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Summary

Summary

To meet a growing global population requires substantial increases in crop yield, optimizing
photosynthesis recognized as one of the most promising strategies. Although photosynthesis is
central to plant growth and productivity, the natural genetic variation in photosynthesis is still
underexplored. Similarly, leaf morphology, particularly flag leaf size, is a key determinant of
photosynthesis capacity and assimilate supply to grains. The genetic architecture of flag leaf size
in barley is still not well explored. The integration of photosynthesis into plant breeding has been
limited by three main factors: 1) difficulties in high-throughput phenotyping under field conditions,
2) high sensitivity of photosynthesis to short- and long-term environmental fluctuations, and 3) the

complexity of the genetic basis for photosynthesis.

This thesis addressed these challenges by combining physiological phenotyping, quantitative
genetics and genomic prediction to estimate the potential of incorporating photosynthesis
parameters into crop yield breeding programs, using barley as a model crop. First, we compared
gas exchange-based techniques and chlorophyll fluorescence-based techniques, and we confirmed
that chlorophyll fluorescence-based measurements can reliably detect genetic variation in
Photosystem II (PSII) related parameters in barley under climate chamber conditions. Extending
these analyses to the field, chlorophyll fluorescence measurements of barley inbred lines largely
reflected variation in carbon assimilation properties measured in climate chamber, confirming
chlorophyll fluorescence as a reliable proxy to explore genetic variation under field conditions.
Importantly, the significant genotype x environment interactions and developmental stage effects
demonstrated that single time-point measurements are insufficient to fully explore the genetic
variation in photosynthesis under field conditions. Therefore, time-series and high-throughput
phenotyping strategies, which are more likely to be possible with chlorophyll fluorescence-based
techniques, are required for robust characterization of photosynthesis under field conditions

(Chapter 2).

Building on this phenotyping framework, this thesis then assessed the correlation between
photosynthesis parameters and yield-related traits by exploring both a germplasm panel of diverse
barley inbred lines (natural variation) and a segregating recombinant inbred line (RIL) population.

By exploring 23 barley inbred lines, we observed the significant correlation between Fv'/Fm’ and
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NPQt with yield-related traits such as above ground dry matter and straw weight at final
developmental stage (Chapter 2). Furthermore, by analyzing the correlation between
photosynthesis-related parameters and agronomic traits in 631 recombinant inbred lines (RILs),
we observed dynamic significant correlation as well (Chapter 3). Notably, both studies revealed
that these correlations changed over plant developmental phases, highlighting the temporal
dimension of the relationship between photosynthesis and yield. These results demonstrated the
potential of optimizing photosynthesis-related parameters in crop yield improvement programs.
These findings motivated a more detailed genetic analysis of photosynthesis-related parameters

(Chapter 3) and of flag leaf morphology (Chapter 4).

Building on the observed dynamic correlations, the thesis next investigated the genetic
architecture underlying photosynthesis-related parameters (Chapter 3) and flag leaf morphology
(Chapter 4) in barley. By analyzing photosynthesis-related parameters of 23 barley inbred lines,
we observed a wide range of heritability from 0.16 for the quantum yield of non-photochemical
quenching to 0.78 for the fraction of open PSII center (Chapter 2). Furthermore, large-scale
analyses of 631 RILs uncovered substantial genetic variation in photosynthesis-related parameters,
with heritabilities ranging from 0.37 to 0.54. Dynamic QTL identified across plant development
underscored the complexity of the genetic control of photosynthesis, which was also in line with
the observation that the photosynthesis-related parameters changed over the plant growth and
development. Importantly, genomic prediction models outperformed QTL-based approaches.
These results indicated that photosynthesis-related parameters are controlled by many small-effect
loci, which is consistent with a highly polygenic and complex genetic architecture of
photosynthesis. More importantly, prediction ability for yield was improved by integrating
photosynthesis-related parameters into the genomic prediction models. These results open up new
perspectives for crop breeding via integrating photosynthesis-related parameters into genomic

prediction pipelines (Chapter 3).

In parallel with the analysis of photosynthesis-related traits, the thesis dissected the genetic and
cellular bases of flag leaf size in barley (Chapter 4). Using the double round-robin population
(HvDRR) comprising 45 RIL sub-populations, quantified flag leaf length (FLL) and flag leaf width
(FLW) and estimated their heritabilities as 0.77 and 0.58, respectively, indicating a substantial
genetic variability for flag leaf size in the HYDRR population. Furthermore, 24 consensus QTL

were identified, and 17 of them were novel genetic loci associated with flag leaf size. Fine mapping
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of qHvDRR-FLS-8 narrowed the candidate region and demonstrated shared effects on multiple
leaves, suggesting a broader role in leaf size regulation. In addition, cellular analysis confirmed

that epidermal cell number is the major driver of differences in leaf size (Chapter 4).

Together, the results of this thesis highlighted considerable genetic variation in photosynthesis-
related parameters and flag leaf morphology in barley, and the dynamic correlations across the
plant growth and development. By combining high-throughput phenotyping, quantitative genetics,
and genomic prediction, this thesis proposed a coherent framework for integrating photosynthesis-
related parameters in crop breeding programs, offering a potential approach to contribute to food

security.
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1.1 Why optimize photosynthesis to improve crop yields?

1.1.1 Crop yields need to be improved

To meet the increasing demand for agricultural products while maintaining constant crop
production areas, crop yields need to be increased by approximately 25%-70% from the current
levels by 2050 (Hunter et al., 2017). In reality, agriculture and the environment are deeply
interconnected. On one hand, agricultural activities contribute 11% -13% of the total greenhouse
gas emissions (IPCC, 2014). On the other hand, climate change directly and negatively influences
agricultural production (Yang et al., 2024). This dual relationship creates a pressing need for more
efficient and sustainable crop production methods to improve crop yield per unit land area reducing

environmental impacts.

1.1.2 Potential for crop improvement by optimizing photosynthesis

Under optimal conditions, the yield potential of a crop can simply be described by four main
factors: incident solar radiation, light interception efficiency, conversion efficiency, and harvest
index (Long et al., 2006a; Monteith, 1977). Among these, incident solar radiation is largely beyond
agronomic control, whereas light interception efficiency, conversion efficiency, and harvest index

could be improved by genetic and agronomic interventions in cereals.

