.T is frozen (completely white & opaque), remove Tissue Tek mold.

25 store Tissue Tek mold in sealed bag, parafilm, or aluminum foilat § -70 °C

Cryosectioning

26 Clean the cryostat surface, forceps, and paintbrushes with Blitz RNase Spray before
sectioning.

27 Set chamber temperatureto § -20 °C and blade temperature to § -18 °C

28 Position a fresh MX35 Ultra Microtome Blade. Allow to cool completely before locking
into place.

7M1
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29

30

31

32

33

Warm cryomolds inside the cryostat for ) 00:30:00 at § -20°C . 30m

Trim O.C.T. blocks to remove excess O.C.T., ensuring a margin of O.C.T. left around
tissues.
N e )

Frozen O.C.T block, trimmed to leave ~3 mm area around tissues

Mount O.C.T. block to chuck with room temperature O.C.T. Allow O.C.T. to solidify in
cryostat.

Mount chuck and align tissues to blade.

Take -]~ 10 um sections to trim down block. Throughout trimming, mount section to

room temperature glass slides, and inspect sections to assess cutting angle and depth of

8/11
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tissue.

34 Oncethe region of interest is at the optimal depth and angle, take »l« 10 um sections,

slowly and flatten with paintbrush as section is cut.

35  Detach section from blade gently, and continue to flatten edges of the section with
paintbrush. To prevent further corners peeling or rolling up, flip the section with

9/11
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paintbrush.

36 Mount section to room temperature slides by quickly and precisely lowering slide into the
cryostat chamber and pressing gently to section.

37 Move slide out of the chamber to room temperature. Visually inspect section has
completely adhered to glass slide.

10/11
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Example of wheat inflorescence cryosections adhered to glass slide- taken on Leica
Stereomicroscope.

38  Place the slides in 60 mm Petri dishes (or another Petri dish suited to the size of glass 30m
slide) and incubate in the cryostat chamber for ) 00:30:00

39 Wash slides 3x with & 5mL 1x PBS, incubate () 00:05:00 each wash.

40 Aspirate 1xPBS. Add & 5mL 70% ethanol or until slide is completely submerged. Seal
Petri dish with parafilm. Storeat § 4 °C for up to 1 month.

41 Next steps will vary depending further experimental design. For MERFISH experiments
with the Vizgen MERSCOPE protocol, see MERSCOPE User Guide (Fresh and Fixed
Frozen Tissue Sample Preparation, 91600002, Rev F).
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