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Abstract

Drought is one of the most significant environmental stressors affecting global agriculture. Crop
wild relatives represent a valuable reservoir of drought tolerance, and their integration into
primary breeding pools has been proposed through de novo domestication. This approach
involves introgressing domestication traits from cultivated material while preserving the
genetically complex drought adaptation mechanisms of wild relatives. Barley (Hordeum vulgare
L.) is an ideal model for studying de novo domestication through conventional breeding methods
due to the absence of crossing barriers between wild (H. vulgare ssp. spontaneum) and cultivated
(H. vulgare ssp. vulgare) types. Until now, targeted integration strategies to fully harness the

potential of wild germplasm for drought tolerance genetic improvement have been underexplored.

This thesis addresses critical gaps in the exploration, evaluation, selection, and integration of
barley wild relatives to the cultivated gene pool by developing a holistic framework. This
framework combines physiological, agronomic, and data-driven approaches for germplasm
exploration and de novo domestication. The ultimate goal is to enhance the utilisation of wild
genetic diversity in pre-breeding research. This framework was conceived to enhance the
identification of drought-adaptive traits while reducing productivity loss under drought conditions
and minimising yield penalties in favourable environments. The feasibility of the framework is
demonstrated through the field experimental data, highlighting the relationship between a propsed
image-based Transpiration Efficiency (iTE) index—derived from hyperspectral and thermal

imaging—and agronomic performance, measured by a Tolerance Index (TOL).

A glasshouse phenotyping protocol for assessing drought tolerance was developed and applied to
a random set of 120 wild accessions, using a multi-trait analysis combined with unbiased
clustering techniques to evaluate and select drought-tolerant candidates. While there were clear
treatment effects on canopy temperature depression CTD — a spectral proxy of transpiration — due
to varying soil water content, the lack of interaction effects between genotype, treatment and time
of measurement highlights opportunities to enhance the precision of current phenotyping
methodologies. The multivariate analysis revealed a weak correlation between genetic and
phenotypic diversity and allowed the classification of genotypes into distinct phenotypic clusters,

providing insights into different drought response profiles.

Robust molecular markers were developed for three barley domestication genes controlling rachis

brittleness (B#rl), dormancy (Qsdl) and awn roughness (ROUGH AWNI). These markers were
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used for marker-assisted backcrossing (MABC) to facilitate the introgression of domestication
traits from cultivated barley into wild backgrounds aiming to preserve genetically complex
drought tolerance mechanisms. This process enabled the generation of BC2F3 de novo-
domesticated lines, providing a valuable resource for further pre-breeding field research and

physiological studies.

Finally, phenotypic responses of de novo-domesticated lines were characterised in comparison to
their parental lines, confirming the feasibility of de novo domestication to retain genetically
complex traits from wild relatives while improving their agricultural value for cultivation. This
research contributes to a broader understanding of how wild germplasm can be leveraged for
stress tolerance breeding via de novo domestication, offering practical strategies for integrating
wild relatives into modern breeding programmes using emerging high-throughput phenotyping

technologies.
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Preface

This thesis consists of seven chapters, of which four (Chapter 3 to 6) are experimental. Chapter 2
has been published as a Viewpoint paper in New Phytologist journal (2025 impact factor 9.4), and
therefore employs the pronoun “we” in several instances to recognise the contributions of co-
authors to the manuscript. The abstract and introduction of this manuscript have been moved to
Chapter 1 to reduce overlap in the first two chapters. As the primary author, my contribution to
this publication exceeded 70% and included conceptualising the idea, drafting the main
manuscript while integrating co-authors’ feedback through multiple revisions, designing and
refining all figures, and conducting additional investigations to obtain experimental evidence. The

original manuscript is included at the end of the thesis, following the appendices.
The citation of Chapter 2 manuscript is as follows:

Guadarrama-Escobar LM, Hunt J, Gurung A, Zarco-Tejada PJ, Shabala S, Camino C,
Hernandez P, Pourkheirandish M. 2024. Back to the future for drought tolerance. new phytologist
242(2 p.372-383): 383-372. DOI: 10.1111/nph.19619

Chapters 3 to 7 are designed for publication in international peer-reviewed journals; however, at
the time of writing, they remain as unpublished material in preparation for publication but not
yet submitted. To maintain consistency throughout the thesis, all figures, tables, and
supplementary materials have been renumbered sequentially across chapters. Consolidated
Reference and Appendix lists are provided at the end of the thesis. All figures presented in this
thesis are original creations in collaboration with PhD supervisors and CropGEM members at the
University of Melbourne. Finally, as this thesis is structured as a series of intended independent

publications, it inevitably resulted in some degree of repetition throughout different chapters.
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Chapter 1

General Introduction

1.1 Background

The rising global population is projected to reach 10.9 billion by 2100, coupled with dietary shifts
towards higher meat consumption, reinforce the demand for sustainable food production (Adam,
2021). These challenges are further intensified by climate change and global warming. Drought
stands out as the most damaging abiotic stressor worldwide, causing annual losses of US$80
billion (Razzaq et al, 2021). Despite previous genetic improvements that have improved
productivity, yield gains for key crops such as wheat, rice, maize, and barley are slowing down.
This indicates potential limitations of current breeding resources and selection strategies (Araus

etal.,2018).

1.2 Genetic erosion and vulnerability of modern crops

Ancient farmers selected beneficial traits during the domestication of crops including reduced
natural dispersal mechanisms and reduced seed dormancy. These agronomically valuable traits
are the result of naturally occurring mutations selected by humans either deliberately or
unintentionally. The selected mutations were maintained, leading to a rapid increase in allele
frequency with each generation until these traits became fixed within the population. The repeated
cultivation of the same genotypes has restricted the diversity in cultivated crops. This bottleneck

effect has occurred at different phases during the history of agriculture (Figure 1.1).

Genetic diversity is crucial for crop improvement, as breeders rely on it to enhance yield and
resilience to biotic (living) and abiotic (non-living or environmental) stresses. Genetic diversity
has two main components: recombination, which involves chromosome shuffling to produce new
allele combinations, and DNA mutation, which creates allelic diversity. Modern breeding has
extensively relied upon recombination to improve domesticated cultivars via artificial
hybridisation programs, however, this relies on diversity already within the cultivated varieties.
The occurrence of domestication events in crop species has typically been limited, for example,
in barley, grain retention on spike (non-brittle rachis) has been selected twice by two independent
groups of ancient farmers during barley domestication. Thus, a chromosomal segment, including
the non-brittle rachis and surrounding genes, is limited to only two alleles passed through the

domestication bottleneck. Allele diversity of genes located in other loci unlinked to the



domesticated trait (neutral genes) is also limited in domesticated gene pool to a few lines selected
and retained during the domestication by early farmers (Doebley et al., 2006). This genetic
erosion within the cultivated gene pool negatively impacted the resilience and adaptive capacity
of crops, further worsened with agriculture intensification during the Green Revolution in the
1960s (Zhao et al., 2010; He et al., 2015; Khoury et al., 2021). Wild germplasm are an

underexploited genetic resource that can potentially improve the resilience and sustainability of

agricultural systems.
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Figure 1.1. Loss of genetic diversity during crop domestication. Genotypes with varying allele diversity
are color-coded. Crop domestication led to a significant reduction in allele diversity as ancient farmers
selected for plants with spontaneous DNA mutations that provided agronomic benefits (e.g., non-shattering
seeds). Although occasional hybridization of early domesticates with wild lines produced landraces, most
of the genomic background comes from the early domesticated lines. Modern cultivars arose from
chromosome shuffling and recombination of gene alleles selected during domestication. Despite the
incorporation of some wild alleles into modern cultivars, the majority of wild diversity remains untapped.

1.3 Germplasm utilisation strategies

Gene banks around the world are responsible for storing seeds of cultivars, landraces, and wild
relatives of many agriculturally important crop species (McCouch et al., 2013). However, there
is still a significant gap between the availability of stored material and its actual utilisation.
Despite the increasing number of entries in gene banks, the number of requests for these materials

has not increased proportionally, indicating that available genetic variation is being underutilised

(Sharma et al., 2013; Singh et al., 2021).

The identity of gene bank accessions is built upon several descriptors, including passport data
(e.g., collection site, growing conditions, soil characteristics), morphological traits, and some

agronomic characteristics. While these descriptors aim to provide a comprehensive



characterisation, they do not capture genotype performance under specific environmental
conditions. Environmental stresses such as drought vary in timing and intensity across regions,
making it impossible to classify gene bank accessions based on drought responses. As a result,
detailed characterisation of drought response exceeds the capacity and resources of gene bank
curators. This places the responsibility for evaluating these accessions and integrating their

genetic resources into breeding programmes on breeders themselves.

Breeders typically use gene bank accessions by developing core collections, which are curated
subsets representing the genetic diversity of the entire repositories. Often, these subsets require
further refinement to reduce the number of accessions advancing through the breeding pipeline
(Xu, 2010; McCouch et al., 2013). For landraces of wheat and barley, the primary strategy for
narrowing down candidate accessions—after the initial selection based on genetic diversity
metrics and site of origin—involves evaluating yield performance across multiple environments
and years. Yield serves the key criterion for assessment (Singh et al., 2021). However, this
approach is not directly applicable to wild relatives, as they are not adapted to agronomic use and
cannot be evaluated under standard agricultural practices in the same manner as landraces due to
non-domesticated traits such as seed shattering Instead, assessing wild relatives requires
alternative strategies that consider their adaptive traits, physiological responses, and potential for

trait introgression, rather than direct yield performance.

1.4 De novo domestication of wild relatives

Early discussions on the use of wild realtives for crop improvement date back to the 1880s with
Nikolai Vavilov, a pioneering Russian geneticist and plant breeder whose work on the origin and
development of cultivated plants laid the foundation for exploring the potential of diverse
germplasms in plant breeding (Hummer & Hancock, 2015). Since then, the employment of wild
relatives in modern breeding has been most successful in transferring traits controlled by one or
a few major genes, particularly disease resistance, through backcrossing methods(Mammadov e?
al., 2018; Mishina et al., 2023). However, the intricate physiological and molecular mechanisms
of drought responses and the linkage drag of traits detrimental to agriculture complicate the

traditional trait introgression via conventional breeding (Khadka et al., 2020).

Drought responses involve complex molecular mechanisms. Many drought tolerant plants
(xerophytes) use Na+ as an inexpensive osmoticum to maintain normal stomatal function under
mild water stress (Kang et al., 2016; Xi et al., 2018). Under severe stress, plants not only optimise
water use efficiency by reducing stomatal aperture but also decrease stomatal density to prevent

unproductive water loss (Shabala, 2013; Bertolino et al., 2019; Robertson et al., 2021). This can



be accompanied by changes in leaf wax composition (Hasanuzzaman et al., 2023b), increased
root suberisation (Kim et al., 2022), and alterations in aquaporin expression (Maurel ef al., 2015;
Shekoofa & Sinclair, 2018). All these processes are controlled by a variety of signalling molecules
and transcription factors, complicating the already challenging germplasm evaluations; especially

during the initial screening of numerous gene bank accessions.

Grain dispersal is one of the most prevalent traits in wild grasses and cereals that contributes to
linkage drag. This occurs when the stem holding the grains weakens and fractures upon maturity,
leading to grain shattering. While this dispersal mechanism is advantageous in the wild for
survival, it poses significant challenges for crop cultivation. To address these challenges, there is
aneed to develop strategic approaches to efficiently harness the vast diversity of drought response

mechanisms found in unexplored wild genetic resources.

The concept of de novo domestication was recently formalised as a targeted breeding strategy to
widen the primary breeding pool and ameliorate the loss of genetic diversity in modern cultivars
(Fernie & Yan, 2019; Langridge & Waugh, 2019). De novo domestication is an accelerated version
of the artificial selection exerted by humans that spanned millennia. This method uses molecular
techniques to incorporate domestication genes into the wild relatives, offering breeders access to
the wild genetic background as only a few genes are modified in the process. De novo
domestication is particularly advantageous for quantitative traits such as drought tolerance, which
are controlled by numerous interacting genes with small additive effects and operating within
complex genetic networks. Although counterintuitive due to the long history of selective breeding
for high yield and quality crops, de novo domestication is aimed to develop an intermediary pre-
breeding material to incorporate into more advanced breeding programs. Although mentioned in
literature, evidence regarding the preservation of quantitative traits from wild species, while

eliminating undesirable traits, remains largely speculative.

Barley is one of the most important grain crops globally, after maize, wheat, and rice, often chosen
for cultivation in marginal lands. Consequently, it is also one of the crops most affected by
drought stress worldwide (Al Abdallat et al., 2014; Honsdorf et al., 2014; He et al., 2015). The
diploid nature of barley, the availability of a reference genome sequence and recently released
pan-genome data (Jayakodi et al., 2020; Jayakodi et al., 2024), full sexual compatibility with its
immediate wild ancestor (Hordeum vulgare ssp. spontaneum), and its close relationship with
wheat, make it an ideal model crop suitable for genetic studies with wild relatives in cereals. The
absence of crossing barriers between wild and cultivated barley facilitates de novo domestication,
in which genes responsible for favorable agronomic traits selected during domestication (e.g.,
non-shattering seeds) can be introgressed from cultivated barley to wild through conventional

crossing methods.



1.5 High-throughput phenotyping for evaluation and

selection

The value of wild relatives for de novo domestication and subsequent use in pre-breeding research
cannot be fully realised without a clear understanding of the mechanisms they employ to avoid or
tolerate drought, as well as the genetic factors underlying these traits. This challenge is further
compounded by the complexity of evaluating and selecting from a large and diverse germplasm.
High-throughput imaging technologies, including hyperspectral and thermal imaging, offer a
powerful solution by enabling the rapid, non-destructive assessment of physiological traits
associated with drought responses, facilitating the identification of key adaptive mechanisms at

scale.

Hyperspectral imaging techniques used in the field (Camino et al., 2019; Zarco-Tejada et al.,
2021) are not directly transferable to controlled environments as it requires extensive optimisation
and specific experimental setups. Scanner-like hyperspectral sensors depend on incident solar
radiation or an artificial light source with a complete spectrum to ensure accurate images of
spectral reflectance. Thermal sensors, by contrast, capture entire frames in a single snapshot and
require minimal optimisation compared to hyperspectral sensors, making them well-suited for
high-throughput measurements in glasshouse environments not specifically designed for imaging

applications.

1.6 Research aims

The central question of this thesis is how drought tolerance mechanisms in wild barley relatives
can be leveraged for mechanistic exploration and pre-breeding research. This is addressed by
refining evaluation, selection, and breeding strategies through the integration of phenotypic,
physiological, and molecular approaches. These efforts are further strengthened by a data-driven

perspective to harness the extensive information generated through high-throughput phenotyping.

The specific objectives are: (1) to develop a targeted exploration framework for drought tolerance
that complements conventional yield-based selection using high-throughput imaging techniques;
(2) to evaluate drought-tolerant candidate genotypes using multi-trait analysis and use unbiased
selection clustering techniques; (3) to assess the relationship between genetic and phenotypic
diversity in wild germplasms; (4) to design molecular markers for marker-assisted backcrossing
(MABC) of wild with cultivated barley; (5) to generate pre-breeding de novo-domesticated

material from wild x cultivated barley crosses; (6) to characterise de novo-domesticated lines’



phenotypic responses relative to parental lines; and (7) to investigate the effects of de novo

domestication on quantitative traits of interest.

Significant outcomes include the establishment of a core set of wild genotypes capturing most
phenotypic variation from multivariate analysis, the development of molecular markers
applicable across diverse wild and cultivated populations, and the creation of de novo

domesticated barley lines suited for future field research under standard agricultural conditions.

1.7 Thesis outline

Chapter 1 describes the background and research aims of the study.

Chapter 2 is structured as a literature review, examining historical and contemporary approaches
to breeding for drought tolerance. It outlines key physiological mechanisms underlying drought
adaptation, mainly focusing on those traits amenable to high-throughput phenotyping in large
populations. The chapter introduces the concept of high-throughput phenotyping and explores
how advancements in remote sensing enable the acquisition of spectral proxies for drought-related
traits, with a focus on improving transpiration efficiency (TE). Beyond summarising existing
research and defining key concepts central to this thesis, the chapter also proposes a conceptual
framework for the systematic exploration of wild relatives in field and glasshouse experiments.
This framework integrates high-throughput imaging, machine learning-based clustering, and data
science approaches to enhance the selection of drought-tolerant wild material. Furthermore,
evidence supporting the feasibility of this approach is provided from the re-analysis of published
and unpublished field data. This chapter has been published in New Phytologist journal (DOI:
10.1111/nph.19619).

Chapter 3 describes the development of a phenotyping method to characterise wild barley
genotypes based on spectral traits under glasshouse conditions. In this pilot study, plants are
subjected to varying irrigation regimes, and evaluated using canopy temperature as an indirect
measure of transpiration rates, in addition to photosynthetic and non-photosynthetic pigments,
and biomass accumulation. The optimised conditions are then applied to the full set of 126

accessions in the next chapter.

Chapter 4 assesses genetic and phenotypic diversity of a collection of 120 wild barley accessions
and six cultivated lines focusing on traits outlined in Chapter 2. Through an extensive multi-trait
analysis, this chapter establishes a detailed set of criteria for selecting candidate genotypes for

two main purposes: i) detailed physiological studies to understand the underlying biological



processes driving the observed responses and ii) to enhance the breeding pipeline by identifying

genotypes with desirable agronomic traits for drought tolerance genetic improvement.

Chapter 5 describes the development of molecular markers designed to differentiate between the
wild and cultivated alleles of three genes controlling key domestication traits: rachis brittleness
(Btrl), seed dormancy (QOsdl), and awn roughness (ROUGH AWNI). These markers are then
applied in a Marker-Assisted Backcrossing (MABC) scheme to introgress cultivated alleles into
several wild barley backgrounds. Each breeding cycle incorporates genotypic screening to select
progeny carrying the targeted cultivated alleles, ensuring the efficient transfer of domestication

traits into wild barley lines.

Chapter 6 assesses the de novo-domesticated barley lines in comparison to their wild and
cultivated parental lines, focusing on spectral traits associated with transpiration and
photosynthesis. The primary emphasis is on the retention of genetically complex (quantitative)
traits inherited from wild relatives. This chapter offers insights into the feasibility of de novo
domestication as a strategy to preserve key wild phenotypes through conventional breeding

approaches.

Chapter 7 concludes the thesis with a general discussion, summarising key findings, limitations

of the study and future research directions.



Chapter 2
Literature review

2.1 Selection criteria for breeding drought-tolerant cereals

Traditionally, crop improvements in arid environments have emphasized yield increase with
limited knowledge of physiological and molecular mechanisms involved (Bacon, 2004; Singh e?
al., 2021). However, the growing unpredictability of weather patterns due to climate change
negatively affecting yield heritability reduces the effectiveness of cultivar selection, especially
under field drought conditions (Abdolshahi ef al., 2015). The future of crop improvement thus
relies on traits with stable heritability — those with genetic factors explaining most of the

phenotypic variation — under well-watered and drought conditions.

Using yield performance as the primary selection criterion in wild relatives may inadvertently
favour early flowering genotypes adapted to Mediterranean climates, which avoid rather than
tolerate drought. However, future yield improvements are expected from plants with prolonged
reproductive stages that maximize growth and dry matter partitioning during the critical period of
grain number determination, and/or exhibit stay green phenotypes (Gregersen ef al., 2013; Flohr
et al., 2018; Slafer et al., 2023). Gaining a deeper comprehension of drought response is essential
to unlock tolerance mechanisms present in wild relatives, particularly because certain wild lines
do not exhibit short life cycles as an adaptation to drought. Drought tolerance mechanisms may
not be immediately evident in these genetic resources, and rigorous scientific investigation is

required.

2.1.1 Transpiration efficiency

Transpiration efficiency (TE) is closely connected to plant physiological processes, making it a
promising trait with higher heritability to maintain a high level of carbon assimilation (A) per unit
of water transpired (T) (Equation 2.1). TE is a subcomponent of water use efficiency (WUE) —
the ratio of grain or biomass accumulated per total water evapotranspiration over the crop life
cycle (French & Schultz, 1984) — and can be measured at either the crop or the leaf scale. In
contrast to WUE, TE is less prone to the long-term environmental effects, such as variable

evaporation and soil characteristics.

TE=A/T (Equation 2.1)



Unlike yield and harvest index (HI) that have been continuously used in modern breeding since
the 1960s to estimate drought tolerance (Long et al., 2015), the full potential of TE for plant
breeding remains untapped. This is primarily due to the logistical challenges associated with

measuring TE on a large scale.

2.1.2 High transpiration efficiency

High transpiration efficiency is desirable for improving drought tolerance in rainfed crops. A plant
exhibiting high transpiration efficiency (TE) generates a greater amount of biomass per unit of
water transpired, in contrast to a plant with lower TE. Due to logistical challenges, TE is typically
measured using indirect methods. For instance, Carbon Isotope Discrimination (CID) provides a
high-throughput surrogate of TE for inferring transpiration efficiency in large scale phenotyping
experiments (Farquhar & Richards, 1984). CID is based on the differential diffusion of CO;
isotopes (*C and '’C) through stomata, where "*C is incorporated into the Calvin Cycle by
Rubisco at a slower rate compared to '*C. CID offers a valuable time-integrated inference of
transpiration efficiency, reflecting the long-term equilibrium between carbon gain and water loss.
Since carbon isotopes are stable, it enables sampling without concern of negative effects of short-
term environmental fluctuations. Due to this time-integrated nature, CID has found most of its
success in selecting genotypes that consistently exhibit high TE throughout their lifecycle.
However, these lines generally show yield penalties in environments where yield is less
constrained by water supply (Condon & Richards, 1992; Bacon, 2004). This dualism has sparked
an ongoing discussion among researchers debating the relative importance of high versus low
transpiration efficiency for improving cereal crops (Handley ef al., 1994; Blum, 2009; Hughes et
al., 2017).

2.1.3 Low transpiration efficiency

Low transpiration efficiency is traditionally considered undesirable for dry environments. A plant
with low TE produces less biomass for the amount of water it transpires, compared to one with
high TE. Surprisingly, low TE (measured as CID) has been observed in wild barley (Hordeum
vulgare L. ssp. spontaneous) accessions from dry regions, which suggest mechanisms that
compensate for the higher water loss or exploit environmental context to achieve high TE
(Handley et al., 1994). For instance, TE is highly sensitive to vapor pressure deficit (VPD) and
can vary threefold in response to seasonal changes in this climate variable; a response of much
greater magnitude than that due to genetic variation (Kar et al., 2020). Wild lines with apparent
low TE may in fact have growth and development patterns adapted to endemic seasonal cycles of
VPD, and achieve relatively high TE within their local environmental context as a result. Low

TE could also be an indication of ephemeral adaptation to maximize carbon uptake following



sporadic rainfall (Handley ef al., 1994). Hypothetically, accessions that exhibit low TE under low
VPD or well-watered conditions but can promptly switch to high TE at the onset of high VPD or
drought stress are ideal candidates for agriculture. Wild barley may possess important stomata
regulation mechanisms in response to various environmental stimuli. Comprehensive

investigations are required to understand the underlying mechanisms which may exist.

2.2 New frontiers for improving transpiration efficiency

2.2.1 1. Optimum TE under non-stressed conditions

Adjustable pores located in the leaf surface called stomata are vital in managing water loss and
carbon uptake in plants. Alterations in stomatal conductance (g;) affect CO, and H,O differently
(Figure 2.1). Water loss through stomata is more than a hundred times higher than carbon uptake
(Bacon, 2004). Typical CO»:H,O ratios in C3 and Cs4 plants are 1:600 and 1:450, respectively; with
Cs species exhibiting greater efficiency due to Kranz-like anatomy. This inherent dominance of
water loss to carbon uptake in C; and C,4 plants, largely determined by the concentration gradients
and diffusion coefficients of both gases, makes water transpiration (T in ) more sensitive to
changes in stomatal conductance. Although low stomatal conductance generally reduces carbon
assimilation by limiting the diffusion of CO; into the carboxylation site, a moderately low supply
of CO; from the atmosphere can also increase the gradient and driving force of CO; diffusion into
the leaf interior, while the gradient and driving force for outward H,O diffusion remains constant.
Given the differences in gradient and driving forces of both gases involved in this exchange
process, there must exist a lower threshold of g; where carbon assimilation is only marginally
decreased while transpiration is significantly reduced. This has been observed in Arabidopsis and
barley with reduced stomata density (Hepworth et al., 2015; Hughes et al., 2017), and the same
phenomenon could be achieved through an increased sensitivity to closing stimuli (Aliniaeifard

& van Meeteren, 2014).

Reduced stomatal density and increased sensitivity to closing stimuli are beneficial traits mainly
under non-stressed conditions to reduce the unproductive water losses. However, plants with these
characteristics may still experience negative effects on carbon assimilation under severe stress via
non-stomatal inhibition (Yang et al., 2021). Overproduction of molecules such as Reactive
Oxygen Species (ROS) via the chloroplast Mehler reaction can inhibit carbon assimilation by
damaging the photosynthetic machinery and compromising the capacity for carbon fixation
(Havrlentova et al., 2021). Appropriate phenotyping methods are then required to distinguish
genotypes with high TE while maintaining relatively steady levels of photosynthetic capacity.

10
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Figure 2.1. Influential factors on transpiration efficiency (TE). Response to closing stimuli (RCS) and
stomata density (SD) in a leaf. The top row presents a Transpiration-inefficient genotype with low RCS and
high SD, while the bottom row shows a Transpiration-efficient genotype with high RCS and low SD. Pink
arrows denotes CO:2 uptake; blue arrows indicate H2O transpiration. Reduced stomatal conductance,
achieved via high RCS or low SD, increases the COz concentration gradient, maintaining COz uptake rate
despite significant reductions in transpiration. In the Transpiration-efficient genotype (bottom row), CO:
uptake remains constant (equal pink arrows), while transpiration halves (fewer blue arrows) relative to the
Transpiration-inefficient genotype (top row).

2.2.2 Sustained carbon fixation under drought stress

Carbon assimilation and carbon fixation are closely related yet distinct processes in plant
physiology. The differentiation between these two concepts is crucial in order to optimize
transpiration efficiency under drought scenarios and use it as a target trait in plant breeding.
Carbon assimilation (A) is the broad process of converting atmospheric CO: into organic
compounds, while carbon fixation is the specific process of converting CO, into organic
molecules through enzyme-catalyzed reactions in photosynthesis. The carbon assimilation rate is
not solely dependent on the capacity for carbon fixation; it is also significantly influenced by the
availability of CO; in the carboxylation site. Unlike carbon assimilation, carbon fixation can
remain stable even when stomata close, preventing CO; diffusion, provided the photosynthetic
machinery remains intact. Thus, sustained carbon fixation capacity under drought stress does not
equal a sustained rate of carbon assimilation. The ability of a plant to sustain carbon fixation under

conditions of water scarcity is a crucial trait for retaining crop productivity. By preserving
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photosynthetic activity during periods of limited water availability, plants can rapidly resume

growth and recover upon rehydration.

The capacity for carbon fixation is typically measured as Vemax, a critical component when carbon
assimilation is Rubisco-limited (Sharkey et al., 2007). Vcmax represents the maximum catalytic
rate at which the enzyme Rubisco can carboxylate ribulose-1,5-bisphosphate (RuBP) under
conditions of saturated intercellular CO, concentration. Vemax is derived from A-Ci curves
obtained through gas exchange measurements, and is characterized by the initial slope of these
curves in combination with a photosynthetic model that accounts for both the carboxylation and

oxygenation activities of Rubisco, as well as RuBP regeneration (Farquhar et al., 1980).

Understanding the relative changes in the components of transpiration efficiency is a crucial
aspect to identify genotypes with high transpiration efficiency through sustained carbon fixation.
In theory, plants can achieve high transpiration efficiency by either i) maintaining A while T
decreases, or ii) reducing T to a greater extent than A (Equation 2.1). The first approach—where
A remains relatively constant compared to a non-stressed baseline—appears advantageous as it
seemingly preserves productivity. However, this strategy may not be optimal, particularly under
severe drought conditions that depend on water reserves from off-season precipitation. The
maintenance of carbon assimilation in this scenario occurs through continued CO; diffusion into
the leaf, but it inadvertently results in substantial water losses. Consequently, plants adopting this
strategy will deplete their water reserves more rapidly compared to those that more efficiently
modulate stomatal closure. In contrast, the scenario where T is reduced more significantly than A
is a more viable strategy under severe drought conditions. This approach involves maintaining a
degree of carbon fixation despite reductions in carbon assimilation and transpiration due to
decreased stomatal conductance. It represents a balance between conserving water and sustaining

photosynthetic activity (Figure 2.2).

Employing CID as a proxy of TE has limitations in identifying genotypes with sustained carbon
fixation capacity as it does not provide insights on the relative contributions of A and T, but rather
integrates the effects of stomatal and non-stomatal inhibitions into a single value (Farquhar &
Richards, 1984; Condon et al., 2002; Sexton et al., 2021). Furthermore, since the heritability of
CID significantly decreases under dry conditions (Richards, 2022), breeding selection criteria are
generally constrained to performance under well-irrigated conditions, thus overlooking the
negative impacts on carbon fixation capacity under drought stress. The deployment of advanced
imaging technologies could provide the means to distinguish alterations in carbon-to-transpiration

relationship, essential for selecting genotypes that sustain photosynthesis under drought stress.
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2.3 High-throughput phenotyping

The pursuit of more efficient, scalable, and precise methods for assessing changes in TE under
drought scenarios underlines the need for innovations in phenotyping technologies. Traditional
approaches for examining key physiological processes, such as transpiration rates and carbon
fixation, rely heavily on labour-intensive measurements, often limiting the scope and scalability
of germplasm evaluations. For instance, transpiration rate traditionally requires direct
measurements of stomatal conductance (g;) using handheld porometers. Similarly, creating A-Ci
curves to derive Vemax 1S time-consuming, taking more than half an hour per curve, and impractical
for extensive germplasm evaluations. Remote sensing techniques offer high-throughput and
precise options for estimating plant physiological properties, including transpiration rate and
Vemax (Camino et al,, 2019). These non-destructive techniques can be used at different
developmental stages to monitor the progression of plants’ responses to drought stress and allow

crops to be phenotyped in replicated field trials at an unprecedented scale and resolution.

2.3.1 Thermal imaging

Thermal imaging consists of collecting the thermal infrared spectral region to derive vegetation
canopy temperature. The differences in canopy temperature between genotypes can suggest
differences in transpiration rates. The Crop Water Stress Index (CWSI) is a valuable tool for
quantifying plant transpiration rates by assessing stress levels against established wet and dry
baselines in field conditions (Gonzalez-Dugo et al., 2019). Thermal imaging from aerial platforms
has become increasingly vital in plant breeding because it enhances the accuracy of measuring
CWSI, making it more stable against temporal fluctuations. This improvement increases the
heritability of CWSI when contrasted with stomatal conductance measured by handheld

porometers (Deery et al., 2016), making it an effective trait for germplasm phenotyping.
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Figure 2.2. Impact of severe drought on two hypothetical genotypes. Under well-irrigated conditions, both
genotypes exhibit equivalent carbon fixation capacity (Vemax; orange arrows) but differ in carbon
assimilation (A; pink arrows) and transpiration (T; blue arrows). Selections based on Carbon Isotope
Discrimination (CID) are generally conducted under well-irrigated conditions given the trait’s higher
heritability. In this example, Genotype A will be selected based on CID, which exhibits higher TE than
Genotype B. Under severe drought, stomata close, increasing both Genotype A and B’s transpiration
efficiency. The increase in transpiration efficiency occurs due to the significant decrease in transpiration
(T) than the reduction in carbon assimilation (A). This increase in TE is accompanied by changes in the
ratio between intercellular and ambient COx (Ci:Caratio) reflected in CID. Genotype B maintains a robust
carbon fixation capacity, while Genotype A achieves the same Ci:Caratio via lower stomatal conductance.
Differences in carbon fixation capacity are captured via the initial slope of A-C; curves (bottom row). Under
drought conditions, Genotype B's curve and slope closely resemble those observed under well-irrigated
conditions, whereas Genotype A's curve and slope exhibit notable deterioration. Genotype B modulates
stomatal conductance more efficiently in response to short-term changes in water availability and other
environmental stimuli, including vapor pressure deficit (VPD). This increased responsiveness allows
Genotype B to effectively minimize water losses while maintaining high productivity under severe drought.
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While canopy temperature can provide valuable insights into the impact of drought stress on the
transpiration component of TE, interpretations of field-measured CWSI as proxy of transpiration
rates should be approached cautiously. A lower CWSI, indicative of a genotype with higher
transpiration rates, does not inherently imply that the genotype uses water inefficiently. Low
values of CWSI may also result from enhanced access to subsoil water resources, facilitated by
the presence of deep root systems. In this scenario, despite the plant’s ability to partially close
stomata as a survival mechanism, their effective water uptake allows them to continue transpiring
at relatively higher rates than less adapted genotypes. The challenge thus lies in differentiating
plants that transpire more when water is scarce from plants that transpire more because they have
better access to subsoil water. This ability to maintain higher transpiration rates while still
conserving water through stomatal closure can be advantageous for the drought-tolerant plant
genotypes as it enables them to continue essential physiological processes. To avoid potential
confounding effects of deep rooting and transpiration rates, it is advisable to develop phenotyping
platforms that account for the above shortcomings. For instance, thermal imaging from field trials
can be complemented with appropriate stress management in glasshouse experiments. Comparing
the extent to which genotype differences are consistent between the field and glasshouse, can
suggest whether a low canopy temperature is due to higher water accessibility through deep

rooting or differences in stomata density and aperture.

2.3.2 Hyperspectral imaging

Hyperspectral imaging, also known as imaging spectroscopy, is a method that uses high spectral
resolution cameras to create images by capturing the reflected radiation at multiple narrow and
contiguous spectral bands. Traits with strong absorption signals such as Leaf Mass per leaf Area
(LMA) and non-photosynthetic pigments have been used in models such as Partial Least Square
Regression (PLSR) to empirically derive Vcmax, a critical component of photosynthetic capacity
when carbon assimilation is Rubisco-limited (Serbin et al., 2012; Dechant et al., 2017; Xiaoyu et
al., 2022). However, these empirical models have limited transferability to other species or
environmental conditions since the information obtained is not directly related to leaf

photosynthesis and are affected by canopy structural and background effects (Suarez et al., 2021).

The development of sophisticated sensors with higher spectral resolution has allowed detection
of the relatively weaker absorption signatures of important photosynthetic and non-photosynthetic
constituents, such as Chla, Chlb, carotenoids, anthocyanins, and xanthophylls (Jacquemoud ef al.,
2009; Ustin et al., 2009). The latter pigments represent a major mechanism for non-enzymatic

ROS scavenging and allows plants to reduce detrimental effects of hydroxyl radicals — the most
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aggressive form of ROS (Bose et al., 2014; Demidchik, 2015). Mechanistic radiative transfer
models, such as the Soil-Canopy Observation of Photosynthesis and Energy (SCOPE) (van der
Tol et al., 2009), enables the establishment of a direct relationship between the spectral reflectance
captured by an imaging spectrometer and the absorption of these photosynthetic constituents and
Vemax. This allows for a more robust determination of plants’ carbon fixation capacity than site-
specific empirical relationships (Camino et al., 2019; Suarez et al., 2021). Although measured
and model-estimated Vemax have yielded a high linear relationship (Camino et al., 2019), it is
important to highlight that the objective is not to achieve absolute quantification of V¢max, which
is more accurately determined using low throughput gas exchange systems. Instead, the focus lies
on the insights gained from the relative changes in the capacity for carbon fixation under the
effects of drought of large germplasms collections. Additionally, like thermal imaging, airborne
platforms of hyperspectral imaging offer an even higher throughput phenotyping option than
ground-based measurements. Airborne hyperspectral imaging can potentially increase the
heritability of Vcmax by minimizing the impact of spatial and temporal variability during data

acquisition (Galvez et al., 2019).

2.3.3 An image-based transpiration efficiency index for plant breeding

To quantify the relative changes in the components of transpiration efficiency, we propose
combining CWSI and normalized values of Vemax Obtained via remote sensing into a unitless
image-based transpiration efficiency (iTE) index (Equation 2.2). The CWSI, serving as a proxy
for transpiration rate, requires a linear transformation before inclusion within iTE to preserve the
assimilation-to-transpiration ratio (A:T) from (Equation 2.1); a metric of carbon acquisition
relative to water expenditure. The linear transformation necessary for a positive correlation
between CWSI and transpiration rate is accomplished by the expression 1 — CWSI. Higher values

of 1— CWSI indicate lower levels of crop water stress, and consequently higher transpiration rates.

iTE = Vemax /(1-CWSI) (Equation 2.2)

We have tested the validity of the proposed iTE by re-analyzing data from Camino ef al. (2019)
across six wheat varieties at the stem elongation stage (Appendix 2.1). This re-analysis shows the
variable nature of iTE among wheat varieties under irrigated and rainfed conditions (Figure 2.3),
demonstrating the potential of this index for selecting drought-tolerant genotypes. However, a
large population with hundreds of accessions can pose a challenge. The population size may
weaken the observed effects of iTE due to the noise in data introduced by the impact of the
environment. Several components, including the number of genotypes, replicates, variations

introduced by the heterogeneity of natural field conditions, and the intrinsic genetic variation of
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the germplasm under evaluation, should be carefully considered during the experimental design.
The former two generally represent a trade-off between precision and practicality. Including a
large number of genotypes enables the incorporation of a broader spectrum of responses and the
identification of potentially valuable genetic material, while increasing the number of replicates
enhances the statistical robustness. However, increasing either the number of genotypes or
replicates requires a greater allocation of resources. Advanced statistical and spatial modelling

can help reduce such trade-offs.
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Figure 2.3. Comparative analysis of an image-based Transpiration Efficiency (iTE) index for six wheat
varieties (Triticum spp.) under irrigated (blue) and rainfed (yellow) conditions from Camino et al. (2019)
dataset. Data are means = SE. Most wheat varieties show a decrease in iTE from irrigated to rainfed
conditions, while Var4 exhibits a pronounced increase, indicating potential adaptation and tolerance of this
variety to water scarcity.

The significance of iTE as a trait for drought tolerance improvement lies in the relative changes
under drought stress compared to a well-irrigated baseline. Camino et al. (2019) successfully
demonstrated high correlations between hyperspectrally-derived and ground-based measurements
of Vemax. However, to draw robust conclusions about the shifts in iTE across the different irrigation
treatments, a sufficient number of whole plots are necessary to integrate the hierarchical structure
of split-plot designs into the linear model. An appropriate number of whole plots is tightly linked
to the number of factors, treatment levels and replicates of the experimental design. Without an
appropriate number of whole plots, the irrigation treatment correlates with the whole plots and
the statistical model cannot distinguish variations due to irrigation from those caused by the

blocking factor. This is the case of the re-analyzed data from Camino et al. (2019). Despite this
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limitation in the Camino et al. (2019) study, we utilized the combined dataset from irrigated and
rainfed plots to illustrate the potential of the relative shifts on iTE and its components as a

criterion for selecting drought-tolerant wheat varieties (Figure 2.4).

High relative iTE values under drought, compared to a well-irrigated baseline, indicate that
transpiration is reduced more substantially than photosynthetic capacity (Var4). In contrast, lower
relative iTE values indicate a genotype undergoing a more significant decline in photosynthetic
activity compared to the decrease in transpiration, potentially suggesting the vulnerability of

photosynthetic machinery to drought stress (Var6).
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Figure 2.4. Changes of CWSI (blue) and Vemax (pink) to drought relative to well-irrigated conditions across
six commercial wheat varieties (Triticum spp.) re-analyzed from Camino et al. (2019). Data are means +
SE. While Vemax typically experiences more than 50% decrease in most varieties, Var4 stands out as an
exception, maintaining its carbon fixation capacity with only 23% reduction from optimal conditions,
despite the significant increase in CWSI. This suggests a potential tolerance mechanism that retain
photosynthetic capacity to some extend under drought stress.

Future research should aim to elucidate the genetic factors underpinning the changes in iTE
relative to a well-irrigated baseline. However, the primary significance of iTE in plant breeding
lies in its integration with economically relevant traits (Morton et al., 2019). For example, an
increase in iTE resulting from a stable Vmax under drought conditions is expected to show a strong
correlation with a stress tolerance index derived from the difference between yield under irrigated
and yield under drought conditions (TOL index) (Morton et al., 2019). The significant decrease

in transpiration during the initial stages of drought stress enables water conservation, while the
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plant's sustained photosynthetic capacity allows a better recovery upon rehydration, effectively
minimizing crop yield losses. Establishing a correlation between the newly proposed iTE index
and a range of tolerance indices thus offers a deeper understanding of how iTE variations translate

into practical agronomic outcomes (Figure 2.5).

Notably, low TOL can stem from the lack of responsiveness to stress free conditions if a cultivar
has a reduced growth/yield under both rainfed and irrigation. Incorporating other productivity
measures, such as Mean Productivity (MP), with TOL can improve the selection criteria for
breeding purposes by identifying accessions that achieve low TOL but are also relatively high
yielding. This ensures a more accurate and holistic evaluation of their agronomic potential for

drought tolerance.
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Figure 2.5. Correlation analysis illustrating the relationship between the relative change in iTE from rainfed
to irrigated conditions (relative iTE) at the stem elongation stage and the grain yield loss (TOL) for six
wheat varieties (Triticum spp.) based on re-analyzed data from Camino et al. (2019). Lower values of TOL
and high values of relative iTE are desired for plant breeding. The dashed grey regression line indicates a
strong negative correlation, as denoted by the r-squared value of 0.88, suggesting that variations in iTE
significantly predict TOL across these varieties. Each variety is represented by a unique symbol and color.
Error bars represent + SE.

The proposed iTE index is primarily intended for screening wild relatives. It addresses the
challenge of directly measuring grain yield in the field, which is often impractical due to the
inherent grain shattering in wild accessions. Nonetheless, the iTE index has potential applications
within cultivated breeding pools. Empirical breeding frequently encounters a dichotomy: i) high
yields under optimal conditions yet substantial reductions under drought stress, indicative of high
mean productivity (MP) and high yield losses (high TOL) under drought (Morton et al., 2019),
versus ii) yield stability under drought stress (low TOL) accompanied by a substantial yield
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penalty in well-irrigated scenarios (low MP) (Blum, 2011). Within this framework, elite cultivars
with high yields and poor stability might be preferred, if their absolute yield under drought
exceeds that of more yield-stable varieties. A deep understanding of the molecular processes that
enable photosynthesis to persist under drought stress will lead to the refinement of breeding
selection strategies, potentially enhancing the heritability of iTE beyond the limitations imposed
by current practices focused exclusively on yield stability (low TOL). This paves the way for
integrating the trait of sustained photosynthesis into high-performing elite cultivars. However,
before breeders use iTE for crop improvement programs, it is essential to investigate the genetic
architecture and heritability of iTE. Comprehensive genomic studies, including Genome-Wide
Association Studies (GWAS) and genomic selection models are valuable tools to uncover genetic

factors and determine the extent to which iTE can be used for trait introgression in plant breeding.

2.4 Identification and selection of wild candidate accessions

2.4.1 Phenotyping, clustering, and selection

Preliminary screening experiments aim to enhance breeding pools, and traits amenable to high-
throughput measurements are essential for evaluating and selecting outstanding accessions within
diverse populations. To maximize the use of diverse populations, selection strategies can be built
upon unsupervised machine learning methods, like hierarchical clustering, to identify patterns of
phenotypic resemblance across different genotypes (Das et al., 2021) (Figure 2.6). Wild
accessions may have developed distinct mechanism of drought tolerance. For example, some of
them have high transpiration efficiency to modulate stomata conductance at the time of severe
drought. However, others with low transpiration efficiency that deplete soil water rapidly
probably evolved efficient mechanisms for osmotic adjustment (Handley et al., 1994). Improved
osmotic adjustment allows accessions with low transpiration efficiency to withstand longer
periods of water scarcity.

Clustering also facilitates a more impartial selection process. By identifying and selecting
representative accessions from various clusters, we ensure a broad capture of diverse tolerance
mechanisms, moving away from oversimplified classifications based on drought-tolerant versus
drought-sensitive or high-yielding versus low-yielding. Such binary classifications risk
overlooking valuable genetic material, including accessions with low TE well-suited to arid

conditions (e.g. wild barley from desertic regions) (Handley ef al., 1994).

Multi-trait evaluations enhance the value of phenotypic diversity assessments as genotypes can
be categorized based on the vast variety of responses. For instance, relative changes in iTE offer
insights about the balance between transpiration and photosynthetic capacity. However, it is

through the collective analysis of iTE, Vemax, CWSI, and TOL that breeders can differentiate
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between plants that achieve high iTE either by sustained photosynthesis (type A, Figure 2.6) or
significant reductions in transpiration (type C, Figure 2.6). While productivity indices like MP
can be considered in comprehensive selection criteria, scientists and breeders should prioritize
uncovering and understanding various tolerance mechanisms during pre-breeding research,
placing less emphasis in aspects of the plant productivity. This approach is crucial for long-term
crop improvement, as it lays the foundation for developing robust drought-tolerant varieties. As
the breeding process progresses towards commercialization, breeders will prioritize traits that

enhance productivity and marketability, including grain yield and quality.