Light interception efficiency reflects the canopy’s ability to absorb photosynthetically active
radiation (PAR) and is determined by canopy development, leaf absorptance, architecture, and
longevity. Conversion efficiency is the efficiency of the plant to convert the intercepted solar
energy into chemical energy via photosynthesis. Harvest index (HI) is the fraction of total biomass
partitioned to the harvested product. The Green Revolution is a prime example of the successful
application of genetic variation in agriculture. By identifying natural semi-dwarf rice varieties,
dwarfing genes were introduced into cereal crops, and significantly increased the harvest index
resulting in considerable yield improvements (Hedden, 2003). However, HI is likely approaching
its theoretical limit in modern crop varieties (e.g. Zhu et al., 2010). Consequently, the remaining
bottlenecks for increasing the yield potential lie in optimizing interception and conversion
efficiency and offer significant potential to improve crop yields sustainably (Kromdijk and Long,

2016; Long et al., 2006a; Prado et al., 2013).
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Direct selection for crop yield has probably led to some unintentional enhancement in
photosynthesis performance (Richards, 2000). Nevertheless, after decades of direct selection for
crop yields, photosynthesis efficiency has still not reached the theoretical maximum in C3 plants
(Long et al., 2006b; Prosekov and Ivanova, 2018; Zhu et al., 2010). This suggests that the selection
on yield alone is not sufficient for enhancing photosynthesis and has not fully exploited existing
genetic variation in photosynthesis (Croce et al., 2024; Theeuwen et al., 2022). Therefore,
meaningful progress requires direct phenotyping and selection on photosynthesis-related
parameters to identify both phenotypic and genetic variation in photosynthesis of crop (Theeuwen
et al., 2022). At the same time, photosynthesis is an underused parameter in crop yield breeding,
not only because of the complexity of its physiological and molecular regulation, but also due to
genotype x environment interactions and the inconsistent relationships between photosynthesis
and crop yields (e.g. Driever et al., 2014). These limitations motivate a deeper understanding of
how photosynthesis varies genetically within crops and how this variation can be harnessed in

breeding.

1.1.3 Dynamic Regulation of Photosynthesis

Photosynthesis efficiency is dynamically regulated and depends on not only the molecular,
structural, and physiological process of the plant itself (Eberhard et al., 2008; Foyer and Noctor,
2012; Zhu et al., 2008), but also the ambient environment conditions on a short-term as well as
long-term basis (Gifford, 1995; Kono and Terashima, 2014). Internally, photosynthesis changes
with the growth and development of plants and differs among leaf levels within the same plant
(Bielczynski et al., 2017; Wingler et al., 2004). Externally, environmental factors shape

photosynthesis at both leaf, canopy, and whole-plants levels.

For example, fluctuating light intensities, which are, e.g. caused by moving clouds or leaves
(Chazdon and Pearcy, 1991), trigger rapid regulatory responses and longer-term acclimation of
photosynthesis (Alter et al., 2012; Vialet-Chabrand et al., 2017). The response of photosynthesis
to both external and internal factors occur at leaf, canopy, and plant levels. At the leaf level,
photosynthesis efficiency responses to instantaneous light fluctuation and can acclimate to specific
light regimes over time (Oguchi et al., 2003; Oguchi et al., 2005). At the canopy level,
photosynthesis is affected by the distribution of leaf photosynthesis capacity, which is driven by
the distribution of light energy in the canopy (Hikosaka et al., 2016). Together, these internal and
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external factors make photosynthesis as a dynamic trait which is challenging to measure and
interpret, especially under field conditions. Precisely because of this complexity, exploiting
photosynthesis for yield improvement requires approaches that can account for its temporal and

spatial dynamics, as well as its genetic basis.

1.2 Natural genetic variation in photosynthesis

1.2.1 Limitations of gene modification on photosynthetic pathways for yield improvement

Despite complexity of photosynthesis mentioned above, the core photosynthetic mechanisms
are highly conserved within C3 plants (Flood et al., 2011), which are encoded by around a hundred
genes (Berry et al., 2013; Tyagi and Gaur, 2003). If direct selection for crop yield has not fully
improved photosynthesis, can direct selection or gene modification on photosynthesis improve
crop yield? This conservation initially suggested that targeted modification of core components
might be a straightforward route to enhancing photosynthesis and yield. Actually, several studies
have successfully optimized photosynthesis through gene modification on the core photosynthesis
apparatus or the direct pathway of photosynthesis. For instance, overexpressing the Calvin-Benson
cycle enzyme Brachypodium sedoheptulose-1,7-biphosphatase (SBPase) in wheat increased the
leaf carbon assimilation rate, which led to greater total biomass and higher dry seed yield (Driever
etal.,2017). Gong et al. (2015) enhanced the mesophyll conductance and net photosynthetic rate in
rice by introducing two COx-transporting and fixing relevant genes, which improved the tillering
capacity and biomass. In addition, under fluctuating light, accelerating the engagement and
relaxation of photoprotection (NPQ) increased biomass and/or yield in tobacco and soybean (De

Souza et al., 2022; Kromdijk et al., 2016).

These successes demonstrate that genetically modifying photosynthetic pathways can improve
photosynthetic performance and, in some cases, yield. However, this approach also has its
limitations. First, modifying the common photosynthesis pathway through genetic engineering
may not consistently improve the crop yield across species or environment (van Bezouw, 2022).
For instance, overexpressing SBPase in rice did not improve plant growth under controlled
condition (Feng et al., 2007), which is contrasting with the results observed in wheat (Driever et
al., 2017). Accelerating non-photochemical quenching (NPQ) improved biomass or yield in
tobacco and soybean under field-like fluctuations (De Souza et al., 2022; Kromdijk et al., 2016).

In contrast, modifying photoprotective components in Arabidopsis thaliana can reduce growth
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under fluctuating light when the balance of light harvesting and dissipation is disturbed. These
examples show that pathway modifications may depend on the situation, with beneficial effects in

one species or light regime and trade-offs in another.

Second, current gene modification approaches typically target a relatively small subset of core
photosynthetic genes and may not fully explore and use the genetic resource of photosynthesis.
More and more studies have pointed out that the variation in photosynthesis is caused by genes,
which are mainly outside the above-mentioned core photosynthesis genes (Flood, 2019; Flood et
al., 2011; Theeuwen et al., 2022). For example, Van Rooijen et al. (2017) reported that allelic
sequence variation at the Arabidopsis thaliana YELLOW SEEDLING1 (YS1) genes, which encode
pentatrico-peptide-repeat (PPR) proteins involved in RNA editing of plastid-encoded genes,
caused the variation in photosynthesis acclimation. Third, photosynthesis is a complex process,
which is coordinated by many processes from chloroplast to whole-plant levels (reviewed by e.g.
Croce et al., 2024; Ort et al., 2015; Zhu et al., 2010). Stomatal and mesophyll conductance limits
e.g. the carbon assimilation, particularly under fluctuating conditions (reviewed by Flexas et al.,
2012; Lawson and Blatt, 2014). In addition, source—sink dynamics affect photosynthesis. When
an imbalance arises between source and sink at the whole-plant level, the expression of
photosynthetic genes is down-regulated (Paul and Foyer, 2001). As a result, single or several
gene(s) modification might not be sufficient to exploring the maximum potential for optimizing
photosynthesis. These aspects help explain why some transgenic successes are partial or
conditional, and why gains in controlled environments do not always translate to consistent yield

improvements in the field.

1.2.2 Exploring natural genetic variation as an alternative route to optimizing photosynthesis

for yield improvement

Because of these limitations of targeted genetic modification, conventional breeding
approaches that explore natural genetic variation provide a potential alternative route to improve
crop yield via optimizing photosynthesis. Natural genetic variation for photosynthesis is still
underestimated and underexplored (reviewed by Flood et al., 2011; Theeuwen et al., 2022) even
though such variation forms the basis for both natural and artificial selection. Gene modification
approach did offer us insight about the genetics of the photosynthesis, by knocking out the genes

to confirm the corresponding biochemical functions, but sometimes, the loss-of-function of the
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core genes might be lethal. Meanwhile, the variation for photosynthesis is due to the variations of
abundance of the core photosynthetic components in some cases (e.g. Rungrat et al., 2019; Simkin
et al., 2019; Yin et al., 2010). These observations suggest that exploring natural genetic variation
enhances our understanding of evolution and adaptation, provides insights into biological
mechanisms, and offers the opportunities for improving crop breeding programs. However, to
translate this variation into breeding progress, we need quantitative genetic approaches and
phenotyping strategies that can capture the dynamic and environmentally sensitive nature of

photosynthesis.

1.3 Approaches to exploring genetic and phenotypic variation in photosynthesis

1.3.1 Genetic dissection of natural variation in photosynthesis

There is already considerable evidence of genetic variations in photosynthesis parameters

within and between species. The variation in photosynthesis is highly heritable in model and crop

species, such as Arabidopsis, wheat, soybean, and rice (Acevedo-Siaca et al., 2021; Lopez et al.,

2019; Salter et al., 2020; van Rooijen et al., 2015). Over the past decade, with the cost of genome
sequencing decreasing, there has been increasing genome sequencing based studies. Larger panels
and sequenced populations make it possible to connect phenotype to genotype. Quantitative trait
locus (QTL) mapping and genome-wide association studies (GWAS) are now frequently used to

identify loci for photosynthesis-related parameters.

As mentioned above, the variation of photosynthesis is not mainly driven by the major core
genes of photosynthesis, but rather by many minor effect QTLs. This complex genetic architecture
can lead to inconsistent estimated QTL effects (Bernardo, 2008). Furthermore, genome-wide
association mapping is limited in its ability to dissect such complex trait, as it typically identifies
only significant loci that are common within the germplasm (Bernardo, 2014). As a consequence,
QTL and GWAS studies often capture only part of the genetic variance, particularly for highly

polygenic traits such as photosynthesis.

Genomic prediction is a powerful approach for both enhancing our understanding of the
genetics of photosynthesis and accelerating genetic gain for traits in breeding programs (Heffner
et al., 2009; Meuwissen et al., 2001). By using whole genome-wide single nucleotide

polymorphism (SNP) markers, genomic prediction models aim to capture all the QTL effects, not
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only those that pass a significant threshold. A training population with known genotypic and
phenotypic data is used to derive a genomic prediction model, which is then applied to a testing
population to estimate genomic estimated breeding values (GEBVs) based on their genotypes
alone. Based on their GEBVs, the superior genotypes could be preselected before field
phenotyping, which can potentially shorten the breeding cycles.

As highlighted above, variation in photosynthesis appears to be driven largely by many minor-
effect loci rather than a few major core genes. This polygenic architecture can lead to unstable
QTL effect estimates and limited resolution from GWAS alone. Therefore, genomic prediction is
a particularly suitable approach to capture all effects of QTLs for photosynthesis. Evaluating the
prediction ability of photosynthesis-related parameters might not only provide a practical tool for

breeding but also offer insight into the underlying genetic architecture of photosynthesis.

Many studies have reported successful prediction of the phenotypic performance in a wide
range of species, including livestock and plants (reviewed by Voss-Fels et al., 2019). However,
direct for photosynthesis in crop breeding is still rare, largely because of the challenge of high-
throughput phenotyping for photosynthesis. Due to the complexity and the dynamic feature of
photosynthesis-related parameters compared to other agronomic traits, integration of genomic

prediction for photosynthesis into crop breeding programs still needs to be investigated.

1.3.2 Phenotyping photosynthesis: from leaf physiology to agronomic traits

As mentioned above, the main challenge for exploring the natural genetic variation for
photosynthesis and for building genomic prediction models is on effective phenotyping.
Photosynthesis consists of two main processes, light reaction and carbon assimilation. These two
main processes are typically assessed by using chlorophyll fluorescence- and gas exchange-based
techniques, respectively (Baker, 2008; Long et al., 1996). Chlorophyll fluorescence is a non-
invasive probe of photosystem II (PSII) activity in plants. By analyzing the chlorophyll
fluorescence parameters, this technique provides the information of photosystem II
photochemistry, including the effective and the maximum quantum yields of PSII (Phi2 and
Fv'/Fm’, respectively, for the light-adapted state) or non-photochemical quenching (NPQ), linear
electro flow (LEF), and electro transport rate (ETR). Imaging systems enable high-throughput
capture of chlorophyll fluorescence across large populations, and they can also quantify dynamic

responses under fluctuating light (van Bezouw, 2022). In contrast, gas exchange measurements

10
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provide direct estimates of the net CO2 assimilation rate (A) and related physiological parameters

(Sharkey, 2015).

Traditionally, gas-exchange throughput has been low because the steady-state conditions are
required before each measurement. Dynamic assimilation techniques (DAT) now allow
measurements under non-steady-state conditions and substantially increase throughput compared
to conventional gas-exchange protocols (Saathoff and Welles, 2021). Nevertheless, even with
DAT, gas-exchange-based approaches remain considerably slower and more time-consuming than

chlorophyll fluorescence-based approaches, especially in large field experiments.

Under specific conditions, such as low photorespiration and optimal environmental control,
chlorophyll fluorescence can be used to indirectly estimate carbon assimilation through electron
transport rates (ETR). However, for application in crop breeding and selection, it is essential to
determine whether the genetic variation detected by chlorophyll fluorescence is comparable to that
revealed by gas exchange measurements and whether chlorophyll fluorescence is a reliable proxy

for photosynthetic performance and, ultimately, yield under field conditions.

1.4 Exploring the genetic architecture and cellular basis of flag leaf

While the previous section considered how optimizing photosynthesis can raise the yield
potential at the physiological level, realizing this potential in the field also depends critically on
the leaf canopy, which is the principal photosynthetic organ (Blum, 1985; Wang et al., 2016). Leaf
number and size are major determinants of canopy photosynthesis and consequently, crop yields
(Li et al., 2022; Liu et al., 2021). In cereals, the flag leaf is particularly important because of its
position at the top of the plant, close to spike, where it intercepts substantial light and converts it
into carbohydrates that are translocated to the developing grains (Acevedo-Siaca et al., 2021,

Sanchez-Bragado et al., 2016).