Multi-trait assessments and clustering can reduce the need for multi-environmental trials.
Leveraging existing phenotyping technologies can capture a wide spectrum of response
mechanisms within a limited set of growing conditions. Incorporating additional measurements
to address and adjust for environmental variations is essential for ensuring accuracy and reliability
in the selection process. By integrating environmental data, crop prediction models can reflect
genetic potential under varying conditions. The result is a focused and resource-efficient initial

screening phase.
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Figure 2.6. Representation of a multivariate clustering analysis involving sixteen genotypes. Traits
included in this representation are image-based transpiration efficiency (iTE), carbon fixation capacity
(Vemax), canopy temperature-derived transpiration (1-CWSI), and the difference in yield (TOL) between
irrigated and drought conditions. The left panel shows unclustered data, while the right panel displays the
clustered heatmap representing possible selection criteria. Genotypes have been categorized into Types A-
D, reflecting distinct drought response behaviors. Genotypes 1 through 6, corresponding to varieties 1
through 6 (Triticum spp.), are based on experimental data derived from 2016 Santaella experiment (Camino
et al., 2019). The data for Genotypes 7 through 16 are hypothetical and have been constructed to illustrate
potential grouping into discrete clusters. The color gradient represents a normalized change in multiple
traits under drought stress compared to a well-irrigated reference, with blue indicating a 100% increase
(+1) and brown indicating a 100% reduction (-1).
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2.4.2 Envirotyping

Traditionally, conducting multiple trials under a diverse array of representative environments is
considered necessary to confidently select potential candidates for breeding. Given the trade-off
between achieving detailed data collection and managing limited resources, researchers usually
employ categorical classifications of drought conditions to account for G x E interactions. While
there are numerous ways to describe drought events in terms of stress duration, timing and
severity, a general classification can be used as transient and prolonged drought. Transient
drought events prompt plants to activate short-term adaptive mechanisms such as stomatal
closure. In contrast, prolonged drought, characterized by extended water shortages, requires
plants to employ long-term survival strategies. This approach facilitates the assessment of G x E
interactions within specific drought conditions. However, categorical classifications alone do not
fully account for the environmental variation within trial sites and restricts the ability to accurately

predict genotypes' performance in different locations.

As technology advances, there are increasingly more low-cost, accurate and rapid methods that
allow the systematic quantification of environmental factors, known as envirotyping (Xu, 2016;
Resende et al., 2021). Envirotyping enables researchers to include environmental covariates —a
quantitative variable used in statistical analysis to account for potential confounding effects or
explain variations in the dependent variable — to enhance accuracy of model predictions (Crossa
etal.,2022). To gain accurate insights into the impact of drought stress on transpiration efficiency,
it is crucial to quantify soil moisture content at various temporal and spatial points within a trial
site. This can be achieved through methods such as remote sensing or the utilization of soil
moisture probes. While existing techniques for soil moisture measurement primarily serve large-
scale hydrological and geosciences research (Liu et al., 2022) or farming decision-making (Maia
et al., 2022), developing more suitable approaches tailored for plant breeding is essential. The
EM38, an electromagnetic induction instrument, offers a non-invasive and rapid approach for
measuring soil moisture at multiple soil depths and soil electrical conductivity (Phathutshedzo-
Eugene et al., 2023), making it promising for incorporation in plant breeding research trials.
Accurately measuring soil moisture content will enable the removal of confounding effects and
help distinguish whether a particularly low transpiration is attributable to the absence of water or

to the physiology of the plant.

2.5 Conclusion

The combination of high-throughput image phenotyping and de novo domestication constructs a
framework where initially, complex but desirable traits for drought tolerance, such as sustained

photosynthesis, are integrated into the breeding pool. Subsequently, breeders can fine-tune the
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selected lines to meet specific market demands and agricultural needs. This strategy can
revolutionize crop development to make it more adaptable to the changing climate and capable

of meeting the growing global food demand.

23



Chapter 3
Development of a high-throughput
phenotyping protocol in a glasshouse using
thermal imaging

3.1 Introduction

The quest for new genetic sources of drought-tolerance in cereal crops requires the screening and
selection of promising genotypes from genetically diverse germplasm. Genotype selection is
complicated by the vast array of physiological responses and morphological characteristics of
wild relatives (Guadarrama-Escobar et al, 2024). Uncovering drought tolerance in wild
germplasm and the data-driven selection of promising candidates requires the development of

suitable phenotyping methodologies that address these limitations.

Transpiration rate is a direct measurement of plants’ water consumption and a priority trait in
drought tolerance research. However, it is one of the most challenging plant traits to measure due
to its sensitivity to short-term changes in environmental conditions, including temperature, wind,
and humidity. This sensitivity makes selection based on transpiration extremely challenging using
classical methods that are time consuming, meaning that plant responses change in between
measurement of different lines. This sensitivity requires the development of a high throughput
technique to enable numerous measurements in a short time to minimise the impact of
environment on transpiration. Remote sensing technologies used as a near instantaneous proxy of
plant transpiration can enhance accuracy and have proven useful in both glasshouse and field

research (Sirault et al., 2009; Deery et al., 2016; Mulero et al., 2023).

Canopy temperature is closely linked to transpiration, as evaporative cooling from transpiring
leaves lowers leaf surface temperature relative to the surrounding air. Monitoring canopy
temperature can serve as an indirect measure of transpiration rates and plant water status (Sexton
et al.,2021). Under field conditions, high wind speeds significantly increase the amount of water
evaporated from the leaf surface, leading to a higher latent heat losses and cooler canopies (Jones,
2014). However, wind speed is not uniformly distributed across a field, introducing spatial
variability in transpiration rates and canopy temperature, which can influence the accuracy of
canopy temperature measurements. Crop Water Stress Index (CWSI) is typically used as a
normalized measure of canopy temperature to account for environmental changes like wind

during data acquisition (Camino et al., 2019; Das et al., 2021). CWSI allows for comparable
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measures of transpiration rate among a large number of genotypes in the field. In a glasshouse,
where wind movements have little impact on transpiration rates, the difference between ambient
(Ta) and canopy temperature (T.) also known as Canopy Temperature Depression (CTD) can be
considered an effective index for capturing spatial and temporal variations of canopy temperature.
Field testing is generally the preferred approach for breeders conducting germplasm evaluations
for breeding purposes, as it provides an accurate representation of the environmental conditions
that crops will encounter in agricultural settings. However, studies aimed at investigating drought
responses and elucidating underlying mechanisms and genetic factors require precise control of
soil water content. Such control is more feasible in a controlled environment than in the field,
where soil moisture variability introduces additional complexity. Glasshouses offer semi-
controlled environments where external environmental factors can be minimised. The ability to
regulate soil water content in a glasshouse setting allows for the controlled imposition of drought
stress, yet sparse literature exists on large-scale phenotyping protocols ensuring consistent water
content across treatment groups. Maintaining uniform soil moisture levels within each irrigation
regime enables researchers to attribute variations in transpiration rates to plant physiology rather
than fluctuations in soil moisture. This level of control facilitates a more precise assessment of

drought responses and improves the identification of genotypes with adaptive traits.

One of the major differences between the field and in a glasshouse is the scale at which canopy
temperature data can be captured. For example, in the field, the high-flying altitude of drones
equipped with cameras allow them to capture images of many genotypes within a short time frame
and cover a large area in a single frame. Slight changes in position cause minimal perspective
differences making alignment and stitching easy to create a comprehensive thermal map of the
entire area. In contrast, glasshouses present logistical complications that limit the use of thermal
imaging on a similar scale. The height of the camera in conventional glasshouses is restricted to
a few metres, and small positional changes can result in significant perspective shifts, making it
more challenging to align and stitch multiple images. Due to this height limitation, a camera can
only capture a small number of pots at a time, and it requires more images and time to cover the
same number of genotypes compared to field imaging. Longer sampling times may introduce a
source of environmental variation that negatively impact the identification of the genetic factors
affecting the physiological parameter captured by remote sensing camera (Falconer & Mackay,
1996). Although less pronounced, short-term environmental fluctuations in ambient conditions
persist within the glasshouse environment. While highly controlled-temperature rooms could
reduce such fluctuations, they are typically too small to accommodate the large-scale experiments

needed for exploring hundreds of genotypes.
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The use of thermal imaging as a proxy of plant transpiration in glasshouses has generally been
limited to studies exploring the feasibility of composite traits for assessing phenotypic responses
to abiotic stress or investigating the detailed plant physiology of stress responses (Sexton et al.,
2021; Mulero et al., 2023). Phenotyping methods applied in these studies are not therefore
designed to conduct extensive germplasm explorations and only include a few tens of lines in the

phenotyping process.

This chapter addresses the logistical challenges of implementing high-throughput thermal
imaging phenotyping in a conventional glasshouse setting lacking an automated irrigation control
system. The primary objective is to establish a scalable phenotyping protocol for measuring
canopy temperature depression (CTD) under well-watered and drought conditions. The protocol
is first tested on a set of seventy-eight pots consisting of twelve genotypes, three replicates and
two irrigation treatments, with the aim of refining the methodology for efficient implementation
in large-scale experiment involving more than two-hundred pots. A key focus is to determine
whether CTD and associated traits, such as biomass accumulation and chlorophyll content, exhibit

heritable variations, quantified through broad-sense heritability (H?) across treatments.

3.2 Materials and methods

3.2.1 Experimental design and glasshouse settings

The phenotyping experiment was conducted at the glasshouse complex of the University of
Melbourne, Parkville, Australia (37°47'49.72"S; 144°57'32.08595"E). Thirteen barley lines were
grown under well-irrigated and drought conditions with three replicates in a completely
randomised design. Three plants per pot were grown in 1.5L-pots. Pot arrangement consisted of
a grid pattern of 14 rows by 11 columns (Figure 3.1a). To prevent overlap of plant canopies from
different experimental units and maximise the space between them, pots were positioned in
alternating positions; all pots were surrounded by an empty space on all sides. The spacing of the

pots was configured as follows: 24 cm horizontally, 26 cm vertically, and 17.7 cm diagonally.

The glasshouse temperature settings were configured to control the temperature at which the vents
open and the cooling systems activate, rather than maintaining a strict target temperature. The
glasshouse temperature was set at 22°C during the day and 15°C during the night. During thermal
imaging phenotyping, between 1:00pm and 1:30pm, the cooling system was turned off to prevent
wind disturbance, and air temperatures exceeded 22 °C as vents opened completely. The
glasshouse temperature during this time was dependent on incoming solar radiation and external

ambient temperature.
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Figure 3.1. Pot configuration and irrigation system used in the experiment. a) Pots arranged in a 14x11 grid
in alternating positions; b) a 76-mm hole drilled at the bottom and covered with a 20-micron nylon mesh
to prevent roots growing out; c¢) pot placed on a floral foam within a transparent pot saucer filled with water
for capillary irrigation; d) a black pot saucer between the red pot and the floral foam placed at 22 DAS to
block water capillary system.

3.2.2 Soil properties

A specialised soil mixture was used to prevent rapid water evaporation which consisted of 70%
standard potting mix and 30% clay loam (v/v). The standard potting mix contained 12% washed
coarse sand and 88% medium-sized (3-5 mm) pine bark. For each cubic meter of standard mix,
several additives were incorporated: 4 kg of Macracote Colonizer Plus (Red) fertilizer with an
N:P:K ratio of 15:3:9, enriched with trace elements; 1.5 kg of Saturaid, a soil wetting agent; and
1 kg of dolomite lime. The clay loam component of the mixture had a texture profile of 20.10%
sand, 22.10% silt, and 57.80% clay. Pots were filled immediately after mixing to minimise water
evaporation and ensure the same initial moisture content in every pot. The gravimetric field
capacity (FC) of the final soil mix was 0.64 ml H,O - g’ dry soil. Each pot was filled with 1,100
g of the final mix with an initial moisture content of 0.44 ml H,O - g dry soil (69 % of FC).

3.2.3 Drought treatment

Anticipating significant variations in phenological development across wild genotypes, traits
were measured exclusively during vegetative growth to minimise the influence of phenological
differences and ensured data collection occurred within a comparable developmental window.
The drought stress treatment was designed according to Marchin et al. (2020) with some

modifications. Briefly, an 76-mm opening was drilled at the bottom of each pot and covered with
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nylon mesh (20-um, Allied Filter Fabrics, Berkeley Vale, NSW, Australia) (Figure 3.1b) to avoid
soil loss. Pots were then placed on a floral foam (OASIS® Noir Ideal Floral Foam Maxlife Brick,
Smithers- Oasis, Kent, OH, USA) within a deep pot saucer filled with water (Figure 3.1c). All
plants were irrigated by capillary method (Marchin et al., 2020) for 21 days before imposing
drought treatment to half of the pots. The well-irrigated half were kept under capillary irrigation
for the rest of the experiment to maintain a soil water content between 75-85% of field capacity.
Water was replenished every second day. For the other half, drought treatment commenced at 22
days after sowing (DAS) by placing a physical barrier between the floral foam and the base of the
pots (Figure 3.1d) to switch the irrigation regime from capillary to manual irrigation. The same
set of pots was measured under two different water stress levels: initial reduction to 60-70% field

capacity, followed by a further decrease to 30-40% field capacity.

The water content of drought-treated pots was controlled by placing them on a digital scale and
adding water from the top until reaching the desired weight. Drought-treated pots were gradually
dried by matching the rate of slowest drying pot. Soil water content was measured and recorded
every second day from 1- 20 DAS and daily after 21 DAS. The irrigation frequency was
determined based on the pot that experienced the quickest soil drying rate and it changed

according to the age of the plants as older plants consumed water more rapidly than younger ones.

3.2.4 Phenotyping plant responses to the water stress.

Canopy temperature

To aid image segmentation, a custom matte black-painted cardboard was positioned above the
pots to cover the soil, the pot saucers filled with water and the bench (Figure 3.2a) to ensure a
uniform background, enhancing the temperature contrast of the canopy. The black-painted
cardboard was beneficial for image segmentation. Canopy temperatures were recorded using a
thermal camera Model E86 (Teledyne FLIR LLC, Portland, Oregon, USA), with a resolution of
464 x 348 pixels, spatial resolution of 0.9 milliradians, and temperature range of -20 to 120°C.
The thermal sensitivity of the camera is <0.04°C at 30°C. The emissivity was set to 0.95. The
camera was mounted on a tripod approximately 0.8 m above the plant canopy in a nadir position
to achieve a pixel size of 0.72 mm (Figure 3.2b). A video was captured in radiometric IR mode
by gliding the thermal camera over the plants. Each pot was distinctly framed within the video,
recording at a rate of approximately three frames per second. All pots were systematically
measured once within a timeframe of up to 20 min in each phenotyping day (

Table 3.1). Images were acquired between 13:00-13:20.
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Three radiometric images (r-jpeg format) were extracted from each video recording using FLIR
Tools Basic software (Teledyne FLIR LLC, Portland, Oregon, USA). Each pixel effectively
contained a temperature reading. A custom script, written in MATLAB 2021b (Mathworks Inc.,
Natick, Massachusetts, USA), was used to obtain average values of canopy temperature of all
pixels within an image (Figure 3.3). The ambient temperature was recorded during canopy
temperature measurements using two HOBO data loggers model UX-100-001 (Onset, Cape Cod,
Massachusetts ,USA), placed within 1.2 m from the pots. Canopy temperature depression (CTD)
was obtained from the difference between the ambient air temperature (T.) and canopy
temperature (T.) for individual pots (Equation 2.1). CTD contrasts where obtained from the
difference between CTD of irrigated and drought treatments for each genotype (Equation 3.2).

CTD=T,—- T, (Equation 3.1)

CTDcontrast = CTDIrrigated - CTDdrought (Equation 3~2)

b)

Thermal
camera

Tripod stand

Figure 3.2. Thermal imaging phenotyping preparation, thermal camera and phenotyping stages. a) Black
background used to increase image contrast; b) Tripod stand with a thermal camera mounted in nadir
position (90° angle) from the pots.

29



Figure 3.3. Summarised workflow for processing thermal images.a) original radiometric JPEG thermal
image displaying temperature distribution, with cooler areas appearing in dark purple and warmer areas in
yellow, each pixel containing a temperature value; b) grayscale TIFF image derived from the thermal data;
¢) binary image segmentation using ImagelJ software, isolating plant canopy pixels (white) for temperature
analysis.

Chlorophyll content

Plants were measured with a SPAD-502Plus (KONICA MINOLTA, Chiyoda, Tokyo, Japan) at 56
DAS (

Table 3.1), three days before biomass harvest, to investigate changes in chlorophyll content in
response to drought stress. SPAD measurements were carried out on two randomly and fully

expanded top leaves per plant and averaged to obtain one value per pot.

Stomatal conductance

Sixty-four observations of stomatal conductance (gsw) were obtained using a handheld porometer
Li600P/F (LI-COR Biosciences Inc., Lincoln, Nebraska, USA) at 57 DAS. Measurements were
taken between 13:00 - 14:00 PM to minimize physiological variations in transpiration rates that
occur throughout the day. For each plant, two to three measurements were taken randomly from
the first youngest fully expanded top leaves. The porometer was clamped onto the abaxial leaf

surface, and readings were recorded automatically.

Biomass

All above ground biomass for every individual was harvested at 59 DAS (

Table 3.7) and immediately weighed on a scale to record the individual fresh weight (FW).
Collected samples were dried at 70°C for 72 hrs and biomass was re-weighed after the drying
treatment to obtain dry weight (DW).

Table 3.1. Summary of data acquisition over the course of the experiment.

Date 17-Nov 21-Nov 23-Nov 26-Nov 28-Nov 30-Nov 4-Dec 6-Dec 13-Dec 21-Dec 22-Dec

24-Dec

Days After Sowin 22 26 28 31 33 35 39 41 48 56 57 59
y g DAS DAS DAS DAS DAS DAS DAS DAS DAS DAS DAS DAS
Canopy temperature X X X X X X X X X - X X
Chlorophyll content - - - - - - - - - X
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Biomass
Stomatal conductance - - - - - - - - - - X

3.2.5 Statistical analyses
Canopy Temperature Depression (CTD)

All data processing and statistical analyses were performed with R (version 4.3.2) using packages
Ime4 (version 1.1.35.1) (Bates et al., 2015), emmeans (version 1.10.0) (Lenth et al., 2024), and
tidyverse (version 2.0.0) (Wickham, 2014). The strength of CTD and stomatal conductance (gsw)

correlation was assessed using Pearson’s correlation coefficient (r).

A linear mixed model was applied to CTD data as follows:
y=Xf+Zu+e (Equation 3.3)

where y is the response vector of CTD values; B is the vector of fixed effects; u is the vector of
random effects; and e is the vector of residual effects. X and Z are the design matrices,

corresponding to B and u respectively. The fixed-effect vector B partitioned as follows:

[w BTG BTTBTD BTG:T[;TG:D BTT:D BTG:T:D BTTa]

where i)  is the overall mean; ii) B . , BT, , BT, are the subvectors for the effects of Genotypes
(G; accessions), Treatments (T; water stress) and Days after sowing (D; measurement date),
respectively; iii) BTG:T, BTG:D, BTT:D and BTG:T:D are interaction terms for Genotype:Treatment
(G:T), Genotype:DAS (G:D), Treatment:DAS (T:D) and Genotype:Treatment:DAS (G:T:D),
respectively; and iv) BTTa represents the coefficients of the covariate ambient temperature (Ta),
captured with data loggers at the time of thermal data acquisition. The random effects vector u
contains a single factor [uTp] corresponding to Pot ID (P) to account for the hierarchical structure
of repeated measurements measured across various DAS. The distribution of the residual effects

is assumed to be: e ~ N(0, a2I).

Biomass and chlorophyll content
The statistical analysis of biomass data (FW and DW), and chlorophyll content (SPAD values),
were performed by fitting a simple linear model using Genotype and irrigation Treatment as

factors. The linear regression model for these traits was as follows:

y=XB+e, (Equation 3.4)
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where y is the response vector of the trait being analysed; B is the vector of fixed effects and e is
the residuals with e ~ N(0, a2I). B is partitioned into BTG and BTT for the effects of Genotype
(G) and Treatment (T). X is the design matrix corresponding to 8. The p-values were adjusted for
multiple testing using the method of Benjamini and Yekutieli (Benjamini & Yekutieli, 2001) and

significance of differences between treatments were compared by Tukey HSD test.

Broad sense heritability (H?)

Variance components were obtained from linear mixed models to estimate the broad-sense
heritability (H?) for each trait (Equation 3.5) (Abdolshahi et al., 2015; Rahman et al., 2021). The
estimation process was tailored to the time of the data acquisition for each trait. For Canopy
Temperature Depression (CTD), heritability values were calculated for each treatment and Days
After Sowing (DAS) separately. For biomass and chlorophyll content measured at the end of the

growing season, heritability values were calculated for each irrigation treatment separately.

2 g’ :
H* = —— (Equation 3.5)

24 %e”
O'g+r

Where 0,2 is the genotypic variance, g, the residual variance and r is the number of replicates.
g g yp > O¢

3.3 Results

Most of the experimental units of Cultivar-1 either had no germination or showed abnormal

growth and were subsequently removed from the analysis.
3.3.1 Soil and ambient temperature conditions in the glasshouse

Manual and capillary irrigation-maintained soil water content across pots within £ 3.5% FC on

days of CTD measurements (Figure 3.4).
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Figure 3.4. Temporal variation in average soil water content (%) within seventy-eight pots over the course
of the water stress experiments. The point of divergence between blue and brown lines indicate the starting
point of water stress treatment.

3.3.2 Canopy temperature depression and stomatal conductance

Sixty coordinated measurements of Canopy Temperature Depression (CTD) and stomatal
conductance to water vapour (g.w) were obtained at 57 DAS when irrigated and drought pots were
at 83%FC and 29%FC, respectively. Unlike the rest of CTD measurements in this study, this
dataset was collected simultaneously with gs to establish an empirical relationship between
transpiration and canopy temperature. The sixty pots were specifically selected because genotypes
in these pots had leaves broad enough to fully cover the measuring aperture of the LI-600P/F,
ensuring accurate gs readings. A linear correlation (r=0.81, p<0.001) was found between g, and
CTD (Figure 3.5). While there was a clear separation between the CTD distributions of irrigated
and drought-treated pots at 57 DAS (Figure 3.6), the correlation plot indicates that some leaves
in well-irrigated plants still exhibited low transpiration rates similar to those observed in drought-

treated pots.
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Figure 3.5. Relationship between CTD and stomatal conductance to water vapour (gsw). Temperature
measurements were acquired simultaneously with gsw. The correlation was built from measurements taken
at 57 DAS.
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Figure 3.6. Distribution curves of CTD trait between irrigated and drought at different DAS. Using
density plots of raw CTD values before linear modelling.

A linear relationship (r=0.91, p<0.001) was observed between ambient temperature (T.) and CTD
at several DAS for irrigated and drought pots (Figure 3.7). The highest variation in CTD, as
indicated by the error bars, was generally observed at the highest mean T., suggesting that

variations in CTD are more pronounced under higher temperature conditions (Figure 3.7).
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Figure 3.7. Linear relationship between CTD and ambient temperature (T.) for drought (DR) and
irrigated (IR) pots separately.

3.3.3 The effect of drought treatment on measured traits

CTD

The statistical analysis of data collected for canopy temperature depression showed a significant
effect of genotype, water stress treatment, DAS, ambient temperature as well as interaction
between these factors (Table 3.2). The only interactions that were not found significant within the
CTD analysis were Genotype:DAS:Treatment and Genotype:Treatment. CTD at 22, 26, 28, 33
DAS for both irrigated and drought pots showed bimodal distributions, possibly indicating two
clusters (Figure 3.6). As expected, CTD differences between irrigated and drought pots — referred
to as CTD contrasts — progressively increased as the soil moisture content decreased (Figure 3.6;
Table 3.3). Significant treatment contrasts (Equation 3.6) emerged at 33 DAS when irrigated and
drought pots were at 78%FC and 49%FC, respectively (Table 3.4), with genotypes WBDC-002,
WBDC-020, WBDC-025 and WBDC-048 exhibiting the earliest divergence. Genotype WBDC-
025 showed the most pronounced positive CTD contrast on the same phenotyping day (Table 3.4).
Genotype WBDC-020 exhibited an unexpected negative CTD contrast at 33 DAS that was
statistically significant (Figure 3.8), indicating that the drought-treated pots showed higher CTD
values and thus higher transpiration rates compared to their irrigated counterparts. Although other
negative CTD contrasts were observed across different DAS and genotypes, these were not
statistically significant at p=0.05. Unexpectedly, most of the genotypes that displayed significant
CTD contrasts at 33 DAS did not exhibit similar patterns at 39, 41, and 48 DAS, despite the

decreasing soil water content during the latter periods.
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Table 3.2. Linear Mixed Model (LMMs) analysis of CTD, chlorophyll content (Chl), fresh weight (FW) and dry weight (DW).

CTD Chl
Source of variance df1l df2* F.ratio p-value df1l df2 F.ratio p-value
Genotype 11 47 4.4 <0.001 ok 11 48 27.8 <0.001 Rl
Treatment 1 48 136.2 <0.001 ok 1 48 78.4 <0.001 oAk
Genotype:Treatment 11 47 1.1 0.375 11 48 2.6 0.011 *
DAS 10 393 95.2 <0.001 ok
Ta 1 380 236.8 <0.001 ok
Genotype:DAS 110 478 1.5 0.002 ok
Treatment:DAS 10 478 53.5 <0.001 ok
Genotype:Treatment:DAS 110 478 1.4 0.073
FW DW
Source of variance df1 dr2 F.ratio p-value df1 dafn2 F.ratio p-value
Genotype 11 48 9.1 <0.001 oo 11 48 9.1 <0.001 worx
Treatment 1 48 673.3 <0.001 Hokk 1 48 673.3 <0.001 Hkk
Genotype:Treatment 11 48 4.9 <0.001 rkE 11 48 4.9 <0.001 ok
* xE ARE Significance at p< 0.05, p<0.01 or p<0.001, respectively. “df2 = denominator degrees of freedom approximated with Satterwaitte's method.
Table 3.3. Treatment contrasts (IR-DR) for CTD at several DAS.

DAS 22 26 28 31 33 35 39 41 48 57 59
IR-DR -0.4 -0.45 -0.19 -0.14 0.86 1.71 0.89 0.91 1.45 4.04 4.54
(contrast)

<0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
p-value 0.103 0.064 0.449 0.574 Sk Sk Sk s s s s
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Table 3.4. Irrigated vs Drought (IR-DR) CTD contrasts.

Cultivar-2 WBDC-002 WBDC-012 WBDC-019 WBDC-020 WBDC-021
IR-DR IR-DR IR-DR IR-DR IR-DR IR-DR
DAS  contrast P-value contrast P-value contrast P-value contrast P-value contrast P-value contrast P-value
(°C) (°C) (°C) (°C) (°C) (°C)

22 -0.75 0.387 -0.46 0.593 -0.17 0.845 -1.3 0.128 0.32 0.706 -0.41 0.631
26 -0.92 0.281 -0.29 0.734 0.05 0.956 -0.74 0.385 -0.64 0.452 0.17 0.84
28 -0.62 0.467 0.22 0.798 -0.29 0.734 -0.32 0.708 -0.22 0.795 0.32 0.706
31 -0.35 0.683 0.28 0.747 0.61 0.473 -0.56 0.511 -0.55 0.523 0.41 0.633
33 1.1 0.203 2.88 0.001 #** 1.09 0.201 1.68 0.05 -1.93 0.024 * -0.72 0.402
35 0.44 0.608 0.69 0.419 3.02 0.000 #** 0.59 0.489 1.64 0.055 1.85 0.031 *
39 0.57 0.501 0.73 0.392 1.62 0.058 -0.05 0.949 3.37 0.000 #** 0.64 0.456
41 0.7 0.415 0.78 0.363 1.63 0.057 -0.05 0.956 3.31 0.000 #** 0.6 0.482
48 1.48 0.084 1.2 0.164 1.25 0.142 1.21 0.158 2.68 0.002 ** 3 0.001 #**
57 3.48 0.000 #** 3.65 0.000 #** 2.88 0.001 #** 4.92 0.000 #** 3.65 0.000 #** 3.11 0.000 #**
59 3.8 0.000 #** 2.27 0.008 ** 4.77 0.000 #** 4.19 0.000 #** 42 0.000 #** 4.25 0.000 *#**
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(Table 3.4 - continuation)

WBDC-023 WBDC-025 WBDC-036 WBDC-038 WBDC-048 WBDC-117
IR-DR IR-DR IR-DR IR-DR IR-DR IR-DR
DAS contrast P-value contrast P-value contrast P-value contrast P-value contrast P-value contrast P-value
o) o) (WY (WY €O o)

22 -0.35 0.68 -1.84 0.032 * 1.06 0.216 0.02 0.978 -0.45 0.601 -0.62 0.468
26 -1.01 0.237 -1.26 0.141 -0.26 0.763 -0.81 0.344 0.92 0.28 -0.83 0.329
28 -0.81 0.345 0.06 0.946 -0.14 0.872 0.01 0.989 -0.2 0.812 -0.4 0.64
31 -0.09 0.911 -0.65 0.45 0.29 0.737 -0.68 0.426 -0.38 0.658 -0.16 0.848
33 0.1 0.906 4.27 0.000 *** 0.31 0.716 0.88 0.304 1.91 0.026 * 0.63 0.46
35 -0.12 0.889 2.99 0.001 #** 1.66 0.053 2.55 0.003 ** 1.6 0.062 3.48 0.000 ***
39 -0.82 0.335 0.95 0.267 1.53 0.074 0.48 0.574 0.1 0.91 1.41 0.1
41 -0.79 0.356 1 0.241 1.52 0.075 0.47 0.578 0.13 0.876 1.42 0.096
48 -0.06 0.948 1.05 0.221 1.56 0.068 1.22 0.156 0.95 0.268 1.69 0.048 *
57 3.49 0.000 *** 5.14 0.000 *** 422 0.000 *** 3.84 0.000 *** 5.17 0.000 *** 4.81 0.000 ***
59 4.05 0.000 *** 5.66 0.000 *** 4.19 0.000 *** 5.72 0.000 *#** 4.89 0.000 *** 6.31 0.000 ***
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Chlorophyll and biomass traits

Chlorophyll content and biomass are indicators of physiological status such as senescence and
agronomic performance. The applied drought stress and phenotyping method caused changes in
chlorophyll content, Fresh Weight (FW) and Dry Weight (DW) traits within the panel of
genotypes included in this experiment. These significant differences were observed among
genotypes (p < 0.0001), treatments (p < 0.0001), as well as the Genotype:Treatment interactions
(p < 0.01) (Table 3.2). Chlorophyll content generally increased from irrigated to drought pots
except in Cultivar-2 (Figure 3.9), whereas FW and DW decreased under drought for all genotypes
(Figure 3.10).

5.0
Genotype
—e— Cultivar-2
—e— WBDC-002
—=— WBDC-012
*~ WBDC-019
WBDC-020
WBDC-021
WBDC-023
WBDC-025
WBDC-036
—— WBDC-038
—— WBDC-048
—— WBDC-117

2.54

CTDImgated - CTDDrought (OC)

0.0

22 26 28 31 33 35 39 41 48 57 59
DAS

Figure 3.8. CTD contrasts between irrigated and drought treatment across all genotypes and DAS.
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Figure 3.9. Chlorophyll content, as SPAD values, for each Genotype measured at the end of the
experiment (DAS = 59).
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Figure 3.10. Boxplots illustrate the distribution of fresh weight (FW) and dry weight (DW) across

genotypes and irrigation treatments.

3.3.4 Broad sense heritability (H?)

Broad-sense heritability (4°) quantifies the proportion of total phenotypic variance attributable to
different genotypes. Variance components were obtained from linear mixed models using
genotype as a random factor to estimate the broad-sense heritability (H?) for each trait (Equation
3.5). For CTD, heritability values were specifically obtained for each Treatment:DAS
combination (Appendix 3.1). For chlorophyll content and biomass, a single H? value was obtained

for irrigated and drought-treated pots separately at 56 DAS and 59 DAS, respectively.
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Heritability for canopy temperature depression (CTD) were highly variable, particularly under
drought conditions, indicating a strong environmental influence on this trait. H? for CTD ranged
between 12% to 75% for irrigated pots and 0% to 82% for drought pots (Appendix 3.2). For
irrigated pots, heritability values were observed consistently higher than 40% across most
phenotyping days, except for 26 and 48 DAS. In contrast, drought pots displayed lower
heritability after 28 DAS once imposed drought. Despite the generally low heritability of CTD
for drought-treated pots compared to pots without any water limitation throughout most of the
experiment, at 57 DAS — when drought pots were at 29% of field capacity — CTD exhibited
moderate H? of 42% while 40% in non-stressed pots. Chlorophyll content, Fresh Weight (FW),
and Dry Weight (DW) exhibited high broad-sense heritability (H?) ranging from 48% to 97%
(Appendix 3.3). Among these traits, FW in drought-treated plants demonstrated the lowest
heritability at 48%. However, DW of drought-treated pots maintained a high heritability of 77%.

3.3.5 Correlation matrix of all measured traits

Correlation matrices were constructed for irrigated and drought pots separately using CTD data
from all phenotyping days, SPAD (chlorophyll content), and fresh and dry weight biomass (Figure
3.11). Under irrigated conditions, CTD measurements taken at different DAS exhibited moderate
to strong positive correlations (r>0.5). As expected, days that were further apart showed weaker
correlations, indicating higher variations in transpiration patterns over time and changes in
genotype ranking. In contrast, the CTD in drought pots did not display the significant correlation
across most DAS. This was expected as it indicates altered transpiration patterns as a result of

decreasing soil water content.

Under well-watered conditions, FW and DW exhibited significant correlations with CTD in
irrigated pots at 22, 35, 39, 41, and 48 DAS. This association, particularly in the later stages of
the experiment, suggests a potential relationship between higher transpiration rates (indicated by
higher CTD values) and increased biomass accumulation. The observed correlation may reflect
either a causal link between transpiration and biomass production, where increased transpiration
supports greater growth, or an indirect effect where greater biomass influences CTD values by
reducing heat fluxes contributions from the background. Further investigation is required to
determine the physiological basis of this relationship. In contrast, drought-treated pots showed no

significant correlation between FW and CTD at any DAS.
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Figure 3.11. Correlation matrices for irrigated (a) and drought (b) pots between CTD at all DAS and FW.
Each square represents 36 observations. An asterisk (*) indicates a significant Pearson correlation at p<0.05.

3.4 Discussion

3.4.1 CTD as a spectral proxy of transpiration

Transpiration rate reflects the instantaneous water usage of a plant, making it a key trait for
assessing drought tolerance. Characterising transpiration patterns across diverse genotypes is
critical for phenotyping efforts aimed at selecting candidates for improved water-use efficiency

and understanding the genetic basis of drought adaptation.

Up to 99% of transpiration rates under favourable environments are driven by stomatal
conductance (Hasanuzzaman et al., 2023a). Open stomata facilitate water losses, leading to
evaporative cooling. This cooling effect lowers leaf temperature, creating a negative correlation
between canopy temperature (T.) and transpiration. Consequently, T. can serve as an indirect
proxy for stomatal conductance, provided their relationship is well-characterised under given

environmental conditions.

To establish canopy temperature depression (CTD) as a reliable proxy for g, a dedicated
phenotyping campaign was conducted to validate the relationship between these traits through
direct measurements with a handheld porometer. Canopy temperature was recorded using a
thermal camera positioned above the plants while stomatal conductance was simultaneously
measured with the Li600P/F. This approach enabled precise segmentation of the specific leaf area

where stomatal conductance was assessed, ensuring a direct comparison between the two traits.
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The need for the extraction of a specific leaf segment arose from the observed temperature
heterogeneity within leaves. This yielded a strong correlation between CTD and gs (r=0.819)

which validated CTD as a reliable measure of stomatal conductance (Figure 3.5).

Despite the exponential shape initially observed (Figure 3.5), this apparent relationship is not
biologically meaningful as stomatal conductance (gsw) cannot approach infinity when CTD
increases due to several physiological and physical constraints that regulate transpiration. While
higher g. enhances evaporative cooling and increase CTD, stomatal opening is physically limited
by guard cell mechanics, restricted by water availability, and regulated by boundary layer
resistance. Additionally, the latent heat flux is constrained by available radiation energy, meaning
that even at maximal stomatal opening, water evaporation from stomata cannot exceed the energy
available for vaporisation. As a result, further increases in CTD beyond a certain point do not
lead to infinite g, but instead may trigger stomatal closure to prevent excessive water loss and

hydraulic failure (Grossiord ef al., 2020).

The linear relationship between CTD and T, arises because T. did not increase proportionally
with T.. This is likely caused by higher evaporation rates from the leaf surface enhanced at a
higher ambient temperature. The Clausius-Clapeyron equation provides a mechanistic
relationship between saturation vapor pressure as a function of ambient temperature Ta (Equation

3.7) (Velasco et al., 2009):

(L_v(i_l)>
es (T) = eye Rolo T (Equation 3.7)

Where e (T) is the saturation vapour pressure in Pa, e is the reference vapour pressure at Ty =
273.15 K, L, is the latent heat of vaporization of water in J/kg, R, is the specific gas constant
for water vapour in J/(kg-K), and T is the absolute temperature in Kelvin. This equation describes
the exponential relationship between saturation vapour pressure and temperature, illustrating how

the capacity of air to hold water vapour increases with temperature (Figure 3.12).
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Figure 3.12. Simulated exponential relationship between Saturation Vapour Pressure and ambient
temperature (Ta).

The higher VPD caused at higher ambient temperatures thus enhance the evaporative cooling
capacity of leaves, preventing T. from rising at the same rate as T.. The main implication of this
proportionality is that spatial variations of T, can lead to spurious relationship of CTD with
transpiration patterns which can preclude the identification of genetic factors influencing such
CTD in response to drought. While CTD itself was intended as a normalisation method to account
for spatial variation in ambient temperature that may affect canopy temperature by subtracting
the ambient temperature (T,) from canopy temperature (T.) (Equation 3.1), the strong positive
correlation between CTD and T, (r = 0.91) observed in this study indicates that ambient
temperature itself substantially influences CTD and should be therefore be explicitly accounted

for in the analysis to enhance the detection of genetic effects.

3.4.2 Assessing genetic variation

The statistical analysis for CTD revealed no significant Genotype:Treatment or
Genotype:Treatment:DAS interactions, suggesting that the genotypes in this experiment exhibited
similar reductions in transpiration under drought conditions. Significant Genotype:Treatment
interactions are desirable as they may indicate variation in physiological responses to different
levels of drought severity, while a significant Genotype:Treatment:DAS interaction would
suggest time-dependent differences in transpiration regulation under water stress. It has been
found that the drought tolerance in transgenic wheat is associated with a prolonged transpiration
during water stress compared to the control (Gonzalez et al., 2019). This highlights the importance
of considering temporal dynamics in stomatal conductance and transpiration patterns when
assessing genotypic variation in drought responses. The absence of statistical interactions between

Genotype, Treatment and DAS in this study may be due to the small number of replicates and
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genotypes included in the experiment rather than a lack of inherent phenotypic diversity of CTD
responses. Possibly, with a larger and more diverse set of genotypes, more significant

Genotype:Treatment interactions will emerge.

3.4.3 Spatial temperature variations influence CTD contrasts

Soil drying is generally expected to increase the CTDcontrast (Equation 3.2). Large positive values
indicate higher transpiration rates in well-irrigated pots compared to drought-treated ones.
Conversely, negative values suggest higher transpiration rates in drought-treated pots compared
to irrigated ones. The unexpected negative CTDconrast Observed in genotype WBDC-020 at 33
DAS (Figure 3.8) is likely due to differences in spatial microclimates affecting canopy
temperature. Although WBDC-020 could be transpiring less under drought conditions, this
reduction in transpiration was not reflected as higher CTDcontrast due to differences in the locations
of the drought pots and the temperature data loggers at the exact moment of data acquisition. For
instance, on sunny days, the glasshouse structure creates uneven shading, resulting in lower
canopy temperatures for shaded pots compared to those under direct sunlight. In this study, the
phenotyping process involved moving the thermal camera around while keeping the pots and
temperature data loggers fixed. If a drought-treated pot is shaded while the temperature data
logger is exposed to sunlight, the temperature difference between the data logger and the shaded
canopy may appear greater than it would be if both, pot and data logger, were shaded. This leads
to an overestimation of CTD for that specific pot, giving the false impression of higher
transpiration than is actually occurring. Thus, the observed CTDcontrast may be more reflective of
variations of ambient temperature caused by incoming solar radiation rather than actual genotypic
differences in transpiration. This issue should and can be addressed by placing more data loggers

to capture spatial variations of temperature more precisely or ensuring a full shaded environment.

3.4.4 Biomass and chlorophyll content for agronomic performance

Fresh Weight (FW), Dry Weight (DW) and chlorophyll content can be used as part of a
comprehensive selection criteria for drought tolerance and quantify a genotypes’ agronomic
value. The experiment design was effective in enabling the identification of significant differences
and interactions between irrigated and drought pots in chlorophyll and biomass traits. As
expected, drought conditions led to a reduction in both fresh weight (FW) and dry weight (DW).
However, whether reduction in biomass was due to stomata contribution alone or changes in the

photosynthetic capacity of the plant warrants further investigations.

Chlorophyll content (SPAD values) increased under drought conditions. While drought stress may
have reduced chlorophyll biosynthesis, it likely resulted in higher chlorophyll density per unit

45



area due to reduced leaf growth and thicker leaves in stressed plants (Hasanuzzaman et al., 2017).
The observed increase in chlorophyll content could also suggest that the duration of the drought
treatment and the overall experiment were insufficient to cause a negative impact. Rapid plant
growth and development resulted in a relatively short experiment duration of 59 days from sowing
to biomass harvest, compared to typical field experiments. Once Cultivar-2 reached anthesis at
59 DAS, we determined that any further differences in CTD would likely be attributed to
variations in phenology, and the increasing contribution of FW biomass to pot weight. Therefore,
we proceeded to biomass harvesting. The 38-day period of induced drought was probably too
brief to allow for a prolonged and gradual manifestation of chlorophyll reduction, which typically

appears as senescence during late reproductive stages in the field.

3.4.5 Selecting optimal growing and CTD phenotyping conditions

CTD measurements differed across phenological stages, which is aligned with the expectation of
transpiration rates changing over time with vegetation growth and phenological development
(Sobejano-Paz et al., 2020). Daytime temperatures in the glasshouse were maintained at 22°C to
accelerate water evaporation and plant transpiration, expediting the onset of drought stress.
However, this also accelerated plant development, amplifying phenological differences among
genotypes compared to the slower growth and development that would be observed in colder,
more natural winter field conditions. This variation in phenology complicates the interpretation
of CTD data, particularly in the context of a high-throughput phenotyping protocol aimed at
identifying physiological mechanisms associated with drought tolerance. Ensuring that genotypes
are assessed at comparable phenological stages is therefore critical for extracting meaningful
physiological insights. This is particularly challenging when working with diverse germplasm,
where phenological variation among tens or hundreds of lines can introduce significant
inconsistencies in drought response assessments through thermal imaging. While early
measurements in the experiment could mitigate against phenological differences, phenotyping
immature seedlings (e.g., earlier than the 3-leaf stage) may yield inaccurate CTD readings due to
small plant size affecting image processing and underdeveloped stomata. Furthermore, in wild
germplasm, germination does not occur simultaneously. Assessing plants for drought stress earlier

than the 3-leaf stage could result in a significant amount of missing data.

In this experiment, phenological development was not controlled, as large differences among
genotypes were not initially expected. However, significant variation in developmental rates can
affect the interpretation of CTD data. To account for this, a preliminary experiment to characterise
phenological progression across genotypes would be beneficial for estimating an appropriate time

point when most genotypes reach a comparable developmental stage. Alternatively, incorporating
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a quantitative measure of phenology as a covariate in statistical analyses would help adjust for
phenological differences and improve the accuracy of physiological trait comparisons (Celestina

etal.,2023).

The results of this experiment suggest that high ambient temperatures (>34°C) during
phenotyping may enhance phenotypic differences across genotypes (Figure 3.7). Soil media with
high clay loam content (>30%, v/v) possess a high water-holding capacity, which helps prevent
excessive water evaporation during CTD phenotyping under these extreme conditions (An et al.,
2018). On the other hand, lowering daytime temperatures on non-CTD phenotyping days to below
18°C can slow down phenological development, replicating natural winter conditions to extend
the duration of induced drought stress. This approach could lead to more significant phenotype
contrasts between irrigation treatments that are less impacted by phenological differences. Given
that most glasshouses lack chilling systems and rely on evaporative cooling, conducting drought
experiments during winter would lower glasshouse temperatures naturally. However, these lower
temperatures in non-CTD phenotyping days could also delay the achievement of target drought
levels due to slower soil drying rates in high clay loam content soils. It is therefore recommended
to maintain a balance between maintaining low temperatures to delay phenological development

and achieving the target drought stress levels.

3.4.6 Heritability

Moderate to high heritability values of potential drought tolerance traits are crucial to exploit the
underlying genetics responsible for such mechanisms. In this study, broad-sense heritability (H?)
values for Canopy Temperature Depression (CTD) varied across different days of measurement,
indicating fluctuating contributions of genetic and environmental factors to the observed trait
variation. On days with moderate to high heritability (/) the genetic variance represented a large
proportion of the total phenotypic variance, suggesting that measurements on days with less
temperature fluctuations, humidity, or soil moisture are more reliable for selecting genotypes with
desirable levels of transpiration rates. These results highlight the importance of maximizing
genotypic differences by maintaining stable conditions during CTD phenotyping, a challenging

task in semi-controlled glasshouse environments.

FW, DW and SPAD showed moderate to high heritability (F° > 40%). The moderate heritability
in FW of drought pots (/= 48%) (Appendix 3.1) indicates some environmental influence in water
content since DW of the same treatment group shows high heritability (H’= 77%). The higher
heritability of SPAD, FW, and DW compared to CTD is likely due to the time-integrated nature

of these traits, reflecting the cumulative long-term effects of drought stress. The high heritability
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of biomass traits observed in this study may be the result of the precise control of soil water
content throughout the experiment. Although high heritability of these traits in this experiment
suggests that genetic factors are more easily identifiable under this experiment’s specific
conditions, it does not necessarily indicate that the genetic networks governing biomass and
chlorophyll production under drought are less complex. Instead, it reflects the absence of the

logistical constraints that CTD faced during sampling.