Consistent with this role, the flag leaf has been reported to substantially contribute
carbohydrates to the grain in different cereals. Large contributions have been reported in wheat
and rice (Fan et al., 2017; Gladun, 1993; Wu et al., 2012; Yang et al., 2022). Also in barley, flag-
leaf size was strongly associated with single-plant yield (Zheng, 1999). Yet, compared to other
major cereals, the genetic architecture of flag-leaf morphology in barley and its relationship with

photosynthesis remain less well understood.

11
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Given the central role of photosynthesis and flag-leaf traits in determining yield, and the need
to understand their natural genetic variation in a major cereal crop, [ used barley (Hordeum vulgare
L.) as the study species. Barley is the fourth most widely produced cereal crop worldwide and is
widely used as a model for genetic and physiological studies because it is a self-pollinating diploid
(2n = 14) with a relatively small genome and only seven chromosomes. In this thesis, I analyzed
23 barley inbred lines and 45 HvDRR sub-populations derived from these 23 parental lines using
a doubled round-robin mating design for flag-leaf size. Because phenotyping photosynthesis is
much more time-consuming and complex, a subset of eight of these 45 sub-populations was used

for detailed analysis of the genetics of photosynthetic traits.

By combining phenotypic characterization with genomic analyses, [ aim to assess the potential
of integrating photosynthesis-related traits and flag-leaf morphology into conventional barley

breeding programs to improve grain yield.

12
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Objective of this thesis

This thesis aims to investigate the genetics of photosynthesis-related parameters and flag leaf

morphology in field-grown barley and evaluate the potential of integrating photosynthesis-related

parameters into crop yield breeding programs. In particular, the objectives were to:

1.

investigate genetic variation of photosynthesis-related parameters in barley across different
developmental stages and evaluate the interaction between genotypes and environment

under field conditions;

compare gas exchange- and chlorophyll fluorescence-based assessments of photosynthetic

traits;

assess correlations between photosynthesis-related and morphological and growth-related

parameters;

explore genetic variation of photosynthesis-related parameters in barley RIL populations

across different developmental phases;

unravel the genetic complexity of photosynthesis-related parameters in barley by using bi-

parental and multi-parental QTL analyses;

evaluate the utilization of photosynthesis-related parameters as predictors in genomic

prediction models for yield and its components;

characterize the genetic complexity of flag leaf size variation using a multi-parent

population (MPP) resource, the double round-robin population of barley (HvDRR);
refine QTL for flag leaf size and identify the allelic series at each QTL and a subset of the
QTLs of candidate genes by local association mapping exploiting genome-wide variant

information of parental inbreds as well as classical fine-mapping;

assess the potential cellular cause of flag leaf size variation for a subset of the QTLs.

13
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Abstract

Optimizing photosynthesis is considered an important strategy for improving crop yields to ensure food security. To
evaluate the potential of using photosynthesis-related parameters in crop breeding programs, we measured chloro-
phyll fluorescence along with growth-related and morphological traits of 23 barley inbred lines across different devel-
opmental stages in field conditions. The photosynthesis-related parameters were highly variable, changing with light
intensity and developmental progression of plants. Yet, the variation in photosystem Il quantum yield observed among
the inbred lines in the field largely reflected the variation in CO, assimilation properties in controlled climate chamber
conditions, confirming that the chlorophyll fluorescence-based technique can provide proxy parameters of photosyn-
thesis to explore genetic variation under field conditions. Heritability (H2) of the photosynthesis-related parameters in
the field ranged from 0.16 for the quantum yield of non-photochemical quenching to 0.78 for the fraction of open pho-
tosystem Il center. Two parameters, the maximum photosystem Il efficiency in the light-adapted state (H?=0.58) and
the total non-photochemical quenching (H?=0.53), showed significant positive and negative correlations, respectively,
with yield-related traits (dry weight per plant and net straw weight) in the barley inbred lines. These results indicate
the possibility of improving crop yield through optimizing photosynthetic light use efficiency by conventional breeding
programs.

Keywords: Barley, chlorophyll fluorescence, crop yields, development, heritability, natural genetic variation, photosynthesis.

Abbreviations: A, carbon assimilation at saturating light intensity; ASP, anthesis and senescence phase; DMP, dry mass per plant; F,’/F,,, maximum efficiency of
PSIlin light-adapted state; J,,a, maximum rate of electron transport; LEF, linear electron flow; NPQ, non-photochemical quenching; NPQt, total non-photochemical
quenching; PAR, photosynthetically active radiation; Phi2, quantum yield of PSII; PhiNO, quantum yield of non-regulated dissipation processes; PhiNPQ, quantum
yield of non-photochemical quenching; PSII, photosystem II; gL, fraction of PSIl open center; REP, rapid expansion phase; RGR, relative growth rate; SEP, slow
expansion phase; SPAD, relative chlorophyll content; TPU, triose phosphate utilization; V; ., maximum rate of carboxylation.
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Introduction

To satisty the increasing demand for agricultural products at
constant crop production areas, crop yields need to be increased
by the year 2050 by about 25-70% (Hunter et al., 2017). The
potential genetic yield under an optimal environment is the
product of four main factors: incident solar radiation, light in-
terception efficiency, conversion efficiency, and harvest index
(Bonington, 1977). The green revolution led to considerable
increases of light interception efficiency and harvest index by
introducing dwarfing genes into cereal crops (Hedden, 2003).
However, some studies suggest that these two parameters are
close to their theoretical maximum in modern crop varieties
(e.g. Zhu et al., 2010). Accordingly, crop yield potential may
be limited by the remaining bottleneck, the efficiency of light
energy conversion by photosynthesis (source limitation) (Long
et al., 2006a; Alvarez Prado et al., 2013; Kromdijk and Long,
2016). Thus, enhancing this conversion efficiency has become
a breakthrough goal to improve crop yields (Zhu ef al., 2010).

Notably, selection of yields might have unintentionally
improved the conversion efficiency, as indicated by a positive
relationship between photosynthesis and crop yields (Kromdijk
and Long, 2016;Theeuwen et al., 2022). Still, the conversion ef-
ficiency has not reached the theoretical maximum in C; plants
(Long et al., 2006b; Zhu et al., 2010; Prosekov and Ivanova,
2018) after decades of selection for crop yields. This suggests
that the selection for yields is not sufficient to fully explore
and make better use of natural genetic variation of photosyn-
thesis. Direct phenotyping and selection for photosynthetic
parameters are needed to identify variations in photosynthetic
capacity and source limitation of crop yield (Theeuwen ef al.,
2022).