3.4.7 The impact of biomass on CTD variability

Separating the effects of biomass accumulation and soil water content on pot weights as plants
grow has been a long-recognised challenge in drought experiments (Sexton et al., 2021). In the
current experimental setup, towards the end of the experiment, above-ground fresh weight
biomass represented approximately a 4% difference in field capacity between the pots with the
highest and lowest fresh weight (FW). The moderate to low positive correlation (r<0.3) between
FW and CTD in 39, 41 and 48 DAS under well-irrigated conditions suggests that biomass
accumulation had a small but significant influence on CTD measurements when soil moisture
was not limiting. However, the lack of correlation under drought treatment suggests that the
uncertainty of soil water content introduced by the accumulated biomass was not systematic and
did not play a significant part in determining CTD in drought pots (Figure 3.11). This implies that
the low heritability values of CTD in drought pots was likely to be caused by random variations
in soil water content across pots, which arose from the challenges of maintaining a more
consistent soil moisture levels under manual irrigation, and the variations in ambient temperature

conditions.

3.4.8 Data acquisition times

Although attempts have been made in the past to develop high-throughput imaging protocols for
cereal crops in glasshouses, the scope of these studies is still limited to a few tens of lines per
experiment (Grant et al., 2006; Sirault et al., 2009). The phenotyping process in these studies
typically involves moving the pots to a specific location for image acquisition. This minimises
the spatial component affecting canopy temperature, but it also limits the scope, throughput, and
scalability as it takes considerable time to move the pots around. The high-throughput aspect of
these methods mostly depends on the short image processing times via automatic segmentation
methods (Sirault et al., 2009), yet data acquisition takes hours to complete. Data acquisition in
this experiment took 20 minutes for 78 pots, with one photo per pot, significantly reducing the
time for CTD measurements and minimizing temporal variations in temperature, relative
humidity, and vapor pressure. However, this setup may amplify spatial variations of these factors

when the glasshouse structure is highly irregular.
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3.4.9 Considerations for scaling up CTD phenotyping under controlled

conditions

As plants developed, their increased transpiration rates due to larger leaf area caused the soil to
dry out more quickly, requiring more frequent and substantial rewatering to prevent wilting before
the next scheduled irrigation. Ideally, tall, narrow pots are more desirable than small pots because
they provide soil water profiles closer to those found in the field and are less sensitive to changes
in water content due to plant transpiration (Turner, 2019). In large pots, the contribution of
biomass growth and transpired water by plants represents a smaller proportion of the total weight
of the pots filled with moist soil. With larger pots, more plants can be grown per pot to increase
canopy coverage and facilitate image segmentation at early growth stages. However, larger pots
are heavier and complicate manual irrigation. Although automated gravimetric irrigation systems
present a solution, scaling up CTD phenotyping for germplasm explorations in replicated
experiments may involve hundreds, if not thousands, of genotypes, and gravimetric systems are
too expensive for this purpose. Non-invasive sensors, which can absorb electromagnetic waves
with nearly 100% efficiency (Amiri ef al., 2021), could offer a precise and more cost-effective
alternative to both gravimetric systems and traditional soil probes for accurately estimating soil
water content of hundreds of pots. Precise determination of soil water content can be used as a
covariate to model CTD responses more accurately across varying moisture levels, rather than

treating them as a categorical factor (e.g., irrigated vs drought).

3.5 Conclusion

This experiment presents a methodology for the precise determination of instantaneous
transpiration rate via thermal imaging, specifically tailored for genetic studies, where a significant
number of seeds may not be available for all genotypes. Specifically, we investigated how to
optimise a phenotyping protocol using thermal imaging, chlorophyll content and biomass traits
to characterise barley under irrigated and drought conditions in conventional glasshouses
typically available to most researchers. By accurately measuring canopy temperature depression
(CTD), researchers can reliably infer transpiration rates, providing valuable insights into
mechanisms of plant water usage and drought tolerance that could be harnessed for plant breeding.
In this experiment, canopy temperature depression (CTD) — the difference between ambient and
canopy temperature — reliably reflected differences in stomatal conductance, validating CTD as a
high-throughput spectral proxy of transpiration. However, variations in soil water content and
spatial variations of ambient temperature can significantly decrease the contribution of genetic
factors of CTD if not carefully controlled. In particular, spatial variations caused by the glasshouse
structure, such as uneven shading, can increase environmental variability and decrease trait

heritability. We strongly recommend incorporating additional data loggers to monitor temperature
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variations more precisely in the glasshouse, which would minimise the risk of underestimating or
overestimating CTD. Alternatively, a completely shaded glasshouse could be even more effective
in ensuring consistent temperature conditions. Overall, stable ambient conditions during CTD
phenotyping are essential for reliable genotype selection based on heritable values CTD.
Differences in plant phenology of diverse genotype panels calls for methods that account for and
correct CTD at different developmental stages; especially for highly diverse genetic resources

such as wild germplasms.

This experiment aims to make the advancements in crop phenomics accessible to a broader
scientific community by demonstrating a viable method using thermal imaging. In particular, we
here help researchers working in pre-breeding research where the exploration of hundreds of

accessions is essential to identifying promising candidate genotypes for drought tolerance.
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Chapter 4
Screening wild barley for drought tolerance
under glasshouse conditions

4.1 Introduction

Thriving under natural harsh conditions for countless generations, wild relatives are a vast
resource of drought tolerance mechanisms and genes (Nevo & Chen, 2010). The successful
utilisation of these wild relatives in breeding hinges on selecting the most promising candidates
and integrating their unique traits into modern agricultural practices. While genome-wide
molecular data provides a comprehensive view of the genetic variation to understand population
structure and pointing out redundancies in wild germplasms (Milner et al., 2019). However,
genetic information alone does not allow predicting phenotypic performance under stress
conditions (Nguyen & Norton, 2020). Integrating genotypic information and phenotypic data
offers a powerful tool to assess the potential of diverse germplasms for specific objectives, such

as drought tolerance genetic improvement (Darkwa et al., 2020).

Selection activities are generally guided by prior knowledge of agronomic traits that are effective
in the target environment. This inherently reduces genetic variation. Breeders prioritise these traits
at the pre-breeding stage, anticipating their relevance to commercial breeding (Ivandic et al.,
2000; Abdolshahi et al., 2015; Bazzaz et al., 2015; Cai et al., 2020; Bao ef al., 2023). While this
approach is effective for cultivated germplasm and landraces, it is impractical for wild relatives,
as they are not easily grown in field conditions. Given the limited knowledge of these genetic
wild resources, selection strategies could be designed to balance both exploratory and applied
objectives. In this context, genotype selection strategies for wild relatives can be viewed on a
continuum space—ranging from selections focused on detailed molecular analysis of tolerance
mechanisms to those prioritising agronomic traits for breeding. Recognising this spectrum is
essential for maximising the potential of wild germplasm. A multivariate phenotypic analysis is

particularly suited for this purpose.

For drought tolerance assessments, irrigation regimes that supply pots with the same water equally
can result in varying soil moisture levels due to genotypic differences in transpiration rates. As a
result, distinguishing between the effects of water depletion and plant physiological responses
can be challenging. Ensuring similar moisture levels within the same treatment groups could
potentially enhance the reliability of physiological measurements, particularly for traits such as

canopy temperature depression (CTD), which are highly influenced by soil water availability.
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Drought tolerance genetic improvement is particularly challenging due to the intricate
relationship between CO, and H,O exchange through the same stomatal pores. The natural
response of stomata to close in order to prevent plant desiccation and water depletion inevitably
leads to a decrease in biomass and grain yield as CO; diffusive resistance increases (Flexas, 2008).
Reductions in biomass alone, however, do not reveal whether the overall plant health and ability
to photosynthesise is being affected (Flexas, 2008). Photosynthetic and non-photosynthetic
pigments, such as chlorophyll (Chl), flavonoids (Flav), and anthocyanins (Anth), can provide
insights into the plant functioning under stress conditions (Zarco-Tejada et al., 2018; Zarco-
Tejada ef al., 2021). Chlorophyll (Chl) is an indirect indicator of photosynthetic capacity and a
plant's ability to retain green foliage during stress. Flavonoids and anthocyanins serve as
photoprotectors, mitigating light-induced damage into photosynthesis apparatus (Merzlyak et al.,
2008). Nitrogen Balance Index (NBI) is an indicator of Carbon/Nitrogen allocation changes due
to nitrogen deficiency under stress (Cartelat et al., 2005). These parameters can be optically
assessed in a high-throughput fashion with handheld devices or imaging spectroscopy techniques
to cover large screening populations (Cerovic et al., 2012; Zarco-Tejada et al., 2018). Coupled
with biomass, pigment traits can offer a more comprehensive assessment of plant responses to
drought, helping to differentiate between genotypes that experience physiological decline from

those that maintain robust photosynthetic function under stress.

A physiology-focused exploration of wild germplasms embraces the trade-off between carbon
assimilation and water conservation and opens the door for more complex mechanisms. For
instance, an increased efficiency in adaptation of transpiration rates would allow plants to
conserve water while sustaining productivity when conditions are favourable by dynamically
matching the water supply and demand. This entails closing stomata when water is scarce and
keeping them wide open when water is abundant. Theoretically, crops with an efficient adaptive
transpiration would still display biomass declines under drought but could potentially avoid the
undesired “water-failure” and “yield-penalty” production trajectories (Vadez et al., 2024). Water
failure refers to the critical absence of water during the grain filling stages, which can severely
impact yield and crop quality. Yield penalty occurs when water is not utilised efficiently
throughout the growing season, resulting in excess water remaining in the soil by the end of the
season, without translating into grain production (Vadez et al., 2024). The extent of genetic
diversity of adaptive transpiration remains elusive due to the current limitations in our ability to
measure and identify them at large scale. On the other hand, while the biological significance for
survival in natural (non-agricultural) environments is evident, its genetic complexity and

agronomic potential remains largely unexplored.
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In this study, I conduct a phenotypic analysis of a diverse wild barley genetic pool, focusing on
canopy temperature depression (CTD) under varying levels of water deficit to investigate adaptive
transpiration. I present a structured approach for the collective analysis and interpretation of
canopy temperature, biomass, and spectrally-derived pigment traits, offering a framework for the
holistic evaluation of wild populations. To quantify the genetic contribution to these traits,
narrow-sense heritability was estimated using the Genomic Best Linear Unbiased Prediction
(GBLUP) model, which incorporates genome-wide SNP data to partition phenotypic variance into
genetic and residual components. The variance components from a GBLUP model provides
insight into the extent to which trait variation is attributable to additive genetic differences.
Finally, a combined agronomic, physiological, and phenotypic clustering-based selection strategy
was implemented to balance the objectives of selection of wild candidates for mechanistic
exploration research and for plant breeding purposes. This approach aims to identify genotypes
that maintain productivity under drought while exhibiting valuable adaptive mechanisms,

ultimately leading to the selection of a core set of genotypes for pre-breeding research.

4.2 Materials and Methods

4.2.1 Plant material and growing conditions.

The protocol developed in Chapter 3 of this thesis was used to evaluate a pool of 126 barley
accessions for drought tolerance, including 120 wild barley genotypes and 6 cultivars (Appendix
4.1). Wild genotypes were sourced from the International Wild Barley Sequencing Consortium
(IWBSC), University of Minnesota, USA, along with a VCF file containing whole-genome
sequencing variants for 111 out of the 126 genotypes. Three plants per pot were grown in 1.5L
pots using the same media as described in Chapter 3. Husks of wild barley seeds were carefully
removed manually, and the seeds were immersed in 20 ml of H>O, at 1% for 18 hours the day

before sowing.

Glasshouse temperature settings were configured to control the temperature at which the vents
open and the cooling systems activate, rather than maintaining a target temperature. The average
glasshouse temperature throughout the experiment was 22°C during the day and 15°C during the
night. During thermal imaging phenotyping, between 1:00pm and 2:30pm, the cooling system
was turned off to prevent wind disturbance, which resulted in higher temperatures than 22 °C
despite vents being completely open. The glasshouse temperature during this time highly

depended on external conditions such as solar radiation and external ambient temperatures.
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4.2.2 Experimental design

The spatial arrangement was similar to the experiment of Chapter 3. Pots were arranged in a 14 x
36 grid with a pot placed in every second location to maximise space utilisation (Figure 4.1). The
experiment was divided into three independent trials conducted consecutively in the same
glasshouse in 2022; Trial 1 from April to May, Trial 2 from June to July, and Trial 3 from August
to September. Each trial contained one replicate for each genotype-by-treatment combination,
totaling 252 pots per trial. Pots were arranged in three blocks within each trial to ensure that
genotypes were assessed at various spatial locations throughout the glasshouse. Each block
contained 42 genotypes under both irrigated and drought, resulting in an incomplete block design.
Gendex (Nguyen, 1983) was used to construct a near-optimal alpha-lattice design, maximising
genotype pairwise comparisons within each block (Appendix 4.2). To facilitate irrigation, each
block was further subdivided into two treatment sub-blocks, one for drought and one for irrigated
pots, for a total of six treatment sub-blocks per trial. Irrigation sub-blocks were randomly shuffled

across the three trials.

Trial 1 (Apr — May) Trial 2 (Jun —Jul) Trial 3 (Aug —Sep)
l:] East block
Blocks within Trials \:I Middle block
‘:’ West block
D Irrigated
Sub_blocks within Drought
Blocks

@ 3 = Fepord et
) =
3 South
West
East

North

Figure 4.1. Outline of the experimental design and spatial arrangement of pots.

4.2.3 Drought treatment

The drought treatment was conducted using the same method as described in Chapter 3. All plants
were initially irrigated by capillarity until 50% of the pots achieved 2-leaf stage, after which
drought pots transitioned to manual irrigation by placing a physical barrier between the pot and
the floral foam. The well-irrigated half was kept under capillary irrigation for the rest of the
experiment and maintained between 90-100% Field Capacity (FC).
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The water content of drought-treated pots was controlled by placing them on a digital scale and
pouring water from the top until reaching the desired weight. Drought-treated pots were gradually
dried by matching the rate of slowest drying pot. The irrigation frequency was determined based
on the pot that experienced the quickest soil drying rate and it changed according to the age of the
plants as older plants consumed water more rapidly than younger ones. Towards the end of the
experiment, irrigation was administered once daily. Historic soil drying data was used to irrigate
drought pots one day before each thermal imaging phenotyping campaign to ensure all pots within

the same treatment group maintained consistent water content during the time of measurements.

4.2.4 Phenotyping

Primary traits measured in this study included CTD at 3 different levels of water deficit (stages 1,
2, and 3), spectrally-derived pigment traits (Chlorophyll, Flavonoids, Anthocyanins and Nitrogen
Balance Index), and above-ground biomass traits (FW and DW).

Canopy temperature depression

Canopy temperature phenotyping was conducted three times during the experiment, referred to
as “stages”. Stage 1 involved 100% field capacity (FC) vs 100% FC (all pots irrigated), stage 2
involved 100% FC vs. 60% FC (irrigated vs moderate water deficit), and stage 3 involved 100%
FC vs. 40% FC (irrigated vs severe water deficit) (Table 4.1). Phenotyping was conducted on
sunny days to avoid fluctuations caused by inconsistent lighting conditions, resulting in ambient

temperatures during phenotyping ranging between 35°C and 40°C.

The process of canopy temperature (T.) phenotyping followed a similar procedure detailed in
Chapter 3. A custom matte black-painted cardboard was used to cover the soil, pot saucers, and
bench to provide a uniform background, enhancing the temperature contrast between the canopy
and the background for effective image segmentation. Canopy temperatures were recorded by
gliding a thermal camera (Model E86, Teledyne FLIR LLC) over each pot three times within a
time frame of lhr and 30 mins. Three radiometric images were extracted and analysed with a
custom MATLAB (Mathworks Inc., Natick, Massachusetts, USA) code to obtain average canopy
temperature values. Ambient temperature was recorded using 18 HOBO data loggers (Onset,
Cape Cod, Massachusetts, USA) evenly located across the glasshouse, and canopy temperature
depression (CTD) was calculated as the difference between ambient (T.) and canopy temperature

(T.) (Equation 3.1).
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Table 4.1. Summary of data acquisition during the experiment

Expl Exp2 Exp3
2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
Days After Sowing (DAS) a a a a a a a a a a a a a a a
a (] ~ -] (=) [\ - n -] o o o ~ o m
- < wn wn wn o~ < wn wn o ~N < < wn wn
CTD v v v v v v - v v v
Chlorophyll v v v
Anthocyanin v v v
Flavonoids v v v
NBI v v - v
Biomass (Fresh and Dry v v v

weight)

4.2.5 Statistical analyses
Phenotypic data

Data processing and statistical analysis were performed with R (version 4.3.2) using packages
spdep (version 1.2-5) (Bivand & Wong, 2018), Ime4 (version 1.1.35.1) (Bates et al., 2015),
emmeans (version 1.10.0) (Lenth et al., 2024), tidyverse (version 2.0.0) (Wickham, 2014).
Separate models were used for each trait to quantify the effect of drought stress while accounting
for several factors of the experimental design such as trial, genotype, sub-blocks, repeated
measurements, and spatial location within the glasshouse (Table 4.2). A spatial analysis was
performed on each of the primary traits except CTD, by assessing linear trends and spatial
heterogeneities in the error terms across models 2 through 7 (Table 4.2). Global Moran’s I test
was employed to quantify the degree of spatial autocorrelation present in the residuals. A spherical
variogram quantified the spatial dependence of residuals, which was used as the variance-
covariance matrix (X) in linear mixed models 2 through 7. The Akaike Information Criterion
(AIC) evaluated whether incorporating spatial covariance improved the model, comparing models
with and without this structure to select the best balance between fit and complexity. Principal
component analysis was used to examine the variance structure of the entire data set, including
primary traits and tolerance indices. Phenotypic and genetic correlation analysis were conducted

to assess the relationships between different traits.

Molecular data
A VCF file with whole-genome sequencing information for 111 genotypes was supplied by the
International Wild Barley Sequencing Consortium (IWBSC; https://iwbsc.umn.edu), and filtered

for biallelic variants using PLINK 2.0 (Purcell et al., 2007). The filtering criteria included a minor
allele frequency (MAF) of 0.05, a minimum allele count (MAC) of 100, a per-variant
heterozygosity rate of 5%, and a per-variant missing call rate of 1%. After applying these criteria,

a total of 881,755 biallelic variants were retained. A sample of 500,000 variants were randomly
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selected out of the 881,755 biallelic variants to create the Genomic Relatedness Matrix (GRM)
(VanRaden, 2008):

zzT .
GRM = > (Equation 4.1)

Where Z is the matrix of the scaled and centred SNP codes and p is the number of SNPs. The Z

matrix is defined as:

xij—ij
J2pi(1-p))

Where z;; is the element of the Z matrix for individual i and SNP j, x; is the genotype coding with

Zjj = (Equation 4.2)

values 0, 1, or 2 to represent the number of reference alleles. The allele frequency of the reference

allele at SNP ; is denoted by p;.

Genotype clustering

Cluster analysis of phenotypic and genotypic data was conducted to understand the extent and
structure of genetic diversity in wild germplasms. Following the methodologies of Agre ef al.
(2019) and Darkwa et al. (2020), various distance matrices and clustering methods were evaluated
to determine the best combination that preserves pairwise distances in the data via the cophenetic
correlation coefficient (CCC). Hopkins statistics was used to assess the clustering tendency of the
dataset, ensuring that the data exhibited potential for meaningful groupings (Wright, 2022).
Distance matrices for phenotypic data included Euclidean, Manhattan, and Gower, while those
for genotypic data included IBS, Jaccard, Nei, and Roger. The clustering methods assessed were
Ward.D2, Single, Complete, Average (UPGMA) linkage. Mantel’s test was employed to evaluate

correlations between the selected phenotypic and genotypic distance matrices.

Narrow-sense heritability and genetic correlations

BLUE:s for each trait were used in GBLUP models 8 through 14 (Table 2) with a 10-fold cross-
validation (CV) to assess prediction accuracy and narrow (/°) sense heritability using the GRM
as a covariance structure. Prediction accuracy was obtained from Pearson’s correlation coefficient
(r) between predicted and observed values, averaged across all CV partitions. Variance
components (02) of the GBLUP model were used to calculate /#°. Genetic correlations among
traits were calculated using a multivariate linear mixed model using MTG2 (version 2.22) with

its default parameters (Lee & van der Werf, 2016).
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Table 4.2. Linear mixed models for estimation of BLUESs, and narrow-sense (h?) heritability.

Objective Data source  Model Group Trait Fixed effects Random effects Covariates
. . Sub-block, Pot Ambient
b Tremematon  CID TralTreament Genowpe, Suge D temperature
2 Chl Trial, Treatment, Genotype Sub-block X coordlp ate,
y coordinate
3 Flav Trial, Treatment, Genotype Sub-block X COOI‘dl}’l ate,
S . y coordinate
Estimation of Pigments % coordinate
adjusted means Raw data 4 Anth Trial, Treatment, Genotype Sub-block & ’
per line y coor }nate
5 NBI Trial, Treatment, Genotype Sub-block X COOI‘dl}’l ate,
_____________________________________________________________________________________________________________ ycoordinate
6 FW Trial, Treatment, Genotype Sub-block X coordlp ate,
. y coordinate
Biomass x coordinate
7 DW Trial, Treatment, Genotype Sub-block L
y coordinate
8 Transpiration CTD - Genotype -
9 Chl - Genotype -
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Selection of core set

Traits were filtered based on statistical significance, heritability, and prediction accuracy,
retaining those that demonstrated significant differences across irrigation treatments and exhibited
moderate to strong genetic control. The thresholds for heritability (4?) and prediction accuracy (7)
were set at 0.2 and 0.3, respectively. Traits meeting or exceeding at least one of these parameters
were used for the selection of a core set. Trait values were standardised and integrated into a

composite selection criterion.

To facilitate the interpretation, a linear transformation was applied by multiplying each variable
by -1 for traits where lower values are more desirable under water-limited conditions, such as low
transpiration (low CTD). Traits where higher values indicate better performance, such as the MP
index and CTD under irrigated conditions, were left unchanged. The linear transformation
ensured that higher values consistently represented better performance across all traits. From an
agronomic and physiological perspective, a hypothetical “Attractive candidate” was defined as a
point with the highest values for each trait. These represent superior genotypes based on a general
view of agricultural success. Conversely a hypothetical “Unattractive candidate” was defined as
a point with the lowest values for each trait. These genotypes exhibited traits opposite to those
associated with agricultural success, such as low biomass accumulation, and can be treated as
negative control for further research for evaluating the effectiveness of selection strategies. Core
sets of genotypes were selected from the top 10% and bottom 10% quantiles, based on their
proximity to the ideal and unattractive candidates based on the smallest Euclidean distance. The
rationale for excluding the middle 80% in this step is to prioritise individuals on two extremes of
phenotypic variation. Finally, the selection process also ensured that at least one representative

from each phenotypic cluster was included.

4.3 Results

A diverse panel of 126 barley accessions, including 120 wild and 6 cultivated, was assessed based
on transpiration, biomass, and pigment traits across three unreplicated trials under controlled
glasshouse conditions. Canopy temperature depression (CTD) via thermal imaging showed a
significant correlation with stomatal conductance (p<0.001). Despite the dormancy breaking
treatment, wild barley genotypes exhibited significant differences in gemination and emergence.
Seedlings that germinated within a 7-day window from the first seedling emergence were retained
for the study. Those germinating outside this window were removed and recorded as missing data
to prevent significant biases in trait values due to phenological differences. As a result, Trials 1,

2,and 3 had 12, 21, and 7 pots with missing data, respectively.
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Differences in external ambient conditions, such as temperature and solar radiation, between the
three consecutive trials influenced the ambient temperature in the glasshouse, leading to variations
in soil drying rates across the three trials (Appendix 4.3). The 2-leaf stage was achieved at 19
Days After Sowing (DAS) in the first trial, at 22 DAS in the second trial and at 26 DAS in the
third trial. By the end of the three trials, developmental stages between the cultivated and wild
material were readily identifiable. All six barley cultivars had consistently achieved heading
developmental stage, in contrast to the wild accessions that remained vegetative. No flag leaves

were identified in any of the wild accessions.

4.3.1 Spatial analysis and drought effects

Biomass and pigment traits exhibited significant linear gradients along the East-West line of the
glasshouse, influencing trait means (Appendix 4.4). Nonetheless, the spatial analyses revealed no
significant autocorrelation component (p>0.05) in the residuals after accounting for the linear
trends in the statistical model (Appendix 4.5). Best Linear Unbiased Estimates (BLUEs), or
adjusted means, were spatially adjusted using a linear (deterministic) trend by considering x and
y coordinates as covariates in the model and did not include a spatial autocorrelation (stochastic)

component.

The distribution of trait values varied across trials (Appendix 4.6). Most traits showed significant
differences among genotypes (p<0.0001) except for anthocyanin content (Appendix 4.7).
Conversely, significant differences between irrigation treatments were only observed in CTD,
biomass, and chlorophyll content. No genotype-by-treatment interactions were identified at

p=0.05 for any of the measured traits.

Mean Fresh weight ranged between 1.45 and 8.37 g plant™ and dry weight ranged between 0.03
and 0.60 g plant'. Drought stress reduced biomass by an average of 1.28 g plant'(21%) and 0.07
g plant'(29%) for fresh and dry weight, respectively. High biomass accumulation of genotypes
080 and 021 was visually outstanding under drought and irrigated conditions, respectively.
Genotype 080 under drought outperformed its well-irrigated counterpart in the first two trials,
with the drought-treated pot reported as missing in the third trial. Genotype 021 showed the
highest biomass under irrigated conditions in all trials. In contrast, genotypes 066 and 111 were
significantly smaller than the other accessions, characterised by narrow leaves and reduced overall

biomass.

Canopy temperature depression (CTD) ranged from 3.38 to 6.05°C at stage 1, from 3.23 to 7.08°C
at stage 2, and from 3.06 to 6.77 °C at stage3. Differences in CTD between irrigation treatments
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were highly significant (p<0.001) at stage 2 and stage 3. At stage 2, CTD under drought was 14%
lower than irrigated, equivalent to a 0.8 °C difference. At stage 3, the difference between

treatments increased to 33%, or 1.94 °C.

Asslight increase of 4% (0.9 pg cm™) in response to water deficit was observed only in chlorophyll
content while the rest of the pigment traits did not show any significant changes in response to

water deficit.

4.3.2 Agronomic and stomata sensitivity indices

In preparation for multivariate phenotypic analysis, nineteen tolerance indices, commonly used
in agronomic studies for drought tolerance breeding, were constructed using dry weight biomass
under both irrigated and drought conditions. For a complete explanation of these indices refer to
Bennani et al. (2017) and Morton et al. (2019). These indices were then subjected to correlation
and principal component analysis (PCA) to understand the relationships among them. The
correlation matrix (Figure 4.2a), ordered by hierarchical clustering, revealed distinct grouping of
these indices. Cluster 1 included SSI, Red, TOL, and SSPI, while Cluster 2 included MSTIK1,
STI, REI, HARM, MP, GMP, and MRP (Bennani ef al., 2017). The first two principal components
of the PCA biplot (Figure 4.2b) illustrate the direction and magnitude of the trait vectors,
indicating that most variables contributed similarly to the principal components PC1 and PC2.
They explained together around 87% of the total variation. Notably, DI, DTE, RDI, and SSI are
not in any of the main clusters in the correlation matrix but display magnitudes and directions that
are nearly opposite to cluster 1, suggesting an inverse but analogous relationship to the traits in
that cluster. RDY displays magnitudes and directions that are nearly opposite to those in Cluster
2. One index from each of the main clusters were chosen for their straightforward interpretation:
mean productivity (MP) and stress tolerance index (TOL). In addition to agronomic indices, an
index for adaptive transpiration, termed Stomatal Sensitivity (SI), was calculated as the difference
in transpiration between irrigated and drought conditions (Rischbeck et al., 2017). MP, TOL,

SI stage 2 and SI stage 3 were included in phenotypic and genetic correlation analyses.
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Figure 4.2. Correlation matrix (a) and principal component analysis biplot (b) for the analysis of the
relationships between agronomic indices derived from dry weight (DW).

4.3.3 Phenotypic and genetic correlations

The phenotypic and genetic correlation matrices exhibited similar patterns (Figure 4.3). As
expected, fresh weight (FW) and dry weight (DW) were highly correlated with canopy
temperature depression (CTD) across all phenotyping stages and irrigation treatments at both
phenotypic and genetic levels. No significant correlations were found between CTD and TOL.
While a significant phenotypic correlation was observed between TOL and SI_stage 2 at p=0.05,
this relationship was likely not genetically driven as there was no significant genetic correlation
among them. On the other hand, strong phenotypic and genetic correlations were observed
between CTD and Mean Productivity (MP). This means that, although reductions in transpiration
rate (SI) were not directly linked to variation in biomass losses (TOL) under drought conditions,

baseline transpiration (CTD) did have an impact on overall yield potential (MP).

Significant correlations were found among the pigment traits. However, no phenotypic
correlations between pigments and CTD, nor between pigments and biomass, were observed,
further supported by an absence of genetic correlation. This indicates that the variation in pigment
content is largely independent of transpiration rates and biomass accumulation under tested
conditions. Despite the crucial role of pigments in plant health protection under stress, they did
not appear to be phenotypically or genetically associated with drought responses in this

experiment.
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Figure 4.3. Phenotypic (a) and genetic (b) correlation matrices. Phenotypic correlation was calculated
based on observed trait values across different genotypes, while genetic correlation was derived from
multivariate analysis with MTG2 (Lee & van der Werf, 2016) to assess the underlying genetic relationships
between measured traits.

4.3.4 Principal component analysis

Principal component analysis (PCA) of primary traits and agronomic indices indicated that the
first three principal components (PC), cumulatively accounted for 50.8% of the total phenotypic
variation in the data set (Figure 4.4). PC1 accounted for 26.2% of the total variation with mean
productivity (MP) index and biomass under irrigated conditions having the highest absolute
contribution and strongest influence. PC2 accounted for 14.7% and was dominated by NBI under
drought and SI indices at stage 2 and stage 3. PC3 accounted for 9.9% of the total phenotypic
variation where the largest contributions were associated with Dry Weight (DW) and Fresh

Weight (FW) under drought conditions.
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Figure 4.4. Principal component analysis of a diverse barley panel based on 22 traits. a) PC plot illustrates
the distribution and genotype clustering in a reduced-dimensional space defined by the first two principal
components. b) scree plot showing the proportion of total variance explained by each principal component.
Ellipses separate between the cultivated from wild genotypes.

4.3.5 Trait heritability for feature selection

Heritability analysis was conducted to identify and select traits with moderate to strong genetic
contributions to the phenotypes for subsequent genotype selection. Narrow-sense (/°) heritability
was calculated on a line-mean basis from the variance components of GBLUP models 15 through
21. Overall, trait heritability ranged from 0% to 97% and prediction accuracies ranged from 0%
to 49% (Table 4.3). Biomass traits showed the highest 4’ values with 97%, 93% and 85% for FW
of drought pots, MP and DW of drought pots. CTD heritability ranged from 16% to 55% with
CTD under drought showing higher heritability than irrigated pots. Pigment traits, TOL, and SI
(Stage 2 and 3) showed the lowest heritability values. Cross-validation accuracies (r) were higher
for CTD than biomass traits. Heritability thresholds were set at A’=15% for trait selection. Along
with statistical significance between irrigation treatments at p<0.001, traits with /4’ above this
threshold were used in a composite genotype selection criterion. The selected traits included
CTD DR Stage 1, CTD DR Stage 2, CTD_DR Stage 3, CTD IR Stage 1,
CTD_IR Stage 2, CTD IR Stage 3, DW_DR, DW_IR, FW_DR, FW_IR, and MP.
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Table 4.3. Statistical analysis, cross-validation accuracy, and narrow-sense (4?) heritability for trait selection.

Cross-validation Traits for
Trait grou Trait code Description p-value " genotype
group

Accuracy 1+t .
selection

Transpiration of drought treated pots at 100%FC 0 o .
CTD_DR_ Stage between 19 and 26 Days After Sowing 35% 34% Trait 1

Transpiration of drought treated pots at 60%FC between 0 o .
CTD DR Stage 2 40 and 41 Days After Sowing 44% 55% Trait 2

Transpiration of drought treated pots at 40%FC between 0 o .
CTD_DR_Stage 3 47 and 57 Days After Sowing 49% 53% Trait 3

<0.0001

Transpiration of well-irrigated pots at 100%FC between 0 o .

CTD IR Stage 1 19 and 26 Days After Sowing 26% 39% Trait 4
Transpiration

Transpiration of well-irrigated pots at 100%FC between 0 o .
CTD IR Stage 2 40 and 41 Days After Sowing 39% 23% Trait 5

Transpiration of well-irrigated pots at 100%FC between 0 N .
CTD IR Stage 3 47 and 57 Days After Sowing 37% 16% Trait 6

SI stage? Stomata sensitivity tolerance index between well- ) i )

—Stage irrigated (100%FC) and drought treated (60% FC) pots
n/a
Stomata sensitivity tolerance index between well- o o )
SI_stage3 irrigated (100%FC) and drought treated (40% FC) pots 8% 6%
DW DR Dry Weight of drought treated pots 26% 85% Trait 7
Biomass <0.0001

DW_IR Dry Weight of well-irrigated pots 20% 48% Trait 8
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FW_DR Fresh Weight of drought treated pots 25% 97% Trait 9
FW_IR Fresh Weight of well-irrigated pots 20% 33% Trait 10
MP Mean productivity tolerance index 24% 93% Trait 11
n/a
TOL Yield stability tolerance index - - -
Anth DR Anthocyanin content of drought treated pots 9% 7% -
0.404
Anth IR Anthocyanin content of well-irrigated pots 0% 2% -
Chl DR Chlorophyll content of drought treated pots 36% 26% -
<0.0001
Chl IR Chlorophyll content of well-irrigated pots 21% 26% -
Pigment
Flav. DR Flavonoid content of drought treated pots 25% 16% -
0.6642
Flav_IR Flavonoid content of well-irrigated pots - - -
NBI DR Nitrogen Balance Index of drought treated pots 31% 24% -
0.0141
NBI IR Nitrogen Balance Index of well-irrigated pots 13% 16% -

+ Statistical significance between well-irrigated and drought treated pots. No statistical test for tolerance indices as they integrate information of both irrigation treatments.

11 Cross-validation accuracy from a GBLUP model. No cross-validation accuracy (r) and MSE for SI stage2, TOL and Flav_IR available as there is not enough additive genetic

variation that the model can explain, resulting in 0% narrow-sense (4°) heritability.
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4.3.6 Genotype clustering

The Hopkins statistic calculated on the 22 variables, including transpiration, biomass, pigment
content, and agronomic indices, was 0.67, while the value for the first three principal components
was 0.65. This indicates a moderate clustering tendency across the full dataset, with no significant
enhancement observed from dimensionality reduction via principal component analysis.
However, when using the 11 traits selected based on statistical significance and heritability, the

Hopkins statistic increased to 0.71, indicating a stronger clustering tendency.

The selection of distance matrix and hierarchical clustering methods was assessed using the
Cophenetic Correlation Coefficient (CCC) (Agre et al., 2019; Darkwa et al., 2020). Genotypic
data was used to benchmark phenotypic similarity with the genotypic similarity across the
population and to evaluate how accurately the phenotypic clustering reflected the underlying
genetic relationships among the genotypes (Figure 4.5). Table 4.4 shows the CCC from various
combinations of dissimilarity matrices and clustering methods using phenotypic and genotypic
data. The Average (UPGMA) linkage clustering method consistently produced higher CCC values
(>0.67). Among the three dissimilarity matrices for phenotypic traits, the Euclidean distance
achieved the highest CCC value of 0.71. The CCC values from molecular data was generally
higher than the ones from phenotypic data. A low but significant relationship between the
structure of the phenotypic and genotypic distance matrices was observed via Mantel test (0.155;
p<0.001), indicating that while most of the variation is captured independently by the different
types of data, there is some concordance between the phenotypic and genotypic clustering

patterns.

No agreement was observed across the Within-Cluster Sum of Squares (WSS), Silhouette method,
and Gap Statistic to determine an optimal number of clusters. A cut-off threshold of 6 was applied
for a comparative analysis of clustering patterns across all four algorithms. Circular dendrograms
in Figure 4.6 show the outcome of the four hierarchical clustering methods. Average and Single
linkage formed a large, cohesive cluster, while Ward and Complete Linkage resulted in a more

dispersed clustering pattern.
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Table 4.4. Comparison of clustering methods and diversity matrices of phenotypic and genotypic data
using cophenetic correlation coefficient (CCC).

Clustering methods

. Average
Dissimilarity matrices Ward.D2 Single Complete (UPGMgA)
Phenotypic data
Gower 0.38 0.60 0.43 0.68
Manhattan 0.37 0.63 0.46 0.70
Euclidean 0.36 0.69 0.40 0.71
Genotypic data
IBS 0.80 0.37 0.82 0.84
Nei 0.68 0.71 0.75 0.80
Jaccard 0.68 0.80 0.84 0.88
Roger 0.80 0.48 0.84 0.86

TEm Mﬂﬁm i

Al aman il

k

Figure 4.5. Heatmaps representing dissimilarity matrices and hierarchical clustering of genotypes. a)

Phenotypic dissimilarity matrix using Euclidean distance. b) Genotypic dissimilarity matrix using Jaccard
distance. The colour gradient expresses the dissimilarity levels between 111 wild accessions, with higher
values representing greater differences between genotypes. Genotypes with no genotypic information
available were excluded.
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4.3.7 Selection of a core set of drought-tolerant candidates

Genotypes were classified into distinct groups based on the 11 traits chosen for their statistical
significance and moderate to strong genetic control from heritability analysis. Figure 4.7 shows
genotypes plotted in a 3D space using the first three principal components (PCs) as coordinates.
According to the Ward clustering method, the top 10% of accessions, which had the smallest
Euclidean distance to a hypothetical ideal candidate, predominantly belonged to the red and black
groups. Genotypes in this top tier included 021, 221, 064, 085, 117, FLE, 247, and 026, listed in
descending ranking order. This core set exhibited very high biomass accumulation and mean
productivity. The black group, comprising genotypes RGT, 080, 002, and 137, showed average
CTD, and above average biomass and mean productivity. In contrast, the bottom 10% of
accessions, primarily from the purple and orange clusters, showed significantly different
characteristics. The purple group, which included genotypes 066, 111, 260, 127, 025, 112, 063,
and 306 in ascending ranking order, was characterised by below-average CTD and very low
biomass. The orange group, containing genotypes 203, 104, and 082, exhibited average biomass

and very low CTD.
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Figure 4.6. Hierarchical clustering of 124 genotypes based on phenotypic data. Clusters are represented by
circular dendrograms (left column) and heatmaps of cluster means (right column) using Euclidean distance
matrices. Clustering methods shown are: (a) Average linkage, (b) Single linkage, (c) Ward linkage, and (d)
Complete linkage.
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Figure 4.7. Classification of wild and cultivated accessions based on smallest Euclidean distance to a
hypothetical ideal candidate. The classification was conducted using eleven traits selected for their
statistical significance and heritability. A linear transformation was applied to ensure consistent
directionality for desirable trait values. The ideal “attractive” candidate is defined by the highest values for
all traits, whereas the least desirable “unattractive” candidate is defined by the lowest values for all traits.
Blue and orange colours indicate proximity to the ideal or least desirable candidates, respectively.
Coordinates represent the first three principal components.

4.4 Discussion

Wild relatives are a diverse and largely unexploited reservoir of stress tolerance mechanisms and
genes (McCouch et al.,, 2013; Langridge & Waugh, 2019). Developing a comprehensive
utilisation strategy is crucial to fully harness these valuable genetic resources. This study explores
the drought tolerance potential of wild relatives from three different perspectives: agronomic
performance, physiological mechanisms of interest, and data-driven phenotypic clustering
analysis. The phenotypic characterisation of a diverse barley germplasm was done by means of
transpiration via canopy temperature depression, biomass and pigment traits, where agronomic
indices based on dry matter (MP and TOL), and a stomata sensitivity (SI) index were incorporated
into the trait set. Trait selection was guided by the statistical significance and heritability analysis,
ensuring that only the most relevant traits were used in the process of genotype selection. By
comparing many genotypes simultaneously under precise irrigation control this preliminary study
provides a benchmark to understand the extent of genetic diversity of CTD, biomass and pigment

traits. I also provide a framework for the collective analysis of these traits that will serve as a
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foundation for more detailed research, aiming to refine our understanding of the genetic and

physiological factors that contribute to drought tolerance in wild relatives of cereal crops.

4.4.1 Drought treatment effects

Biomass and CTD showed the expected decline under drought conditions, but pigment traits did
not follow the same downward trend. The lack of significant correlations between pigment and
biomass, as well as between pigment and CTD, suggests that there was no evidence of light-
induced damage in photosynthesis by the induced water stress treatments. Therefore, reductions
of biomass under drought was likely driven solely by decreased stomatal conductance in response
to water deficit (Flexas, 2008). Pigment traits were therefore not informative of drought stress
tolerance under the tested experimental conditions, although they hold relevance in field
environments where drought stress exerts more extreme effects on photosynthesis. The lack of
statistically significant genotype-by-treatment interactions further indicates that the imposed
stress was probably not strong or prolonged enough to cause significant differences in genotypes’
responses to drought. On the other hand, the within-genotype variation was too large as to
compromise the detection of subtle phenotypic differences among genotypes. Future drought
experiments in controlled environments should aim to create conditions that substantially impact
photosynthesis, as variations in the ability of genotypes to sustain photosynthetic activity could
amplify the differences in biomass declines among them. This approach would enhance our ability

to distinguish between drought-tolerant and drought-sensitive genotypes.

4.4.2 Heritability

Biomass and pigments are time-integrated traits whose values are relatively stable and fixed at
the time of sampling. Unlike biomass, CTD is sensitive to short-term environmental fluctuations
that can happen during the sampling process. This sensitivity to environmental factors makes it
crucial to determine the extent to which CTD measurements are driven by genotypic differences
among accessions. Narrow-sense heritability provides this needed metric (Falconer & Mackay,
1996; Visscher et al., 2008). Whole-genome sequencing data available for 111 genotypes allowed
for the calculation of narrow-sense heritability (4?) using variance components from GBLUP
models. These models leverage genome-wide molecular marker data to construct a Genomic

Relatedness Matrix (GRM).

Interestingly, Flav_IR, SI, and TOL indices, did not exhibit significant phenotypic variance that
could be directly attributed to genotype differences. As a result, the GBLUP could not estimate
narrow-sense heritability for these traits (Table 4.3), indicating that the observed variability is

primarily influenced by measurement errors and/or environmental factors. This aligns with the
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lack of genotype-by-treatment interactions from the statistical analysis, indicating that genotypes
respond similarly under the studied experimental conditions. On the other hand, higher /4? under
drought for CTD and biomass traits suggest that a substantial portion of the observed variation

was attributable to genotypic differences among the accessions (Visscher et al., 2008).

To date, there are no studies of CTD conducted in wild barley populations for the exploration of
drought tolerance potential. Most studies using canopy temperature have been in cultivated crops
under rainfed field conditions, and only a limited number of them report broad-sense (H?) or
narrow-sense (/7) heritability to assess the reliability of CTD measurements (Rebetzke et al.,
2002; Olivares-Villegas et al., 2007; Andrade-Sanchez et al., 2013; Crain et al., 2017; Sharma et
al., 2018; Perich et al., 2020). The heritability values reported across these studies exhibit a broad
range, with A? ranging from 10% to 90% and narrow-sense /7 heritability between 38% and 91%
(Rebetzke et al., 2013). Interestingly, Rebetzke et al. (2013) observed that 42 in a cultivated wheat
population was at its lowest when measurements were taken before irrigation, while Andrade-
Sanchez et al. (2013) reported a dramatic increase in H? from nearly 0% to 70%, after the
irrigation system was repaired. This broad range of heritability values underscores the importance
of controlling for environmental variability such as soil water content and conducting multiple
measurements to ensure the use of accurate and reliable estimates of CTD (Crain et al., 2017,
Sharma et al., 2018). The advantage of image-based methods is the ability to collect multiple

CTD measurements, enabling the exclusion of unreliable data.

The unexpectedly high heritability of phenotypic traits under drought contrasts with the widely
reported decline in heritability for traits such as carbon isotope discrimination (Condon &
Richards, 1992; Richards, 2022), and yield (Abdolshahi et al., 2015; Sofi et al., 2019) under
irrigation. This reduction in heritability is often attributed to significant genotype-by-environment
(GxE) interactions. Although the specific causes of these interactions and the associated low
heritability remain unclear, the results of this experiment suggest that the controlled experimental
conditions play a crucial role in achieving high heritability under drought. In the field, factors
such as initial soil moisture, seasonal rainfall, and soil water holding capacity can lead to uneven
variations in soil water content, complicating the identification of genetic components that
contribute to plant responses under water depletion (Rebetzke et al., 2002). These environmental
differences may explain why some experiments favour cooler canopy temperatures for
maintaining yield under drought (Mason & Ravi, 2014; Schittenhelm et al., 2014; Crain et al.,
2017; Singh et al., 2022), while others find that warmer temperatures are more advantageous
(Rebetzke et al., 2013). When soil water is not fully depleted, genotypes that continue transpiring

and maintain cooler canopies often have a yield advantage over those that reduce transpiration
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(low CTD). This variability in environmental conditions can reduce the repeatability of

experiments, even when trait heritability within a specific trial is high.

The high heritability of transpiration and biomass traits under drought observed in this experiment
suggests that the primary obstacle in breeding for drought tolerance may be more related to
phenotypic challenges than to genetic complexity (Blum, 2011). Glasshouse phenotyping offers
the advantage of controlling both long-term and short-term environmental effects by precisely
regulating water content, ambient temperature, wind, and relative humidity. Although there is
ongoing concern about the lack of correlation between plant performance under controlled and
field conditions (Sales et al., 2022), the impact of drought in agricultural production justify the
efforts to understand the underlying causes of these differences. Ensuring the highest possible
heritability of CTD when comparing the same genotype panel under controlled glasshouse
conditions and in the field will help determine the extent to which glasshouse results are replicable
in field conditions. The use of advanced field and glasshouse phenotyping platforms (Perich et

al., 2020; Mertens et al., 2023) will be crucial for the investigation of these relationships.

4.4.3 Agronomic-driven genotype selection

The analysis of biomass and agronomic indices allows for the assessment of the barley
populations based on economically or societally relevant traits (Morton et al., 2019). High
biomass accumulation could suggest high yield potential in the field, while low biomass
accumulation typically indicates a reduced capacity for carbon assimilation, which can limit the
translocation of assimilates into grain production (Thapa et al., 2022). Dry weight (DW) offers a
direct measure of carbon assimilation independent of water content. Agronomic indices derived
from DW in this study, mean productivity (MP) and stress tolerance (TOL), serve as

representative metrics for “yield potential” and “yield stability” (Bennani ef al., 2017).

An agronomic-driven genotype selection would typically prioritise genotypes with high MP
values, as this indicates greater yield potential regardless of irrigation conditions. Meanwhile, low
TOL values indicate higher yield stability, reflecting a genotype’s ability to maintain baseline
productivity seen under favourable conditions. An ideal candidate displaying both the highest MP
and the lowest TOL was not identified in this experiment. In addition, the high narrow-sense
heritability of mean productivity indicates that selecting genotypes based on MP alone would be
the most effective approach within an agronomic-driven selection framework. Notably, genotypes
080, 021, 026, 119, 117 outperformed all the six cultivars in mean productivity and could suggest
yield potential to exploit via plant breeding (Li et al., 2023). In particular, genotypes 080 and 119

outperformed its irrigated counterpart in two out of the three trials. However, measuring water
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expenditure is crucial to understanding how these genotypes manage water resources and whether

they achieve high mean productivity (MP) while conserving water.

4.4.4 Combining biomass and transpiration to reduce germplasm

selection bias

Phenotyping capabilities are the main constraint in the preliminary assessment and selection of
promising candidates from diverse germplasms. Preliminary selections are typically conducted
using the Focused Identification of Germplasm Strategy (FIGS), where genotype subsets are
expected to contain specific characteristics, such as drought tolerance, by leveraging
environmental and geographic data from the original collection sites (Khazaei et al., 2013; Street
et al., 2016). However, selected accessions are still assessed based on yield or biomass stability
as the primary indicators of agronomic success under drought (Cai et al., 2020). Incorporating
additional measurements at this stage is often omitted to streamline the exploration and selection
process. The results of this study suggest that without a targeted phenotyping approach that
integrates both agronomic and physiological indicators, there may be a selection bias favouring

genotypes that are stomata-insensitive to drought stress or have low yield potential.

The high phenotypic and genetic correlations of TOL with FW and DW biomass indicate that
greater biomass production under irrigated conditions is associated with more significant biomass
declines under drought (higher TOL). Consequently, selecting candidates based solely on low
TOL, or yield stability, would indirectly favour genotypes with low biomass accumulation.
Additionally, the stomatal index (SI) at stage 2 showed a moderate but significant correlation with
TOL, suggesting that reductions in biomass are partially due to decreased transpiration under
drought. This implies that selection based on yield stability (low TOL) alone could bias the
selection towards plants with transpiration that is insensitive to drought (low SI), while selection
based on high yield potential (high MP) under favourable conditions would favour plants with
high baseline transpiration. Genotypes that are stomata insensitive to water deficits and exhibit
high baseline transpiration rates are likely to follow the "water-failure" crop production trajectory

in which crops are at risk of water limitation during grain filling (Vadez et al., 2024).

4.4.5 Physiology-driven selection

Adaptive transpiration refers to the ability of genotypes to modulate their water usage in response
to varying water availability, optimising water efficiency without compromising productivity.
This concept encompasses genotypes that not only adjust their water consumption based on
supply but also those that maintain or even enhance productivity with a low transpiration.

Efficient stomatal closure is an adaptive mechanism mediated by the abscisic acid (ABA)
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signalling pathway (Lim ef al., 2015; Agurla et al., 2018), and reduced stomata density has been
associated with an increase in transpiration efficiency without negative impacts to biomass
accumulation and yield (Hughes et al., 2017). Our ability to exploit natural diversity of these two
mechanisms is contingent upon accurately identifying them from large scale phenotyping
assessments. Genotypes with low TOL and high SI may indicate stomata responsiveness, while
high MP and low CTD may indicated reduced stomata density. In either case, these mechanisms

allow plants to sustain biomass production while conserving water.

Given the significant correlations of TOL, MP, CTD and biomass traits, those accessions that
significantly deviate from these relationships may possess the above adaptive mechanisms. Under
this framework, genotype 080 ranked in the 1% position in MP but ranked 40™ in CTD under
irrigated and 10™ under drought, which may suggest mechanisms that enhance biomass
accumulation not being the genotype with the highest transpiration reading. Similarly, although
genotype 082 was one of the lowest transpiring genotypes ranking in position 118" based on CTD
under irrigation and position 122 based on CTD under drought at stage 2, it ranked in the 74™
position in dry matter accumulation this suggests that 082 compensated for the low transpiration.
This type of detailed analysis is impractical for every genotype individually, but it is essential to
streamline the process by aggregating those that exhibit similar patterns into response profiles,
allowing for more efficient identification of promising candidates for drought tolerance. Notably,
genotype 080 was distinctly separated in its own cluster in Complete Linkage hierarchical
clustering method, while Genotype 082 was part of the orange clusters in both Ward and Complete
Linkage methods (Figure 4.6).

Low biomass accumulation is typically a criterion for excluding genotypes in agronomic
selection. However, this characteristic may still be valuable in regions where water conservation
is critical (Rebetzke et al, 2013). Genotypes 111 and 066, despite ranking low in mean
productivity (MP) and having distinctive narrow leaves, could significantly minimise
unproductive water loss while keeping cool canopies. This lower biomass supports sustained
transpiration without rapidly depleting water, and the cooler canopies offer protection against
light and heat stress (Moore et al., 2021). These accessions may provide a valuable opportunity

for cultivation in marginal lands with severe water scarcity and extreme heat.

4.4.6 Clustering-based exploration

A data-driven exploration and selection approach considers the combined influence of multiple
traits. Hierarchical clustering, a common technique in exploratory data analysis, is used to identify
natural groupings within a dataset (ur Rehman & Belhaouari, 2021). This method organises data

points into a nested hierarchy of clusters based on dissimilarity matrices without requiring a
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predetermined number of clusters. In a clustering-based selection approach genotypes are treated
as unlabelled data without predetermined drought tolerance classifications. By grouping similar
observations together in a tree-like structure, hierarchical clustering could reveal distinct genotype
profiles from which selections can be made. In addition, genotypes that may not appear as outliers
when evaluated on individual traits, could emerge as significant outliers when assessed through a
multivariate analysis (ur Rehman & Belhaouari, 2021). Cluster analysis on a diverse breeding
pool could yield unexpected combinations of characteristics that could be valuable for breeding

programs and/or genetic studies.

The effectiveness of hierarchical clustering is dependent on the underlying structure of the data,
which can be assessed using the Hopkins statistic (Wright, 2022). A Hopkins statistic close to 1
indicates a strong tendency for natural groupings within the dataset. Conversely, a value close to
0.5 suggests that the data is uniformly distributed and lacks a clear clustering structure, making it
difficult to identify distinct clusters. The increase in H statistic observed in this study when using
selected traits based on statistical significance and high heritability highlights the importance of
using traits that best capture biologically meaningful patterns in the data —a result that was not

achieved when using principal components of the entire dataset.

The choice of clustering methods and dissimilarity matrices significantly impacted the resulting
groupings. Average and Single Linkage demonstrated highest cophenetic correlation coefficient
(CCC) indicating the most accurate representation of pairwise distances between the original data
points in the dendrogram (Agre et al., 2019; Darkwa et al., 2020). However, Average and Single
Linkage formed large cohesive clusters where only a limited number of genotypes diverged from
the primary group, which present challenges for using as an unbiased genotype selection method.
The propensity of the Average and Single Linkage to cluster most genotypes into a single cluster
was likely due to its inherent averaging process or chaining tendency (Blashfield, 1976). Average
Linkage tends to smooth out differences between clusters, leading to the grouping of genotypes
together. Similarly, Single Linkage, which connects clusters based on the smallest distance
between members, often results in the formation of a single large cluster with minimal
differentiation among genotypes. This tendency to form large clusters likely arises from the high
phenotypic similarity among accessions. The lack of distinct separation reduces the effectiveness
of Average Linkage method for identifying distinc genotype profiles. In contrast, Complete and
Ward Linkage methods resulted in a more dispersed clustering pattern, where observations are

less likely to group into a single cluster.

Overall, these results show the inherent variability in biological data and the complexity of

different clustering algorithms, both of which can significantly impact the outcomes. Nonetheless,
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the choice of clustering method for the germplasm exploration can be tailored to the dataset
characteristics and specific objectives. In the current experimental context, Complete and Ward
Linkage may be more advantageous for general classification purposes, e.g., for choosing
representative genotypes for validation studies. On the other hand, Average linkage could be used
for identifying significant outliers with unique characteristics that set them apart from the rest of
the population. The high degree of similarity observed in the phenotypic distance matrix
compared to the genotypic dissimilarity matrix highlights the need for a growing environment
that accentuates the phenotypic differences between genotypes and the inclusion of more traits
that could improve the clustering tendency and better capture the genetic diversity present in the

population.

4.4.7 Genotype selection

Langridge and Waugh (2019) suggested a random selection from a core collection of wild
relatives to harness the potential of germplasm collections via de novo domestication. Chapter 2
of this thesis proposed a phenotypic selection strategy based on high-throughput spectral images
to enable the assessment of drought tolerant candidates from core collections before undertaking
the de novo domestication process. Building on these studies, genotypes have been categorised
based on their Euclidean proximity to a hypothetical ideal candidate within a multidimensional
space defined by eleven highly heritable traits. Top 10% of accessions closest to the ideal one
represent candidates that are theoretically successful within established physiological and
agronomic frameworks. Conversely, the bottom 10% may reveal genotypes with unusual, less
understood tolerance mechanisms that could still hold significant agronomic potential. Even if
some of these genotypes in this second group are used as negative controls, they are valuable to
test and refine our current understanding of drought tolerance mechanisms in wild germplasms

within an agronomic context.

4.5 Conclusion

The phenotypic characterisation and candidate selection of diverse germplasms for drought
tolerance has historically relied on yield stability as a key drought tolerance index and the most
important performance metric. Valuable pre-breeding material would be eliminated at early
screening stages based on productivity metrics that either directly or indirectly depend on yield.
This study provides a framework for evaluating and selecting genotypes based on a combination
of phenotypic traits and genetic data, paving the way for a more informed exploration and

selection of wild barley accessions.
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The phenotyping platform used lacked the precision needed to detect adaptive transpiration
mechanisms with high confidence, as no statistically significant differences or strong genetic
control were observed in the reduction of canopy temperature depression (SI index) and biomass
(TOL index) under drought conditions. This reflects the current phenotyping limitations and/or
the absence of growing conditions that elicit differences in adaptive responses. To better detect
this adaptive mechanism, a more severe drought treatment that specifically causes impairments
to photosynthesis is needed. In addition, expanding the trait spectrum by including morphological
traits, phenological development, photosynthesis capacity metrics and canopy architecture traits
may help improve the clustering tendency measured through Hopkins statistic. This could
enhance the ability to detect differences and patterns among genotypes that might not be apparent
when only a limited set of traits is analysed. Achieving this will require the use of advanced
phenotyping platforms equipped with automated irrigation systems to provide consistent drought
conditions, enabling researchers to concentrate on trait measurements during the course of the
experiment. The core set of wild genotypes selected by agronomic, physiological, and clustering-
driven approaches can be used for a validation experiment before embarking on the de novo
domestication process or the creation of mapping populations for genome-wide association

studies (GWAS) to investigate key genes.
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Chapter 5
De novo domestication of wild barley via
Marker-Assisted Backcrossing (MABC)

5.1 Introduction

De novo domestication has recently gained momentum as an attractive alternative to the
overwhelming number of interacting genomic regions potentially involved in drought responses
as it only requires dealing with a relatively small number of genes (Langridge & Waugh, 2019).
In the last decade, hundreds of QTLs related to drought tolerance have been identified through
marker-trait association studies in barley (Mora et al., 2016; Mikotajczak et al., 2017; Ogrodowicz
et al., 2017; Kornelia et al., 2018). Since multiple genes of small effect likely interact with one
another and with the environment to drive drought responses, it may be more effective to preserve
the integrity of genomes from valuable genetic resources while maintaining the complex gene
interactions, pathways and networks that confer drought tolerance (Fernie & Yan, 2019; Jian et
al., 2022). Before we can evaluate the agronomic characteristics of these genetic treasures under
standard field conditions, we first need to adapt them to modern agricultural practices by
removing the barriers that prevent cultivation. De novo domestication introduces beneficial
agronomic traits, non-brittle rachis and reduced dormancy from cultivated plants into wild

accessions.

De novo-domestication has been reported in tomatoes (Zsdgon et al., 2018) and rice (Yu et al.,
2021), but there are no published reports in barley and wheat. Barley is a useful crop model for
studying de novo domestication and its effects on drought tolerance in cereals, as wild (Hordeum
vulgare ssp. spontaneum) accessions and cultivated (Hordeum vulgare ssp. vulgare) variates can

be crossed using conventional breeding methods due to their full sexual compatibility.

Several genes and QTLs with major effect controlling key domestication-related agronomic traits
have been identified in barley (Table 5.1). Many of the mutations responsible for these traits have
been experimentally validated (Pourkheirandish et al., 2015; Sato et al., 2016; Milner et al.,
2019), offering practical targets for the design of molecular markers for gene introgression via

marker-assisted backcrossing (MABC).
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Table 5.1 . Major genes and QTLs for essential agronomic traits that enable cultivation in

barley.

Trait Gene/QTL

Agronomic benefit

Mechanism

Non-brittle rachis Btrl / Btr2

Reduced dormancy  QOsd!

Grain retention after full
maturity

Adequate germination

Cell wall thickening in
disarticulation zone

Build-up of alanine in dormant
grain

Smooth awn ROUGH Easy handling and increases Enzyme involved in activation
AWNI feed value of straw for of cytokinins
livestock

Erect growth habit ~ 4AK360532 Enables harvesting Possible transcription factor
encoding a zinc-ion binding
protein

Free threshing Thresh-1 Enables automatic threshing Possible gene encoding
cellulose synthase-like family c
and polygalacturonase proteins

Reduced height Sdw Prevent yield loss through Metabolic enzyme controlling

lodging plant height

De novo domestication via MABC is currently the most viable path for gene introgression to
avoid regulatory constraints typically associated with advanced molecular techniques, such as
gene-editing (Palmgren ef al., 2015; Hanak et al., 2023). MABC involves a series of backcrosses
between a wild accession (recurrent parent) and a cultivated variety (donor parent), using
molecular markers throughout the breeding process to track and select progeny that contain the
cultivated allele for the gene(s) of interest. Multiple backcrosses are needed to increase the
contribution of the wild accession's genome, which requires testing and selecting progeny
heterozygous for each gene of interest. Once the desired wild genome contribution is achieved,
several rounds of self-pollination are conducted to ensure the cultivated allele of the target gene(s)

and the rest of the genome are homozygous (Neeraja et al., 2007).

PCR-based codominant markers, such as Cleaved Amplified Polymorphic Sequences (CAPS) and
derived-Cleaved Amplified Polymorphic Sequences (dCAPS), can facilitate the MABC to enable
breeders to distinguish between homozygous and heterozygous individuals. CAPS and dCAPS
amplify specific regions of DNA containing informative polymorphisms between the parental
lines, such as single nucleotide polymorphisms (SNPs), insertions, or deletions. CAPS markers
require the presence of a natural restriction site in the target polymorphism, while dCAPS markers
introduce a primer mismatch to create a new restriction site (Shavrukov, 2016). In barley,
codominant markers have been recently developed for Btril, and Osdl (Gould, 2022; Williams,
2022). However, no markers have been reported for the ROUGH AWNI locus to facilitate marker

assisted selection of smooth awn phenotypes.
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The design of robust markers is essential for an efficient MABC program, where the use of highly
conserved regions for primer design ensures successful amplification of the target region across
diverse accessions. Ensuring cost-effectiveness is crucial for the scalability for large breeding

programs involving thousands of progeny tests.

The aims of this chapter are 1) to design a robust, codominant molecular marker for the barley
awn roughness gene (ROUGH AWN 1), and 2) to develop de novo-domesticated lines of wild
barley using marker-assisted backcrossing with the ROUGH AWN [ marker along with markers
for Osdl and Btrl to facilitate genotyping and selection at each generation. The resulting pre-
breeding material represents the first successful attempt to domesticate wild barley through a
targeted molecular approach, providing a valuable resource for breeders to evaluate in field trials

under conventional management practices.

5.2 Materials and methods

5.2.1 Plant material and growth conditions

A random cohort of 26 wild barley accessions were selected from the 318 accessions in the Wild
Barley Diversity Collection which was collected primarily from the Fertile Crescent. These wild
accessions were sourced by the International Wild Barley Sequencing Consortium (IWBSC)

(https://iwbsc.umn.edu) and have been self-pollinated for six generations and are highly

homozygous. The Australian barley cultivar La Trobe, was used for hybridisation with each wild
accessions. Wild accessions are coded as WBDC-020, WBDC-038, WBDC-048, WBDC-066,
WBDC-068, WBDC-074, WBDC-075, WBDC-106, WBDC-107, WBDC-108, WBDC-111,
WBDC-112, WBDC-117, WBDC-140, WBDC-146, WBDC-172, WBDC-192, WBDC-199,
WBDC-200, WBDC-210, WBDC-212, WBDC-255, WBDC-260, WBDC-314, WBDC-317, and
WBDC-329. All seeds were sown in seedling trays and vernalised in a controlled temperature
(CT) room at 6°C for six weeks. After the six-week vernalisation period, seedlings were
transferred into 4L pots and placed in a polytunnel house at the University of Melbourne, Burnley

campus, with automatic irrigation where the crossing took place.

5.2.2 DNA extraction

DNA extraction was performed via SDS method on the same day of tissue sampling.
Approximately 25-30 mg of fresh tissue from the leaves of the tiller base was directly sampled
into 96-well plates and stored in ice immediately. After adding two grinding beads per sample,
and 450 pl of DNA extraction buffer (100 mM Tris-HCI, 50 mM EDTA, 500 mM NaCl, 10 mM

2-mercaptoethanol, and 100 pg/ml RNase), the plant tissue was homogenised in a Genogrinder
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set at 1250 rpm over four cycles of 45 seconds each. After homogenisation, 60 pl of 10%SDS was
added. Plates were inverted 16 times and incubated at 65°C for 60 minutes. This was followed by
the addition of 200 pl of 7.5M ammonium acetate, shaking vigorously 16 times, followed by a
60-minute incubation at 4°C. Subsequently, 300 pl of chloroform was added and centrifuged at
4000 rpm for 15 minutes. 150 pl of the aqueous phase was transferred into a new plate containing
100 pl of isopropanol and gently mixed by pipetting up and down. The plate was incubated for 5
minutes at -20°C and centrifuged for 20 minutes at 4000 rpm. The supernatant was discarded, and
the DNA pellet was washed with 70% ethanol, followed by another centrifugation for 20 minutes
at 4000 rpm. After discarding the supernatant, the plates were dried for 20 minutes to allow

ethanol evaporation. The DNA was resuspended in 0.1xTE buffer and stored at 4°C.

5.2.3 Polymerase chain reaction

Each 10-pl PCR reaction consisted of 0.4 pul of forward and reverse primers (10uM), 2 pl 5x MyFi
reaction buffer, 5 pl extracted DNA (10 ng/pl), 0.1 pul MyFi Taq DNA polymerase, and 2.1 pl
autoclaved MilliQ water. PCR was performed in a T100 Thermal Cycler (BioRad, Hercules,
California, USA). PCR cycling conditions consisted of an initial denaturation step of 3 minutes,
followed by 35 cycles of 30 seconds for denaturation, 20 seconds for annealing, and 30 seconds
for extension. A final extension step was performed for 5 minutes. PCR reaction temperatures
were set at 95°C for denaturation, and 72°C for extension. The annealing temperature differed
depending on the analysis: gene sequencing or marker genotyping. On completion of the PCR
reactions, plates were held at 12°C. PCR products were electrophoresed in 3% agarose gel
(Bioline, London, England) dissolved in 1XTAE and stained with 0.001% GelRed. 5 ul of PCR
product was mixed with 1 pl of 5x loading buffer and loaded onto the gel along with 5 pl of Easy
ladder (Bioline, London, England). Electrophoresis ran at 100 volts for 45-50 minutes in 1x TAE
buffer.

5.2.4 PCR product purification

PCR product purification was performed with AMPure XP (Beckman Coulter Life Sciences,
California, USA). Equal volumes of AMPure XP and PCR product (40 pul each) were mixed
thoroughly by pipetting up and down ten times, followed by a 5-minute incubation at room
temperature. The mixture was then transferred to a magnetic based plate, SPRIplate 96 for a 2-
minute incubation. The solution was carefully aspirated, leaving approximately 5 pl, and
discarded. The beads were washed twice with 200 pl of 70% ethanol while plate is still in
SPRIplate 96, with each wash involving a 30-second incubation at room temperature before
discarding the ethanol. The plate was then dried at room temperature for 5 minutes. Finally, the

DNA was eluted by adding 40 pl of 10 mM Tris, mixed by pipetting, and left in the SPRIplate 96
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for 1 minute at room temperature. The purified product was transferred to a new plate for

sequencing.

5.2.5 ROUGH AWNI marker development

Sequence data from nineteen barley pangenome V1 (Jayakodi et al., 2020) accessions FT11
(B1K-04-12), HOR 10596 (Igri), HOR 12046 (Akashinriki), HOR 13170 (Barke), HOR 13821
(Eskishehir), HOR 13942 (Baeza), HOR 3081 (Slaski IT), HOR 3365, HOR 7552, HOR 9043,
BCC 906 (Morex), HOR 21599 (ICARDA 64 SP), HOR 8148, ZDMO02064 (Chiba),
ZDMO01467 (Du Li Huang), HOR 10350, Hockett, OUN333 (Chame 1), and SFR85-014 (RGT
Planet), were used for the design of conserved primers to amplify the ROUGH AWNI locus of the
studied population (Appendix 5.1). Sequences of barley pangenome V1 accessions were kindly

provided by Dr Martin Mascher, IPK Gatersleben, Germany.

ROUGH AWNI sequencing

DNA sequences of the 19 barley pangenome accessions (Jayakodi et al., 2020) were aligned with
MEGA (Tamura et al., 2021) (Appendix 5.2 and Appendix 5.3). PCR primers were designed from
fully conserved regions across all accessions around a single nucleotide polymorphism (SNP) at
position 1,898 bp within the ROUGH AWNI locus (HORVU.MOREX.r3.5HG0502720 gene)
(Milner et al., 2019) (Appendix 5.4). PCR primers were retrieved from NCBI Primer Design
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/) and synthesized commercially (Sigma-
Aldrich, Burlington, Massachusetts, USA). Plant DNA was extracted, and PCR amplification
performed as described in sections 4.2.2 and 4.2.3, respectively. PCR amplicons were purified as
described in section 4.2.4. DNA concentration of PCR amplicons was quantified using a
Nanodrop (Thermo Scientific, NanoDrop products, USA) to ensure a minimum concentration of
30 ng/uL.

PCR amplicons were sequenced bidirectionally via the Sanger method by Macrogen (Seoul,
South Korea), with separate runs for the forward and reverse primers. ABI files containing the
forward and reverse reads were processed using Sequencher 5.2.4 (Gene Codes Corporation, Ann
Arbor, MI, USA). Complementary reads were aligned to generate a consensus sequence for each
genotype. Low-quality ends were trimmed, and the resulting high-quality consensus sequences

were exported in FASTA format.

Marker design workflow
FASTA files containing high-quality sequenced data were aligned using the MEGA (Tamura et
al., 2021). Five additional cultivars from Chapter 3 were included in the alignment as controls:

Beast (BEA), Fleet (FLE), Franklin (FRA), Golden Promise (GPR), and RGT Planet (RGT). A
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60-bp region flanking the target SNP was entered to dCAPS Finder 2.0 (Neff et al., 2002) to
identify restriction endonuclease sites that would either cleave the wild or mutant (cultivated)
haplotypes. For CAPS markers, no mismatches were specified, while for dCAPS one mismatch
was allowed to introduce new restriction sites. Forward and reverse CAPS primers were designed
with NCBI primer design with amplicon sizes ranging from 50 to 200 bp around the target SNP
and restriction site. The forward dCAPS primer containing a single nucleotide mismatch was
provided by the online tool and was used as a reference to design the corresponding reverse primer
with Primer3Plus (https://www.primer3plus.com). Reverse dCAPS primers were selected based
on a melting temperature (Tm) within 2-3°C of the corresponding forward dCAPS primer,
minimal risk of primer-dimer formation, low hairpin formation, and a GC content between 40-
60%. Each primer pair, including forward and reverse primers, represented a distinct marker

option.

Post-digestion restriction patterns and fragment sizes were evaluated in silico. DNA sequences
for each marker were examined using a custom Python script (Appendix 5.5) to identify additional
restriction sites along the amplified sequence. Marker selection for subsequent progeny
genotyping was determined based on the clarity of the restriction pattern for gel visualisation, as
well as the cost and availability of the corresponding restriction enzyme. Endonucleases were

sourced from New England Biolabs (Ipswich, Massachusetts, USA; https://www.neb.com/en-

au/tools-and-resources/selection-cha+*rts/isoschizomers).

5.2.6 Allele introgression

Crossing technique

Wild and cultivated barley were hybridised via conventional breeding methods in a marker-
assisted backcrossing scheme (Figure 5.1). Each crossing cycle consisted of the emasculation of
La Trobe cultivar (female parent) by carefully removing the anthers from immature spikes with a
tweezer (Figure 5.2) while anthers were still green. Lateral (sterile) spikelets were also removed
to prevent pollen formation. Emasculated spikes were then covered with pollination bags. Two to
four days post-emasculation, once the stigma on the emasculated parent is ready (Figure 5.2),
pollination was carried out by gently rubbing the anthers of the male parent—a wild genotype—
onto the stigmas in the emasculated spike. Pollination bags were labelled and secured with a clip

and seed was harvested after 3-4 weeks.

Breeding scheme
ROUGH AWNI, Qsdl, and Btr] markers were employed for progeny genotyping and selection in

a marker-assisted backcrossing (MABC) scheme. This involved a series of crosses between La
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Trobe and 26 wild genotypes followed by two rounds of self-pollination (Figure 5.1). Individuals
heterozygous for the three target genes were selected at BC1F1 and BC2F1 generations. To
prevent a significant reduction in the number of back cross lines with potentially desirable
genotypes in the early generations, progeny with one or two homozygous markers were retained
if none of the back crosses were heterozygous for all three markers. In BC2F2, progenies were
selected based on homozygosity for the cultivated alleles for the three loci. Details of primer
sequences, PCR reactions, enzyme digestion conditions and restriction patterns for the three
markers employed in each genotyping generation can be found in Appendix 5.6, Appendix 5.7,

and Appendix 5.8.

Progeny genotyping

The genotyping protocol underwent multiple rounds of optimisation to minimise enzyme usage.
Genotyping was performed in 96-well plates, with each plate containing two replicates of the La
Trobe cultivar (homozygous), a wild accession (homozygous), and an F1 hybrid (heterozygous),
along with a negative control (empty tube during extraction) to monitor for contamination. DNA
extraction was carried out from fresh leaf tissue of young seedlings at 2 or 3-leaf developmental
stage, as described in section 5.2.2. ROUGH AWNI, Btrl and Qsdl were amplified in 10 ul PCR
reactions (section 5.2.3). Enzyme digestion was carried out in 15 pl reactions containing 10 pl of
PCR product, 1.5 ul of 10x rCutSmart buffer (NEB, Ipswich, Massachusetts, USA), 0.07 to 0.1
ul corresponding to 1 unit of restriction enzyme, and the remaining of Milli-Q water adjusted
according to the enzyme concentration. Samples were incubated in a PCR machine for 5 hours to
ensure full digestion. Incubation temperatures were 37 °C for Haelll and EcoO1091, and 65 °C
for Tagl-v2. 5 pl of digested PCR product was mixed with 1 pl of 5x loading buffer and loaded
onto to agarose gel. 4% agarose gel was used for ROUGH AWNI and Btrl, while a mixture of
3% agarose and 1% MetaPhor agarose (Lonza, Basel, Switzerland) was employed for Osdl. The
PCR parameters, restriction enzyme profiles, incubation conditions, and gel electrophoresis
specifications for each gene are detailed in Appendix 5.6. Electrophoresis was run in 500 ml gels

for 90 minutes at 120 volts in 1XTAE buffer.
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Figure 5.1. Breeding scheme for the introgression of the cultivated alleles for ROUGH AWNI1, Btrl and
Qsd1 genes via Marker-Assisted Backcrossing (MABC).
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Figure 5.2. Conventional breeding process via emasculation and pollination, and seed development.

5.3 Results

5.3.1 Marker development

Evaluation of the target ROUGH AWNI polymorphism

To develop a molecular marker that robustly differentiated La Trobe (LTR) from the 26 WBDC
accessions at the ROUGH AWNI locus, the allelic state of the SNP at position 1,898 within the
HORVU.MOREX.r3.5HG0502720 gene reported by Milner et al. (2019) was first examined.

Multiple primer pairs were designed to amplify the surrounding region of the target
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polymorphism. Primer details are provided in the Appendix 5.9. All four primer pairs successfully
amplified the region containing the target SNP (Figure 1.1). Among them, primer pair 3 was
selected for its maximum length and used to amplify an 897 bp region flanking the polymorphism

of interest in the 26 WBDC accessions and the six barley cultivars.

Following Sanger sequencing and quality inspection, the PCR-amplified region revealed that all
26 WBDC accessions carried the wild-type allele (G) at the target position (Figure 5.4).
Unexpectedly, FLE, FRA, GPR, RGT cultivars also carried the wild type allele. In contrast,
cultivars LTR and BEA exhibited the non-synonymous variant (G>A) at the same site reported
by Milner et al. (2019). A second informative SNP (A>T) was identified 475 bp downstream from
the first polymorphism, located at position 2,373 bp, in a non-coding region within the same gene.
The second SNP showed complete differentiation between cultivated and wild accessions (Figure
5.4). Two additional SNPs were identified at positions 1,919 bp and 2,348 bp (Figure 5.4). These
polymorphisms did not correlate with awn roughness phenotypes but were considered for the

analysis of restriction patterns as they could introduce unintended recognition sites.

Primer pair 1 / Product length: 706 bp Primer pair 2 / Product length: 495 bp
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Primer pair 3 / Product length: 897 bp Primer pair 4 / Product length: 787 bp
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Figure 5.3. PCR amplification of the ROUGH AWNI gene using four different primer pairs across four
genotypes (LTR, BEA, GPR, and FLE), with two replicates each. A DNA ladder was included on the left
side of each group to determine product size.
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HORVU.MOREX.r3.5HG0502720 annotated gene

31bp

223 bp 173 bp 128 bp 435bp

112bp 195 bp

I 600 bp

Position 1bp 713bp 2,524 bp 3,431bp

1,919bp 2,373bp
¥ 2 \ 2
Consensus (WT) CTGGCCTTCATCGACAAGGCCGTGGACGACGGCTTCATCMGGCC CTASATACTCGTACTACTTACGTACAGTACCATAGTACAGTTGACGCT Rough awned
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Figure 5.4. Single nucleotide polymorphisms identified from Sanger sequencing results. Two informative
SNPs positioned at 1,898 and 2,373 bp within the HORVU.MOREX.r3.5HG0502720 annotated gene
showed potential for developing molecular markers. CV: cultivar, WT: wild type. The alignment reference
is the consensus sequence for 26 WBDC accessions.

In silico analysis of CAPS and dCAPS candidates

In silico fragment analysis enabled assessment of the viability of candidate markers. For the first
informative SNP at position 1,898 bp in HORVU.MOREX.r3.5HG0502720, a total of 8 CAPS
and 29 dCAPS polymorphisms were identified within a 60 bp region spanning the target SNP.
Nine viable candidate markers with suitable post-digestion restriction patterns were selected,
including 7 dCAPS and 2 CAPS markers (coded as M1 to M9) (Table 5.2). For the second
informative SNP at position 2,373 bp of the same gene, one CAPS and 17 dCAPS polymorphisms
were identified within a 60 bp region spanning the target polymorphism. The restriction pattern
produced by the single CAPS polymorphism identified was not suitable for visualisation in gel
electrophoresis. From the 17 dCAPS, only 11 of them —all located in the forward strand (+)—
contained a sufficiently conserved region across all accessions, enabling the design of primers
that amplified a region of suitable length for clear gel visualisation. The reverse strand (-) lacked
the necessary sequence conservation for the design of primers that could bind robustly across all
accessions. From the 11 options available in the forward strand, only one of them was viable, with
a suitable restriction pattern and an affordable restriction enzyme. This candidate was labelled as
M10 (Table 5.2). In silico digestion with corresponding restriction enzymes did not reveal
additional recognition sites introduced by the SNPs at positions 1,919 and 2,348 bp. Among all
the options, M4 produced the best balance between restriction pattern and cost, and was therefore

selected along with Bfr/ and QOsdl markers (Gould, 2022; Williams, 2022) for progeny
genotyping.
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Table 5.2. Summary of dCAPS and CAPS markers for the SNP at position 1,898 bp within HORVU.MOREX.r3.5HG0502720 gene. The table includes primer sequences,

restriction enzyme, cost per unit, and restriction pattern. Mismatches are highlighted in bold for dCAPS, while no mismatches are specified for CAPS.

Restriction pattern

SNP Type Marker Primer ID Restriction Recognition COSt, Primer sequence (5' to 3") Mismatch and total amplicon
position enzyme pattern (AUD unit -1) size
SHG0502720-F1881 TGGCCTTCATCGACCAG A>C ;g f;fl’f;l
MI BstNI CCWGG $0.04 Wild:
5HG0502720-R2032 GGATGGGTGCATGCATGAAA - 15+65+91=171
5HG0502720-F1878 TGCTGGCCTTCCTCGACAAG A>C ?SOT:I";’;: 82+
M2 Bsll CCNNNNNNNGG $0.12 Wild.
- ATGGGTGCATGCATGAAR - :
5HG0502720-R2032 GGATGGGTGCATGCATG 17+65+100=182
5HG0502720-F1879 GCTGGCCTTCCTCGACAAG A>C La Trobe: 149
M3 EcoNI CCTNNNNNAGG $0.13
5HG0502720-R2010 TGTGAAGAGCGAGAGATGGT - Wild: 14+135=149
dCAPS SHG0502720-F1902 TGAAGCCGTCGTCCAGGG c>G La Trobe: 72
M4
5HG0502720-R1847 CTGCTGAACGTGGAGGGGTA - Wild: 18+54=72
Eco01091 RGGNCCY $0.06
5HG0502720-F1902 TGAAGCCGTCGTCCAGGG Cc>G La Trobe: 108
1,898 bp M5 -
5HG0502720-R1811 GATGGCGGATGGATGGGT - Wild: 18+90=108
5HG0502720-F1902b ATGAAGCCGTCGTCCAAGG C>A La Trobe: 70
M6
5HG0502720-R1848 TGCTGAACGTGGAGGGGTA - Wild: 19+51=70
Stul AGGCCT $0.12
5HG0502720-F1902b ATGAAGCCGTCGTCCAAGG C>A La Trobe: 107
M7
5HG0502720-R1811 GATGGCGGATGGATGGGT - Wild: 19+88=107
5HG0502720-F1801 TAGCTTTGCTGATGGCGGA La Trobe:
M8 HpyCHA4III ACNGT $0.59 - 101+42=143
5HG0502720-R1924 GAAGATGTGGCGCTGGGAT Wwild: 143
CAPS .
SHG0502720-F1805 TTTGCTGATGGCGGATGGAT ?;032’(';:6'180
M9 Beefl ACGGC(N)12 $2.85 - Wild:
5HG0502720-R1966 CTCGAGCTTGTGGACGAGG 70441460=180
5HG0502720-F2354 CGTACTACTTACGTACGGT A>G La Trobe: 68
2,373 bp dCAPS M10 Banl GGYRCC $0.03
5HG0502720-R2402 TCCTGCAACCCCAAACGAAT - Wild: 17+51=68
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5.3.2 Allele introgression via marker-assisted backcrossing

Cultivated alleles were successfully introgressed into wild genetic backgrounds, resulting in 30
backcross lines derived from La Trobe and five wild accessions: WBDC-038, WBDC-068, WBDC-117,
WBDC-199, and WBDC-329 (Table 5.3; Appendix 5.10). These BC2F2 plants were self-pollinated to
produce BC2F3 bulk seeds, which were used in the phenotyping experiment described in Chapter 6.
Each breeding cycle faced challenges such as no seed development after pollination, and unclear
genotyping gel bands treated as missing data. A total of 2,202 seeds were genotyped across the three
genotyping generations (Appendix 5.11), from which 607 were treated as missing for ROUGH AWNI,
594 for QOsdl, and 645 for Btrl. At BC2F2 genotyping stage, only 12 seeds contained homozygous
cultivated alleles for the three markers. However, additional selections at this last genotyping stage were
allowed for progenies with one or two heterozygous markers as these loci can be converted to a
homozygous state through self-pollination in future generations without the need for further crossing
(Table 5.3). By the end of the MABC program, the number of successful LTR/Wild crosses was
significantly decreased from 26 F1s to 5 BC2F2 lines.

5.4 Discussion

In cereals, traits such as non-brittle rachis and reduced dormancy were pivotal in transforming wild
species into cultivars suitable for planting and harvesting. These traits prevent grain losses caused by
seed shattering and ensure timely germination, making them indispensable in modern agriculture and
therefore essential targets for de novo domestication. On the other hand, while not strictly considered
essential for cultivation, yield and stress tolerance benefits are likely the reason why awns have persisted
in modern cultivars (Haas et al., 2019). However, bristly awns pose a significant challenge for farmers,
especially those growing barley for livestock feed. The difficulty of managing rough-awned varieties
has led some farmers to avoid them altogether. Given the yield and stress tolerance advantages of awned
varieties (Liller et al., 2017; Haas et al., 2019; DeWitt et al., 2023), it may be more beneficial to retain
awns from wild accessions in the process of de novo domestication rather than eliminate them entirely.
Smooth awns could potentially preserve the photosynthetic benefits while eliminating the nuisances

related to awn bristles, improving the practical value of de novo domesticated lines.
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Table 5.3. Summary of selected de novo-domesticated material using Btrl, Osdl, and ROUGH AWNI markers for genotyping. Markers were developed by CropGEM
research group (University of Melbourne; unpublished data).

Wild parent

Generation D"(';ﬁiﬁlv’;‘:;’“t (acccoe;:;on Pedigree H;:;:St Burl' Osdl’ ROUGH AWN I hoi‘(’)'z ;‘é:lilvs”;fl‘:les
1 BC2F2 La Trobe WBDC-038 WBDC-038*3/La Trobe_1.1.1 Feb-24 HOC HOC HOC 3
2 BC2F2 La Trobe WBDC-038 WBDC-038*3/La Trobe_1.1.2 Feb-24 HOC HOC HOC 3
3 BC2F2 La Trobe WBDC-038 WBDC-038*3/La Trobe_1.1.3 Feb-24 HOC HOC HOC 3
4 BC2F2 La Trobe WBDC-038 WBDC-038*3/La Trobe_1.1.4 Feb-24 HET HOC HOC 2
5 BC2F2 La Trobe WBDC-068 WBDC-068*3/La Trobe_1.1.1 Feb-24 HOC HOC HOC 3
6 BC2F2 La Trobe WBDC-068 WBDC-068*3/La Trobe_1.1.2 Feb-24 HOC HOC HOC 3
7 BC2F2 La Trobe WBDC-068 WBDC-068*3/La Trobe_1.1.4 Feb-24 HOC HOC HOC 3
8 BC2F2 La Trobe WBDC-068 WBDC-068*3/La Trobe_2.1.4 Feb-24 HOC HOC HOC 3
9 BC2F2 La Trobe WBDC-068 WBDC-068*3/La Trobe_1.1.3 Feb-24 HET HOC HOC 2
10 BC2F2 La Trobe WBDC-068 WBDC-068*3/La Trobe_2.1.1 Feb-24 HET HOC HOC 2
1 BC2F2 La Trobe WBDC-068 WBDC-068*3/La Trobe_2.1.2 Feb-24 HET HET HOC 1
12 BC2F2 La Trobe WBDC-068 WBDC-068*3/La Trobe_2.1.3 Feb-24 HOC HET HOC 2
13 BC2F2 La Trobe WBDC-117 WBDC-117*3/La Trobe_1.1.1 Feb-24 HET HOC HOC 2
14 BC2F2 La Trobe WBDC-117 WBDC-117*3/La Trobe_1.1.2 Feb-24 HET HOC HOC 2
15 BC2F2 La Trobe WBDC-117 WBDC-117*3/La Trobe_1.1.3 Feb-24 HOC HET HOC 2
16 BC2F2 La Trobe WBDC-117 WBDC-117*3/La Trobe_1.1.4 Feb-24 HOC HET HOC 2
17 BC2F2 La Trobe WBDC-117 WBDC-117*3/La Trobe_1.1.5 Feb-24 HOC HET HOC 2
18 BC2F2 La Trobe WBDC-117 WBDC-117*3/La Trobe_1.1.6 Feb-24 HET HOC HOC 2
19 BC2F2 La Trobe WBDC-199 WBDC-199*3/La Trobe_1.1.1 Feb-24 HOC HOC HOC 3
20 BC2F2 La Trobe WBDC-199 WBDC-199*3/La Trobe_2.1.1 Feb-24 HOC HOC HOC 3
21 BC2F2 La Trobe WBDC-199 WBDC-199*3/La Trobe_2.1.2 Feb-24 HOC HOC HOC 3
2 BC2F2 La Trobe WBDC-199 WBDC-199*3/La Trobe_3.1.1 Feb-24 HET HOC HOC 2
23 BC2F2 La Trobe WBDC-199 WBDC-199*3/La Trobe_3.1.2 Feb-24 HET HOC HOC 2
24 BC2F2 La Trobe WBDC-199 WBDC-199*3/La Trobe_3.1.3 Feb-24 HOC HET HOC 2
25 BC2F2 La Trobe WBDC-199 WBDC-199*3/La Trobe_4.1.1 Feb-24 HET HOC HOC 2
26 BC2F2 La Trobe WBDC-199 WBDC-199*3/La Trobe_4.1.2 Feb-24 HET HOC HOC 2
27 BC2F2 La Trobe WBDC-329 WBDC-329*3/La Trobe_1.1.1 Feb-24 HOC HOC HOC 3
28 BC2F2 La Trobe WBDC-329 WBDC-329*3/La Trobe_1.1.2 Feb-24 HOC HOC HOC 3
29 BC2F2 La Trobe WBDC-329 WBDC-329*3/La Trobe_1.1.3 Feb-24 HET HOC HOC 2
30 BC2F2 La Trobe WBDC-329 WBDC-329%3/La Trobe_1.1.4 Feb-24 HET HOC HOC 2

+ HOC = Homozygous cultivated, HET = Heterozygous
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5.4.1 Development of a robust ROUGH AWNI marker

Developing molecular markers for a diverse range of accessions is more challenging than for
biparental populations. The extensive genetic diversity and sequence variation in barley landraces,
wild relatives, and cultivars make it difficult to design robust markers that are effective across
diverse germplasms. Ideally, primer design should target highly conserved genomic regions,
except for the desired polymorphism. Additional polymorphisms may alter the efficiency of
primer binding and potentially introduce unintended restriction sites, reducing the reliability and
robustness of the markers for broad applications. Despite these challenges, this study successfully
developed molecular markers that effectively capture genetic variation across a diverse range of

wild and cultivated barley accessions.

CAPS vs dCAPS

All candidate markers were designed from highly conserved genomic regions flanking the target
polymorphisms at 1,898 and 2,373 bp of the HORVU.MOREX.r3.5HG0502720 gene. In general,
CAPS offered greater flexibility for primer design than dCAPS and were therefore the first option
in the design process. A basic requirement for successful CAPS marker is to amplify a conserved
genomic region flanking the target SNP, but the primers are not strictly constrained to be in the
proximity of the target SNP. This attribute allowed for some flexibility in selecting the most
suitable region for optimal primer design and marker development. In contrast, for dCAPS
markers, the amplicon was constrained by the forward primer, which was automatically generated
by the dCAPS Finder 2.0 tool, introducing a nucleotide mismatch for the creation of new
restriction sites. The position of the forward dCAPS primer is therefore fixed within 20 to 25 bp
of the target SNP in either the forward (+) or reverse (-) strands, and only allowed for the design

of the reverse primer downstream from the forward primer.

The more effective use of conserved regions for primer design in CAPS markers resulted in
clearer and more distinguishable restriction patterns compared to dCAPS. For instance, in M8,
the restriction enzyme HpyCH4III cleaved the La Trobe allele into fragments of 101 bp and 42
bp, while the wild allele remained uncut at 143 bp (Table 5.2). The difference between the largest
cultivated cleaved fragment (101 bp) and the wild uncut fragment (143 bp) was 42 bp, or 29%
relative to the largest one. Similarly, for M9, the restriction enzyme BcefI cleaved the La Trobe
allele into 120 bp and 60 bp fragments. In the wild allele, the 120 bp fragment was further cleaved
into 79 bp and 41 bp bands (Table 5.2). The difference between the 120 bp and 79 bp fragments
was 41 bp, or 34%. These proportional differences between the uncut fragment and the largest

post-digestion fragment—29% for M8 and 34% for M9—highlighted the strong potential for
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high-resolution genotyping. In contrast, a similar analysis of dCAPS candidates (M1 to M7 and
M10) showed a difference in fragment size of 20% or less. Despite the more suitable CAPS
restriction patterns, dCAPS markers were generally better options due to the use of more
affordable restriction enzymes suitable for the scale of the genotyping program conducted in this

study.