Several studies have successfully increased yields through
optimizing photosynthesis by genetic engineering (reviewed by
Simkin ef al., 2019), such as manipulating the Calvin—Benson
cycle in wheat (Driever ef al., 2017), carbon transport in rice
(Gong et al., 2015) and soybean (Hay et al., 2017), and photo-
protection in tobacco (Kromdijk ef al.,2016) and soybean (De
Souza et al., 2022). However, the use of genetically modified
crops is restricted in some parts of the world (Turnbull ef al.,
2021), and suggested yield improvements by genetic modifica-
tion await rigorous testing in practical agricultural production
conditions (Khaipho-burch et al., 2023). Classical breeding can
offer an alternative or additional approach. Indeed, natural var-
iation of photosynthesis within (Wullschleger, 1993) and across
species (Flood et al.,2011; van Bezouw et al.,2019; Garcia et al.,
2022) can be exploited by classical breeding.

Natural genetic diversity of photosynthesis has been studied
in cereals under field conditions. Driever et al. (2014) reported
significant variations in photosynthetic capacity, biomass and
yield in 64 wheat genotypes. Acevedo-Siaca ef al. (2021a)
observed high heritabilities for carbon assimilation-related
parameters in 30 accessions of rice. However, the relationships
between photosynthesis and yield observed in these studies

were not consistent. For example, Carmo-Silva et al. (2017)
observed a positive correlation between carbon assimilation
rate and grain yield in field-grown wheat at pre- and post-
anthesis stages, while Driever ef al. (2014) found no correla-
tion between carbon assimilation-related parameters and grain
yield in field-grown wheat in pre-anthesis stages. A possible
explanation for such discrepancies may be the dependency of
the photosynthetic traits on environmental conditions and/or
developmental stages of the plants, although further research is
needed to clarify this. Furthermore, in barley, one of the most
important cereal crops as well as a model for other cereals be-
cause of its simpler genetics, natural variation of photosynthesis
has not been investigated under field conditions.

High-throughput phenotyping techniques are essential for
investigating the natural genetic variation in photosynthesis.
Photosynthesis is divided into two main processes, the light
reaction and CO3 assimilation, which can be assessed by chlo-
rophyll fluorescence- and gas exchange-based techniques,
respectively (Long et al., 1996; Baker, 2008). The analysis of
chlorophyll fluorescence provides information on photo-
system II (PSII) activity, such as the effective and the maximum
quantum yields of PSII (Phi2 and F,”/F,/, respectively, for the
light-adapted state) or non-photochemical quenching (NPQ)
(Baker, 2008). Measurement of gas exchange allows estimation
of carbon assimilation rate (A) and related parameters (Sharkey,
2016). Recently, the dynamic assimilation technique was intro-
duced to enable gas exchange measurements in non-steady
state, which substantially increased the throughput compared
with steady-state measurements (Saathoft and Welles, 2021) al-
beit still slower than chlorophyll fluorescence-based methods.
For application to crop breeding and selection, it is essential
to check whether the genetic variation detected by these two
techniques is comparable or not.

The objectives of this study were to (1) investigate genetic
variation of photosynthesis-related parameters in barley across
different developmental stages and evaluate the interaction
between genotypes and environment in field conditions, (i1)
compare gas exchange- and chlorophyll fluorescence-based
assessments of photosynthetic traits, and (iii) assess correlation
between photosynthesis-related and morphological or growth-
related parameters. Based on the results obtained, we will con-
sider the potential of using photosynthesis-related parameters
in crop and particularly barley breeding programs.

Materials and methods

Field experimental design

Twenty-three spring barley (Hordeum vulgare) inbred lines (inbreds) were
selected from a worldwide collection of 224 barley landraces and culti-
vars based on their genetic and phenotypic diversity (Weisweiler et al.,
2019). These 23 barley inbreds are the parents of the double round-
robin population (Casale et al., 2022). All 23 inbreds were grown at three

22
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different locations [Bonn (50°37°31.82” N 6°5918.508” E), Cologne
(50°57°34.345” N 6°51'36.407” E), and Diisseldorf (51°10742.599” N
6°48’8.268” E)| in Germany in 2021. In Bonn, the experimental design
was an O-design with two complete replications, where the plants were
sown in 10 m? plots on 31 March 2021. In Diisseldorf, the experimental
design was an O-design with three complete replications. The experi-
mental units were single rows with 33 kernels per row, and six rows to-
gether were considered as one plot (replicate). The plants in Diisseldort
were sown on 31 March 2021. In Cologne, two distinct trials were per-
formed, which are named in the following as ‘mini-big plot’ and ‘big plot’
trials. Within each of these two trials, 23 inbreds were grown as replicated
checks in an augmented design. In the mini-big plot trial, each plot had
a size of 2.25 m?. The entire mini-big plot trial had 320 plots, in which
the 23 inbreds were grown as replicated checks twice. The big plot trial,
in which each plot had a size of 10 m?, comprised also 320 plots and the
23 inbreds were also grown as checks but only one time. Fertilization
and crop protection followed local practices. Air temperature and precip-
itation were recorded during the field experiments at all three locations
(Supplementary Fig. S1). In Bonn, the field site has chernozem-para-
brown soil, and the field sites, in Cologne and Diisseldorf, have para-
brown soil (Bundesanstalt fiir Geowissenschaften und Rohstofte).

Climate chamber experimental conditions and design

Based on the results of the field experiments, six representative barley
inbreds (HOR1842, 1G128216, 1G31424, ItuNative, K10877, and
W23829/803911) were selected for a climate chamber experiment. The
experimental design was a randomized complete block design with three
replicates/blocks. A total of 32 plants were planted for each inbred in
total. The gas exchange measurements were performed 21, 24, 26, 31, 36,
39, 46,51, 57,74, 87, 88, 100, and 102 days after sowing (DAS). At each
measurement day, three measurements were taken from three different
plants of an inbred, where always one plant from each of the blocks was
studied. In addition, the Zadoks score for each evaluated plant was rated.
In addition, we harvested three plants per inbred (i.e. one per block) and
then measured dry weight of aboveground biomass per plant 26, 36, 46,
57, 74, 102, 113, and 142 DAS. The growth conditions in the climate
chamber were as follows: 14 h/10 h light/dark photoperiod, 18 °C/16

°C temperature, and 55% relative humidity. The maximal light intensity
2

measured at 15 cm from the light panel was 750 pmol m ™2 5™

Assessment of photosynthesis-related parameters

In the field experiments, the top fully expanded leaves of three represen-
tative plants from each plot were measured from seedling stage (ZS13;
Zadoks et al., 1974) to dough development (ZS87) using a MultispeQ
V2 device (Kuhlgert et al., 2016). We used the measurement protocol
‘Photosynthesis RIDES’, by which the intensity of actinic light was au-
tomatically set to the ambient light intensity measured by the built-in
light sensor. The following parameters were used for the further analyses:
linear electron flow (LEF), the fraction of open PSII centers (qL), the
quantum yield of PSII (Phi2), the maximum efficiency of PSII in light-
adapted state (F,//F,)), the total NPQ (NPQt), the quantum yield of
NPQ (PhiNPQ), the quantum yield of non-regulated dissipation pro-
cesses (PhiNO), and relative chlorophyll content (SPAD). In addition, the
MultispeQ also recorded environmental parameters, such as the intensity
of photosynthetically active radiation (PAR), ambient temperature, am-
bient humidity, and ambient pressure.