Exon vs intron-located target SNP

Notably, there were more viable marker candidates identified within the genomic region flanking
the SNP at 1,898 bp compared to the second SNP at 2,373 bp. Despite both SNPs are within the
gene of interest, the first one at 1,898 bp has been identified as a non-synonymous variant
responsible for the causal mutation for smooth awn trait (Milner et al., 2019), while the second
SNP at 2,373 bp is located within an intronic region of the same gene. M1 to M9 target the SNP
at position 1,898 bp, while M10 targets the second SNP at position 2,373 bp. All markers
developed from these two polymorphisms completely differentiated wild from cultivated as well
as rough from smooth awns within the studied population. However, the difference in the position
of the target SNPs renders M1 to M9 more robust than M10. The exon-based SNP at 1,898 bp
ensures that the causal mutation directly correlates with the smooth awn trait. In addition, exonic
regions tend to be highly conserved under stronger evolutionary pressure (Liu & Zhang, 2022;
Monroe et al., 2022; Majic & Payne, 2023), which could ensure a more consistent primer binding
in untested barley populations (Shavrukov, 2016). The SNP at position 2,373 bp, located in an
intron, exhibited greater sequence variability, making it less suitable for the design of robust

primers.

Marker selection for progeny genotyping

The development of a robust ROUGH AWNI marker called for a balance between cost-
effectiveness and precision for making it available to the wider scientific community working on
wild barley de novo domestication. Clear and distinct restriction patterns in gel electrophoresis
was the main driver for the shortlisting of viable candidates, but the cost of restriction enzymes
determined the final selection for progeny genotyping. Based on restriction patterns alone, CAPS
represented the most suitable options. However, the corresponding restriction enzymes for CAPS
candidates were the most expensive ones; $0.59 and $2.85 per unit for M8 and M9, respectively
(Table 5.2). Consequently, dCAPS was identified as the most affordable and scalable option with
the cost of the best candidate enzyme EcoO1091 (M4) at $0.10 per unit. Therefore, among all
dCAPS candidates, marker M4 was selected for genotyping based on the quality of restriction
patterns, target SNP located in an exonic region, and lower enzyme cost, representing the option

that better ensured the required level of precision without exceeding budgetary constraints.
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As the number of genotyping tests increases, enzyme costs may account for a larger portion of
the overall expenses. The significantly lower cost of restriction enzyme of the M10 marker ($0.03
per unit) makes it an attractive option for large-scale genotyping experiments with strict budgetary
constraints. However, the use of this marker may require an additional phenotyping step to ensure
that parental lines exhibit the expected awn roughness and that these phenotypes fully correlate
with the genotypes identified by M10. In addition, awn roughness is partially quantitative. It has
been suggested that a second independent gene within the 7H locus may be responsible for an
additional mutation that reduces barb formation (Milner et al., 2019). It is therefore recommended
to verify the allelic state, + 500 bp of the target SNP, of the ROUGH AWNI locus located in
chromosome 5H of parental lines before embarking on a large-scale genotyping program. Smooth
awn cultivars carrying a polymorphism in the gene located in chromosome 7H may not be

distinguishable from rough awn lines using the developed markers in this study.

5.4.2 De novo domestication

Ensuring wild background retention

Different factors, such as improper timing of emasculation and pollination, can disrupt the
intended contribution of wild genomes by the end of the MABC breeding scheme. In this study,
the introgression of cultivated alleles was performed using conventional breeding methods
applied uniformly to all plants within a window of 2 to 3 weeks, while balancing the logistical
constrains of both emasculation and pollination of up to 15 plants per day. Only 26 crosses were
required to generate successful F1 hybrids, but subsequent backcrossing (BC) cycles demanded
significantly greater effort. A total number of 150 spikes pollinated per BC cycle to ensure enough
progeny carrying the 3 cultivated alleles of Btr1, Osdl and ROUGH AWNI genes. However, BC1
and BC2 crossing cycles were unexpectedly more complicated as many spikes failed to set seeds,
which suggests that emasculation and/or pollination were conducted outside the optimal window
(Lukac et al., 2012). Premature emasculations and delayed crossings of already emasculated
spikes were potentially the causes of unsuccessful fertilisation. This large variation among wild
accessions in optimal crossing window can alter anthesis timing and increase the risk of

unintended self-pollination if the plants have undergone anthesis by the time of emasculation.

Distinguishing between hybridisation and self-pollination in BCIF1 and BC2F1 seeds is
challenging as both, successful crosses, and self-pollinated progeny, can display similar
heterozygous marker profiles. While the probability of this happening may be low, it could alter
the desired genomic contribution of 87.5% and 12.5% for the wild and cultivated parents,
respectively (Figure 5.5). The de novo domesticated material developed in this research are

intended to become the scaffold for the development of new materials and may be subjected to
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extensive evaluations. Therefore, it is highly recommended to conduct genome-wide genotyping
to confirm that wild genomes represent 87.5% of the total genetic background as originally

targeted.

Cultivated wild Cultivated Wwild

A A ' A | A |
100% aa % 100% aa X
heterozygous As | As heterozygous Aa | Aa
Aa Aa l Aa Aa l
F1 wild ; F1 F1
A | A A a
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Figure 5.5. Possible outcomes during marker-assisted backcrossing. The goal was to reach the BC2F1 stage
(3 genotyping generation) with heterozygous alleles for all three markers. This BC2F1 underwent
subsequent self-pollination to fix the cultivated alleles in a de novo domesticated line carrying most of wild
genomic background. However, attaining heterozygous state can arise from two distinct scenarios: (a) The
ideal scenario, where successful hybridization occurs between the cultivar and wild accessions in the first
and second genotyping generations; (b) Undesired self-pollination events where instead of F1 x Wild and
BCI1F1 x Wild hybridization, unintended self-pollination occurs at both stages. Both scenarios result in
heterozygous alleles by the 3rd genotyping generation, but with differing contributions from the wild and
cultivated genomes.

Practical considerations

Considering the practicality of conducting de novo domestication through MABC can lead to
more efficient strategies for its implementation. It has been proposed that de novo domestication
could be initiated from a random subset of germplasm collections (Langridge & Waugh, 2019).
However, there is only a limited number of lines that can be practically handled for de novo-
domestication at a time via MABC. Considering the vast genetic diversity and the complexity of
de novo domestication process, random selections may be highly inefficient for accelerating crop

improvement from the utilisation of wild relatives.

The process of de novo domestication via MABC in this experiment has proven to be complex
and time-consuming, particularly when considering the scale required to efficiently leverage the
vast genetic diversity available in gene banks. Considering random segregation of the three genes
introgressed in this study, a minimum of 8 seeds was theoretically needed to find one with the
three cultivated alleles in heterozygous state, representing a ratio of 1/2° (12.5%). For BC2F2, 64
seeds were required to identify one with all three cultivated alleles in the homozygous state,

representing a ratio of 1/4° (1.6%). In practice, these proportions were highly variable. In BC1F1,
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for instance, the expected rate for the three heterozygous alleles decreased from 12.5% to 3.7%
for WBDC-048 crosses, but increased to 21.6% for WBDC-074. This deviation from the expected
rate were due to small number of sample, losses from low success crossing rates, poor
germination, and missing data from unclear genotyping gels. This uncertainty increases the
number of seeds required to ensure enough viable progeny for genotyping and selection in each
LTR/wild combination. The number of required progeny increases exponentially with the addition
of more genes for selection, as the combinatorial segregation of alleles complicates the
identification of individuals carrying the desired genetic combinations. For six target genes, at
least 64 seeds would be required to find one with six domestication genes in heterozygous state
in BCIF1 and BC2F1 (1/2° or 1.6%). In the self-pollination BC2F2 stage, the probability of
finding homozygous lines decreases to 1 in 4096 (1/4°or 0.02%). These constraints highlight the
inefficiency of conventional MABC for introgressing multiple domestication loci, particularly

when working with large numbers of wild accessions.

To overcome these challenges, gene editing technologies offer a promising alternative to
accelerate de novo domestication. Unlike MABC, which relies on recombination and selection
over multiple generations, gene editing enables the direct modification of domestication genes in
a single step, reducing the need for extensive crossing and genotyping of large number of

progenies.

5.5 Conclusion

This thesis chapter examined the design process for developing CAPS and dCAPS molecular
markers for the barley ROUGH AWNI gene, detailing key steps involved in the selection of
affordable and robust marker options. Wild and cultivated barley were successfully hybridised
and BC2F3 lines carrying smooth awns, reduced dormancy, and non-brittle rachis alleles were
selected via marker-assisted backcrossing. To the best of my knowledge, these are the first de
novo-domesticated barley lines, which can be used as pre-breeding material to enhance the genetic
diversity of current barley breeding pools. The introduction of alleles for non-brittleness ensures
grain harvestability; reduced dormancy ensures timely germination; and smooth awns increases
the value for a future commercialisation. The next step in the evaluation of de novo domestication
of wild relatives is to assess their agronomic potential and stress tolerance in field and/or

controlled phenotyping trials to realise the full potential of the developed pre-breeding material.
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Chapter 6
Phenotypic evaluation of de novo-domesticated
barley lines

6.1 Introduction

In recent years, de novo domestication has been explored in economically important crops like
potato, wheat, rice, and tomato (Ye et al., 2018; Zsdgon et al., 2018; Mirzaghaderi et al., 2020;
Yu et al., 2021). However, the main focus of these studies, has been in overcoming obstacles,
such as reproductive incompatibilities, technical limitations, and knowledge gaps on the genetic
mechanisms underlying domestication genes (Jian et al., 2022). For instance, addressing self-
incompatibility in wild potato by introducing the S-/ocus inhibitor (S/i) gene has been essential to
allow self-pollination and enable the use of wild diploid potatoes for breeding purposes (Ye et al.,
2018). In rice, significant efforts have been directed towards establishing reliable transformation
and gene editing systems for the de novo domestication of allotetraploid wild rice (Yu et al., 2021).
As a result, there is limited evidence on the effect of de novo domestication on complex abiotic
stress responses after the process has been successfully achieved, which is an essential step
towards its broader acceptance and implementation for breeding crops resilient to climate change.
This chapter therefore investigates the impact of de novo domestication on drought-related traits
with complex quantitative inheritance and examines the extent to which wild phenotypes are
preserved in de novo-domesticated lines after the introgression of cultivated alleles of
domestication genes such as Btrl, Osdl, and ROUGH AWNI. Contrasting phenotypes between
the cultivated parent (LTR) and the wild parent would ideally provide a reference framework for

this evaluation.

This study also evaluates the relationship between traits that reflect instantaneous processes, such
as transpiration rate from thermal imaging, and time-integrated drought response metrics, such as
biomass accumulation and water-use efficiency (WUE) within a temporal framework for
identifying drought-tolerant candidates. A key objective is to determine how well spot
measurements of canopy temperature and photosynthesis as proxies for transpiration efficiency,
taken at different time points, align with WUE estimates derived from biomass and total water

use.
Additionally, this study examines whether de novo-domesticated lines exhibit phenotypic profiles

indicative of differences in stomatal response mechanisms compared to their wild and cultivated

parents. This is done through the combined analysis of spectral proxies for transpiration and
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photosynthesis alongside time-integrated traits like biomass and WUE, integrating multiple
physiological parameters to characterise stomatal regulation. While molecular studies have
identified key processes governing stomatal aperture and closure (Kostaki et al., 2020; Vialet-
Chabrand et al., 2021; Hasanuzzaman et al., 2023a), their application to guide large-scale

phenotypic screening remains unexploited.

Finally, this study evaluates whether gas exchange measurements and hyperspectral reflectance
data from a portable spectroradiometer can be leveraged to develop empirical predictive models
of photosynthetic capacity using supervised machine learning (ML) in a glasshouse experiment.
Here, Vemax (the maximum rate of carboxylation by Rubisco), acts as a critical parameter for
measuring photosynthetic capacity and it is derived from coding-based curve-fitting routines
using A-Ci response curves obtained from gas exchange measurements (Busch et al., 2024).
Empirical ML models are developed using Partial Least Squares Regression (PLSR) and Support
Vector Regression (SVR), as previously reported in the literature (Dechant et al., 2017; Silva-
Perez et al., 2018; Zarco-Tejada et al., 2021). PLSR uses linear combinations of the original
wavelengths, known as latent variables, from the entire spectrum of reflectance data as input to
predict Vemax. SVR uses the hyperplane that best fits the data points in a continuous space. While
SVR is more effective at handling non-linear relationships than PLSR, it is also less effective
when the input variables are highly collinear (Ballabio & Sterlacchini, 2012; Jou et al., 2014). To
avoid using highly collinear reflectance bands, Narrow-band Hyperspectral Indices (NBHIs) are
calculated from highly informative wavelengths that directly correlate with specific plant traits
and serve as input for SVR models. An extensive list of NBHIs has been previously reported by
Zarco-Tejada et al. (2021). By correlating spectral signals with photosynthetic activity,
researchers can extend the scope of photosynthetic measurements to track changes in

photosynthesis over time for tens or hundreds of plants.

6.2 Materials and Methods

6.2.1 Plant materials, growing conditions and experimental design

The barley lines used in this experiment were the Australian cultivar La Trobe (LTR), three pure
wild lines (WBDC-038, WBDC-068, and WBDC-199), and six de novo-domesticated lines
generated in Chapter 5. The de novo domesticated lines were BC2F3 progenies from two distinct

lineages collected from each of the three La Trobe/Wild combinations (Figure 6.1).
Husks were removed manually, and seeds were treated with H,O, as per methods in Chapter 2.

One to two plants per pot were grown in 1.5L-pots using 70% potting mix / 30% clay loam (v/v)

growing media described in Chapter 3 and Chapter 4. Seedlings emerging outside the 7-day
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window following the first plant emergence were removed to minimise variation introduced from
differences in phenological development. After thinning, each pot retained a minimum of one

plant, with most pots containing two plants.

BC2F3 progeny for BC2F3 progeny for
WBDC-038 and WBDC-068 families WBDC-199 family
LaTrobe x Wild LaTrobe x Wild
F1 x  Wild F1 X Wild
1* Genotyping BCIF1 x  Wild BC1F1 BC1IF1 x  Wild
2"¢ Genotyping BC2F1 BC2F1 BC2F1
3" Genotyping BC2F2 BC2F2 BC2F2 BC2F2
BC2F3 BC2F3 BC2F3 BC2F3

(1) (2) (1) (2)

Figure 6.1. Backcrossing scheme used in Chapter 4 to develop de novo-domesticated barley lines. Seeds
were separated at BC2F2 stage for LTR/WBDC-038 and LTR/WBDC-068 families and at BC1F1 stage for
LTR/WBDC-199 family. Different BC2F3 progeny of the same family are referred to as distinct lineages.
BC2F3 seeds were used in a phenotyping experiment along with cultivated and wild parents. Lineage
separation for the LTR/WBDC-038 and LTR/WBDC-068 crosses differed from LTR/WBDC-199 cross due
to the lack of viable progeny with all three markers in the desired (heterozygous) allelic state first and
second genotyping events, corresponding to BC1F1 and BC2F1 generations.

A layer of 250 g of black gravel was added to pots to minimise water evaporation from topsoil
during the experiment and a matte black-painted cardboard was positioned at the base of the pots
to eliminate signal interference from an irregular surface (Figure 6.2). The gravel and the
cardboard were beneficial for enhancing the contrast between the canopy and background pixels,

which facilitated the segmentation of thermal images.

100



Figure 6.2. Overview of the glasshouse set up showing the arrangement of the pots (left), and the matte
black-painted cardboard positioned at the base of the pots to provide a uniform background (right). Example

of a pot with a 250 g layer of black gravel added to the topsoil to minimise water evaporation.

To avoid manipulation of leaves in preparation for thermal imaging phenotyping, spacing between
pots was increased from 26 cm in previous experiments (Chapter 3) to 40 cm. Plants were grown
at 20°C for 58 days with supplemental lighting (Fortimo LED Line, High Flux VO, Eindhoven,

Netherlands) at an intensity of 500 umol m*s ' measured at the level of plant canopy. A

light:dark photoperiod of 12:12 h was maintained throughout the experiment.

Four replicates for each line-by-treatment combination were assessed within the same trial. Pots
were distributed in a Complete Randomised Block Design, arranged in a grid pattern of 4 rows

by 20 columns, with each set of 5 columns representing a distinct block (Figure 6.3; Table 6.1).

Table 6.1. Line codes, family background and material type of each line included in the experiment.

Genotype Line Line Code Family Material type

G-1 L-01 Cultivated LTR Cultivated parent

G-2 L-02 068_Wild G068 Wild parent

G-3 L-03 068 _BC2F3_1 G068 De novo-domesticated / BC2F3 (1)
G-4 L-04 068_BC2F3 2 G068 De novo-domesticated / BC2F3 (2)
G-5 L-05 199 Wild G199 Wild parent

G-6 L-06 199 BC2F3_1 G199 De novo-domesticated / BC2F3 (1)
G-7 L-07 199 BC2F3 2 G199 De novo-domesticated / BC2F3 (2)
G-8 L-08 038_Wild G038 Wild parent

G-9 L-09 038 BC2F3_1 G038 De novo-domesticated / BC2F3 (1)
G-10 L-10 038 _BC2F3 2 G038 De novo-domesticated / BC2F3 (2)
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Cl1 C2 C3 C4 C5 C1 C2 C3 C4 C5 C1 C2 C3 C4 C5 C1 C2 C3 C4 cCs5

R1 L-04 L-03 L-08 L-01 L-02. L-06 L-05 L-09 L-10 L-06

R2 [L-07

R3 [L-05 L-06 L-01

R4 L-10 I L-02|L-09 L-07 L-08

Figure 6.3. Experimental layout for the assessment of de novo domesticated material against their

corresponding parents. Lines are coloured by treatment and were randomly distributed across four blocks.
Blue represents irrigated pots and yellow represents drought pots.

6.2.2 Drought treatment

Irrigation treatments were applied manually, following the similar irrigation regimes used in
Chapters 3 and Chapter 4. Capillary irrigation was not employed in this experiment as the number
of pots was optimal to maintain manual irrigation for the two treatment groups, Irrigate (IR) vs
Drought (DR). Each pot was placed on a digital scale, and water was added from the top until the
pot reached the target weight. Drought-treated pots were gradually dried by matching the rate of
slowest drying pot while irrigated pots were maintained between 75% and 85% of Field Capacity
(FC). Soil water content was measured and adjusted daily from 16 days after sowing (DAS) and
twice a day after 40 DAS (Figure 6.4). The day before thermal imaging measurements, soil water
content was adjusted based on each pot’s historical drying rate, ensuring that the target percentage

of field capacity (%FC) was reached during data collection the following day.

6.2.3 Plant phenotyping

Canopy temperature

Canopy temperature measurements followed the procedure detailed in Chapter 3 and Chapter 4.
Canopy temperature was recorded by gliding a thermal camera (Model E86, Teledyne FLIR LLC)
over each pot three times within a time frame of 45 min. Three radiometric images were extracted
and analysed with a custom MATLAB (Mathworks Inc., Natick, Massachusetts, USA) code to
obtain average canopy temperature values per pot. Ambient temperature was recorded using 27
HOBO data loggers (Onset, Cape Cod, Massachusetts, USA) evenly located across the
glasshouse, and canopy temperature depression (CTD) was calculated as the difference between

ambient (Ta) and canopy temperature (T.) (Equation 3.1; Chapter 3).
Pigment content

Spectrally-derived pigment traits (Chlorophyll, Flavonoids, Anthocyanins and Nitrogen Balance

Index) were obtained with a Dualex Scientific+ (FORCE-A, Orsay, France). Measurements were
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taken 2 to 3 days before biomass harvest from two random fully expanded top leaves and

averaging the values per pot.

Spectral reflectance

Spectral reflectance was measured using a handheld SpectraPen SP110 (Photon System
Instruments, Drasov, CZ), separated in two distinct groups of data. The first group consisted of
temporal measurements taken throughout the experiment to track changes over time. For these
measurements, reflectance was recorded from two or three of the youngest fully expanded leaves
per plant, and an average value was calculated for each pot. The second group comprised leaf
reflectance measurements taken alongside photosynthesis assessments to enable the development

of an empirical relationship between reflectance data and photosynthetic parameters.

Biomass
Above ground fresh and dry weight biomass were measured as per methods in Chapter 4. Biomass
was immediately weighed on a scale to obtain fresh weight (FW). Plants were dried at 70°C for

72 hours and re-weighed to determine the dry weight (DW).

Water use efficiency
Water Use Efficiency (WUE) was calculated as the ratio of above-ground biomass to the total

water supplied to each pot throughout the experiment.

Photosynthesis capacity

Photosynthetic capacity was assessed with two gas exchange systems Li6800 (LI-COR
Biosciences Inc., Lincoln, Nebraska, USA). For each measurement, the youngest fully expanded
leaf from the tagged plant in each pot was clamped into a 3 cm % 1 cm gasket. Inlet CO;
concentration was increased from 200 pmol mol™ to 1400 pumol mol™ at intervals of 200 umol
mol™* to record internal CO; concentration (Ci) and net carbon assimilation (A). The temperature
in the chamber was maintained at 25°C. A constant photosynthetic photon flux density of 1500

2

umol m™* s~ ' within the chamber and each leaf was light adapted for 5 min before starting a CO»

response curve.
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Days After Sowing (DAS)

Sowing

Water content measured
Water adjusted
Canopy temperature

Chlorophyll ‘ |

Anthocyanin ‘ ‘ ‘ : ] ‘
Flavonoids |

NBI ‘ ' |

Photosynthesis [

Spectral reflectance . . . . . . . . . .

Biomass harvest .

Figure 6.4. Timeline of activities conducted during the experiment for phenotyping experiment including
de novo-domesticated lines, along with wild and cultivated parents. Activities conducted include water
content measurements, water adjustments, and trait measurements. Blue-shaded cells correspond to the
days after sowing (DAS) on which each activity was performed.

6.2.4 Statistical analyses

Linear and machine learning models

Linear models were used in R (version 4.3.2) (Table 6.2), using the emmeans package (version
1.10.0) (Lenth et al., 2024) for estimating marginal means and the tidyverse package (version
2.0.0) (Wickham, 2014) for data processing. The /me4 package (version 1.1.35.1) (Bates et al.,
2015) was employed to fit linear mixed-effects models, allowing control for confounding
variables and testing the significance of effects across treatments, lines, time points, and their

corresponding interactions.

Partial Least Squares Regression (PLSR) model was used to predict photosynthetic capacity
(Vemax) from spectral reflectance data spanning wavelengths from 400 nm to 793 nm. The PLSR
model was implemented with pls R package (version 2.8.3), and evaluated using Leave-One-Out
Cross-Validation (LOOCYV). Predictions were made using varying numbers of latent components
(5, 10, 20, and 30).

Sixty-seven Narrow-Band Hyperspectral Indices (NBHIs) were calculated (Zarco-Tejada et al.,
2021) and filtered using Variance Inflation Factor (VIF) analysis with R package finsb (version
0.7.6) (Nakazawa, 2018). The selected NBHIs were used as predictors in a Support Vector
Regression (SVR) model with a radial basis function (RBF) kernel, and hyperparameter tuning
via a grid search to optimise the cost (C) and epsilon (¢) parameters. Model evaluation was
conducted using Leave-One-Out Cross-Validation (LOOCV) with one level of each grouping
factor (e.g., day or treatment) excluded at a time to identify whether measurements from a
particular day or treatment were significantly affecting model performance. Performance metrics
for PLSR and SVR models included Mean Absolute Error (MAE), Root Mean Squared Error
(RMSE), and coefficient of determination (R?).
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Decision tree models were developed to assess the relative importance of measured traits for
classifying samples into families (LTR, G038, G068, and G199), irrigation treatment (IR,DR),
lines (L1 to L10) and material type (Wild, Cultivated). A leave-one-out cross-validation
(LOOCYV) approach was implemented to evaluate the model’s performance. The decision tree was

trained using the rpart R package (version 4.1.23) (Therneau ef al., 2015).

Table 6.2. Overview of the statistical models used for data analysis.

Trait group Predicted trait Input variables Model
Transpiration CTD Treatment, Line, Stage, Block, Pot linear mixed
number model
Chl Treatment, Line, Stage, Block
Flavonoids Treatment, Line, Stage, Block
Pi t .
lements Anthocyanins Treatment, Line, Stage, Block
Nitrogen Balance Treatment, Line, Stage, Block Linear model
Index
Fresh weight Treatment, Line, Block
Biomass
Dry weight Treatment, Line, Block
NBHIs Treatment, Line, Stage, Block
Sﬁ)ectral Reflectance data from 400 nm to 794 nm PLSR
retlectance Photosynthesis
VIF-filtered NBHIs SVR
All Classification group All traits Decision tree

Photosynthesis capacity

Carbon assimilation (A) values were normalised to the specific leaf area of each sample before
A-Ci curve fitting. Leaf area was measured by photographing the leaves on a white background
to facilitate image segmentation using Fiji software (Imagel], National Institutes of Health,
Bethesda, Maryland, USA). The measured area for each sample was then input as a constant into
the gas exchange parameter calculations. Two curve fitting routines were conducted with
plantecophys (version 1.4.6) (Duursma, 2015) and photosynthesis (version 2.1.4) (Stinziano et
al., 2021) packages to calculate Vemax and Jmax. The outputs from both packages were compared

using correlation analysis to evaluate agreement between the two methods.

6.3 Results

6.3.1 Consistent soil water content for all pots

Irrigation in this experiment was regulated by precisely controlling pot water content rather than
applying the same amount of water to all pots. This approach ensured that drought stress was

imposed consistently across genotypes (Figure 6.5), preventing undesirable variability in drought

105



severity that could confound the interpretation of quantitative traits such as canopy temperature
depression (CTD), chlorophyll content, and biomass accumulation as the experiment progresses
and plants mature. This is particularly relevant when comparing wild, cultivated, and de novo-
domesticated lines, as genetic differences could influence their transpiration levels under varying

water levels.

As expected, significant day-to-day fluctuations in soil water content (SWC) depletion rates were
observed. After 35 DAS, the variability in SWC of irrigated pots significantly increased, while
the variation of SWC in drought pots remained stable. Although the daily mean varied
significantly across different DAS, the SWC was consistently maintained within a range of +5%
around the mean for each day of CTD phenotyping. These fluctuations in SWC highlight the
challenges of maintaining consistent water content over time, even in a controlled glasshouse

environment.

Field Capacity (%)
3

Field Capacity (%)

10 15 20 25 30 35 40 45 50 55 60 10 15 20 25 30 35 40 45 50 55 60
Days After Sowing (DAS) Days After Sowing (DAS)

Figure 6.5. Variations in soil water content (SWC) expressed as a percentage of field capacity (%FC) across
treatments throughout the experimental period. a) Faded lines illustrate the soil drying trajectories for
individual pots. Arrows indicate days of CTD phenotyping campaigns. b) Bold black lines represent the
mean %FC values per treatment per day, while dashed lines with confidence intervals indicate linear trends
for three distinct DAS intervals (12-28, 29—44, and 45-59). Treatments are distinguished by colour: brown
for Drought and blue for Irrigated conditions. The dashed horizontal line marks the wilting point at 30%FC.

6.3.2 Significant effects of drought treatment on measured traits

CTD

Ambient temperature (T,), DAS, and the two-way interactions Treatment:DAS and Line:DAS had
a significant effect on CTD at p < 0.001, while the effect of Line was significant at p < 0.05
(Appendix 6.1). This indicates that environmental factors, such as temperature and time, drove
changes in CTD, which in turn depended on the treatment applied and, to a lesser degree, the
genetic background of the lines tested. However, the Treatment:Line and Treatment:Line:DAS

interactions were not significant, suggesting similar temporal and treatment responses across
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lines. Line 199 BC2F3 2 maintained a distinctive low CTD values under both irrigated and

drought conditions compared to the rest of the lines (Figure 6.6).

Biomass and WUE

For FW, DW, and WUE, significant differences were observed among lines (p<0.001), while the
Treatment:Line interaction was not significant. This indicates that biomass and WUE varied
between lines, but the effects of drought on these traits were similar across all of them (Appendix
6.1). Both FW and DW were significantly lower in drought pots. Interestingly, the three wild
lines L-02 (068 Wild), LO5 (199 Wild), and L-08 (038 Wild) exhibited lower biomass

accumulation than La Trobe (LTR), regardless of irrigation treatment (Figure 6.6).
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Figure 6.6. Canopy temperature depression (CTD) across three distinct families: WBDC-038, WBDC-
068, and WBDC-199, under irrigated (blue) and drought (brown) conditions. Each family contains two de
novo-domesticated lines BC2F3 1 (circle) and BC2F3 2 (triangle), along with corresponding cultivated
(square) and wild (cross) parents. Left panel shows changes in canopy temperature depression (CTD) taken
at 6 stages: 19, 23,37, 35, 39 and 43 DAS. The dashed line represents the mean ambient temperature (Ta)
recorded during canopy temperature acquisition (right y-axis). The right panel shows bar plots representing
contrasts of Wild and the two de novo-domesticated lines against the cultivated parent, La Trobe (LTR),
for CTD, DW, and WUE. Error bars represent standard errors. Significance differences between lines
within each treatment are denoted by asterisks (*p < 0.05, **p < 0.01, ***p <0.001).
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While WUE — biomass divided by total water supplied — was generally higher under drought
compared to irrigated pots, no significant differences between La Trobe (LTR) cultivar and the

rest of the lines within the same family were observed at p=0.05 (Figure 6.6).

Spectral indices

For pigment and NBHIs, most individual factors— Line, Treatment, and DAS—as well as the
two-way interactions among them, had a highly significant effect (p<0.001) (Appendix 6.1).
Nonetheless, the three-way interaction Line: Treatment:DAS did not show a significant effect. On
the final day of pigment and reflectance data acquisition, at 56 DAS, significant differences were

evident across these traits (Figure 6.7).

Chl Flav

19 23 27 30 33 37 41 44 49 56 19 23 27 30 33 37 41 44 49 56

Time (Days After Sowing) Time (Days After Sowing)
Anth NBI
02751 %
0.250 4
()]
3 0225{
g 2
0.200 4
19 23 27 30 33 37 41 44 49 56 19 23 27 30 33 37 41 44 49 56
Time (Days After Sowing) Time (Days After Sowing)
o -1 & |83 x L5 v L7 =* L9 Treatment +  Drought —e— Irrigated
Genotype

o L2 + L4 o L6 ® -8 e L-10

Figure 6.7. Progression of Chlorophyll (Chl), Flavonoids (Flav), Anthocyanins (Anth), and Nitrogen
Balance Index (NBI) over time. Each data point shows the estimated marginal means per line for drought
(brown) and irrigated (blue) treatments on that specific DAS. Shapes differentiate between lines (L-01 to
L-10) as follows: L-01 (Cultivated), L-02 (068_Wild), L-03 (068_BC2F3_1), L-04 (068_BC2F3_2), L-05
(199_Wild), L-06 (199_BC2F3_1),L-07 (199_BC2F3_2), L-08 (038_Wild), L-09 (038_BC2F3_1), and L-
10 (038_BC2F3_2).

Time progression of drought responses
An upward trend in canopy temperature depression (CTD) over time was observed across all lines
under irrigated conditions, suggesting a potential increase in cooling capacity due to biomass

accumulation as plants matured (Figure 6.6). In contrast, CTD remained relatively stable over
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time in drought-treated pots, reflecting the reduced evaporative cooling capacity of plants under
water-limited conditions.

Dynamic patterns of pigments (Figure 6.7) and NBHIs (Figure 6.8) showed clear differences
between irrigated and drought conditions, with the most pronounced variations observed in
DNCabxc, CUR, and LIC3. These differences likely reflect the accumulation of metabolic
compounds due to plant acclimation to growing conditions under stress and physiological changes

associated with plant aging and senescence.

Photosynthesis predictions from spectral data

Photosynthetic parameters Vemax and Jmax derived from A-Ci curve analyses processed through
photosynthesis (Appendix 6.2) and plantecophys (Appendix 6.3) R packages demonstrated a
strong correlation (Appendix 6.4). Vemax from the photosynthesis package was chosen for

subsequent analyses due to its updated modelling capabilities.

Vemax showed no significant differences between irrigation treatments (Figure 6.9). PLSR and
SVR model performances for predicting Vemax from spectral data were low, showing a poor
predictive power despite using different number of components and data exclusion in combination

with a Leave One Out Cross Validation (LOOCV) (Appendix 6.5).

6.3.3 The effects of de novo domestication

For CTD, the phenotyping day 43 DAS, corresponding to the greatest difference in soil water
content (SWC) between treatments, was chosen as a critical time point in this experiment to
identify pronounced differences between the two parents. For pigments and NBHIs, this
assessment is done on the final day of phenotyping for each trait, 56 DAS, when drought stress

was expected to reach its peak (Figure 6.4).

For CTD, no significant differences were observed between LTR and each of the wild parents
under either irrigated or drought conditions at 43 DAS (Figure 6.6). For pigment traits at 56 DAS,
the following contrasting responses between LTR and the wild parent were observed: Chlorophyll
(Chl), all families under irrigated and drought conditions; Flavonoid (Flav), family 038 and 199
under irrigated conditions; Anthocyanins (Anth), family 038 under irrigated and drought
conditions, and 199 under irrigated conditions; Nitrogen Balance Index (NBI), family 038 under

irrigated, and family 199 under both irrigated and drought conditions (Appendix 6.6).
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Figure 6.8. Progression of Narrow-Band Hyperspectral Indices (NBHIs) over time. NBHIs were derived
from spectral reflectance data captured using the SpectraPen SP110 device. These indices were selected
from an initial set of 67 NBHIs after variable filtering using Variance Inflation Factor (VIF) analysis. Each
data point shows the estimated marginal means per line for drought (brown) and irrigated (blue) treatments
on that specific DAS. Shapes differentiate between lines (L-01 to L-10) as follows: L-01 (Cultivated), L-
02 (068_Wild), L-03 (068 BC2F3 1), L-04 (068 BC2F3 2), L-05 (199_Wild), L-06 (199 BC2F3 1), L-
07 (199_BC2F3 2), L-08 (038 Wild), L-09 (038 BC2F3 1), and L-10 (038 BC2F3 2).
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Similarly, statistically significant differences between LTR and wild lines were observed for the
following NBHIs at 56 DAS: MCARII, family 068 under drought; SRPI, family 038 under
irrigated and drought conditions, and family 068 under irrigated conditions; DNCabxc, all three
families under drought, and 199 under irrigated conditions; LIC3, family 038 under drought, 068
under irrigated and drought, and 199 under irrigated and drought conditions; BF1, all three
families under irrigated conditions; CUR, 199 under irrigated conditions. For biomass, all three
families showed difference between LTR and wild for DW under irrigated conditions, but no
significant differences were identified under drought conditions. No significant differences were

identified between LTR and wild lines for WUE (Figure 6.6).
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Figure 6.9. Effects of drought stress in reflectance spectra and photosynthesis capacity. Reflectance spectra
of individual pots and treatment averaged across all measurement days. Transparent lines represent
reflectance data for individual pots while bold lines indicate the mean reflectance values for each treatment;
d) Boxplots of Rubisco-limited photosynthetic capacity (Vemax) under drought and irrigated conditions for
cultivated, wild, and backcrossed BC2F3 barley lines derived from WBDC-038 and WBDC-199. Brown

lines represent drought pots and blue lines represent irrigated pots.

Among pigment traits and NBHIs where LTR and the wild parent were significantly contrasting
(p<0.001), in 65% of the cases, at least one de novo-domesticated line emulated the response of
the wild parent, while in the remaining 35% de novo-domesticated lines exhibited patterns
resembling those of the cultivated parent. Trait/family occurrences where at least one de novo-
domesticated line closely resembled the wild parent in either drought or irrigated conditions were
observed in Chl/038, Chl/068, Flav/199, Anth/038, NBI/038, NBI/199, SRP1/068, DNCabxc/038,
DNCabxc/068, DNCabxc/199, LIC3/038, LIC3/068, BF1/038, DW/038, DW/068, and DW/199
(Appendix 6.6 and Appendix 6.7). Occurrences where cultivated and wild lines showed
contrasting values but no de novo-domesticated lines resembled the wild parent were observed in

Flav/038, Anth/199, NBI/199, MCAR1/068, SRPI/038, DNCabxc/199, LIC3/199, BF1/068,
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BF1/199, and CUR/199. These results show the variability among de novo-domesticated lines in

conserving phenotypic traits of the wild parent.

6.3.4 PCA and phenotypic correlation

Principal Component Analysis (PCA) was used to identify major sources of variation in the
dataset. The first three principal components (PCs) accounted for 56.9% of the total phenotypic
variation in the data set (Table 6.3; Figure 6.10). PC1 accounted for 28.5% of the total variation,
with NBI, Flav, Cur, and CTD_Stage 6, having the highest absolute contributions and strongest
influence. PC2 explained 15.2% of the variation and was dominated by CTD measured at different
time points except for the last DAS. PC3 accounted for 13.2% of the variation, with DW and FW

showing the highest contributions.

A phenotypic correlation matrix was used to assess the strength and significance of correlations
between traits. Figure 6.11 reveals a strong correlation among CTD at six different time points,
indicating their non-random associations, and indicating inherent physiological traits rather than
random fluctuations . Fresh weight (FW) and dry weight (DW) biomass exhibited strong positive
correlations with CTD at Stage 6 (43 DAS), indicating a potential relationship between canopy
cooling capacity observed at later stages and biomass accumulation. Hyperspectral indices such
as LIC3, SRPI, and NPQI displayed moderate but significant negative correlations with FW and

DW biomass but showed no significant correlation with CTD.
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Figure 6.10. Principal Component Analysis (PCA) plot based on all measured traits. Ellipses enclose barley
lines under irrigated (blue) and drought (brown) treatments. The plot reveals an overlap between treatment

groups.
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Figure 6.11. Correlation heatmap of pairwise relationships between physiological and biochemical traits

across all barley lines and treatments.

Table 6.3. Loadings of the first three principal components (PC1 to PC3) for CTD, biomass, pigments, and
NBHIs. Traits are arranged in descending order based on their absolute contribution to each principal
component. Percentages indicate the proportion of total variance explained by each PC component.

PC1 (28.5%) PC2 (15.2%) PC3 (13.2%)

Abs. Abs. Abs.

Trait Loadings Loadings Trait Loadings Loadings Trait Loadings Loadings
NBI 0.346 0.346 CTD_Stage 4 0.357 0.357 Dw 0.473 0.473
Flav -0.324 0.324 CTD_Stage 3 0.348 0.348 Fw 0.436 0.436
CUR -0.322 0.322 CTD_Stage 5 0.335 0.335 LIC3 -0.362 0.362
CTD_Stage 6 -0.293 0.293 CTD_Stage 2 0.334 0.334 SRPIL -0.327 0.327
Chl 0.276 0.276 CTD_Stage 1 0.327 0.327 DNCabxc 0.268 0.268
DNCabxc 0.264 0.264 Anth -0.308 0.308 PRIM2 -0.253 0.253
CTD_Stage 4 -0.261 0.261 BF1 0.271 0.271 NPQI -0.248 0.248
CTD_Stage 2 -0.222 0.222 NBI 0.236 0.236 Chl 0.178 0.178
Anth -0.221 0.221 Chl 0.228 0.228 BF1 0.167 0.167
BF1 0.217 0.217 CTD_Stage 6 0.225 0.225 CTD_Stage 3 -0.150 0.150
CTD_Stage 3 -0.200 0.200 Flav -0.212 0.212 CUR -0.129 0.129
CTD_Stage 5 -0.194 0.194 NPQI 0.126 0.126 PRI.CI -0.127 0.127
NPQI 0.174 0.174 DNCabxc 0.115 0.115 Flav 0.099 0.099
CTD_Stage 1 -0.156 0.156 B 0.106 0.106 CTD_Stage 5 -0.088 0.088
MCARI1 -0.144 0.144 CUR -0.087 0.087 CTD_Stage 2 -0.083 0.083
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SRPI 0.142 0.142 Fw 0.038 0.038 MCARI1 0.058 0.058

PRI.CI -0.118 0.118 LIC3 -0.026 0.026 B 0.050 0.050
PRIM2 0.116 0.116 PRIM2 -0.014 0.014 CTD_Stage 1 -0.048 0.048
DwW -0.097 0.097 DW -0.012 0.012 CTD_Stage 6 0.037 0.037
LIC3 0.091 0.091 SRPI -0.010 0.010 Anth -0.031 0.031
Fw -0.080 0.080 MCARI1 -0.002 0.002 NBI -0.022 0.022
B 0.051 0.051 PRI.CI 0.001 0.001 CTD_Stage 4 0.012 0.012

6.4 Discussion

6.4.1 DW contribution to data set variability

In this experiment, DW showed significant statistical differences between lines within the same
family group (Figure 6.6 and Appendix 6.1). However, its significance to capture variability in
the dataset under controlled water regimes appeared subdued despite its biological and agronomic
importance. The results of the PCA revealed that DW biomass had a relatively low loading score
in PC1 and PC2, while being among the top contributors to PC3 (Table 3.1). PCA disentangles
the dataset's underlying structure by identifying traits that dominate variability in distinct
orthogonal dimensions (Lever et al., 2017). The relatively low contribution of DW to PC1
indicates that it captured secondary or more subtle patterns of variation in the dataset compared
to the primary contributors, which included NBI, Flav, CUR, and CTD Stage 6, in order of

importance.

In the field, differences in stomatal conductance between lines contribute to varying rates of water
depletion. Maintaining consistent soil water content (SWC) is almost impossible, making it
difficult to isolate changes in transpiration driven solely by plant physiology without the
cumulative effects of water depletion. As water levels are not restored to ensure uniform SWC
across the same water regime experimental group, different lines may activate stomatal closure
mechanisms at varying time points and to a different degree. These variations in SWC determine
stomatal conductance and total CO: assimilated, ultimately amplifying detectable differences in
biomass and grain yield across lines. Consequently, transpiration, biomass and grain yield
represent the dominant patterns of variability under field conditions as shown in several
multivariate analyses (Ali et al., 2015; Qaseem et al., 2017). As a time-integrated trait, DW
compounds the cumulative effects of environmental conditions and plant-soil interactions
throughout the growing period, reflecting not only the overall growth performance but also the
feedback loop between plant growth and soil water depletion. The minimal contribution of DW
variations to PC1 likely reflects the precise regulation of water content across all pots under
controlled environmental conditions. Consequently, the strong influence of DW on variation
patterns often observed under field conditions did not manifest in this dataset. Instead, the main

PC1 contributors were related to photoprotection mechanisms.
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Results from this experiment indicate that Flav, Anth, and SRPI (a spectral proxy for the Car/Chla
ratio), were generally higher in the wild lines (L-02, LO5 and L-08; Table 6.1) compared to LTR
(Appendix 6.6). These traits are closely associated with ROS scavenging and energy dissipation
in the electron transport chain (ETC), particularly useful for retaining photosynthetic performance
under stress (Hasanuzzaman et al., 2020), suggesting that the wild parent possesses physiological

mechanisms that enhance acclimation to stress environments.

6.4.2 Pigment traits are highly correlated

The strong correlation observed in NBI with Chl and Flav reflects their mathematical as well as
physiological relationships (Cerovic et al., 2012) (Figure 6.11). NBI serves as an indirect indicator
of assimilated carbon allocation to either flavonoid biosynthesis or plant growth under N-limited
conditions. It is calculated from chlorophyll-to-flavonoid ratio (Chl/Flav) (Cartelat et al., 2005;
Cerovic et al., 2012). In this experiment, the observed increases in NBI (Nitrogen Balance Index)
over time in drought-treated pots were primarily driven by a rise in chlorophyll (Chl) content,
while flavonoid (Flav) levels remained relatively stable. In contrast, NBI in irrigated pots
exhibited a less pronounced change. This was due to a concurrent increase in Flav content that
offset the rise in Chl as the plants matured. Consequently, NBI values were lower in irrigated pots
compared to drought-treated pots at 56 DAS (Figure 6.7). This could suggest healthier drought-
treated than irrigated pots since more carbon is allocated to flavonoid production due to nitrogen
(N) deficiency (Cartelat et al., 2005). However, higher NBI observed in drought pots may instead
reflect a steep increase in chlorophyll density per unit area (Hasanuzzaman ef al., 2017) and an
unexpected lack of flavonoid accumulation in drought pots, which suggests that imposed stress
treatment was not severe or prolonged enough to activate the flavonoid biosynthetic pathways.
Flavonoid production often requires both sufficient time and a strong stress signal, such as intense
UV-B exposure, to be significantly upregulated (Agati et al., 2012; Ferreyra et al., 2021). The use
of a shading screen lowered UV-B radiation and may have contributed to the lack of flavonoid

accumulation.

6.4.3 CUR and chlorophyll fluorescence

As opposed to Flav, CUR exhibited a greater increase under drought relative to irrigated
conditions. CUR is an optical index related to the curvature of the reflectance spectrum used to
monitor changes in reflectance caused by chlorophyll fluorescence, which are independent of
pigment levels (Zarco-Tejada et al., 2000a; Zarco-Tejada et al., 2000b). This index is positively
correlated with Fv/Fm, the maximum quantum yield of photosystem II (PSII) from dark-adapted
leaves. Inactivation of PSII through photoinhibition leads to a reduction in Fv/Fm (Murchie &
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Lawson, 2013), and therefore low CUR values (Zarco-Tejada et al., 2000b). The consistent
increase in CUR over time across all lines, with a more pronounced trend under drought
conditions, was unexpected and suggests an improvement in the maximum quantum yield of PSII
compared to irrigated conditions. However, this response may indicate a transient acclimation to
drought stress triggered by the supplemental LED light, increasing capacity of the plant for NPQ
to mitigate photoinhibition (Baker & Rosenqvist, 2004). CUR and Flav exhibited a negative
correlation (Figure 6.11), indicating that higher flavonoid content acted as an energy escape valve

and reduced the reliance on chlorophyll fluorescence for energy dissipation.

A strong negative correlation between CTD at 43 DAS (CTD_Stage 6) and CUR was observed
(Figure 11), which suggests that lines with cooler canopy temperatures, and consequently higher
CTD values, generally exhibited reduced energy dissipation through chlorophyll fluorescence.
Strong correlations between CUR and CTD are likely due to less stomatal limitations to
photosynthesis when plants exhibit high stomata conductance, allowing CO, to reach the
carboxylation site and allowing a greater proportion of energy to be utilised in photochemical

quenching rather than being dissipated as chlorophyll fluorescence (Murchie & Lawson, 2013).