In the climate chamber experiment, gas exchange parameters were
measured multiple times from tillering stage (ZS21) to dough develop-
ment (ZS89) alongside the MultispeQQ measurements. The measurements
were made on the top fully expanded leaves on the main stem. Three
different light intensities (PAR =400, 800, 1500 umol m™*s™") were used
as simulated low-light (LL), medium-light (ML) and high-light (HL)

Chapter 2

conditions for the MultispeQQ measurements. Leaf-level gas exchange
measurements were performed by LI-6800 (LI-COR Biosciences Inc.,
Lincoln, NE, USA). Three replicates per genotype were measured from
1 h after the onset of the light period. The settings inside the LI-6800
chamber were as follows: PAR was kept at 1500 pmol m 2 s™" (as in the
simulated HL) with 50% blue and 50% red light, 400 pmol m 2 s™" air
flow rate, 10 000 rpm fan speed, 55% relative humidity, and 18 °C air
temperature. The proportion of blue and red light was chosen to mimic
the HL conditions in the field. The humidity and air temperature in the
LI-6800 chamber were chosen to mimic the growth condition in the cli-
mate chamber and, thus, reduce the time needed for stabilization prior to
the measurements. The CO, concentration inside the LI-6800 chamber
was 400 ppm during pre-acclimation, which lasted between 10 and
15 min. After the pre-acclimation, photosynthetic CO, response (A—C;)
curves were measured according to the dynamic assimilation technique
(Saathoff and Welles, 2021). CO, ramps were started from 1605 to 5 ppm
with ramping rates of 200 ppm. The A-C; curves were then analysed
using the ‘plantecophys’ package (Duursma, 2015) in R version 4.0.3 to
estimate the maximum rate of carboxylation (I ,,,.,), the maximum rate
of electron transport (J,..), and triose phosphate utilization (TPU).

Assessment of morphological and growth-related traits

To determine the relative growth rate (RGR) of the 23 barley inbreds,
aboveground biomass data were collected in the field experiment in
Diisseldort at six different time points during the vegetative period: at 62,
69,76, 83,97, and 125 DAS. Plants of one row (initially 33 kernels were
sown) per plot were harvested for the 23 genotypes with three replicate
plots. Wild animals visited the trails, and therefore the number of dam-
aged plants for each row was recorded.

The dry weight per row per plot was used to estimate the dry mass
per plant (DMP), which was needed for the assessment of growth curve
parameters, using the following equation:

- DM
~ (TNP — NDP) + 0.8 x NDP

DMP
@

where TNP was the total number of plants, NDP the number of dam-
aged plants, 0.8 was the completeness of the damaged plants based on the
observation during the harvest. DMP calculated as described above, was
corrected separately for each time point for replicate and block effects.
The corrected values were then used for further analyses.

In the climate chamber experiment, the total aboveground DMP
was measured by weighing at eight different time points (26, 36, 46, 57,
74, 102, 113, and 142 DAS) except for the two inbreds 1G31424 and
HOR1842, for which only the initial and the final DMP were deter-
mined at 26 and 142 DAS. Three replicates per genotype were collected
for each time point.

To assess the relationship between DMP and time, logistic (Verhulst,
1838), power-low (Paine et al., 2012), and quadratic regression
(Lithourgidis and Dordas, 2010) models were fitted. The quadratic re-
gression model was used:

_ _ 2
yr=a-+ bt —ct ?)

where a represents the initial biomass, b and ¢ the growth rate parameters.
This model had a high coefficient of determination (R?) and the highest
heritability across all 23 barley inbreds. Thus, the quadratic regression was
used for estimation of RGR. RGR,, RGR;, RGR, represent the param-
eters in quadratic regression 4, b, and ¢, respectively.

Morphological parameters were collected in multi-year and multi-
environment field experiments that took place in the years 2017-2021

23
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at Disseldorf, Cologne, Mechernich, and Quedlinburg (Shrestha ef al.,
2022;Wu et al.,2022). Not all locations were used in all years to assess all
parameters. Flag leaf length (FL, cm) and width (FW, cm), plant height
(PH, cm), flowering time (FT), awn length (AL, cm), spike length (EL,
cmy), and spikelet number in one row of the spike (SR), seed length (SL,
mm), seed width (SW, mm), seed area (SA, mm?), and thousand grain
weight (TGW, g), grain weight (GW, kg per 10 m?), and net straw weight
(NSW, kg per 10 m?) were measured as morphological parameters. FL,
FW, AL, EL were measured by ruler, SL, SW, and SA were measured by
MARVIN seed analyser (MARVINTECH GmbH, Germany), and TGW
was measured by MARVIN and a balance.

The same set of morphological parameters were also measured in
the climate chamber experiment. FL and FW were collected at 74 and
102 DAS with three replicates, and spike-related traits (AL, EL, SR, SL,
SW SA, and TGW) were collected at 142 DAS with three replicates.
Additionally, the total stem (without spike) weight per plant (SWP, g),
total spike weight per plant (SKWP, g), total stem weight of main stem
(TSWM, g), and spike weight of main stem (SKWM, g) were also col-
lected in the climate chamber experiment. Harvest index (HI) was calcu-
lated using the following equation:

SKWP
HI =
DMP (3)

In addition, harvest index of main stem (MSHI) was calculated using
the following equation:

SKWM
TSWM 4

MSHI =

Statistical analyses

Field experiment

Due to the strong dependence of photosynthesis on light intensity
(Ogren, 1993), we considered three light intensity clusters when analys-
ing field measurements: LL, ML, and HL conditions. These light inten-
sity clusters were identified by K-means clustering of PAR and LEE In
addition, we also compared three main developmental phases of barley,
i.e. slow expansion phase (SEP) (ZS<30), rapid expansion phase (REP)
(30<ZS<60), and anthesis and senescence phase (ASP) (ZS260). These
two factors, light intensity (L) and developmental phase (S), each with
three levels, were considered when analysing the MultispeQ parameters
from the field experiments based on the following linear model with
the quantitative covariates light intensity (PAR) and developmental stage
(ZS):

Y(p)ijklmnopgr = I + G+ E,’ + (G : E)[j +ZS, + L+ S, + (G : L)ﬂ
+(G : S)im + M1 + Do + PAR:'jlelmnnr + ’ijklmnor

+(E:R), + (E: R:B), + €(p)ikinnopqr )

where Y(p)ijelmmor Was the observed MultispeQ parameter across all light
conditions and all developmental stages, 1 the general mean, G; the effect
of the ith inbred, E; the effect of the jth environment, (G : E)ﬁ the inter-
action between the ith inbred and the jth environment, ZS, the effect of
the kth Zadoks score of barley development, L the effect of the Ith light
intensity cluster, S, the effect of the mth barely developmental phase,
(G: L), the interaction between the ith inbred and the Ith light inten-
sity cluster, (G : S),, the interaction between the ith inbred and the mth
barley developmental phase, M, the effect of the nth MultispeQ device,
D, the effect of measurement date, (E : R)jpthe effect of the pth replicate

nested within the jth environment, (E: R : B)qu the effect of the gth
block nested within the pth replicate in the jth environment, PAR junopqr
the light intensity of each measurement, Tjjjuopgrthe ambient tempera-
ture of each measurement, and € )jjimnopgr the random error.

To estimate adjusted entry means for MultispeQ parameters of all
inbreds, G;, I, (G : E)U’ ZSt, Ly, Sy, (G : L)y, and (G : S),, were treated
as fixed effects, and M,, D,, (E: R)jz)’ (E:R: B)qu as random effects,
PAR jjtmnopgr and Tijeimnopgr Were covariates. Furthermore, we calculated
adjusted entry means for all inbreds for each light intensity cluster as well
as each developmental phase.

In addition, to evaluate the effect of each fixed factor and covariate,
analysis of variance (ANOVA) was conducted.

To assess the heritability of each photosynthesis-related parameter
at each developmental stage, which was considerably shorter than the
above-mentioned three developmental phases, data were separated into
eight stages from Zadoks principal growth stages. The adjusted entry
means were calculated based on the following model:

Y( pd)ijlnopgr = 33 + Gi + E‘j + M, + D, + PAR{jklmnapqr + ﬁjklmrmpqr

+(E: R), + (E: R: B);, + €(p)ikmmopgr ©)

where, Y( pa)ijinopgr Was the photosynthesis-related parameter for each de-
velopmental stage across all other factors. Due to convergence problems,
the interaction between G; and E; was removed from this model.

To assess the similarities among the barley genotypes with respect to
their photosynthesis parameters, we performed hierarchical clustering by
‘Ward’s minimum variance theory (Ward, 1963) using the adjusted entry
means of PSII parameters and SPAD at three different developmental
phases. Furthermore, principal component analysis (PCA) was conducted
by using the adjusted entry means calculated for each inbred in each
of the developmental phases described before. In addition, a PCA was
conducted by using the environmental factors (temperature and precipi-
tation) of the inbreds at the country of origin. The relationship between
photosynthesis-related parameters and morphological or growth-related
parameters of the inbreds was evaluated by Pearson’s correlation coeffi-
cient among adjusted entry means.

Climate chamber experiment

The adjusted entry means of carbon assimilation-related parameters from
the climate chamber experiment were calculated based on the following
model:

Yt = W+ G+ ZS;+ D+ (D: TW),,

+ 8+ (G S)im + €(ayijkimr @)

where y(a)jikimr Was the carbon assimilation-related parameter, D : TWy
the effect of the Ith time window in the kth date of measurement, and
€(A)ijkimr the random error. To estimate adjusted entry means for carbon
assimilation-related parameters of six barley inbreds, G, ZS;, Sy and
(G:S),, were treated as fixed effects, as well as Dy and D : TWyy as
random effects.

The relationship between photosynthesis-related parameters and mor-
phological or growth-related parameters of the inbreds was evaluated by
Pearson’s correlation coeflicient between adjusted entry means.

Estimation of heritability
Broad-sense heritability (H?) was estimated for both field and climate
chamber experiments based on the following method:

H* = o¢,/ (o5 + 7575 /2)
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where 0% was the genotypic variance calculated based on the above
models with a random effect for G; and #2"YF was the mean variance of
the difference of two genotypic means (Holland et al., 2003; Piepho and
Mohring, 2007).

To avoid the effect of the varying number of replicates, the H? of
photosynthesis-related parameters was estimated for each developmental
stage based on the following equation:

HZ = O-ZG/ (O-ZG + o-2G:E/5 + 0-42'/5) (9)

where UZG:E was the variance of the interaction of barley inbreds and
environments, and 02 was the residual variance.
We used the statistical software R to perform all statistical analyses.

Results

Factors affecting photosynthesis-related parameters in
the field

Parameters of PSII and SPAD were collected under field condi-
tions with a wide range of PAR from 67 to 2172 umol m>s™".
In general, LEF increased as PAR increased, with an increasing
variability among the individual observations at higher PAR
(Fig. 1A). An increase of PAR was associated with a decrease
of Phi2 and an increase of PhiNPQ, while PhiNO remained
relatively stable (Supplementary Fig. S2A—C). Note that the
sum of Phi2, PhiNPQ, and PhiNO is equal to 1. The light-
dependent changes in Phi2 were accompanied by the corre-
sponding changes in F,//F, and qL (Supplementary Fig. S2D,
E).The light response of NPQt was similar to that of PhiNPQ
except that it often gave extreme values (Supplementary Fig.
S2F). In contrast to these PSII parameters, SPAD values were
not affected by momentary PAR (Supplementary Fig. S2G).
Given the strong influence of PAR on PSII parameters,
K-means clustering was performed to separate the observations
of LEF into three groups based on the light intensity: LL, ML,
and HL conditions (Fig. 1B). As expected, significant (P<0.05)
differences in Phi2 and PhiNPQ, but not SPAD, were observed
among the three light intensities (Fig. 2A; Supplementary Table
S1). We then assessed the impact of developmental phase (SEP,
REP, and ASP) on these parameters (Fig. 2B; Supplementary
Table S2). All three parameters showed significant (P<0.05)
differences between SEP and REP; Phi2 and SPAD increased
from SEP to REP while PhiNPQ decreased (Fig. 2B). Thus,
both PAR and developmental phases seem to affect Phi2 and
PhiNPQ, whereas SPAD changed with plant development.
Significant (P<0.05) effects on PSII parameters and SPAD
were observed for the interactions between genotype and envi-
ronment (0%.g), genotype and light condition (0%.7) and gen-
otype and developmental phase (0%.s), along with the effects
of genetic variation (0%) or other variables such as the date of
measurement (0%), the used MultispeQ device (031), and the
replicate (0%.) (Table 1). Analysis of variance also confirmed
significant (P<0.05) effects of PAR, light condition, develop-
mental phase, and developmental stage (rated on the Zadoks
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scale) on the different PSII parameters and SPAD (Table 2). In
addition, ambient temperature (7), which typically co-varies
with light intensity in the field, also significantly (P<0.05) af-
fected the PSII parameters except PhiNPQ in barley.