Overall, no signs of severe stress to the photosynthesis capacity were observed in this experiment.
In addition, most of the pigment and NBHIs related to photosynthetic performance showed no
significant correlation with biomass accumulation (FW and DW) under varying water regimes,
suggesting that biomass declines across treatments were primarily driven by stomatal limitations
to photosynthesis. On the other hand, the variability captured by the main PC1 components did
not correlate with the relative importance of various traits for classification across different
grouping factors, namely group family (LTR, G038, G068, and G199), irrigation treatment
(IR/DR), or lines (L1 to L10) (Appendix 6.8). This suggests that the dominant variation captured
by PC1 may be driven by spatial variability of environmental factors or microclimatic differences
affecting all plants within the experiment, rather than genetic background or treatment-specific

responscs.

6.4.4 Photosynthesis predictions from spectral data

Partial Least Squares Regression (PLSR) and Support Vector Regression (SVR) showed limited
prediction ability for V.. from reflectance data, as reflected in the near zero coefficient of
determination (R?). These results differ from previous studies, where Partial Least Squares
Regression (PLSR) models demonstrated stronger performance, with R? values exceeding 0.6
(Serbin et al., 2012; Dechant et al., 2017; Suarez et al., 2021). The low predictive performance

likely stems from small number of observations (56 in total), the narrow spectral range captured
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by the SpectraPen SP 110 device (390nm to 793nm), and the absence of significant variation in

photosynthesis across samples.

In the study by Silva-Perez et al. (2018), approximately 300 observations, representing 55% of
the total dataset, were utilised to train the PLSR model. An adequate number of samples for model
training is therefore critical in PLSR to establish a robust relationship between spectral data and
photosynthesis performance. In addition, several studies have used spectroradiometers with a
range capability between 350 and 2500 nm (Dechant et al., 2017; Silva-Perez et al., 2018; Suarez
et al., 2021), while in this experiment the spectral range captured by the SpectraPen SP110 device
was 400nm to 793nm. Most of the infrared (IR) section of the spectrum, including near infrared
(770-1300nm), short wave infrared 1 (SWIR1; 13001900 nm), and the short wave infrared 2
(SWIR2; 1900-2500 nm) were not included in the analysis, which likely contributed to the
reduced predictive accuracy (Silva-Perez et al., 2018). Moreover, there was likely not enough
variation in photosynthesis capacity in response to drought stress, reflected in the lack of
significant differences in photosynthetic capacity from gas exchange measurements across

irrigation treatments (Figure 6.9b).

6.4.5 De novo-domestication for retaining quantitative wild

phenotypes

In this experiment, CTD, biomass, pigment content, and Narrow-Band Hyperspectral Indices
(NBHIs) displayed continuous distributions, which are characteristic of quantitative traits (Zhang
et al., 2009; Yang et al., 2022) (Appendix 9). This continuous variation suggests a complex
genetic inheritance in which traits are governed by numerous loci with small additive effects. In
most instances where parental lines displayed contrasting values, the phenotypes of BC2F3 lines
closely resembled the wild parent. This pattern was more evident for pigment traits (e.g., Chl,
Flav, Anth, and NBI) and NBHIs (e.g., DNCabxc, LIC3, and SPRI) in some family groups
(Appendix 6.6 and Appendix 6.7).

Recovering the wild phenotype through de novo domestication depends strongly on the presence
of contrasting phenotypes between the cultivated and wild parents. This was not consistently
achieved in this experiment due to the initial random selection of wild lines for crossing. For
instance, CTD did not display statistically significant contrasting phenotypes between wild and
cultivated parental lines, even at 43 DAS—the time point representing the maximum SWC
difference between treatments. This may have precluded the observation of typical de novo

domestication phenotypic patterns for this trait.
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Although de novo-domesticated BC2F3 lines carried approximately 87.5% wild and 12.5%
cultivated genomic background (Elston & Stewart, 1973) (Figure 6.12), the observed phenotypic
patterns may not solely reflect the inheritance of many small additive-effect genes from the wild
parent, but could also be the result of major-effect genes, dominance or epistasis. The phenotypic
variation observed across BC2F3 lineages within the same family supports this hypothesis. The
segregation of different subset of alleles during the MABC breeding process may have
distinctively shape trait phenotypes across lineages within the same families (Bernardo, 2016).
Additionally, the residual heterozygosity in the BC2F3 lines, resulting from only two self-
pollination cycles and leaving approximately 6.25% of their genomes in a heterozygous state,
likely influenced trait expression and contributed to deviations from the typical de novo

domestication phenotypic patterns highlighted in Figure 6.13.

Cultivar (donor) Wild (recurrent)

100% cultivated I I X I 100% wild

50% cultivated
50% wild X 100% wild
25% cultivated X
75% wild 100% wild
12.5% cultivated Domestication gene
87.5% wild

Figure 6.12. Simplified diagram of the Marker-Assited Backcrossing breeding scheme used to develop de
novo-domesticated lines. A cultivated donor parent (100% cultivated, purple) was crossed with a wild
recurrent parent (100% wild, red). Subsequent backcrossing to the wild parent resulted in progeny with
progressively reduced cultivated genetic contributions (50%, 25%, and 12.5%), while retaining the
domestication gene from the donor parent.
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Figure 6.13. Comparison of expected and observed de novo domestication phenotypic patterns under two
scenarios. a) Traits where the wild parent exhibits lower values, exemplified by chlorophyll content from
family 038/IR. b) Traits where the wild parent exhibits higher values, exemplified by SRPI from family
068/IR. In both scenarios, the de novo-domesticated lines closely resemble the wild parent, consistent with
their high wild genomic background (87.5%). Significant differences are denoted by *** (p < 0.001) and
** (p <0.01). Error bars represent the standard error of the mean (SEM).

6.4.6 Evaluation of de novo-domesticated lines for drought tolerance

Optimising stomatal conductance (gsw) is essential for developing plant ideotypes that efficiently
regulate water losses under conditions of high vapour pressure deficit (VPD) and elevated wind
and temperature. Those lines with optimal stomatal regulation under these conditions could be
valuable resources for breeding programmes aimed at enhancing drought tolerance and water-use
efficiency without compromising productivity (Gonzalez et al., 2019; Vadez et al., 2024). In this
experiment, the search for differences in stomatal regulation under stress was performed by
deconstructing drought tolerance into simpler components, including CTD as a high throughput
proxy of transpiration. A key objective was thus to assess whether CTD differences between
parental lines (LTR and wild genotypes) and progeny lines (BC2F3 lines) within the same family

aligned with variations observed in time-integrated traits like biomass accumulation and WUE.

Data collected across multiple time points revealed that 199 BC2F3 2 line consistently exhibited
lower CTD values under both irrigated and drought conditions (Figure 6.6). Despite the absence
of statistically significant differences in CTD at the point of maximum difference of SWC
between treatment groups (43 DAS), this sustained low CTD observed throughout the experiment
could suggest a low basal transpiration relative to the rest of the lines, including those from other
family groups. Low basal transpiration is indicative of water conservation as a drought avoidance
mechanism expressed under favourable conditions, which is often related to reduced biomass
accumulation. Interestingly, DW biomass of 199 BC2F3 2 showed no significant differences
compared to LTR, and was significantly higher than 199 Wild and 199 BC2F2 1 under both
irrigated and drought conditions (Figure 6.6).
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6.4.7 Low CTD did not translate into biomass declines

The lower CTD values and similar biomass of 199 BC2F3 2 compared to LTR suggests high
transpiration efficiency (TE)— the instantaneous exchange of water for carbon dioxide through
stomata. However, the apparent high TE advantage was not translated into high WUE when
calculated as DW divided by total water supplied during the experiment. Instead, WUE of
199 BC2F3 2 was similar to 199 BC2F3 1, 199 Wild, and LTR, which implies that the reduced
transpiration observed in CTD measurements did not translate into measurable improvements in
a time-integrated trait such as WUE. On the other hand, the higher CTD values observed in the
rest of the lines, indicative of high transpiration and fewer stomatal limitations to carbon
assimilation (Vialet-Chabrand et al., 2021), did not confer any advantage in DW accumulation by

the end of the experiment.

The sustained low CTD values observed in 199 BC2F3_2, coupled with no significant reductions
in DW biomass, point to potential physiological adaptations that balance water conservation with
carbon assimilation. Reduced stomatal density could be a key factor, as fewer stomata would limit
transpiration rates and contribute to lower CTD while maintaining sufficient photosynthetic
capacity for biomass production (Hughes et al., 2017). Additionally, non-photochemical
quenching (NPQ) mechanisms, which dissipate excess light energy as heat, may have played a
role in elevating leaf temperatures and thereby lowering CTD (Trojak & Skowron, 2023;
Murakami et al., 2024). These adaptations, while advantageous in conserving water under drought
conditions, may not necessarily translate into higher water use efficiency (WUE) over the
experiment's duration. However, another plausible explanation is that low transpiration of
199 BC2F3 2, as indicated by low CTD values, occurred only during the periods of data

collection, rather than being consistently maintained throughout the entire experiment.

6.4.8 Temperature-sensitive vs temperature-insensitive responses

The observed low CTD values of 199 BC2F3 2 during data collection could be attributed to two
potential response mechanisms. First, high temperatures during phenotyping may have activated
specific thermosensitive pathways in 199 BC2F3 2, resulting in stomatal closure and
consequently reduced CTD values. Alternatively, other lines may have exhibited thermosensitive
responses that actively promoted stomatal opening under elevated temperatures, contrasting with
the response observed in 199 BC2F3 2. These differing physiological mechanisms likely
contributed to the variation in CTD across lines while maintaining comparable WUE and biomass
outcomes. In this experiment, ambient temperatures ranged between 33°C and 43°C during CTD
acquisition. These are similar temperatures to those used by Xu et al. (2024) for testing differences

in stomatal responses to high temperatures in Arabidopsis thaliana. These high temperatures were
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an unintended result from the lack of active cooling to accurately regulate glasshouse temperature

during data collection.

Mechanisms coordinating stomatal conductance (SC) in response to environmental stimuli, which
may explain the observed results in this experiment, likely involve phototropins (PHOT) and the
high-temperature-associated kinase TARGET OF TEMPERATURE 3 (TOT3). PHOT are
responsible for mediating blue-light perception signals, while TOT3 regulates plasma membrane
H'-ATPase activity, both of which play key roles in inducing stomatal aperture and adjusting
stomatal conductance in response to changing environmental conditions (Driesen et al., 2020;
Kostaki et al., 2020; Xu et al., 2024). ABA-mediated signalling pathways, activated under
drought conditions sensed by the roots, regulate ion channels to induce stomatal closure (Xu et
al.,2024). OPEN STOMATA 1 (OST1), is a SnRK2 protein expressed in guard cells and a positive
regulator of ABA signal transduction. OST1 inactivates stomatal opening signalling pathway
mediated by TOT3 (Xu et al., 2024). As no mechanisms have been identified that directly induce
stomatal closure in response to light and temperature, it is possible that most lines opened stomata
in response to these stimuli, whereas line 199 BC2F3 2 may have exhibited insensitivity to
temperature-induced stomatal opening, potentially contributing to its observed lower CTD values
during data collection. However, this is speculative and further investigation is needed to confirm
the underlying mechanisms. Future studies could involve evaluating the expression of
temperature and light-responsive genes, such as TOT3 and PHOT, along with ABA-mediated
signalling components like OST1, to determine their relative contribution to stomatal conductance
regulation in these lines. Additionally, detailed phenotyping of stomatal dynamics under

controlled light, temperature, and drought conditions would help validate these hypotheses.

6.5 Conclusion

This study provides the first evidence of de novo domestication as an effective approach for
retaining genetically complex traits, such as chlorophyll and flavonoids content, from wild
relatives. However, the successful retention of these traits directly depends on their genetic
architecture, which are likely influenced not only by major additive genetic effects but also by

dominance and epistatic interactions.

Photoprotective adaptations, such as chlorophyll fluorescence and flavonoid content for energy
dissipation, may play a major role in data variability under highly controlled water conditions.
While dry weight (DW) is a key time-integrated trait, and often one the most important
performance metrics for agronomic success after grain yield, its reduced influence compared to

photoprotective mechanisms as the primary drivers of variability in this experiment highlights
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significant genetic diversity in these traits that could be leveraged in breeding programmes.
Notably, these variations only become apparent when water content is carefully regulated in all
experimental units across irrigation treatments, eliminating the confounding effects of cumulative

water depletion, and allowing other physiological differences to emerge.

A candidate de mnovo-domesticated pre-breeding line (199 BC2F3 2) exhibiting potential
adaptive strategies advantageous for limited-water environments was identified. Observed from
its consistently low canopy temperature depression (CTD) throughout the experiment and
comparable dry weight biomass to the La Trobe cultivar, the combined analysis of these
phenotypic responses are indicative of physiological adaptations that optimise water use while
sustaining biomass productivity. However, further research is essential to elucidate the
physiological, molecular and genetic basis of the observed phenotypic responses of line

199 BC2F3 2.

Lastly, the absence of significant differences in water use efficiency (WUE) across genotypes and
the non-significant correlations with CTD at different time points underscores the need for
integrated approaches that incorporate both instantaneous and time-integrated traits to

comprehensively characterise drought adaptation mechanisms.
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Chapter 7
General discussion

7.1 Research background and overview

Evidence indicates that wild relatives of cultivated barley may offer adaptive mechanisms to
improve drought tolerance in breeding programs (Pham et al., 2019; Barati et al., 2020). De novo
domestication seeks to utilise these traits while removing unfavourable ones, but retaining
quantitative stress response traits remains largely untested. The quantitative nature of drought
responses and significant genotype-by-environment interactions hinder the effective use of these
mechanisms, suggesting that single-gene transfers may not suffice. To enhance germplasm
evaluation, understanding the physiological and molecular bases of drought tolerance is crucial,
prioritising traits that improve performance under stress without compromising yields in
favourable conditions (Vadez et al., 2024). Current practices rely heavily on genomic and

ecological data, often neglecting thorough phenotypic evaluations.

This study established a structured framework for germplasm evaluation, integrating high-
throughput hyperspectral and thermal imaging to develop a novel image-based Transpiration
Efficiency (iTE) parameter for field exploration of drought-tolerant resources. In addition, a
combination of trait responses was proposed and used in a drought experiment under controlled
glasshouse conditions to identify phenotypic patterns relevant for breeding and molecular studies.
Machine learning clustering algorithms were applied to enable unbiased selections, identifying
representative candidates from each cluster while also defining hypothetical ideal candidates
based on optimal phenotypic values across multiple traits. This selection strategy facilitated a
systematic approach to identifying superior germplasm for mechanistic and pre-breeding
research. Following this, molecular markers were developed and applied in marker-assisted
backcrossing (MABC) to introgress domestication traits into multiple wild backgrounds. The
resulting de novo-domesticated lines were then evaluated in a phenotyping experiment alongside
their wild and cultivated progenitors to assess the effects of de novo domestication on quantitative

traits.

7.2 Genotypic vs phenotypic diversity

In the absence of tailored phenotyping methodologies for drought tolerance suited for wild
relatives, there appears to be an over-reliance on genetic diversity metrics derived from genomic

data, passport information, and ecological data for guiding the selection of subsets of wild
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germplasm for breeding and molecular studies (McCouch et al., 2013; Langridge & Waugh, 2019;
Stenberg & Ortiz, 2021). While these tools aim to maximise the diversity captured within subsets
of genotypes, the results in this study show a substantial gap between the genetic diversity
captured and its translation into phenotypic diversity. This discrepancy between genetic and
phenotypic diversity was evidenced by the low correlation between genetic and phenotypic
dissimilarity matrices (Figure 4.5), which show that genetic diversity did not consistently translate
into phenotypic variation despite the high narrow-sense (4) heritability of most traits. These
findings highlight the need to clearly differentiate between “genetic diversity” and “phenotypic
diversity”, concepts that are often used interchangeably in the scientific community. Ultimately,
the goal is to leverage mechanisms of tolerance through measurable traits rather than merely

relying on genetic variation.

7.3 A structured framework for wild germplasms evaluations

This study bridged the breeders’ perspective for germplasm selection and evaluation practices
with the more controlled, trait-specific approaches used by physiologists and molecular
biologists. Imaging technologies served as the platform for this integration, using specific
physiological mechanisms relevant to crop improvement to guide the exploration of phenotypic
diversity and the selection of wild relatives. Notably, the focus was not on conclusively proving
that genotypes exhibited a specific tolerance mechanism but rather on providing a starting point
and an indication that a potential trait of interest was present within the population. Nonetheless,

detailed physiological studies are needed to validate and confirm these findings (Figure 7.1).

The study demonstrated that while CTD is strongly correlated with instantaneous transpiration
rates (Figure 3.5), different levels of CTD do not always translate into biomass declines or
predictions of WUE by the end of the experiment. Reduced stomatal density, stomatal sensitivity
to light and temperature, and low residual transpiration are drought avoidance traits that help
explain the low CTD of de novo domesticated line 199 BC2F3 2 and insignificant biomass loss
compared to its cultivated parent, La Trobe. However, complementary (high-throughput)
measurements, like stomatal counts and residual transpiration assessments, would further clarify
underlying physiological mechanisms and enhance thermal data interpretation (Hasanuzzaman et
al., 2023a; Pathoumthong et al., 2023). While these traits have been extensively studied at the
physiological and molecular levels (Hasanuzzaman et al., 2023a; Xu et al., 2024), their
application in large-scale screening for drought tolerance remains to be exploited. Applied to
large-scale screening experiments, these recently developed techniques will strengthen the

selection of wild candidates and improve germplasm explorations.
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Glasshouse phenotyping experiments in this study incorporated a time dimension component with
a special emphasis on lines that reduced stomatal conductance faster than others to avoid water
depletion. The was justified based on the tendency of drought stress to intensify under conditions
of elevated temperatures and high radiation (Wang et al., 2020; Vialet-Chabrand et al., 2021).
However, studies on transgenic drought-tolerant wheat challenge this approach, advocating
instead for lines that maintain stomatal conductance unchanged (Gonzalez et al., 2019; Gupta,
2024). This perspective stems from agricultural systems facing moderate to mild droughts more
frequently than severe ones. Mild drought conditions significantly affect crop production by
inducing stomatal limitations on carbon assimilation, as plants naturally reduce stomatal opening
in response to water deficits without necessarily experiencing physiological decline. This
breeding approach maximises water use. While in some cases this may lead to water depletion
and potential crop failure, in most current agricultural scenarios it is beneficial and unlikely to

compromise long-term crop performance (Blum, 2009; Vadez ef al., 2024).

With climate change, extreme droughts are expected to become more frequent and severe,
potentially becoming the norm (Naumann et al., 2018). Under these conditions, selection
strategies that prioritise rapid stomatal closure and water conservation early in the season will
become increasingly critical for developing drought-tolerant crops adapted to harsher climates.
To fully harness this latter breeding approach, however, it is crucial to complement prompt
stomatal closure with mechanisms that protect photosynthetic capacity under high canopy

temperatures (Chapter 2).

Notably, this lack of consensus regarding selection criteria early in pre-breeding research
highlights the importance of employing unbiased clustering methods based on the entire
phenotypic space as undertaken in Chapter 4. This unbiased selection is also intended to avoid
assuming that all other factors remain constant when looking for either fast or delayed changes in
stomatal conductance, which is never the case. Ensuring a diverse selection of genotypes avoids

the risk of narrowing the breeding pool to a small number of stress tolerance mechanisms.

7.4 Towards elucidating the genetic basis of iTE index under

drought

The iTE index proposed in this study demonstrates the successful integration of thermal and high-
throughput imaging techniques to improve the identification of drought-tolerant wheat varieties
under field conditions (Chapter 2). Measuring iTE at the vegetative stage can predict yield
declines later in the season, and this merits further investigation to unravel the genetic and

physiological basis of iTE.
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Figure 7.1. Evolution of germplasm evaluation and selection strategies in pre-breeding research. a)
Traditional selection based on empirical observations does not ensure optimal genotype capture; b)
Advances in bioinformatics enable core collections based on genetic diversity metrics based on genomic
data. However, due to large collection sizes, smaller subsets for de novo domestication are required. Current
methods for mini-core collection assembly, often random or empirical, lack precision and risk overlooking
valuable adaptive traits; c) The proposed method uses high-throughput phenotyping via imaging to
construct mini-core collections, increasing the chance of identifying genotypes with priority traits for de

novo domestication, such as sustained carbon fixation under drought stress.

I hypothesise that the rapid depletion of soil moisture during short periods of no rainfall,
especially under high VPD conditions, severely disrupted reactive oxygen species (ROS)
homeostasis and led to irreversible photodamage (Phua et al., 2021), from which the plants could
not recover. Therefore, the identification of genetic factors underlying iTE may be constrained by
the occurrence and severity of short and acute field drought conditions at a specific phenological
stage of the plant. Barley populations with available genotypic data are ideal for Marker-trait
association studies, including linkage mapping and genome-wide association studies

(GWAS)which could be used to identify genetic loci linked to phenotypic variation in iTE.
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7.5 More severe drought stress for maximising genotypic

differences in tolerance traits

Soil water content in glasshouse experiments were carefully controlled to maintain uniform
drying rates, ensuring that CTD reflected only the plant physiology rather than soil moisture
levels. The overall drying rates for the trial had to be adjusted to compensate for the slow drying
rates of certain genotypes due to smaller plant size or narrower leaves. As a result, the intensity
and duration of drought stress may have been insufficient, as frequent watering was required for
higher-transpiring genotypes. Future experiments could explore the combination of polyethylene
glycol (PEG) and controlled water depletion rates to impose a more rapid and severe drought

stress to ensure differences in plant health declines.

7.6 A high-precision thermal imaging platform

This study supports the development of large-scale phenotyping platforms capable of capturing
high-resolution thermal images multiple times daily with the precision needed to detect genotypic
differences in CTD contrasts. While multipurpose phenotyping platforms exist, none are
specifically designed to detect changes in transpiration pattern with the precision needed for CTD-
based genetic studies (Tardieu et al., 2017). Laboratory protocols can measure small, time-
dependent stomatal conductance changes under controlled conditions (Xu ef al., 2024), but they
are small-scale, inaccessible to breeders, and lack agronomic relevance for large-scale germplasm

screening.

While CTD showed a strong empirical relationship with stomatal conductance (Figure 3.5), the
low precision hindered the identification of genotypic differences with high confidence. Statistical
interactions among time (days after sowing), genotype, and treatment were consistently non-
significant across all three phenotyping experiments. As a result, the hypothesised ability of
certain lines to close their stomata earlier in development could not be inferred or validated using
CTD measurements. This absence of significant interactions between DAS (days after sowing),
genotype, and treatment factors likely reflects limitations in the thermal imaging phenotyping
platform rather than a lack of true genotypic differences observed in other studies (Xu et al.,
2024). As the instantaneous balance between incoming and outgoing energy fluxes (Gutschick,
2016), CTD was highly influenced by ambient temperature and incoming radiation under the
tested conditions. Fluctuations in ambient temperature increased the phenotypic variation
captured by the thermal camera, potentially reducing statistical power for detecting significant

genotypic differences (Falconer & Mackay, 1996).
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To improve precision, phenotyping platforms should integrate thermal sensors and ambient
temperature probes capable of detecting temperature variations as small as 0.1+0.01°C.
Additionally, these platforms should monitor spatial variability and track temporal changes
throughout plant development to capture CTD dynamic responses to environmental fluctuations.
Minimising the unintended environmental variations, such as ambient temperature and light,
would improve repeatability and establish a controlled framework for developing mechanistic or

empirical models to translate CTD (°C) into stomatal conductance (mol H2O m™2s™).

Capturing thermal images multiple times per day throughout the plant’s lifecycle, as required to
analyse CTD dynamics in response to water depletion and other environmental factors over time,
significantly increases data volume and complexity. Thermal imaging, in particular, presents
unique challenges due to the use of a single (broad) spectral band of low resolution in the long-
wave infrared (LWIR) range (8-14 pm). This limitation complicates automatic background
removal and segmentation, particularly in pot experiments where poor contrast between
vegetation and background is common. Computer vision techniques could help overcome this

challenge and enhance efficient image processing (Tardieu et al., 2017).

Addressing these constraints would enable the development of large-scale, highly controlled
experiments capable of identifying key stomatal traits in wild and cultivated populations with
greater precision and accuracy. Implementing a high-precision thermal imaging platform would
allow for the identification of accessions with reduced sensitivity to light and temperature
fluctuations—traits associated with stomatal regulation mechanisms that mitigate water loss
under high vapor pressure deficit (VPD) conditions. Ultimately, a systematic approach for the
routine exploration of these mechanisms would reduce the reliance on serendipitous discoveries
and the dependence on genetic diversity metrics to select wild relatives (Langridge & Waugh,

2019).

7.7 Optimising de novo domestication

This study has demonstrated that de novo domestication can successfully preserve quantitative
traits from wild relatives. This was more evident in spectrally-derived pigment traits like
chlorophyll and flavonoid content (Figure 6.13). However, this outcome was not consistent across
all measured variables. Notably, in traits such as dry weight (DW), some de novo-domesticated
lines continued to exhibit cultivated phenotypes even after three hybridisation cycles with wild
lines as the recurrent parent (Figure 6.6), suggesting that certain wild phenotypes are more
challenging to retain than others. This may be attributed to genetic dominance, epistatic

interactions, or the influence of major genes from the cultivated parent, which could override the
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expression of wild traits despite repeated backcrossing. In addition to these factors, the extent to
which specific quantitative traits are retained depended on the genetic architecture, the number of
backcross cycles, the number of genes introgressed and the number of self-pollination events to
achieve high levels of homozygosity. This highlights the importance of implementing additional
screening steps before conducting de novo-domestication to maximise the successful retention of
key tolerance mechanisms through refined selection criteria, as outlined in Chapters 2 and Chapter
4. Without such targeted selection, large-scale de novo domestication efforts risk expending
significant resources on wild lines that may ultimately lack both agronomic value and relevance
for in-depth physiological and genetic studies. Future research should focus on optimising de
novo domestication strategies to enhance efficiency, with an emphasis on integrating gene editing

technologies to accelerate the process and improve trait retention.

Unlike marker-assisted backcrossing (MABC), which relies on recombination and selection over
multiple generations, gene-editing multiplex platforms could facilitate a more direct path to
domestication by inducing loss-of-function mutations in several domestication genes
simultaneously (Yu et al., 2021). This would be particularly advantageous for genomic regions
with low recombination (King et al., 2007; Neeraja et al., 2007; Zs6gon et al., 2018). However,
the feasibility of gene-editing for de nmovo domestication relies on prior knowledge of the
underlying genes controlling domestication traits. While some domestication genes have been
well-characterised, others, such as the Threshl locus associated with grain threshability
(Schmalenbach et al., 2011), have only been mapped as QTLs. Precise gene-editing for every
domestication trait will become possible as these loci are characterised at the gene level.
Additionally, gene-editing technologies could see broader application in crop improvement
programs as regulatory frameworks evolve to fully realise their potential (Palmgren et al., 2015).
In the meantime, MABC remains the more practical approach for advancing de novo-

domesticated lines towards commercial viability.
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Appendices

Appendix 2.1. Physiological traits and yield data for six commercial wheat varieties (Triticum
spp.) obtained via hyperspectral and thermal imaging at the stem elongation stage of the Santaella
experiment from (Camino et al., 2019).

Xﬂi?; Replicate Treatment (12(; 16;1121_1) CWSI C\;SI V emax
Varl 1 Rainfed 5,108 0.57 0.43 20.85
Varl 2 Rainfed 5,802 0.47 0.53 82.74
Varl 3 Rainfed 6,873 0.39 0.61 161.93
Var3 1 Rainfed 5,234 0.5 0.5 46.51
Var3 2 Rainfed 5,251 0.56 0.44 104.4
Var3 3 Rainfed 7,222 0.32 0.68 70.08
Var4 1 Rainfed 6,103 0.65 0.35 140.63
Var4 2 Rainfed 5,093 0.58 0.42 265.4
Var5 1 Rainfed 5,850 0.56 0.44 65.64
Var5 2 Rainfed 7,225 0.37 0.63 106.48
Var5 3 Rainfed 7,516 0.44 0.56 253
Var5 4 Rainfed 6,120 0.59 0.41 97.62
Var6 1 Rainfed 4,699 0.52 0.48 26.06
Var6 2 Rainfed 4,488 0.5 0.5 15.8
Var6 3 Rainfed 6,543 0.42 0.58 81.89
Var2 1 Rainfed 6,361 0.54 0.46 17.13
Var2 2 Rainfed 6,088 0.69 0.31 48.08
Var2 3 Rainfed 7,109 0.65 0.35 72.66
Var2 4 Rainfed 6,636 0.53 0.47 15.31
Var2 5 Rainfed 6,057 0.61 0.39 64
Var2 6 Rainfed 5,238 0.51 0.49 138.97
Var2 7 Rainfed 0.69 0.31 76.41
Var2 1 Irrigated 8,322 0.13 0.87 243.17
Var6 1 Irrigated 9,199 0.06 0.94 182.84
Varl 1 Irrigated 8,069 -0.06 1.06 258.71
Var3 1 Irrigated 8,439 0.01 0.99 235.49
Var5 1 Irrigated 9,171 0 1 233.57
Var5 2 Irrigated 8,999 -0.05 1.05 205.47
Var3 2 Irrigated 8,100 0.07 0.93 208.05
Var2 2 Irrigated 7,168 0.11 0.89 76.36
Var6 2 Irrigated 7,843 0.01 0.99 147.65
Varl 2 Irrigated 7,561 0 1 184.42
Varl 3 Irrigated 8,333 -0.06 1.06 264.2
Var2 3 Irrigated 7,698 0.1 0.9 117.53
Var3 3 Irrigated 8,732 -0.08 1.08 264.41
Var6 3 Irrigated 8,991 -0.11 1.11 257.87
Var4 1 Irrigated 6,103 -0.12 1.12 286.95
Var4 2 Irrigated 5,093 -0.02 1.02 244.9

Vemax = Photosynthetic capacity (umol m™'s™)
CWSI = Crop Water Stress Index (unitless)
1-CWSI = Transpiration rates (unitless)

145



Appendix 3.1. Heritability (/%) of Canopy Temperature Depression (CTD) for each DAS and irrigation Treatments.

CTD
22 DAS 26 DAS 28 DAS 31 DAS 33 DAS 35 DAS
Components Var % Var % Var % Var % Var % Var %
Irrigated treatment
Genotype 0.1 24% 0.04 10% 0.24 37% 0.13 18% 0.1 22% 0.4 50%
Residual 0.32 76% 0.39 90% 0.41 63% 0.6 82% 0.36 78% 0.39 50%
Total variance 0.42 100% 0.43 100% 0.65 100% 0.72 100% 0.46 100% 0.79 100%
Phenotypic variance 0.21 0.17 0.38 0.33 0.22 0.53
Heritability (H?) % 49% 25% 64% 39% 46% 75%
Drought treatment
Genotype 0.33 51% 0.29 44% 0.54 60% 0.1 14% 0.01 1% 0 0%
Residual 0.32 49% 0.38 56% 0.35 40% 0.65 86% 0.52 99% 0.88 100%
Total variance 0.64 100% 0.67 100% 0.89 100% 0.75 100% 0.52 100% 0.88 100%
Phenotypic variance 0.43 0.42 0.65 0.32 0.18 0.29
Heritability (H?) % 75% 70% 82% 32% 4% 0%
(continuation)
CTD
39 DAS 41 DAS 48 DAS 57 DAS 59 DAS
Components Var % Var % Var % Var % Var %
Irrigated treatment
Genotype 0.24 26% 0.28 27% 0.03 4% 0.17 18% 0.48 46%
Residual 0.71 74% 0.74 73% 0.7 96% 0.77 82% 0.57 54%
Total variance 0.95 100% 1.02 100% 0.73 100% 0.95 100% 1.05 100%
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Phenotypic variance
Heritability (H?) %

Drought treatment

Genotype

Residual

Total variance
Phenotypic variance
Heritability (H?) %

0.48
51%

0
0.99
0.99
0.33

0%

0%
100%
100%

0.52
53%

0.13
0.91
1.04
0.43
30%

12%
88%
100%

0.26
12%

0 0%
0.45 100%
0.45 100%
0.15
0%

0.43
40%

0.2
0.83
1.03
0.48
42%

19%
81%
100%

0.67
72%

0
1.02
1.02
0.34

0%

0%
100%
100%

CTD Canopy Temperature Depression, SPAD Chlorophyll content as SPAD values, FW Fresh weight, DWW Dry Weight; r=3 replicates

Heritability (/) of SPAD values, Fresh Weight (FW) and Dry Weight (DW) for each irrigation Treatment.

SPAD FW DW
Components Var % Var % Var %
Irrigated treatment
Genotype 36.25 89.1% 0.04 90.6% 0.05 83.3%
Residual 4.42 10.9% 0.00 9.4% 0.01 16.7%
Total variance 40.68 100.0% 0.04 100.0% 0.07 100.0%
Phenotypic variance 37.73 0.04 0.06
Heritability (H?) % 96% 97% 94%
Drought treatment
Genotype 13.16 68.7% 0.01 23.3% 0.04 52.9%
Residual 6.00 31.3% 0.02 76.7% 0.03 47.1%
Total variance 19.16 100.0% 0.02 100.0% 0.07 100.0%
Phenotypic variance 15.16 0.01 0.05
Heritability (H*) % 87% 48% 77%
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Appendix 4.1. List of genotype included in the study.

Code Sample ID Gendex ID Taxon Origin Status
208 SAMEA111361044 82 Hordeum vulgare subsp. spontaneum Uzbekistan, Toshkent wild
213 SAMEA111360925 87 Hordeum vulgare subsp. spontaneum Uzbekistan, Samargand wild
214 SAMEA111360926 88 Hordeum vulgare subsp. spontaneum Uzbekistan, Samargand wild
119 SAMEA111360872 43 Hordeum vulgare subsp. spontaneum Uzbekistan, Jizzax wild
209 SAMEA111360922 83 Hordeum vulgare subsp. spontaneum Uzbekistan, Jizzax wild
210 SAMEA111360923 84 Hordeum vulgare subsp. spontaneum Uzbekistan, Jizzax wild
211 SAMEA111360924 85 Hordeum vulgare subsp. spontaneum Uzbekistan, Jizzax wild
212 SAMEA111361045 86 Hordeum vulgare subsp. spontaneum Uzbekistan, Jizzax wild
207 SAMEA111361043 81 Hordeum vulgare subsp. spontaneum Uzbekistan, Farg‘ona wild
117 SAMEA111360871 42 Hordeum vulgare subsp. spontaneum Turkmenistan, Balkan wild
215 SAMEA111361046 89 Hordeum vulgare subsp. spontaneum Turkmenistan, Balkan wild
329 SAMEA111361072 114 Hordeum vulgare subsp. spontaneum Turkmenistan, Balkan wild
330 SAMEA111360989 115 Hordeum vulgare subsp. spontaneum Turkmenistan, Balkan wild
331 SAMEA111360990 116 Hordeum vulgare subsp. spontaneum Turkmenistan, Balkan wild
332 SAMEA111360991 117 Hordeum vulgare subsp. spontaneum Turkmenistan, Balkan wild
204 SAMEA111360920 79 Hordeum vulgare subsp. spontaneum Turkmenistan, Ahal wild
216 SAMEA111360927 90 Hordeum vulgare subsp. spontaneum Turkmenistan, Ahal wild
326 SAMEA111361071 113 Hordeum vulgare subsp. spontaneum Turkmenistan, Ahal wild
020 SAMEA111360821 4 Hordeum vulgare subsp. spontaneum Turkey, Sanliurfa wild
056 SAMEA111360843 16 Hordeum vulgare subsp. spontaneum Turkey, Kilis wild
190 SAMEA111360911 70 Hordeum vulgare subsp. spontaneum Turkey, Kilis wild
048 SAMEA111360838 15 Hordeum vulgare subsp. spontaneum Turkey, Hakkari wild
188 SAMEA111361036 69 Hordeum vulgare subsp. spontaneum Turkey, Gaziantep wild
192 SAMEA111360912 71 Hordeum vulgare subsp. spontaneum Turkey, Gaziantep wild
120 SAMEA111360873 44 Hordeum vulgare subsp. spontaneum Tajikistan, Sughd wild
221 SAMEA111360930 94 Hordeum vulgare subsp. spontaneum Tajikistan, Sughd wild
026 SAMEA111360826 8 Hordeum vulgare subsp. spontaneum Tajikistan, Khatlon wild
106 SAMEA111361014 36 Hordeum vulgare subsp. spontaneum Syria, Tartas wild
057 SAMEA111360844 17 Hordeum vulgare subsp. spontaneum Syria, Rif Dimashq wild
066 SAMEA111361004 23 Hordeum vulgare subsp. spontaneum Syria, Rif Dimashq wild
069 - 25 Hordeum vulgare subsp. spontaneum Syria, Rif Dimashq wild
108 - 38 Hordeum vulgare subsp. spontaneum Syria, Rif Dimashq wild
111 SAMEA111360866 40 Hordeum vulgare subsp. spontaneum Syria, Rif Dimashq wild
112 SAMEA111360867 141 Hordeum vulgare subsp. spontaneum Syria, Rif Dimashq wild
306 SAMEA111360982 110 Hordeum vulgare subsp. spontaneum Syria, Rif Dimashq wild
064 SAMEA111361003 21 Hordeum vulgare subsp. spontaneum Syria, ldlib wild
201 SAMEA111360917 76 Hordeum vulgare subsp. spontaneum Syria, ldlib wild
202 SAMEA111360918 77 Hordeum vulgare subsp. spontaneum Syria, ldlib wild
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107
198
314
065
199
200
001
002
062
063
151
197
299
300
130
068
110
127
317
167
205
025
074
075
132
136
137
140
142
143
145
170
126
218
219
260
262
079
080
246
247

SAMEA111360919
SAMEA111360864
SAMEA111360915
SAMEA111360986
SAMEA111360916
SAMEA111361041
SAMEA111360804
SAMEA111360805
SAMEA111360847
SAMEA111360848
SAMEA111360888
SAMEA111360914
SAMEA111361060
SAMEA111360980
SAMEA111361018
SAMEA111360849
SAMEA111360865
SAMEA111361017
SAMEA111361066
SAMEA111360895
SAMEA111361042
SAMEA111360825
SAMEA111360850
SAMEA111361009
SAMEA111360880
SAMEA111361021
SAMEA111360881
SAMEA111361023
SAMEA111360883
SAMEA111361024
SAMEA111360884
SAMEA111360897
SAMEA111361016
SAMEA111360928
SAMEA111360950
SAMEA111360852
SAMEA111360853
SAMEA111360942
SAMEA111360943

78
37
73
111
22
74
75

19
20
62
72
108
109
49
24
39
48
112
64
80

26
27
50
51
52
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54
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56
65
47
92
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28
29
99
100

Hordeum vulgare subsp. spontaneum
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Hordeum vulgare subsp. spontaneum
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Syria, Idlib
Syria, Hims
Syria, Hims
Syria, Hims
Syria, Hamah
Syria, Hamah
Syria, Hamah
Syria, Halab
Syria, Halab
Syria, Halab
Syria, Halab
Syria, Halab
Syria, Halab
Syria, Halab
Syria, Halab
Syria, Dar'a
Syria, As Suwayda'
Syria, As Suwayda'
Syria, As Suwayda'
Syria, Ar Raqqah
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Kazakhstan, Zhambyl oblysy
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Jordan, Ma‘an
Jordan, Ma‘an

Jordan, Jarash
Jordan, Irbid
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SAMEA111361047
SAMEA111360833
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Hordeum vulgare subsp. spontaneum
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Jordan, Irbid
Jordan, Az Zarqad’
Jordan, Al Mafraq
Jordan, Al Karak
Jordan, Al Karak
Jordan, Al Balga’
Jordan, ‘Ajlun
Israel, Yerushalayim
Israel, Yerushalayim
Israel, West Bank
Israel, HaTsafon
Israel, HaTsafon
Israel, HaTsafon
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Israel, HaMerkaz
Israel, HaDarom
Israel
Israel
Iraq, Ninawa
Iraq, Diyala
Iran, Tehran
Iran, Lorestan
Iran, Kermanshah
Iran, Ilam
Iran, Hamadan
Iran, Hamadan
Iran, Azarbayjan-e Sharqi
Iran, Azarbayjan-e Gharbi
Iran, Azarbayjan-e Gharbi
Iran, Azarbayjan-e Gharbi
Iran, Azarbayjan-e Gharbi
Iran, Azarbayjan-e Gharbi
Cyprus, Ammochostos
Azerbaijan
Azerbaijan
Azerbaijan
Azerbaijan
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Armenia, Erevan
Afghanistan, Herat

Wild
Wwild
Wwild
Wwild
Wwild
Wwild
Wwild
Wild
Wild
Wwild
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Wild
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Wild
Wwild
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Wild
Wwild
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Wwild
Wild
Wild
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Hordeum vulgare subsp. Vulgare
Hordeum vulgare subsp. Vulgare
Hordeum vulgare subsp. Vulgare
Hordeum vulgare subsp. Vulgare

Domesticated
Domesticated
Domesticated
Domesticated
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Appendix 4.2. Gendex alpha-lattice design.

Blockl

7 7

49 49
63 63
95 95
81 81
&4 84
29 29
10 10
31 31
107 107
22 22
20 20
102 102
112 112
69 69
18 18
116 116
45 45
119 119
88 88

Block2

108
61
75
21
89
96
70
59
11

1

Block3

114

114

Trial 2 Trial 3
Block1 Block2 Block3 Block1 Block2 Block3

PR R PR (R PR [ DR [ IR DR DR

1 1 63 63 59 59 10 10 67 67 13 13
65 65 101 101 18 18 3 3 98 98 121 121
118 118 66 66 4 4 97 97 4 4 82 82
103 103 112 112 105 105 47 47 111 111 24 24
44 44 74 74 20 20 31 31 93 93 70 70
27 27 22 22 94 94 92 92 77 77 37 37
114 114 34 34 9 9 103 103 32 32 63 63
62 62 92 92 61 61 54 54 51 51 114 114
111 111 97 97 80 80 69 69 20 20 46 46
16 16 107 107 40 40 85 85 113 113 26 26
13 13 85 85 52 52 50 50 101 101 65 65
90 90 25 25 49 49 14 14 117 117 126 126
125 125 19 19 2 2 100 100 86 86 75 75
5 5 8 8 26 26 71 71 74 74 105 105
3 3 126 126 121 121 94 94 1 1 33 33
24 24 54 54 77 77 110 110 11 11 96 96
117 117 42 42 69 69 89 89 60 60 102 102
106 106 1 1 98 98 6 6 95 95 30 30
67 67 76 76 70 70 106 106 107 107 78 78
36 36 82 82 56 56 76 76 15 15 21 21
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Appendix 4.3. Soil drying rates for Trial 1, Trial 2 and Trial 3.
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Appendix 4.4. 3D linear trend surfaces.
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Appendix 4.5. 2D Residual raster plots for biomass and pigment traits.
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Appendix 4.6. Value distribution as density plots for primary traits.

CTD distribution across experiments and phenotyping stages
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Appendix 4.7. Statistical analyses.

CTD

Source of variance df1 df2* F.ratio p-value

Ta 1 Inf 1615.5 <.0001 Rk
Treatment Inf 52.3 <.0001 oAk
Stage 2 Inf 231.7 <.0001 oAk
Genotype 123 Inf 2.9 <.0001 HAK
Treatment:Stage 2 Inf 659.9 <.0001 oAk
Treatment:Genotype 123 Inf 0.6 0.9997

Stage:Genotype 246 Inf 2 <.0001 HAK
Treatment:Stage:Genotype 246 Inf 1.4 <.0001 oAk

« »xxxx: Sjepificance at P< 0.05, P<0.01 or P<0.001, respectively. “df2 = denominator degrees of freedom is assumed

infinite due to the large number of observations (>6000). The z-distribution is used instead of the t-distribution for p-value

calculations.
FwW DW

Source of variance df1l df2* F.ratio p-value df1l df2* F.ratio p-value

x coordinate 1 5.1 28.5 0.0029 ok 1 54 59.3 0.0004 oAk
y coordinate 1 448.3 29.7 <.0001 Rl 1 448.8 46.7 <.0001 oAk
Genotype 123 448.2 2.8 <.0001 Rl 123 448.6 2.9 <.0001 oAk
Treatment 1 415.1 215.7 <.0001 oAk 1 364.6 86.5 <.0001 ok
Experiment 2 448 438.2 <.0001 HAK 2 448.5 512 <.0001 HAK
Genotype:Treatment 123 4479 0.8 0.9546 123 448.3 0.8 0.9644

*) #k kxk: Significance at P< 0.05, P<0.01 or P<0.001, respectively. *df2 = denominator degrees of freedom approximated with

Satterwaitte's method.
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Chl Flav
Source of variance df1l df2+ F.ratio p-value df1l df2* F.ratio p-value
x coordinate 1 4.7 52.8 0.001 ok 1 53 65.4 0.0003 oAk
y coordinate 1 448.4 11.9 0.0006 HAK 1 446.7 20.4 <.0001 Ak
Genotype 123 447.5 1.9 <.0001 oAk 123 446.3 2 <.0001 oAk
Treatment 1 264.8 20.2 <.0001 Rl 1 370.1 0.2 0.6642
Experiment 2 448 3159 <.0001 oAk 2 446.5 710.8 <.0001 ok
Genotype:Treatment 123 447.8 0.7 0.9942 123 446.3 0.9 0.7846

*) #k kxk: Significance at P< 0.05, P<0.01 or P<0.001, respectively. *df2 = denominator degrees of freedom approximated with

Satterwaitte's method.

Anth NBI

Source of variance df1l df2* F.ratio p-value df1l df2* F.ratio p-value

x coordinate 1 6.2 8.7 0.0247 1 5.9 3.7 0.104

y coordinate 1 448.4 1.5 0.2186 1 447.1 1.9 0.1679
Genotype 123 4423 1.2 0.1502 123 446.6 2.1 <.0001 ok
Treatment 1 2251 0.7 0.404 1 347 6.1 0.0141
Experiment 2 448.1 492.5 <.0001 Rl 2 446.9 185.2 <.0001 oAk
Genotype:Treatment 123 447.8 1.1 0.3419 123 446.6 1 0.4403

*) #k kxk: Significance at P< 0.05, P<0.01 or P<0.001, respectively. *df2 = denominator degrees of freedom approximated with

Satterwaitte's method.
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Appendix 5.1. Barley pangenome V1 passport data (Jayakodi et al., 2020).

Group Sub(z:gt):ies Accession Name Status :fo ::;: Row type Awn roughness
pangenome_V1 vulgare HOR_10596 Igri cultivar DEU 2-rowed rough
pangenome_V1 vulgare HOR_12046 Akashinriki cultivar JPN 6-rowed rough
pangenome_V1 vulgare HOR_13170 Barke cultivar DEU 2-rowed rough
pangenome_V1 vulgare HOR_13821 ESKISHEHIR landrace TUR 2-rowed rough
pangenome_V1 vulgare HOR_13942 BAEZA landrace ESP 6-rowed rough
pangenome_V1 vulgare HOR_3081 Slaski Il cultivar POL 6-rowed rough
pangenome_V1 vulgare HOR_3365 landrace RUS 6-rowed rough
pangenome_V1 vulgare HOR_7552 landrace PAK 6-rowed rough
pangenome_V1 vulgare HOR_9043 landrace ETH 6-rowed rough
pangenome_V1 vulgare BCC_906 Morex cultivar USA 6-rowed smooth
pangenome_V1 vulgare HOR_21599 ICARDA64SP, P landrace SYR 2-rowed smooth
pangenome_V1 vulgare HOR_8148 landrace TUR 2-rowed smooth
pangenome_V1 vulgare BCC_1382 Golden Promise cultivar GBR 2-rowed unkown
pangenome_V1 vulgare OUN333 Chame 1 landrace NPL intermedium unkown
pangenome_V1 vulgare HOR_10350 landrace ETH 6-rowed unkown
pangenome_V1 vulgare ZDM01467 dulihuang landrace CHN 6-rowed unkown
pangenome_V1 vulgare ZDM02064 ciba damai landrace CHN 6-rowed unkown
pangenome_V1 vulgare SFR85-014 RGT Planet cultivar DEU 2-rowed unkown
pangenome_V1 vulgare Hockett cultivar USA 2-rowed unkown
pangenome_V1 spontaneum FT11 B1K-04-12 wild ISR 2-rowed rough
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Appendix 5.2. Sequence alignment of the 19 barley accessions in the pangenome V1 (Jayakodi ef al., 2020).

The alignment shows a SNP in position 1,898 bp of the ROUGH AWNI locus. The common name of each accession is enclosed in parenthesis.

Target SNP in ROUGH AWN1 locus in position 1,898 bp

v

FT11 (B1K-04-12) (wild) TACGACTTCCTGCTGGCCTTCATCGACAAGECCGTGGACGACGGCTTCATCCGGCCATCCCAGCGCCACA Rough awned
HOR 10596 (Igri) it ittt i iieeeeee et e e e e Rough awned
HOR 12046 (Akashinriki) ... ..ot i e i e e e Rough awned
HOR 13170 (Barke) ittt e e e e Rough awned
HOR 13821 (Eskishehir) ... e i i i i i e Rough awned
HOR 13942 (BA€ZaA) = ttteienenennnneneneneeneneneafdemeieiniein ittt ittt anennn Rough awned
HOR 3081 (Slaski TII) = ttiiiiiiiieieinienaeneeedeeeie ettt i it G.. Rough awned
HOR 3365 e e e e e e e e Rough awned
HOR 7552 i e e e e Rough awned
HOR 9043 e e e e e e Rough awned
BCC 906 (MOLex) = ittt ittt e e e 1 Smooth awned
HOR 21599 (ICARDA 64 SP) s tiiiiiiiieiniieieineennnns 1 Smooth awned
HOR 8148 e e e 1 Smooth awned
ZDM02064 (Chiba) i e Unknown
ZDM01467 (Du Li HUANG) 4 e iee ittt tieeeenenaeeenoneneeeeeeeteteeenneeeeeeiiieeeeeeeaeeteeeeennns Unknown

HOR 10350 e e . Unknown
Hockebtt i e e e e e e i e e Unknown
OUN333 (Chame 1) ittt i ieieeeeeee e e i e e e e Unknown
SFR85-014 (RGT Planet) ...ttt iiiiinnnnn.. S Unknown
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Appendix 5.3. Sequence alignment of the 19 barley accessions in the pangenome V1 (Jayakodi et al., 2020).

The alignment shows a SNP in position 2,373 bp of the ROUGH AWNI locus. The common name of each accession is enclosed in parenthesis.

Target SNP in ROUGH AWN1 locus in position 2,373 bp

FT11 (B1K-04-12) (wild) GCTCAGTTTCTACATACTCGTACTACTTACGTACAGTIACCATAGTACAGTTGACGCTGGTTAGCTAATTCGT Rough awned
HOR 10596 (Igri) ittt ittt ittt e ieee e e e e e et e e e e e e e et Rough awned
HOR 12046 (Akashinriki) ...ttt e e e e e e i i e Rough awned
HOR 13170 (Barke) it i it e T Rough awned
HOR 13821 (Eskishehir) ... ...t i, T Rough awned
HOR 13942 (BACZA) = ttttieiteteie e iaeieneneeenenenenns T Rough awned
HOR 3081 (Slaski TII) @ .ttt iniienenenenneneneanenadeoeeneeeineeeieinineieinenennnnnns Rough awned
HOR 3365 e et e e e T Rough awned
HOR 7552 e e e e e Rough awned
HOR 9043 e e e e e e T Rough awned
BCC 906 (MOLEX) ittt it ittt ettt e e e T Smooth awned
HOR 21599 (ICARDA 64 SP) it tttitt ittt ittt e eeeieenenenenns T Smooth awned
HOR 8148 e e e e e T Smooth awned
ZDM02064 (Chiba) i e Unknown
ZDM01467 (Du Li Huan) = ..ttt ittt il Unknown
HOR 10350 e et e e T Unknown
Hockett e i e e e L Unknown
OUN333 (Chame 1) it i i ittt i et ee e T Unknown
SFR85-014 (RGT Planet) ...ttt ittt iniieneennn T Unknown

v
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Appendix 5.4. HORVU.MOREX.r3.5HG0502720 gene.
Informative polymorphisms of the smooth awn trait are bold-highlighted. Exons are grey
shaded.

>primary assembly:MorexV3 pseudomolecules assembly:5H:509668541:509671971:1

AGGATCACCCGGTTCCGGTTCCATCCTCAACTAAACACTGGAATGATGGACTGCGGACGGAATCAACCCGTCTCGTGCAAGTATATCC
TTAAAGCAAACACACCCTGAAACGAGTGGATGGACCACAGTAAACGTAGCTTTGCACTAGATAGCTAGTCCTACCACTTGGCTACACG
CTTTGCATGCCTCGACGGACGGCGAGTTGAAGTATCAACGCGTATATTCAAGTCACTGGAATGGAGGCACCCGTCAAAAAACATAAAG
GTCACCGGAGTAGTACCACGGGATGGGAGGCAGGCAGCTCAGCTAGGTCATAACAGCTAGTAGCTGTGAGGAAGCTACCACAGCTAAG
CTACGACGTACCCTCCCTGATTGGACGGGCGTCCGGTCTAGCGTTTCGGACTGACCGCCCGGGGCGGCCATGCATAGCGCCGGTATGT
ACCCCACGTATATACACATGCTCAATCGATCTATCAGACAGAGAGAGAGAGAGTTCACTGCGGTAAAACAAACACTTGTACTCCAGTT
GGTAGTGTACCATTCATCACGAACTCCTGTTGGCACGCCATGATATATACCCATCCATCCTTCTGCCCTGCCGGCACCCGGCTCGACG
CTTCCTTGCTACAAGTCGCCACCGGCACCACAACTGCTTTCCTTCCTCTCCACGCCCGGTACGCAGGGCAGTCGGCGGCTGAGCTAGC
TAGGAGGCATGCAGGGCGACGGCGGAGGGATGGAGGAGACAGCGGCGGCGGGCCAGGGCCGCAGCGGCGGCGEGTGCTGCTGAGGGCGC
CGCCGTGGTGGTGCAGGAGGGGCCTCGGTTCCGGCGGGTGTGCGTGTTCTGCGGGAGCAGCTCCGGGAAGCGCAGCAGCTACCGCGAC
GCCGCCGTCGAGCTCGGCAAGGAGCTGGTACGTACGCAACCCACGGTCAAGCTAATCACACACGTTTTGTGCATGATGTTTGGTTAGT
TAGTTACCCAATTAGTTAAGCATGTGGATCATGCGTGTGTGGTGGCAGGTTGCTCGTCGGATGGATCTGGTGTACGGCGGGGGCAGCC
TGGGGCTCATGGGGGAGGTCTCGGAGGCCGTCCACAAGGCCGGCGGCCACGTTATCGGGTGAGTCGATCCGTGCACGCACGCACGCAC
CTACGTACGTACACACCCTCTGCTTGCATTATTGTCATCGGCCCGGCCATCGTGTGCTTCTTTTCTCTCTTATTCTACTGGATCTACT
GTAGCCACCTTTCTGTCGACACTGAAGTTTCTCCGACTGGCTTAACAGTATCCTTGCCCAACTTGCTCACGACAGTCGCCTTCTGCTT
TTTCTTTTGATGTGCAGCGTCATACCTACCACTCTCATGGGCAAGGAGGTACGTGCAACACGATTGAGATCGATGCATCGACACCACA
TACCCCCAACCACAGGACAGGAGTAGACTGTGCATGCATGCATGCTTGCATGCAGTAGCGGAGTAGCCGTAGCTTGTACACTAATGTA
GTGTACTGACAAACTAATGTAATTCATGCATGCAAAATGGAACAGATCACGGGGGAGACGGTGGGGGAGGTGGCGGCGGTGTCGGGGA
TGCACGAGCGGAAGGCGGCGATGGCGCGCAACGCCGACGCCTTCATCGCGCTGCCGGGAGGCTACGGCACCCTGGACGAGCTGCTGGA
GGTCATCGCCTGGGCGCAGCTCGGCATCCACACAAAACCAGTTAAGCAGCTATATATGATATATATACTGTACAGTATTCATCAATCG
ACTTGCCTAGCTAACCCATTGGCCGTAGTACGTAGCTATTTAGCTTTGCTGATGGCGGATGGATGGGTGCATGCATGCAGGTGGGGCT
GCTGAACGTGGAGGGGTACTACGACTTCCTGCTGGCCTTCATCGACAAGACCGTGGACGACGGCTTCATCCGGCCATCCCAGCGCCAC
ATCTTCGTCAGCGCGCCCGACGCCAGGGACCTCGTCCACAAGCTCGAGGTAACTATCTAACTGATGATCAATCACCATCTCTCGCTCT
TCACATCTTTCATGCATGCACCCATCCCAGCGCCACATCTTTCATGCATGCACGGTGGTTACCATCTCAGTCACATGACTTGTCCCTG
TCTGGGTCTCCCTCCGTTTCCGTGTGCACAACGGCATGCATGCATCTGCTTCCACGGAGTAATTCCCACCCAGTTCCGGGCTCGTTGT
GCCTACTCTAGCTAGTAGAGTCGTGCTGGTCCTAGCTAGCTAGCGGGCAGCACGTGTCGAGCTGCAACCTGCAAGTTGGAAGTTTCTC
GGCCATCGGCTGTGTACCCATCCACCAAAAGTTTCCACGACGCCACAGCTCAGTTTCTACATACTCGTACTACTTACGTACAGTTCCA
TAGTACAGTTGACGCTGGTTAGCTAATTCGTTTGGGGTTGCAGGAGTACGTGGCGGTGGAGGAGGAGGACCCGGCGACGCCCAAGCTG
CGGTGGGAGATCGAGCAGGTCGGCTACAACGCCACGCTCCAGGCAGAGATCGCCCGCTGATCCACCTACGACTTGGTTAAATTACTGG
TCCTATAGTGGATGGGACCAACTGGTTACTGGTCCGCTCCGCTAGTGGTTAATTAAGTACACTAGTTTAATGCTACTACCGCACGTAC
GGCATGCATGCATGCATGTGTAAGAAGGGCACGTTACAGTTTGTGCTTGCTAAAAAACTTTAGTGGTACTACTCCTGTTGGCTGACGA
ATGGGTGTGTGTAATAGCGTGTGTATTTTGATGATGTACTACTACCTGGCTGGAACAGTGCGTGGTGTGTGTGGCGCGTATATGCAAT
AATTGTTCCTTCAGCATTTGTCCGGAATAATTTGTGCAATGCGTTTTTCTTTCTCTTGCTTCTTTGACGGGATATTTACGCTGTGAGT
TTGTGCTGAAGCTATAGTTAGTTGTTGTTCTAGTTTGACCTCCATCTACGCTCGATCGAATTGATCCCGTCAGTGCTAGTTTTGGTTG
CTAGTTGGATAGTTAATTTGTTCGAATTAGCTAGAGGTGAGTTTCCTGATTTTAGAATTTGGGTCAGTTGATACGGGGCAGAAAAAAG
CAGGTGAGAAGGCACAACACACCAAGGCAGCTAATGACGGCGTCGAGGCGACCATAGTGAGGCCTCACCCATGAACGAGCCACAGTCG
GTGCTGAGCCAACTGAGGCGAGTTCGAAGACCAACGAGTGTGGCTGCAGGGGCGGGAGCTGCTAGCTTCTGAATTGGAAGTCAGCAGA
GGAAAAAGGGTGGAAGGGAGAGCAGAGCGATGAGGCTGACGCAGGAGCATCGACGGTCAAGGGCAGTCAACTTAACATTCAAGAAAGC
ATAGGCTTTGATACACCTTCTTATATCCCGACATTTAAGAACTTTTGTATTTTTTGTTTCTTTCACATAAAACAACATATGGATTTT
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Appendix 5.5. Python script for the analysis of recognition sites across several accessions.

The script iterates through a list of DNA sequences and a list of recognition sites, searching for
each recognition site within each DNA sequence. For each sequence, it records the number of
occurrences of the recognition site and calculates the corresponding number of fragments
generated. The results, along with the positions of the recognition sites, are compiled into a
formatted string and appended to a list.

Inputs are provided in three separate files in plain text format:
1. Alist of DNA sequences = rough awn list forward strand.txt
2. Alist of Genotypes = genotypes_list.txt
3. Alist of Recognition sites (in [UPAC code) = recognition_sites.txt

The script returns the number of fragments and the position of the recognition pattern in the DNA
sequence.

FHEHHH AR Start #HHHHREEEEE AR
### Import libraries

import Bio

import numpy as np

import os

from Bio.Seq import Seq

from Bio.SeqUtils import nt search

### Load text files

mylist = open('rough awn list forward strand.txt').read().splitlines()

mylist genotype = open('genotypes list.txt').read().splitlines()
recognition sites list = open('recognition sites.txt').read().splitlines() #This
recognition sites match with the file "dCAPs enzyme options.xlsx"

### Initialise master list and append heading
master list = []

first list = ["Genotype", "Enzyme recognition pattern (before dCAPs)", "DNA Sequence",
"No. of fragments", "Position 1",Position 2", "Position 3"]
master list.append(str(first list).lstrip('[').rstrip(']"))

### Main loop
for pattern in recognition sites list:
pattern seq = Seqg(pattern)
i =0
for DNA in mylist:
second list = []
results = nt search(str(DNA), pattern seq)
second list.append(mylist genotype[]])
second list.append(results[0]
second list.append (DNA)
if len(results) > 1:
num frag = len(results[l:]) + 1 #For n pattern, there are n + 1 fragments.
second list.append(num frag)
for i in range(l, len(results)):
second list.append(results[i] + 1) # Adjusts the position by adding 1
else:
num_ frag = len(results[l:]) + 1
second list.append(num frag)
second list.append("none")

"

third list = ", ".join(repr(e) for e in second list)

master list.append(third list)

3 4= 1
my array = np.array(master list)

np.savetxt ("restriction sites ForwardStrand.csv", my array, delimiter=",",
fmt="'%s")

FHEF R End #HEEE R
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Appendix 5.6. Summary of marker details and PCR reaction conditions of B#rl, Osdl, and ROUGH AWNI markers.

Gene
locus

Ensemble Gene ID

Marker Primer ID

Primer sequence (5' to 3')"

PCR
Annealing
temperature

Restriction
enzyme

IUPAC
recognition
pattern

Type

Mismatch
change

Restriction
pattern and
total amplicon
size

Resolving
gel

Btrl

HORVU.MOREX.r3.3
HG0235600

KR813338F247G264
M1
KR813338R388

TCGAGCACGCATCCGACGGC

TCAGAGCGAGCCACTCGT

65 °C

Haelll

GGCC

dCAPS

T>G

La Trobe:
80-+44+14+13+
7=158

Wild:
62+44+19+14+
13+7=159

agarose 4%

QOsdl

HORVU.MOREX.r3.5
HG0481320

LC054183F2030
M6
LC054184R2218

TTCCGGGATTTATGATCACC

AAAGTGGGAGTGCGTGTAGG

60 °C

Taql-v2

TCGA

CAPS

n/a

La Trobe:
75+133= 208

Wild:
57+18+133=20
8

agarose 3%
+ MetaPhor
1%

ROUGH
AWNI

HORVU.MOREX.r3.5
HG0502720

5HG0502720-F1902
M4
5HG0502720-R1847

TGAAGCCGTCGTCCAGGG

CTGCTGAACGTGGAGGGGTA

62 °C

EcoO1091

RGGNCC
Y

dCAPS

C>G

La Trobe:
72

wild:
18+54=72

agarose 4%

+ Mismatch is highligthed in bold. No mismatch is required for CAPS marker Osd! M6.
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Appendix 5.7. Restriction patterns of the three molecular markers used for genotyping.

LTR and wild present homozygous alleles, whereas F1 hybrids are heterozygous. Dark bands are distinguishable in electrophoresis gel. Light grey bands are

less visible due to the short fragment size.
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Appendix 5.8. Electrophoresis gels showing digested fragments of the ROUGH AWNI, Qsdl,
and Btrl markers. A total of 31 plates were genotyped for each marker throughout the MABC
program, with this figure displaying the results for plate number 4 of the BC2F1 generation. This
figure serves as a visual reference for the appearance of the digested fragments on the gel.

ROUGH AWNI

™ SRR s Em s
- ese_- e eens
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Appendix 5.9. Primer sequences for the amplification of a region spanning the causal SNP for awn roughness trait within the ROUGH AWNI locus. The table
includes primer pairs (1-5) with their respective forward and reverse primer sequences numerated from 1 to 9, template strand orientation, primer length,
melting temperature (Tm), GC content, and the length of the amplified product.

Primer pair  Primer number Primer ID Sequence (5'->3") Template strand Primer length Tm (°C) GC% Product length
q P1 G0502720 F1614 AACGCCGACGCCTTCAT Plus 17 59.7 58.8 o
P5 G0502720 R2381 AGCTAACCAGCGTCAACTGT Minus 20 59.6 50.0
5 P1 G0502720 F1614 AACGCCGACGCCTTCAT Plus 17 597 58.8 20
Pé6 G0502720 R2086 GACAAGTCATGTGACTGAGATGG Minus 23 59.1 47.8
3 P2 G0502720 F1694 CGGCATCCACACAAAACCAG Plus 20 60.0 55.0 407
P7 G0502720 R2571 AGCGGACCAGTAACCAGTTG Minus 20 60.0 55.0
4 P4 G0502720 F1333 TGCAGCGTCATACCTACCAC Plus 20 59.8 55.0 s
ACCCAGACAGGGACAAGTCA Minus 20 60.4 55.0
P9 G0502720 _R2100

168



Genotyping results of progeny from the BC1F1, BC2F1, and BC2F2 generations. HOW = Homozygous Wild, HOC = Homozygous Cultivated, HET=
Heterozygous.

Genotyping ID

Progeny number Genotyping - ROUGH .
per generation generation Witd line BC1F1 BC2F1 BC2F2 AWN1 Qsd1 btr1 Selection
1 BC1F1 WBDC-117 P1-A01 - - HOW missing missing
2 BC1F1 WBDC-117 P1-B01 - - HOW missing missing
3 BC1F1 WBDC-117 P1-C01 - - HET missing missing
4 BC1F1 WBDC-117 P1-DO1 - - HET missing missing
5 BC1F1 WBDC-117 P1-E01 - - HOW HOW missing
6 BC1F1 WBDC-117 P1-FO1 - - HOW HOW missing
7 BC1F1 WBDC-117 P1-GO1 - - HET HET HET
8 BC1F1 WBDC-117 P1-HO1 - - HET HET HOW
9 BC1F1 WBDC-117 P1-A02 - - HOW missing HET
10 BC1F1 WBDC-117 P1-B02 - - HET missing HOW
11 BC1F1 WBDC-117 P1-C02 - - HOW HOW HET
12 BC1F1 WBDC-117 P1-D02 - - HOW HOW missing
13 BC1F1 WBDC-117 P1-E02 - - HOW HOW HET
14 BC1F1 WBDC-117 P1-F02 - - HOW HOW HOW
15 BC1F1 WBDC-117 P1-G02 - - HET HET HET
16 BC1F1 WBDC-117 P1-HO2 - - HET HOW HET
17 BC1F1 WBDC-117 P1-A03 - - missing missing HOW
18 BC1F1 WBDC-117 P1-B03 - - HET missing HET
19 BC1F1 WBDC-117 P1-C03 - - HOW HET HET
20 BC1F1 WBDC-117 P1-D03 - - HET HET HET Selected
21 BC1F1 WBDC-117 P1-E03 - - HET HOW HET
22 BC1F1 WBDC-117 P1-FO3 - - missing HOW HOW
23 BC1F1 WBDC-117 P1-G03 - - HET HOW missing
24 BC1F1 WBDC-117 P1-HO3 - - HET HOW HOW
25 BC1F1 WBDC-117 P1-A04 - - HET HOW HET
26 BC1F1 WBDC-117 P1-B04 - - HOW HET HET
27 BC1F1 WBDC-117 P1-C04 - - HOW HET HOW
28 BC1F1 WBDC-117 P1-D04 - - HET HET HET Selected
29 BC1F1 WBDC-117 P1-E04 - - HET missing HET
30 BC1F1 WBDC-117 P1-F04 - - HET HOW HOW
31 BC1F1 WBDC-117 P1-G04 - - HET HOW HOW
32 BC1F1 WBDC-117 P1-HO04 - - HOW HET HET
33 BC1F1 WBDC-117 P1-A05 - - HET HOW missing
34 BC1F1 WBDC-117 P1-B05 - - HOW HOW HET
35 BC1F1 WBDC-117 P1-C05 - - HET HET HET Selected
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36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78

BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1

WBDC-117
WBDC-117
WBDC-117
WBDC-117
WBDC-117
WBDC-117
WBDC-117
WBDC-117
WBDC-117
WBDC-117
WBDC-117
WBDC-117
WBDC-117
WBDC-117
WBDC-117
WBDC-117
WBDC-117
WBDC-117
WBDC-117
WBDC-117
WBDC-117
WBDC-117
WBDC-117
WBDC-117
WBDC-117
WBDC-117
WBDC-117
WBDC-117
WBDC-117
WBDC-117
WBDC-117
WBDC-117
WBDC-117
WBDC-117
WBDC-117
WBDC-117
WBDC-117
WBDC-117
WBDC-117
WBDC-117
WBDC-117
WBDC-117
WBDC-117

P1-D05
P1-E05
P1-F05
P1-G05
P1-HO5
P1-A06
P1-B06
P1-C06
P1-D06
P1-E06
P1-F06
P1-G06
P1-HO6
P1-A07
P1-B07
P1-C07
P1-D07
P1-E07
P1-FO7
P1-G07
P1-A08
P1-B08
P1-C08
P1-D08
P1-E08
P1-F08
P1-G08
P1-A09
P1-B09
P1-C09
P1-D09
P1-E09
P1-F09
P1-G09
P1-A10
P1-B10
P1-C10
P1-D10
P1-E10
P1-F10
P1-G10
P1-A11
P1-B11
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HOW
HET
HET
HET

HOW
HET
HET
HET

HOW

HOW
HET
HET

HOW
HET

HOW
HET
HET
HET

HOW
HET
HET
HET
HET
HET

HOW
HET

HOW

HOW

HOW

HOW

HOW

HOW

HOW

HOW
HET

HOW

HOW

HOW
HET

HOW

HOW

HOW

HOW

HET
HOW
HOW

HET

HET
HOW
HOW
HOW

HET

HET

HET

HET
HOW

HET
HOW

HET
HOW

HET
HOW
HOW

HET
HOW
HOW

HET
HOW
HOW
HOW

HET

HET

HET
HOW

HET
HOW

HET

HET

HET
HOW
HOW
HOW

HET
HOW
HOW
HOW

HOW
HOW
HOW
HET
HET
HOW
HOW
HOW
HOW
HET
HET
HET
HET
HET
HOW
HET
HET
HOW
HET
missing
HET
HET
HET
HET
HOW
HOW
HOW
HOW
HOW
HET
HOW
HET
HOW
HOW
HOW
HET
HOW
HET
HET
HOW
HET
HET
HET



79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121

BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1

WBDC-117
WBDC-117
WBDC-117
WBDC-117
WBDC-117
WBDC-117
WBDC-117
WBDC-117
WBDC-117
WBDC-117
WBDC-117
WBDC-117
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020

P1-C11
P1-D11
P1-E11
P1-F11
P1-G11
P1-A12
P1-B12
P1-C12
P1-D12
P1-E12
P1-F12
P1-G12
P2-A01
P2-B01
P2-CO1
P2-DO1
P2-E01
P2-FO1
P2-GO1
P2-HO1
P2-A02
P2-B02
P2-C02
P2-D02
P2-E02
P2-F02
P2-G02
P2-HO2
P2-A03
P2-B03
P2-C03
P2-D03
P2-E03
P2-F03
P2-G03
P2-HO3
P2-A04
P2-B04
P2-C04
P2-D04
P2-E04
P2-F04
P2-G04

171

HET
HET
HOW
HET
HOW
missing
HOW
missing
HET
HET
HET
missing
missing
HET
HOW
HET
HET
missing
HOW
HET
HOW
HET
HET
HET
missing
HOW
HOW
HET
HOW
missing
HOW
missing
HET
HOW
HOW
HET
HOW
HET
HOW
HOW
HET
HET
HET

missing
HOW
HOW
HOW
HOW
HOW

missing
HET
HET

missing
HOW
HOW
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC

HOW
HET
missing
HOW
HET
HOW
HET
missing
HET
HET
HET
HET
missing
HOW
HOW
HOW
HOW
missing
HET
missing
HOW
missing
missing
HOW
HOW
HOW
HET
HOW
HOW
missing
HOW
HET
HET
HET
HOW
HET
HOW
HOW
HOW
HOW
HET
HOW
HOW



122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164

BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1

WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020

P2-H04
P2-A05
P2-B05
P2-C05
P2-D05
P2-E05
P2-F05
P2-G05
P2-H05
P2-A06
P2-B06
P2-C06
P2-D06
P2-E06
P2-F06
P2-G06
P2-H06
P2-A07
P2-B07
P2-C07
P2-D07
P2-E07
P2-F07
P2-G07
P2-A08
P2-B08
P2-C08
P2-D08
P2-E08
P2-F08
P2-G08
P2-A09
P2-B09
P2-C09
P2-D09
P2-E09
P2-F09
P2-G09
P2-A10
P2-B10
P2-C10
P2-D10
P2-E10
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HET
HET
HET
HOW
HET
HET
HET
HET
HET
HET
HOW
HOW
HET
HOW
HOW
HOW
HOW
HOW
HET
HOW
HOW
missing
missing
HET
HET
HET
HET
missing
HET
HET
HOW
HOW
HET
HET
HET
HOW
HET
HOW
HOW
HOW
HOW
HET
HET

HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC

HET
HET
HET
HET
HET
HET
HET
HET
HOW
missing
HOW
HET
HET
HET
HOW
HET
HOW
missing
HOW
HOW
HOW
missing
HOW
HET
missing
HET
HET
HOW
HET
HOW
HET
HET
HOW
HOW
missing
missing
HET
HOW
HET
HOW
HET
HOW
HET



165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207

BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1

WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-020
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038

P2-F10
P2-G10
P2-A11

P2-B11

P2-C11
P2-D11
P2-E11

P2-F11

P2-G11
P2-A12
P2-B12
P2-C12
P2-D12
P2-E12
P2-F12
P2-G12
P3-A09
P3-B12
P3-D01
P3-D04
P3-D05
P3-E12
P3-G12
P3-G05
P3-G06
P3-HO1
P3-H04
P3-H05
P3-A01

P3-A02
P3-A03
P3-A04
P3-A05
P3-A06
P3-A07
P3-A08
P3-A10
P3-A11

P3-A12
P3-B01

P3-B02
P3-B03
P3-B04
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missing
HET
HOW
HOW
HET
HET
HET
HET
HET
HET
HET
HET
HET
HET
missing
HOW
HET
HET
HET
HET
HET
HET
HOW
HOW
HET
HOW
HOW
HET
HET
HET
HOW
HET
HET
HET
HOW
HOW
HOW
HOW
HOW
HOW
HOW
HOW
HET

HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HOC
HET
HET
HET
HET
HET
HET
HET
HOW
HOW
HOW
HOW
HOW
HOW
HOW
HET
HOW
HOW
HET
HOW
HET
HOW
HET
HOW
HOW
HOW
HET
HET

missing
HOW
HET
HOW
HET
HOW
HOW
HET
HET
HOW
HOW
HOW
HOW
HET
HET
HET
HET
HET
HET
HET
HET
HET
HET
HET
HET
HET
HET
HET
HET
HET
HET
HET
HOW
HOW
HOW
HET
HET
HOW
HET
HOW
HET
HOW
HOW

Selected
Selected
Selected
Selected
Selected
Selected



208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250

BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1

WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038

P3-B05
P3-B06
P3-B07
P3-B08
P3-B09
P3-B10
P3-B11

P3-C01
P3-C02
P3-C03
P3-C04
P3-C05
P3-C06
P3-C07
P3-C08
P3-C09
P3-C10
P3-C11
P3-C12
P3-D02
P3-D03
P3-D06
P3-D07
P3-D08
P3-D09
P3-D10
P3-D11
P3-D12
P3-E01

P3-E02
P3-E03
P3-E04
P3-E05
P3-E06
P3-E07
P3-E08
P3-E09
P3-E10
P3-E11

P3-F01

P3-F02
P3-F03
P3-F04
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HET
HOW
HOW
HOW
HOW

HET
HOW
HOW

missing
HOW
missing

HET

missing
HOW
HOW
HOW
HOW
HOW

HET
HOW

HET

HET
HOW
HOW

HET
HOW
HOW

HET
HOW

missing

HET
HOW

HET
HOW

HET
HOW
HOW
HOW
HOW
HOW
HOW

missing
missing

HOW
HOW
HOW
HOW
HET
HOW
HET
HOW
missing
HOW
missing
HOW
missing
HOW
HOW
HOW
HET
HOW
HOW
HET
HOW
HET
HOW
HOW
HET
HET
HET
HOW
HOW
HOW
HOW
HET
HET
HOW
HOW
HET
HOW
HOW
HOW
HOW
HOW
missing
missing

HOW
HET
HOW
HOW
HOW
HET
HOW
HOW
missing
HET
missing
HET
missing
HOW
HOW
HOW
HET
HOW
HET
HOW
HET
HOW
HOW
HOW
HOW
HOW
HET
HOW
HET
missing
HOW
HOW
HOW
HOW
HOW
HOW
HOW
HOW
HET
missing
HOW
missing
missing



251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
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292
293

BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1
BC1F1

WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199

P3-FO5
P3-F06
P3-FO7
P3-FO8
P3-F09
P3-F10
P3-F11
P3-F12
P3-GO1
P3-G02
P3-G03
P3-G04
P3-G07
P3-G08
P3-G09
P3-G10
P3-G11
P3-H02
P3-HO3
P3-H06
P4-A01
P4-A02
P4-A03
P4-A04
P4-A05
P4-A06
P4-A07
P4-A08
P4-A09
P4-A10
P4-A11
P4-A12
P4-BO1
P4-B02
P4-B03
P4-B04
P4-B05
P4-B06
P4-B07
P4-B08
P4-B09
P4-B10
P4-B11
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HET
HET
HET
HET
HOW
HOW
HOW
HOW
HET
HET
HET
HET
HOW
HOW
HOW
HET
HET
HOW
HET
HET
HOW
HET
HOW
HOW
HOW
HET
HET
HET
HOW
HOW
HET
HET
HET
HOW
HET
HET
missing
missing
HET
HET
missing
HET
HET

HOW
HET
HOW
HOW
HET
HET
HOW
HET
HET
HOW
HET
HET
HET
HET
HOW
HET
HET
HOW
HET
HOW
HOW
HOW
HOW
HOW
HET
HOW
HET
HET
HOW
HET
HET
HOW
HOW
HET
HET
HET
missing
missing
HET
HET
missing
HOW
HOW

HET
HOW
HOW
HOW

HET
HOW
HOW

HET
HOW

HET
HOW
HOW
HOW
HOW
HOW
HOW
HOW
HOW
HOW
HOW
HOW
HOW
HOW
HOW
HOW
HOW
HOW

HET

HET

HET

HET
HOW

HET
HOW

HET

HET

missing
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Tray 1-C12
Tray 1-D12
Tray 1-E12
Tray 1-F12
Tray 1-G12
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Tray_7-C01
Tray_7-D01
Tray_7-EO01
Tray_7-F01
Tray_7-G01
Tray_7-HO01
Tray_7-A02
Tray_7-B02
Tray_7-C02
Tray_7-D02
Tray_7-E02
Tray_7-F02
Tray_7-G02
Tray_7-H02
Tray_7-A03
Tray_7-B03
Tray_7-C03
Tray_7-D03
Tray_7-E03
Tray_7-F03
Tray_7-G03
Tray_7-H03
Tray_7-A04
Tray_7-B04
Tray_7-C04
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Tray_7-F04
Tray_7-G04
Tray_7-H04
Tray_7-A05
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211

HET
HOC
HOC
HOC

HET

missing
HOW
HOC
HOC
HOW

HET

missing

HET
HOC

HET

HET

missing

HET

HET

missing
HOC
HOW

HOC
HOW
HOC

HET

HET

missing

HET
HOC

missing

HET
HOC

missing
HOW

HET

HET
HOC

HET
HOW

missing

HOC

HET

HOC
HET
HET

HOC
HET

missing
HET

HOC
HET

HOW
HET

missing
HET

HOC

HOC
HET

missing
HET
HET

missing

HOW

HOW
HOC
HET
HOC
HET
HET

missing
HET
HET

missing
HET
HET

missing
HET
HET
HET

HOW
HOC
HET

missing
HET
HET

HOC
HOW
HOW
HOW
HOC
missing
HET
HOW
HOC
missing
HET
missing
HOC
HET
HET
HOW
missing
HOW
HET
missing
HOC
HOW
HET
HOW
HET
HET
HOW
missing
HOC
HET
missing
HET
HET
missing
HOW
HOW
HET
HET
HOW
HET
missing
HOC
HET

Selected



640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682

BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2

WBDC-329
WBDC-329
WBDC-329
WBDC-329
WBDC-329
WBDC-329
WBDC-329
WBDC-329
WBDC-329
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068

P7-D10
P7-D10
P7-D10
P7-D10
P7-D10
P7-D10
P7-D10
P7-D10
P7-D10
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09

P1-D04
P1-D04
P1-D04
P1-D04
P1-D04
P1-D04
P1-D04
P1-D04
P1-D04
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10

Tray_13-F11
Tray_13-G11
Tray_13-A12
Tray_13-B12
Tray_13-C12
Tray_13-D12
Tray_13-E12
Tray_13-F12
Tray_13-G12
Tray_2-A01
Tray_2-B01
Tray_2-CO01
Tray_2-D01
Tray_2-E01
Tray_2-F01
Tray_2-G01
Tray_2-HO01
Tray_2-A02
Tray_2-B02
Tray_2-C02
Tray_2-D02
Tray_2-E02
Tray_2-F02
Tray_2-G02
Tray_2-H02
Tray_2-A03
Tray_2-B03
Tray_2-C03
Tray_2-D03
Tray_2-E03
Tray_2-F03
Tray_2-G03
Tray_2-H03
Tray_2-A04
Tray_2-B04
Tray_2-C04
Tray_2-D04
Tray_2-E04
Tray_2-F04
Tray_2-G04
Tray_2-H04
Tray_2-A05
Tray_2-B05

212

HET
missing
HOC
HET
HET
HOC
HET
HET
HET
missing
HOC
HET
missing
HET
HOW
HOW
HET
HOC
HET
missing
HET
HET
missing
HOW
missing
missing
missing
missing
missing
HET
missing
missing
missing
missing
HET
missing
missing
missing
missing
missing
HOC
missing
HOC

HOC
missing
HET
HET
missing
missing
missing
missing
missing
missing
HET
HOC
missing
HET
HOC
HET
HET
HET
HOW
HET
HOC
HOW
missing
HOC
missing
missing
missing
missing
HOC
HET
missing
missing
missing
missing
HOC
HOC
missing
missing
missing
missing
missing
missing
HOC

HET
missing
HOC
HOC
HOW
HET
HET
HET
HOW
missing
HET
HET
missing
HET
missing
HOW
HOC
HET
HET
missing
HOW
HET
missing
HET
HOW
missing
missing
missing
missing
HOC
missing
missing
missing
HET
HET
missing
missing
missing
missing
missing
HET
HOW
HOW



683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725

BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2

WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068

P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09

P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10

Tray_2-C05
Tray_2-D05
Tray_2-E05
Tray_2-F05
Tray_2-G05
Tray_2-A06
Tray_2-B06
Tray_2-C06
Tray_2-D06
Tray_2-E06
Tray_2-F06
Tray_2-G06
Tray_2-A07
Tray_2-B07
Tray_2-C07
Tray_2-D07
Tray_2-E07
Tray_2-F07
Tray_2-G07
Tray_2-A08
Tray_2-B08
Tray_2-C08
Tray_2-D08
Tray_2-E08
Tray_2-F08
Tray_2-G08
Tray_2-A09
Tray_2-B09
Tray_2-C09
Tray_2-D09
Tray_2-E09
Tray_2-F09
Tray_2-G09
Tray_2-A10
Tray_2-B10
Tray_2-C10
Tray_2-D10
Tray_2-E10
Tray_2-F10
Tray_2-G10
Tray_2-A11
Tray_2-B11
Tray_2-C11
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HET
HET
HOW
missing
HOC
missing
missing
HET
HET
missing
missing
HET
HET
HOW
missing
HOW
HOW
HOC
missing
HET
HOW
HET
HET
missing
HOW
HOC
HOC
missing
HET
HOW
missing
missing
HET
HOW
HOW
HOW
HET
missing
missing
HOW
HET
HET
HET

HOC
HOC
HOW
missing
HOW
HET
missing
HET
HET
HET
missing
HET
HOW
HOW
missing
HET
HOW
HET
missing
HOC
HET
HET
HET
missing
HET
missing
HET
missing
HOW
HOC
missing
HOW
HOW
HOC
HOW
HET
HOW
missing
missing
HOW
HOW
HET
HOC

HOC
HOW
HOW
HET
HET
HET
missing
HET
HOC
missing
HET
HET
HET
HET
missing
missing
HET
HET
missing
HET
HET
HET
HET
missing
HOW
missing
HET
HOW
HET
missing
HOW
missing
HOC
HET
HET
HET
HET
missing
missing
HOC
HET
HET
HET

Selected

Selected



726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768

BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2

WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199

P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08

P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10

Tray_2-D11
Tray_2-E11
Tray_2-F11
Tray_2-G11
Tray_2-A12
Tray_2-B12
Tray_2-C12
Tray_2-D12
Tray_2-E12
Tray_2-F12
Tray_2-G12
Tray_8-A01
Tray_8-B01
Tray_8-CO01
Tray_8-D01
Tray_8-E01
Tray_8-F01
Tray_8-G01
Tray_8-HO01
Tray_8-A02
Tray_8-B02
Tray_8-C02
Tray_8-D02
Tray_8-E02
Tray_8-F02
Tray_8-G02
Tray_8-H02
Tray_8-A03
Tray_8-B03
Tray_8-C03
Tray_8-D03
Tray_8-E03
Tray_8-F03
Tray_8-G03
Tray_8-H03
Tray_8-A04
Tray_8-B04
Tray_8-C04
Tray_8-D04
Tray_8-E04
Tray_8-F04
Tray_8-G04
Tray_8-H04
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missing
HOW
HOC
HOW
HOC
missing
missing
missing
missing
missing
missing
HOW
HET
HOC
HOC
HET
HET
HOC
HET
HET
HOC
HET
HET
HET
HOW
HET
HOW
HET
missing
HET
HET
HOC
HET
HOW
HET
HOC
missing
HOW
HET
HET
HET
HOC
HET

missing
HOC
HET
HET
HOW
missing
missing
missing
missing
missing
missing
HOC
HOW
HOC
HET
HOC
HET
HOC
HOW
HOC
HET
HET
HET
HOC
HET
HOW
HET
HOC
missing
HET
HET
HOW
HET
HET
HET
HOC
missing
HOC
HET
HOW
HET
HOC
HET

missing
missing
HET
HET
HET
missing
missing
missing
missing
missing
missing
HET
HOC
HOW
HOW
HOC
HET
HOW
missing
HOW
HOC
HOC
HET
HOW
HOW
HET
HET
HOC
missing
HOC
HOW
HOW
HOC
HET
HOC
HOC
missing
missing
HOW
HOC
HET
HET
HET

Selected

Selected



769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811

BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2

WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199

P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08

P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10

Tray_8-A05
Tray_8-B05
Tray_8-C05
Tray_8-D05
Tray_8-E05
Tray_8-F05
Tray_8-G05
Tray_8-A06
Tray_8-B06
Tray_8-C06
Tray_8-D06
Tray_8-E06
Tray_8-F06
Tray_8-G06
Tray_8-A07
Tray_8-B07
Tray_8-C07
Tray_8-D07
Tray_8-E07
Tray_8-F07
Tray_8-G07
Tray_8-A08
Tray_8-B08
Tray_8-C08
Tray_8-D08
Tray_8-E08
Tray_8-F08
Tray_8-G08
Tray_8-A09
Tray_8-B09
Tray_8-C09
Tray_8-D09
Tray_8-E09
Tray_8-F09
Tray_8-G09
Tray_8-A10
Tray_8-B10
Tray_8-C10
Tray_8-D10
Tray_8-E10
Tray_8-F10
Tray_8-G10
Tray_8-A11
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missing
HOW
missing
HET
HOC
HOC
missing
HOC
missing
missing
HOC
HET
missing
missing
HOC
missing
HET
missing
HOW
HET
missing
HET
missing
HET
HOC
HET
HOW
missing
HET
HET
missing
missing
HET
HOC
missing
HOW
HET
missing
missing
HET
HET
missing
HET

missing
HET
missing
HOC
HOW
HET
missing
HET
missing
missing
HET
HET
missing
missing
HOC
missing
HET
missing
HET
HET
missing
HET
missing
HET
HOC
HOC
HET
missing
HOC
HET
missing
missing
HOC
HOW
missing
HET
HOC
missing
missing
HET
HOW
missing
HET

missing
HET
HOC
HOC
HOC
HET
missing
HET
missing
missing
HET
HOW
missing
missing
HOW
missing
HOW
missing
HET
HET
missing
HOC
missing
HET
HOW
HOC
HET
missing
missing
HET
missing
missing
HET
HOC
missing
HET
HET
missing
missing
HET
HOC
missing
missing

Selected



812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854

BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2

WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-199
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068

P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P4-A08
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09

P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P4-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10

Tray_8-B11
Tray_8-C11
Tray_8-D11
Tray_8-E11
Tray_8-F11
Tray_8-G11
Tray_8-A12
Tray_8-B12
Tray_8-C12
Tray_8-D12
Tray_8-E12
Tray_8-F12
Tray_8-G12
Tray_5-A01
Tray_5-B01
Tray_5-C01
Tray_5-D01
Tray_5-E01
Tray_5-F01
Tray_5-G01
Tray_5-HO01
Tray_5-A02
Tray_5-B02
Tray_5-C02
Tray_5-D02
Tray_5-E02
Tray_5-F02
Tray_5-G02
Tray_5-H02
Tray_5-A03
Tray_5-B03
Tray_5-C03
Tray_5-D03
Tray_5-E03
Tray_5-F03
Tray_5-G03
Tray_5-H03
Tray_5-A04
Tray_5-B04
Tray_5-C04
Tray_5-D04
Tray_5-E04
Tray_5-F04
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missing
HET
missing
HET
missing
missing
HET
missing
missing
missing
missing
missing
HOW
HET
HET
HOC
missing
HET
missing
missing
HOC
HOC
missing
HOC
HOC
missing
missing
missing
missing
HOC
missing
missing
missing
missing
missing
missing
missing
HOC
missing
missing
missing
HET
HET

missing
HET
missing
HET
missing
missing
HET
missing
missing
missing
missing
missing
missing
HOC
HOW
HOW
missing
missing
missing
missing
HOW
HOC
missing
missing
HET
missing
missing
missing
missing
HET
missing
missing
missing
missing
missing
missing
missing
HOC
missing
missing
missing
HOW
HOW

missing
HOW
missing
HET
missing
missing
HET
missing
missing
missing
missing
missing
missing
HET
HET
HET
missing
HET
missing
missing
HOC
HOW
missing
HOC
HOW
missing
missing
missing
missing
HOC
missing
missing
missing
missing
missing
missing
missing
HOC
missing
missing
missing
HET
HET

Selected

Selected



855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897

BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2
BC2F2

WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-068
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038
WBDC-038

P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P5-F09
P3-D01
P3-D01
P3-D01
P3-D01
P3-D01
P3-D01

P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
P5-B10
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Tray_5-A11
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Tray_5-B12
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Tray_11-C03
Tray_11-D03
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Tray_11-HO3
Tray_11-A04
Tray_11-B04
Tray_11-C04
Tray_11-D04
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HOW
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984 BC2F2 WBDC-199 P4-A08 P4-B10 Tray_11-E10 HET HET HOC

985 BC2F2 WBDC-199 P4-A08 P4-B10 Tray_11-F10 missing missing missing
986 BC2F2 WBDC-199 P4-A08 P4-B10 Tray_11-G10 HET HET HET
987 BC2F2 WBDC-199 P4-A08 P4-B10 Tray_11-A11 HOW HOC HET
988 BC2F2 WBDC-199 P4-A08 P4-B10 Tray_11-B11 missing missing missing
989 BC2F2 WBDC-199 P4-A08 P4-B10 Tray_11-C11 HOW HET HOW
990 BC2F2 WBDC-199 P4-A08 P4-B10 Tray_11-D11 HET HET HOW
991 BC2F2 WBDC-199 P4-A08 P4-B10 Tray_11-E11 HOC HET HOC
992 BC2F2 WBDC-199 P4-A08 P4-B10 Tray_11-F11 HOW HET HOC
993 BC2F2 WBDC-199 P4-A08 P4-B10 Tray_11-G11 HET HOC HET
994 BC2F2 WBDC-199 P4-A08 P4-B10 Tray_11-A12 HET HET HET
995 BC2F2 WBDC-199 P4-A08 P4-B10 Tray_11-B12 HOW HET HET
996 BC2F2 WBDC-199 P4-A08 P4-B10 Tray_11-C12 missing HET HOW
997 BC2F2 WBDC-199 P4-A08 P4-B10 Tray_11-D12 HET HET HET
998 BC2F2 WBDC-199 P4-A08 P4-B10 Tray_11-E12 HOC HET HET
999 BC2F2 WBDC-199 P4-A08 P4-B10 Tray_11-F12 HOC HET HET
1000 BC2F2 WBDC-199 P4-A08 P4-B10 Tray_11-G12 HET HOC HOW
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Appendix 6.1. Analysis of Variance for Canopy Temperature Depression (CTD), pigment,

biomass and Narrow-Band Hyperspectral Indices (NBHIs).

CTD
Source of variance dfl df2* F.ratio p-value
Ta (covariate) 1 1315 160.8 <0.001 *oxk
Treatment 1 59 70.3 <0.001 **¥
Line 9 59 2.4 0.024 *
DAS 5 1296 112.2 <0.001 ok
Treatment:Line 9 59 0.3 0.954
Treatment:DAS 5 1259 65.1 <0.001 ok
Line:DAS 45 1259 2.9 <0.001 ok
Treatment:Line:DAS 45 1259 1.0 0.437
* *& *%%: Significance at P< 0.05, P<0.01 or P<0.001, respectively.

Chi
Source of variance dfl df2* F.ratio p-value
Line 9 600 88.1 <0.001 ok
Treatment 1 600 65.8 <0.001 **¥
DAS 9 600 327.8 <0.001 ok
Line:Treatment 9 600 4.4 <0.001 **¥
Line:DAS 81 600 2.2 <0.001 ok
Treatment:DAS 9 600 5.0 <0.001 **¥
Line:Treatment:DAS 81 600 0.5 1.000
* *& *%%: Significance at P< 0.05, P<0.01 or P<0.001, respectively.

Flav
Source of variance dfl df2* F.ratio p-value
Line 9 599 63.0 <0.001 ok
Treatment 1 599 219.4 <0.001 **¥
DAS 9 599 57.6 <0.001 ok
Line:Treatment 9 599 5.0 <0.001 **¥
Line:DAS 81 599 2.5 <0.001 ok
Treatment:DAS 9 599 8.6 <0.001 **¥
Line:Treatment:DAS 81 599 0.7 0.974
* *& *%%: Significance at P< 0.05, P<0.01 or P<0.001, respectively.

Anth
Source of variance dfl df2* F.ratio p-value
Line 9 600 70.1 <0.001 ok
Treatment 1 600 13.0 <0.001 **¥
DAS 9 600 276.2 <0.001 ok
Line:Treatment 9 600 3.7 <0.001 **¥
Line:DAS 81 600 1.9 <0.001 ok
Treatment:DAS 9 600 2.6 <0.001 **¥
Line:Treatment:DAS 81 600 0.9 0.818

* *& *%%: Significance at P< 0.05, P<0.01 or P<0.001, respectively.
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NBI

Source of variance dfl df2* F.ratio p-value
Line 9 599 90.9 <0.001 ok
Treatment 1 599 219.0 <0.001 **¥
DAS 9 599 56.5 <0.001 ok
Line:Treatment 9 599 4.2 <0.001 **¥
Line:DAS 81 599 2.4 <0.001 ok
Treatment:DAS 9 599 104 <0.001 **¥
Line:Treatment:DAS 81 599 0.6 0.999
* *& *%*: Significance at P< 0.05, P<0.01 or P<0.001, respectively.

DW
Source of variance dfl df2* F.ratio p-value
Treatment 1 59 39.6 <0.001 ok
Line 9 59 6.0 <0.001 ok
Block 1 59 0.0 0.965
Treatment:Line 9 59 1.0 0.448
* *& *%%: Significance at P< 0.05, P<0.01 or P<0.001, respectively.

FW
Source of variance dfl df2* F.ratio p-value
Treatment 1 59 47.4 <0.001 Horx
Line 9 59 3.7 <0.001 ok
Block 1 59 1.7 0.195
Treatment:Line 9 59 1.2 0.333
* *& k%% Significance at P< 0.05, P<0.01 or P<0.001, respectively.

WUE
Source of variance dfl df2* F.ratio p-value
Treatment 1 59 24.4 <0.001 ok
Line 9 59 2.4 <0.05 *
Block 1 59 0.6 0.450
Treatment:Line 9 59 0.7 0.725
* *& *%%: Significance at P< 0.05, P<0.01 or P<0.001, respectively.

MCARI1
Source of variance dfl df2* F.ratio p-value
Line 9 60 1.1 0.392
Treatment 1 60 104 <.01 **
Line:Treatment 9 60 0.6 0.761

* *& k%% Significance at P< 0.05, P<0.01 or P<0.001, respectively.

SRPI
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Source of variance dfl df2* F.ratio p-value
Line 9 60 4.4 <0.001 Hox
Treatment 1 60 1.1 0.296
Line:Treatment 9 60 0.3 0.96
* *& *%%: Significance at P< 0.05, P<0.01 or P<0.001, respectively.

NPQI
Source of variance dfl df2* F.ratio p-value
Line 9 60 2.3 0.026 *
Treatment 1 60 4.5 0.038 *
Line:Treatment 9 60 0.8 0.643
* *& *%%: Significance at P< 0.05, P<0.01 or P<0.001, respectively.

DNCabxc
Source of variance dfl df2* F.ratio p-value
Line 9 60 3.6 <.01 *ox
Treatment 1 60 8.7 <.01 *k
Line:Treatment 9 60 0.9 0.556
* *& *%*: Significance at P< 0.05, P<0.01 or P<0.001, respectively.

LiCc3
Source of variance dfl df2* F.ratio p-value
Line 9 60 2.6 0.014 *
Treatment 1 60 6.7 0.012 *
Line:Treatment 9 60 1.0 0.461
* *& k%% Significance at P< 0.05, P<0.01 or P<0.001, respectively.

PRIM2
Source of variance dfl df2* F.ratio p-value
Line 9 60 1.2 0.294
Treatment 1 60 4.4 0.041 *
Line:Treatment 9 60 0.8 0.591
* *& *%%: Significance at P< 0.05, P<0.01 or P<0.001, respectively.

PRI.CI
Source of variance dfl df2* F.ratio p-value
Line 9 60 0.303
Treatment 1 60 0.976
Line:Treatment 9 60 0.627
* *& *%%: Significance at P< 0.05, P<0.01 or P<0.001, respectively.

B
Source of variance dfl df2* F.ratio p-value
Line 9 60 0.547
Treatment 1 60 0.525
Line:Treatment 9 60 0.521
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* *& *%*: Significance at P< 0.05, P<0.01 or P<0.001, respectively.

BF1
Source of variance dfl df2* F.ratio p-value
Line 9 60 2.5 0.015 *
Treatment 1 60 3.8 0.055
Line:Treatment 9 60 0.3 0.96
* *& k%% Significance at P< 0.05, P<0.01 or P<0.001, respectively.

CUR
Source of variance dfl df2* F.ratio p-value
Line 9 60 2.4 0.019 *
Treatment 1 60 34.9 <0.001 ok
Line:Treatment 9 60 1.5 0.158

* *& *%%: Significance at P< 0.05, P<0.01 or P<0.001, respectively.
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Appendix 6.2. A-Ci curve fitting routine using photosynthesis R package
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Appendix 6.3. A-Ci curve fitting routine using plantecophys R package.

An (umolm™?s™")

Ci (ppm)

Ci (ppm)
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Appendix 6.4. Correlation of photosynthesis parameters from two curve fitting routines from
plantecophys and photosynthesis R packages.
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Appendix 6.5. Partial Least Square Regression (PLSR) and Support Vector Regression (SVR)
performance metrics for predicting Vemar from spectral data. Input variables for PLSR were raw
spectral reflectance. Input variables for SVR were VIF-filtered NBHIs (DNCabxc, BF1, NPQI,
SRPI, PRIM2, LIC3, B, PRI.CI, MCARI1, and CUR.

Partial Least Square Regression (PLSR)

Number of components MAE RMSE R?
5 22.04 28.90 0.0644
10 22.76 31.94 0.0098
20 25.34 33.93 0.0006
30 25.39 33.96 0.0006

Support Vector Regression (SVR)

Data excluded MAE RMSE R?

No data excluded 21.36 28.09 0.0470
Excluded Data: Day 1 21.19 27.86 0.0518
Excluded Data: Day 2 21.07 27.71 0.0508
Excluded Data: Day 3 22.80 30.25 0.0246
Excluded Data: Day 4 17.59 21.53 0.0001
Excluded Data: Treatment IR 24.03 32.16 0.0339
Excluded Data: Treatment DR 17.53 20.91 0.0052
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Appendix 6.6. Pigment content contrasts between La Trobe (LTR) against Wild, and the two de novo-domesticated lines coded as BC2F3 1 and

BC2F3_2.Blue and brown shaded bars correspond to irrigated and drought conditions, respectively.
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Appendix 6.7. NBHIs contrasts between La Trobe (LTR) against Wild, and the two de novo-domesticated lines coded as BC2F3 1 and BC2F3 2. Blue and
brown shaded bars correspond to irrigated and drought conditions, respectively.
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Appendix 6.8. Decision trees for classification across different families (LTR, G038, G068, and G199), irrigation treatment (IR,DR), or lines (L1 to L.10) and
material type (Wild, Cultivated).
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Appendix 6.9. Histogram plots showing the distribution values for all measured traits.
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Summary

Global agriculture faces increasing pressure to produce more food
with fewer resources. Drought, exacerbated by climate change, is a
major agricultural constraint costing the industry an estimated US
$80 billion per year in lost production. Wild relatives of domes-
ticated crops, including wheat (Triticum spp.) and barley (Hordeum
vulgare L.), are an underutilized source of drought tolerance genes.
However, managing their undesirable characteristics, assessing
drought responses, and selecting lines with heritable traits remains a
significant challenge. Here, we propose a novel strategy of using
multi-trait selection criteria based on high-throughput spectral
images to facilitate the assessment and selection challenge. The
importance of measuring plant capacity for sustained carbon
fixation under drought stress is explored, and an image-based
transpiration efficiency (iTE) index obtained via a combination of
hyperspectral and thermal imaging, is proposed. Incorporating
iTE along with other drought-related variables in selection criteria
will allow the identification of accessions with diverse tolerance
mechanisms. A comprehensive approach that merges high-
throughput phenotyping and de novo domestication is proposed
for developing drought-tolerant prebreeding material and provid-
ing breeders with access to gene pools containing unexplored
drought tolerance mechanisms.

Introduction

The rising global population, projected to peak at 10.9 billion by
2100, along with dietary shifts toward higher meat consumption,
reinforces the demand for sustainable food production
(Adam, 2021). These challenges are exacerbated by climate change
and global warming. Globally, drought is the most damaging
abiotic stressor, causing annual losses of US$80 billion per year
(Razzaq er al., 2021). Despite past genetic improvements boosting
productivity, yield gains for key crops (such as wheat, rice, maize,
and barley) are declining, suggesting limitations of current
breeding resources and/or selection strategies (Araus e al., 2018).

Crop wild relatives, shaped by countless generations of natural
selection, are a reservoir of stress tolerance mechanisms (Langridge
& Reynolds, 2021). One of the biggest hurdles to their effective
utilization is accurately identifying drought-tolerant accessions
within large screening populations. This challenge stems from the

© 2024 The Authors
New Phytologist © 2024 New Phytologist Foundation

complexities of drought tolerance mechanisms, which are closely
linked to the severity and timing of water shortage events. For
instance, under mild water stress, many xerophytes use Na* as a
cheap osmoticum to maintain normal stomatal function (Kang
et al., 2016; Xi ez al., 2018). Under severe stress, plants not only
optimize water use efficiency (WUE) by reducing stomatal aperture
but also decrease stomatal density to prevent unproductive water
loss (Shabala, 2013; Bertolino ez 2/, 2019; Robertson ez al., 2021).
This can be accompanied by changes in leaf wax composition
(Hasanuzzaman et al., 2023), increased root suberization (Kim
etal.,2022), and alterations in water channels including aquaporins
(Maurel et al, 2015; Shekoofa & Sinclair, 2018). All these
processes are controlled by a myriad of signaling molecules and
transcription factors that exacerbate the complexity of the already
arduous germplasm evaluation, especially during the discovery
phase of initial screening.

To overcome these challenges, developing selection criteria
suitable for assessing extensive populations of wild germplasm is
essential. Our review examines historical and contemporary
approaches for drought tolerance breeding, focusing on improving
transpiration efficiency (TE), a cridcal factor in crop WUE. We
introduce a novel image-based transpiration efficiency (iTE),
designed to identify drought-tolerant accessions based on spectral
proxies for physiological traits, including photosynthetic capacity and
transpiration rate. While differences in photosynthetic capacity and
transpiration rate may appear insignificant across different genotypes,
mainly due to the influence of short-term environmental fluctuations,
these are crucial components for understanding plants’ TE. The time-
integrated effect of these subte yet influential traits throughout the
plant lifecycle profoundly impacts the long-term plant productivity.
To detect significant variation in photosynthetic capacity and
transpiration within a large population, iTE uses state-of-the-art
high-throughput phenotyping imaging technologies and should be
used alongside suitable experimental field designs and statistical and
spatial modeling.

Selection criteria for breeding drought-tolerant cereals

Traditionally, crop improvements in arid environments have
emphasized yield increase with limited knowledge of physiological
and molecular mechanisms involved (Bacon, 2004; Singh
et al., 2021). However, the growing unpredictability of weather
patterns due to climate change negatively affecting yield heritability
reduces the effectiveness of cultivar selection, especially under field
drought conditions (Abdolshahi ez 4/, 2015). The future of crop
improvement thus relies on traits with stable heritability — those
with genetic factors explaining most of the phenotypic variation —
under well-watered and drought conditions.

Using yield performance as the primary selection criterion in
wild relatives may inadvertently favor early flowering genotypes
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adapted to Mediterranean climates, which avoid rather than
tolerate drought. However, future yield improvements are expected
from plants with prolonged reproductive stages that maximize
growth and dry matter partitioning during the critical period of
grain number determination, and/or exhibit stay-green phenotypes
(Gregersen ¢t al., 2013; Flohr et al., 2018; Slafer et al., 2023).
Gaining a deeper comprehension of drought response is essential to
unlock tolerance mechanisms present in wild relatives, particularly
because certain wild lines do not exhibit short life cycles as an
adaptation to drought. Drought tolerance mechanisms may not be
immediately evident in these genetic resources, and rigorous
scientific investigation is required.

Transpiration efficiency

Transpiration efficiency is closely connected to plant physiolo-
gical processes, making it a promising trait with higher
heritability to maintain a high level of carbon assimilation (A4)
per unit of water transpired (7)) (Eqn 1). TE is a subcomponent
of WUE - the ratio of grain or biomass accumulated per total
water evapotranspiration over the crop life cycle (French &
Schultz, 1984) — and can be measured at either the crop or the
leaf scale. In contrast to WUE, TE is less prone to the long-term
environmental effects, such as variable evaporation and soil
characteristics:
TE=A/T Eqn 1

Unlike yield and harvest index (HI) that have been continuously
used in modern breeding since the 1960s to estimate drought
tolerance (Long ez al., 2015), the full potential of TE for plant
breeding remains untapped. This is primarily due to the logistical
challenges associated with measuring TE on a large scale.

High TE is desirable for improving drought tolerance in rainfed
crops. A plant exhibiting high TE generates a greater amount of
biomass per unit of water transpired, in contrast to a plant with
lower TE. Due to logistical challenges, TE is typically measured
using indirect methods. For instance, carbon isotope discrimina-
tion (CID) provides a high-throughput surrogate of TE for
inferring TE in large-scale phenotyping experiments (Farquhar &
Richards, 1984). CID is based on the differential diffusion of CO,
isotopes (*>C and '*C) through stomata, where '’C is incorporated
into the Calvin cycle by Rubisco at a slower rate compared with
'?C. CID offers a valuable time-integrated inference of TE,
reflecting the long-term equilibrium between carbon gain and
water loss. Since carbon isotopes are stable, it enables sampling
without concern of negative effects of short-term environmental
fluctuations. Due to this time-integrated nature, CID has found
most of its success in selecting genotypes that consistently exhibit
high TE throughout their lifecycle. However, these lines generally
show yield penalties in environments where yield is less constrained
by water supply (Condon & Richards, 1992; Bacon, 2004). This
dualism has sparked an ongoing discussion among researchers
debating the relative importance of high vs low TE for improving
cereal crops (Handley er al, 1994; Blum, 2009; Hughes
etal., 2017).
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Low TE is traditionally considered undesirable in dry
environments. A plant with low TE produces less biomass for
the amount of water it transpires, compared with one with high
TE. Surprisingly, low TE (measured as CID) has been observed in
wild barley (Hordeum vulgare L. ssp. spontaneous) accessions from
dry regions, which suggest mechanisms that compensate for the
higher water loss or exploit environmental context to achieve high
TE (Handley ez al., 1994). For instance, TE is highly sensitive to
vapor pressure deficit (VPD) and can vary threefold in response to
seasonal changes in this climate variable; a response of much
greater magnitude than that due to genetic variation (Kar
et al., 2020). Wild lines with apparent low TE may in fact have
growth and development patterns adapted to endemic seasonal
cycles of VPD, and achieve relatively high TE within their local
environmental context as a result. Low TE could also be an
indication of ephemeral adaptation to maximize carbon uptake
following sporadic rainfall (Handley ez 4/, 1994). Hypothetically,
accessions that exhibit low TE under low VPD or well-watered
conditions but can promptly switch to high TE at the onset of
high VPD or drought stress are ideal candidates for agriculture.
Wild barley may possess important stomata regulation mechan-
isms in response to various environmental stimuli. Comprehen-
sive investigations are required to understand the underlying
mechanisms which may exist.

New frontiers for improving transpiration efficiency

Optimum TE under nonstressed conditions

Adjustable pores located in the leaf surface called stomata are vital in
managing water loss and carbon uptake in plants. Alterations
in stomatal conductance (g;) affect CO, and H,O differently
(Fig. 1). Water loss through stomata is more than a hundred times
higher than carbon uptake (Bacon, 2004). Typical CO,: H,O
ratios in C3and Cy4 plantsare 1 : 600 and 1 : 450, respectively, with
Cy species exhibiting greater efficiency due to Kranz-like anatomy.
This inherent dominance of water loss to carbon uptake in C; and
Cy plants, largely determined by the concentration gradients and
diffusion coefficients of both gases, makes water transpiration ( 7'in
Eqn 1) more sensitive to changes in stomatal conductance.
Although low stomatal conductance generally reduces carbon
assimilation by limiting the diffusion of CO, into the carboxylation
site, a moderately low supply of CO,; from the atmosphere can also
increase the gradient and driving force of CO, diffusion into the
leaf interior, while the gradient and driving force for outward H,O
diffusion remains constant. Given the differences in gradient and
driving forces of both gases involved in this exchange process, there
must exist a lower threshold of g, where carbon assimilation is only
marginally decreased while transpiration is significantly reduced.
This has been observed in Arabidopsis and barley with reduced
stomata density (SD; Hepworth ez al, 2015; Hughes ez al., 2017),
and the same phenomenon could be achieved through an increased
sensitivity to closing stimuli (Aliniaeifard & van Meeteren, 2014).

Reduced stomatal density and increased sensitivity to closing
stimuli are beneficial traits mainly under nonstressed conditions to
reduce the unproductive water losses. However, plants with these
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Fig. 1 Influential factors on transpiration efficiency (TE): response to closing stimuli (RCS) and stomata density (SD) in a leaf. The top row presents a
transpiration-inefficient genotype with low RCS and high SD, while the bottom row shows a transpiration-efficient genotype with high RCS and low SD. Pink
arrows denote CO, uptake; blue arrows indicate H,O transpiration. Reduced stomatal conductance, achieved via high RCS or low SD, increases the CO,
concentration gradient, maintaining CO, uptake rate despite significant reductions in transpiration. In the transpiration-efficient genotype (bottom row), CO,
uptake remains constant (equal pink arrows), while transpiration halves (fewer blue arrows) relative to the transpiration-inefficient genotype (top row).

characteristics may still experience negative effects on carbon
assimilation under severe stress via nonstomatal inhibition (Yang
etal., 2021). Overproduction of molecules such as reactive oxygen
species (ROS) via the chloroplast Mehler reaction can inhibit
carbon assimilation by damaging the photosynthetic machinery
and compromising the capacity for carbon fixation (Havrlentovd
et al., 2021). Appropriate phenotyping methods are then required
to distinguish genotypes with high TE while maintaining relatively
steady levels of photosynthetic capacity.

Sustained carbon fixation under drought stress

Carbon assimilation and carbon fixation are closely related yet
distinct processes in plant physiology. The differentiation between
these two concepts is crucial in order to optimize TE under drought
scenarios and use it as a target trait in plant breeding. Carbon
assimilation (4 in Eqn 1) is the broad process of converting
atmospheric CO, into organic compounds, while carbon fixation is
the specific process of converting CO, into organic molecules
through enzyme-catalyzed reactions in photosynthesis. The carbon
assimilation rate is not solely dependent on the capacity for carbon
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fixation; it is also significantly influenced by the availability of CO,
in the carboxylation site. Unlike carbon assimilation, carbon
fixation can remain stable even when stomata close, preventing
CO, diffusion, provided the photosynthetic machinery remains
intact. Thus, sustained carbon fixation capacity under drought
stress does not equal a sustained rate of carbon assimilation. The
ability of a plant to sustain carbon fixation under conditions of
water scarcity is a crucial trait for retaining crop productivity. By
preserving photosynthetic activity during periods of limited water
availability, plants can rapidly resume growth and recover upon
rehydration.

The capacity for carbon fixation is typically measured as V.., 2
critical component when carbon assimilation is Rubisco-limited
(Sharkey ez al., 2007). Vma represents the maximum catalytic rate
at which the enzyme Rubisco can carboxylate ribulose-1,5-
bisphosphate (RuBP) under condidons of saturated intercellular
CO, concentration. V. is derived from A-C curves obtained
through gas exchange measurements and is characterized by the initial
slope of these curves in combination with a photosynthetic model that
accounts for both the carboxylation and oxygenation activities of
Rubisco, as well as RuBP regeneration (Farquhar ez 4/, 1980).
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Understanding the relative changes in the components of TE isa
crucial aspect to identify genotypes with high TE through sustained
carbon fixation. In theory, plants can achieve high TE by either (1)
maintaining A while 7 decreases or (2) reducing 7 to a greater
extent than A (Eqn 1). The first approach — where A remains
relatively constant compared with a nonstressed baseline — appears
advantageous as it seemingly preserves productivity. However, this
strategy may not be optimal, particularly under severe drought
conditions that depend on water reserves from off-season
precipitation. The maintenance of carbon assimilation in this
scenario occurs through continued CO, diffusion into the leaf, but
it inadvertently results in substantial water losses. Consequently,
plants adopting this strategy will deplete their water reserves more
rapidly compared with those that more efficiently modulate
stomatal closure. By contrast, the scenario where 7'is reduced more
significantly than A is a more viable strategy under severe drought
conditions. This approach involves maintaining a degree of carbon
fixation despite reductions in carbon assimilation and transpiration
due to decreased stomatal conductance. It represents a balance
between conserving water and sustaining photosynthetic activity
(Fig. 2).

Employing CID as a proxy of TE has limitations in identifying
genotypes with sustained carbon fixation capacity as it does not
provide insights on the relative contributions of Aand 7, but rather
integrates the effects of stomatal and nonstomatal inhibitions into a
single value (Farquhar & Richards, 1984; Condon ez al., 2002;
Sexton et al., 2021). Furthermore, since the heritability of CID
significantly decreases under dry conditions (Richards, 2022),
breeding selection criteria are generally constrained to performance
under well-irrigated conditions, thus overlooking the negative
impacts on carbon fixation capacity under drought stress. The
deployment of advanced imaging technologies could provide
the means to distinguish alterations in carbon-to-transpiration
relationship, essential for selecting genotypes that sustain photo-
synthesis under drought stress.

High-throughput phenotyping

The pursuit of more efficient, scalable, and precise methods for
assessing changes in TE under drought scenarios underlines the
need for innovations in phenotyping technologies. Traditional
approaches for examining key physiological processes, such as
transpiration rates and carbon fixation, rely heavily on labor-
intensive measurements, often limiting the scope and scalability of
germplasm evaluations. For instance, transpiration rate tradition-
ally requires direct measurements of stomatal conductance (g)
using handheld porometers. Similarly, creating A-C curves to
derive Vi, is time-consuming, taking more than half an hour per
curve, and impractical for extensive germplasm evaluations.
Remote sensing techniques offer high-throughput and precise
options for estimating plant physiological properties, including
transpiration rate and V.., (Camino et al, 2019). These
nondestructive techniques can be used at different developmental
stages to monitor the progression of plants’ responses to drought
stress and allow crops to be phenotyped in replicated field trials at
an unprecedented scale and resolution.
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Thermal imaging

Thermal imaging consists of collecting the thermal infrared spectral
region to derive vegetation canopy temperature (CT). The
differences in CT between genotypes can suggest differences in
transpiration rates. The Crop Water Stress Index (CWSI) is a
valuable tool for quantifying plant transpiration rates by assessing
stress levels against established wet and dry baselines in field
conditions (Gonzalez-Dugo ez al., 2019). Thermal imaging from
aerial platforms has become increasingly vital in plant breeding
because it enhances the accuracy of measuring CWSI, making it
more stable against temporal fluctuations. This improvement
increases the heritability of CWSI when contrasted with stomatal
conductance measured by handheld porometers (Deery er al,
2016), making it an effective trait for germplasm phenotyping.

While CT can provide valuable insights into the impact of
drought stress on the transpiration component of TE, interpreta-
tions of field-measured CWSI as proxy of transpiration rates should
be approached cautiously. A lower CWSI, indicative of a genotype
with higher transpiration rates, does not inherently imply that the
genotype uses water inefficiently. Low values of CWSI may also
result from enhanced access to subsoil water resources, facilitated by
the presence of deep root systems. In this scenario, despite the
plant’s ability to partially close stomata as a survival mechanism,
their effective water uptake allows them to continue transpiring at
relatively higher rates than less adapted genotypes. The challenge
thus lies in differentiating plants that transpire more when water is
scarce from plants that transpire more because they have better
access to subsoil water. This ability to maintain higher transpiration
rates while still conserving water through stomatal closure can be
advantageous for the drought-tolerant plant genotypes as it enables
them to continue essential physiological processes. To avoid
potential confounding effects of deep rooting and transpiration
rates, it is advisable to develop phenotyping platforms that account
for the above shortcomings. For instance, thermal imaging from
field trials can be complemented with appropriate stress manage-
ment in glasshouse experiments. Comparing the extent to which
genotype differences are consistent between the field and glasshouse
can suggest whether a low CT is due to higher water accessibility
through deep rooting or differences in SD and aperture.

Hyperspectral imaging

Hyperspectral imaging, also known as imaging spectroscopy, is a
method that uses high spectral resolution cameras to create images
by capturing the reflected radiation at multiple narrow and
contiguous spectral bands. Traits with strong absorption signals
such asleaf mass per leaf area and nonphotosynthetic pigments have
been used in models such as partial least square regression to
empirically derive V., a critical component of photosynthetic
capacity when carbon assimilation is Rubisco-limited (Serbin
et al., 2012; Dechant et al., 2017; Xiaoyu et al., 2022). However,
these empirical models have limited transferability to other species
or environmental conditions since the information obtained is not
directly related to leaf photosynthesis and are affected by canopy
structural and background effects (Suarez ez al., 2021).
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Fig. 2 Impact of severe drought on two hypothetical genotypes. Under well-irrigated conditions, both genotypes exhibit equivalent carbon fixation capacity
(Vemax; orange arrows) but differ in carbon assimilation (A; pink arrows) and transpiration (T; blue arrows). Selections based on carbon isotope discrimination
(CID) are generally conducted under well-irrigated conditions given the trait's higher heritability. In this example, Genotype A will be selected based on CID,
which exhibits higher TE than Genotype B. Under severe drought, stomata close, increasing both Genotype A and B's transpiration efficiency (TE). The increase
in TE occurs due to the significant decrease in transpiration (T') than the reduction in carbon assimilation (A). Thisincrease in TE is accompanied by changesin the
ratio between intercellular and ambient CO, (C; : C, ratio) reflected in CID. Genotype B maintains a robust carbon fixation capacity, while Genotype A achieves
the same C;: C, ratio via lower stomatal conductance. Differences in carbon fixation capacity are captured via the initial slope of A-C; curves (bottom row).
Under drought conditions, Genotype B's curve and slope closely resemble those observed under well-irrigated conditions, whereas Genotype A's curve and
slope exhibit notable deterioration. Genotype B modulates stomatal conductance more efficiently in response to short-term changes in water availability and
other environmental stimuli, including vapor pressure deficit (VPD). This increased responsiveness allows Genotype B to effectively minimize water losses while
maintaining high productivity under severe drought.

The development of sophisticated sensors with higher spectral
resolution has allowed the detection of the relatively weaker
absorption signatures of important photosynthetic and nonpho-
tosynthetic constituents, such as Chlg, Chld, carotenoids,
anthocyanins, and xanthophylls (Jacquemoud ez 4/, 2009; Ustin
et al., 2009). The latter pigments represent a major mechanism for
nonenzymatic ROS scavenging and allow plants to reduce the
detrimental effects of hydroxyl radicals — the most aggressive form
of ROS (Bose et al, 2014; Demidchik, 2015). Mechanistic
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radiative transfer models, such as the Soil-Canopy Observation of
Photosynthesis and Energy (SCOPE) (van der Tol ez 4/, 2009),
enables the establishment of a direct relationship between the
spectral reflectance captured by an imaging spectrometer and
the absorption of these photosynthetic constituentsand V.. This
allows for a more robust determination of plants’ carbon fixation
capacity than site-specific empirical relationships (Camino
et al., 2019; Suarez er al., 2021). Although measured and model-
estimated V. has yielded a high linear relationship (Camino
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etal., 2019), it is important to highlight that the objective is not to
achieve absolute quantification of V.., which is more accurately
determined using low throughput gas exchange systems. Instead,
the focus lies on the insights gained from the relative changes in the
capacity for carbon fixation under the effects of drought of large
germplasms collections. Additionally, like thermal imaging,
airborne platforms of hyperspectral imaging offer an even higher
throughput phenotyping option than ground-based measure-
ments. Airborne hyperspectral imaging can potentially increase the
heritability of V_.x by minimizing the impact of spatial and
temporal variability during data acquisition (Galvez ez al., 2019).

An image-based transpiration efficiency index for plant
breeding

To quantify the relative changes in the components of TE, we
propose combining CWSI and normalized values of V.,
obtained via remote sensing into a unitless iTE index as defined
in Eqn 2. The CWSI, serving as a proxy for transpiration rate,
requires a linear transformation before inclusion within iTE to
preserve the assimilation-to-transpiration ratio (4 : 7) from Eqn 1;
a metric of carbon acquisition relative to water expenditure. The
linear transformation necessary for a positive correlation between
CWSI and transpiration rate is accomplished by the expression
1 — CWSI. Higher values of 1 — CWSI indicate lower levels of
crop water stress and consequently higher transpiration rates:
iTE = Vemax/ (1-CWSI) Eqn 2
We have tested the validity of the proposed iTE by re-analyzing
data from Camino ezal. (2019) across six wheat varieties at the stem
elongation stage (Supporting Information Table S1; Methods S1).
This re-analysis shows the variable nature of iTE among wheat
varieties under irrigated and rainfed conditions (Fig. 3), demon-
strating the potential of this index for selecting drought-tolerant
genotypes. However, a large population with hundreds of
accessions can pose a challenge. The population size may weaken
the observed effects of iTE due to the noise in data introduced by
the impact of the environment. Several components, including the
number of genotypes, replicates, variations introduced by
the heterogeneity of natural field conditions, and the intrinsic
genetic variation of the germplasm under evaluation, should be
carefully considered during the experimental design. The former
two generally represent a trade-off between precision and
practicality. Including a large number of genotypes enables the
incorporation of a broader spectrum of responses and the
identification of potentially valuable genetic material, while
increasing the number of replicates enhances the statistical
robustness. However, increasing either the number of genotypes
or replicates requires a greater allocation of resources. Advanced
statistical and spatial modeling can help reduce such trade-offs.
The significance of iTE as a trait for drought tolerance
improvement lies in the relative changes under drought stress
compared with a well-irrigated baseline. Camino et 2l (2019)
successfully demonstrated high correlations between hyperspec-
trally derived and ground-based measurements of V... However,
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to draw robust conclusions about the shifts in iTE across the
different irrigation treatments, a sufficient number of whole plots
are necessary to integrate the hierarchical structure of split-plot
designs into the linear model. An appropriate number of whole
plots is tightly linked to the number of factors, treatment levels, and
replicates of the experimental design. Without an appropriate
number of whole plots, the irrigation treatment correlates with the
whole plots and the statistical model cannot distinguish variations
due to irrigation from those caused by the blocking factor. This is
the case of the re-analyzed data from Camino ez al. (2019). Despite
this limitation in the Camino ez /. (2019) study, we utilized the
combined dataset from irrigated and rainfed plots to illustrate
the potential of the relative shifts on iTE and its components as a
criterion for selecting drought-tolerant wheat varieties (Fig. 4).

High relative iTE values under drought, compared with a well-
irrigated baseline, indicate that transpiration is reduced more
substantially than photosynthetic capacity (Var4). By contrast,
lower relative iTE values indicate a genotype undergoing a more
significant decline in photosynthetic activity compared with the
decrease in transpiration, potentially suggesting the vulnerability of
photosynthetic machinery to drought stress (Var6).

Future research should aim to elucidate the genetic factors
underpinning the changes in iTE relative to a well-irrigated
baseline. However, the primary significance of iTE in plant
breeding lies in its integration with economically relevant traits
(Morton ez al., 2019). For example, an increase in iTE resulting
from a stable V., under drought conditions is expected to show a
strong correlation with a stress tolerance index derived from the
difference between yield under irrigated and yield under drought
conditions (TOL index) (Morton ¢t al., 2019). The significant
decrease in transpiration during the initial stages of drought stress
enables water conservation, while the plant’s sustained photosyn-
thetic capacity allows a better recovery upon rehydration,
effectively minimizing crop yield losses. Establishing a correlation
between the newly proposed iTE index and a range of tolerance
indices thus offers a deeper understanding of how iTE variations
translate into practical agronomic outcomes (Fig. 5).

Notably, low TOL can stem from the lack of responsiveness to
stress-free conditions if a cultivar has a reduced growth/yield under
both rainfed and irrigation. Incorporating other productivity
measures, such as mean productivity (MP), with TOL can improve
the selection criteria for breeding purposes by identifying accessions
that achieve low TOL but are also relatively high yielding. This
ensures a more accurate and holistic evaluation of their agronomic
potential for drought tolerance.

The proposed iTE index is primarily intended for screening wild
relatives. Itaddresses the challenge of directly measuring grain yield
in the field, which is often impractical due to the inherent grain
shattering in wild accessions. Nonetheless, the iTE index has
potential applications within cultivated breeding pools. Empirical
breeding frequently encounters a dichotomy: (1) high yields under
optimal conditions yet substantial reductions under drought stress,
indicative of high MP and high yield losses (high TOL) under
drought (Morton ez al., 2019) vs (2) yield stability under drought
stress (low TOL) accompanied by a substantial yield penalty in
well-irrigated scenarios (low MP) (Blum, 2011). Within this
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Fig. 4 Changesin Crop Water Stress Index (CWSI) (blue) and Vmax (pink) to drought relative to well-irrigated conditions across six commercial wheat varieties
(Triticum spp.) re-analyzed by Camino et al. (2019). Data are means =+ SE. While V max typically experiences > 50% decrease in most varieties, Var4 stands out
as an exception, maintaining its carbon fixation capacity with only 23 % reduction from optimal conditions, despite the significant increase in CWSI. This
suggests a potential tolerance mechanism that retains photosynthetic capacity to some extent under drought stress.

framework, elite cultivars with high yields and poor stability might
be preferred, if their absolute yield under drought exceeds that of
more yield-stable varieties. A deep understanding of the molecular
processes that enable photosynthesis to persist under drought stress
will lead to the refinement of breeding selection strategies,
potentially enhancing the heritability of iTE beyond the limitations

© 2024 The Authors
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imposed by current practices focused exclusively on yield stability
(low TOL). This paves the way for integrating the trait of sustained
photosynthesis into high-performing elite cultivars. However,
before breeders use iTE for crop improvement programs, it is
essential to investigate the genetic architecture and heritability of
iTE. Comprehensive genomic studies, including genome-wide
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association studies and genomic selection models, are valuable tools
to uncover genetic factors and determine the extent to which iTE
can be used for trait introgression in plant breeding.

Identification and selection of wild candidate
accessions

Phenotyping, clustering, and selection

Preliminary screening experiments aim to enhance breeding pools,
and traits amenable to high-throughput measurements are essential
for evaluating and selecting outstanding accessions within diverse
populations. To maximize the use of diverse populations, selection
strategies can be built upon unsupervised machine learning
methods, like hierarchical clustering, to identify patterns of
phenotypic resemblance across different genotypes (Das er 4l.,
2021) (Fig. 6). Wild accessions may have developed a distinct
mechanism of drought tolerance. For example, some of them have
high TE to modulate stomata conductance at the time of severe
drought. However, others with low TE that deplete soil water
rapidly probably evolved efficient mechanisms for osmotic
adjustment (Handley ez 4/, 1994). Improved osmotic adjustment
allows accessions with low TE to withstand longer periods of water
scarcity.

Clustering also facilitates a more impartial selection process. By
identifying and selecting representative accessions from various
clusters, we ensure a broad capture of diverse tolerance mechan-
isms, moving away from oversimplified classifications based on
drought-tolerant vs drought-sensitive or high-yielding vs low-
yielding. Such binary classifications risk overlooking valuable
genetic material, including accessions with low TE well-suited to
arid conditions (e.g. wild barley from desertic regions) (Handley
et al., 1994).

Multi-trait evaluations enhance the value of phenotypic diversity
assessments as genotypes can be categorized based on the vast
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represented by a unique symbol and color. Error
bars represent + SE.

variety of responses. For instance, relative changes in iTE offer
insights into the balance between transpiration and photosynthetic
capacity. However, it is through the collective analysis of iTE,
Vemaxs CWSI, and TOL that breeders can differentiate between
plants that achieve high iTE either by sustained photosynthesis
(type A; Fig. 6) or by significant reductions in transpiration (type C;
Fig. 6). While productivity indices like MP can be considered in
comprehensive selection criteria, scientists and breeders should
prioritize uncovering and understanding various tolerance
mechanisms during the prebreeding research, placing less emphasis
on aspects of the plant productivity. This approach is crucial for
long-term crop improvement, as it lays the foundation
for developing robust drought-tolerant varieties. As the breeding
process progresses toward commercialization, breeders will
prioritize traits that enhance productivity and marketability,
including grain yield and quality.

Multi-trait assessments and clustering can reduce the need for
multi-environmental trials. Leveraging existing phenotyping
technologies can capture a wide spectrum of response mechanisms
within a limited set of growing conditions. Incorporating
additional measurements to address and adjust for environmental
variations is essential for ensuring accuracy and reliability in the
selection process. By integrating environmental data, crop
prediction models can reflect genetic potential under varying
conditions. The result is a focused and resource-efficient initial
screening phase.

Envirotyping

Traditionally, conducting multiple trials under a diverse array of
representative environments is considered necessary to confidently
select potential candidates for breeding. Given the trade-off
between achieving detailed data collection and managing limited
resources, researchers usually employ categorical classifications of
drought conditions to account for G X E interactions. While there
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Fig. 6 Representation of amultivariate clustering analysisinvolving 16 genotypes. Traitsincluded in this representation are image-based transpiration efficiency
(iTE), carbon fixation capacity (Vcmax), canopy temperature-derived transpiration (1 — CWSI), and the difference in yield (TOL) between irrigated and drought
conditions. The left panel shows unclustered data, while the right panel displays the clustered heatmap representing possible selection criteria. Genotypes have
been categorized into Types A-D, reflecting distinct drought response behaviors. Genotypes 1 through 6, corresponding to varieties 1 through 6 (Triticum spp.),
are based on experimental data derived from the 2016 Santaella experiment (Camino et al., 2019). The data for Genotypes 7 through 16 are hypothetical and
have been constructed to illustrate potential grouping into discrete clusters. The color gradient represents a normalized change in multiple traits under drought

stress compared with a well-irrigated reference, with blue indicating a 100% increase (+1) and brown indicating a 100% reduction (—1).

are numerous ways to describe drought events in terms of stress
duration, timing, and severity, a general classification can be used as
transientand prolonged drought. Transient droughtevents prompt
plants to activate short-term adaptive mechanisms such as stomatal
closure. By contrast, prolonged drought, characterized by extended
water shortages, requires plants to employ long-term survival
strategies. This approach facilitates the assessment of G XE
interactions within specific drought conditions. However, catego-
rical classifications alone do not fully account for the environmental
variation within trial sites and restricts the ability to accurately
predict genotypes’ performance in different locations.

As technology advances, there are increasingly more low-cost,
accurate, and rapid methods that allow the systematic quantification
of environmental factors, known as envirotyping (Xu, 2016; Resende
et al., 2021). Envirotyping enables researchers to include environ-
mental covariates —a quantitative variable used in statistical analysis to
account for potential confounding effects or explain variations in the
dependent variable — to enhance the accuracy of model predictions
(Crossa et al., 2022). To gain accurate insights into the impact of
drought stress on TE, it is crucial to quantify soil moisture content at
various temporal and spatial points within a trial site. This can be
achieved through methods such as remote sensing or the utilization of
soil moisture probes. While existing techniques for soil moisture
measurement primarily serve large-scale hydrological and geoscience
research (Liu et al, 2022) or farming decision-making (Maia
et al., 2022), developing more suitable approaches tailored for plant
breeding is essential. The EM38, an electromagnetic induction
instrument, offers a noninvasive and rapid approach for measuring
soil moisture at multiple soil depths and soil electrical conductivity
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(Phathutshedzo-Eugene ez al, 2023), making it promising for
incorporation in plant breeding research trials. Accurately measuring
soil moisture content will enable the removal of confounding effects
and help distinguish whether particularly a low transpiration is
attributable to the absence of water or to the physiology of the plant.

Future prospects

High throughput and precise phenotyping based on advanced
remote sensing technology, in addition to classical physiological
characteristics will facilitate the selection of crop wild relatives for
drought tolerance breeding. Once a drought-tolerant accession is
identified, the subsequent challenge involves determining the most
efficient methods to integrate the tolerance mechanism from the
selected accession to the elite cultivar. The employment of wild
relatives in modern breeding has been most successful in
transferring traits controlled by one or a few major genes through
backcrossing methods, such as disease resistance (Mammadov
et al., 2018; Mishina et al., 2023). However, drought tolerance
mechanisms are likely to be controlled by hundreds of genes. Thus,
the classical method of backcrossing with an elite cultivar as a
recurrent parent will not be effective. Instead, most domestication
traits are controlled by a single or few genes. It may be more feasible
to replace the major domestication genes in the selected wild parent
to retain its tolerance mechanism. This is known as de novo
domestication (Pourkheirandish ez /., 2020).

De novo domestication is an accelerated version of the artificial
selection exerted by humans that has spanned millennia (Langridge
& Waugh, 2019). In this method, the aim is to introduce
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domestication alleles into a wild genetic background, using either
molecular-assisted backcrossing or gene-editing techniques. How-
ever, we should be mindful that the de novo-domesticated line is not
ready for growers to immediately use for commercialization due to
the long history of selective breeding on elite cultivars for high yield,
grain quality, etc. The basic idea of de novo domestication is to
convert the drought-tolerant wild accession into prebreeding
material rather than the direct development of new commercial
cultivars.

Notably, the adoption of de novo-domesticated prebreeding
material also presents challenges. These include reconciling the
differences between wild and cultivated crops in valuable
agronomic traits, which is essential for developing commercially
viable agricultural products. However, bridging the gap between
wild and cultivated crops in terms of grain size, weight, and quality
may be more feasible than enhancing these traits starting from an
existing cultivated gene pool (Hebelstrup, 2017). The combination
of high-throughput image phenotyping and de novo domestication
constructs a framework where initally, complex but desirable traits
for drought tolerance, such as sustained photosynthesis, are
integrated into the breeding pool. Subsequently, breeders can
fine-tune the selected lines to meet specific market demands and
agricultural needs. This strategy can revolutionize crop develop-
ment to make it more adaptable to the changing climate and
capable of meeting the growing global food demand.
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