Genetic variations in photosynthesis-related traits

When data from all light conditions and all developmental
stages were combined together, H* of the examined param-
eters ranged between 0.16 (PhiNPQ) and 0.78 (qL) (Table 1).
Notably, when the heritability was calculated separately at dif-
ferent developmental stages as defined by the Zadoks growth
scale, the H* values of these parameters were considerably
lower in the seedling growth stage and significantly (P<0.05)
higher in the dough developmental stage (Supplementary Fig.
S3). In accordance, all PSII parameters and SPAD had low H
values in the SEP (Fig. 3). In the REP, SPAD and Phi2 had the
highest H* while NPQt and F,”/F,,” had the lowest. In the ASP,
the H” of Phi2 decreased dramatically.

Hierarchical cluster analysis of the adjusted entry means of
the PSII parameters and SPAD observed in each of the three
developmental phases indicated the presence of four major
clusters among the 23 barley inbred lines (Fig. 4A). In general,
the four clusters differed in the PSII parameters but not in
SPAD (Fig. 5A). All PSII parameters except NPQt showed sig-
nificant (P<0.05) differences among the four clusters in each
of the three developmental phases (Fig. 5A).

We then asked whether the four clusters also represented
differences in growth-related and morphological parameters
among the 23 inbred lines. Relative growth rates (RGR) were
calculated from the changes in DMP in the field experiment
in Disseldort (Supplementary Fig. S4). Based on the growth
parameters alone, the inbred lines could be divided into two
clusters by hierarchical cluster analysis: DMP remained at the
same level after 100 days after sowing, and DMP increased
throughout the entire growth season (Supplementary Fig. S4).
We observed no significant difference (P=0.3) in flowering
time between the two groups. When PCA was performed on
a combination of the PSII parameters and SPAD data shown
in Fig. 2 as well as the growth-related parameters derived from
Supplementary Fig. S4 and morphological traits collected from
multi-year and multi-environment field experiments, the anal-
ysis revealed four clusters (Fig. 4B) that were very similar to
those identified based on the PSII parameters and SPAD alone
(Fig. 4A). Comparing the four clusters, we found no significant
difference in DMP and RGR (Fig. 5B) or the morphological
traits (Supplementary Fig. S5). Moreover, no significant cor-
relation was observed between the first two principal com-
ponents and the environmental information of the country
of origin of inbreds (Fig. 4C). Together, these results suggest
that the clustering of the inbreds according to photosynthetic
parameters primarily reflects genetic variations in photosyn-
thetic traits among the 23 inbreds and is not confounded by
differences in growth-related and morphological parameters.
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Fig. 1. Linear electron flow (LEF) for 23 barley inbred lines in the field experiment in response to changing light intensity across all environments. The

different colors of the dots in (A) indicate 23 different barley inbred lines. Three
(ML), and high (HL) light condition.

Comparison of gas exchange-based parameters and
PSIl parameters

Of the 23 barley inbreds, six (HOR 1842, 1G128216,1G31424,
ItuNative, K10877, and W23829/803911) were selected to as-
sess carbon assimilation-related parameters in climate chamber
conditions. These six inbreds diftfered in the PSII parameters

different colors of the dots in (B) represent the clusters of low (LL), medium

and SPAD assessed in the field. HOR 1842 had the lowest
adjusted entry means for Phi2, qL, and SPAD; 1G128216 had
the highest Phi2 and LEE 1G31424 had the highest PhiNPQ
and the lowest SPAD. ItuNative had the lowest SPAD with
relatively high Phi2, whereas K10877 had the highest SPAD
with average values of PSII parameters. W23829/803911 was
characterized by the lowest PhiNPQ and NPQt.
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Fig. 2. Effects of light intensity and developmental phase on the quantum yield of PSII (Phi2), the quantum vyield of non-photochemical quenching
(PhINPQ), and relative chlorophyll content (SPAD) of 23 barley inbred lines. (A) Comparison of three light conditions: LL (low light), ML (medium light), and
HL (high light). (B) Comparison of three developmental phases: slow expansive phase [SEP; Zadoks score (ZS) from 10 to 29)], rapid expansive phase
(REP; ZS from 30 to 59), and anthesis and senescence phase (ASP; ZS from 60 to 87). The colored dots represent the adjusted entry means for 23
barley inbred lines. The red point next to each box plot indicates the average across all inbreds for each light condition (A) or developmental phase (B).
The letters next to each box plot indicate statistical significance. Different letters denote significant differences based on Tukey’s test (P<0.05) between

the means for each parameter in each condition.

The gas exchange measurements in the climate chamber
resulted in high H* values for carbon assimilation-related
parameters, ranging between 0.820 and 0.895 (Table 3). We
observed a significant genetic variation (P<0.05) for carbon
assimilation at saturating light intensity (Ag) among the six
inbreds (Fig. 6A); the adjusted entry means of (A,,) were rang-
ing from 14.7 (1G31424) to 19.7 (K10877) umol m > s~ '. The
differences in the maximal carboxylation (1 ,,,) and electron
transport rates (J,,..) as well as triose phosphate utilization ca-
pacity (TPU) were also significant (P<0.05) among the six

inbreds (Fig. 6A). Similarly, Phi2 (measured at LL, ML and HL)
and SPAD showed significant (P<0.05) differences among the
six inbreds (Fig. 6B). Carbon assimilation-related parameters
underwent significant (P<0.05) changes across the develop-
mental phases, all peaking in REP together with Phi2 and
SPAD (Fig. 6C, D). The H? values for the PSII parameters and
SPAD were also generally high, including 0.92 for Phi2
and 0.96 for SPAD (Table 3).

We observed significant (P<0.05) positive correlations be-
tween SPAD, Phi2, and LEF (both measured at HL) and all
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Table 1. Summary statistics of adjusted entry means, variance components, and broad-sense heritability (H?) for PSIl parameters and SPAD measured in the field

experiments

H2

N o

Min Max

Mean

Trait

0.42
0.74
0.58
0.74
0.16
0.53
0.78
0.68

469.69
21.29
25.52
34.12
5311.71
83.11
67.98

32.57
: 02,, variance

2.935
0.1
0.038
0.06
0.17
7.58
0.29
0.983**

0.72**
0.52**
1.29%
0.29
121.13*
3.38***
1.199*

0.325
variance component of interaction between

; Ué:L'

236.731***
12.54%*
2.34%x*
1.46%*
11.52%
372.24%%*
5.51%*
31.471%

; 03, variance component of date of measurement

151.189***

16.25%*
11.73%*
6.99%*
32.62***
1736.00%**
17.46%*
33.570%*

7.497*
0.87**
0.48*
1.85%%
252.15%*
5.309***

0.24
R Variance component of block nested within the replicate in environment.

8.307**
0.71%*
0.65**
0.84x**
168.23***
0.96*
0.544

0.17
variance component of interaction between genotype and environment

23.742%*
0.84%%*
0.54**
0.62**
1.837%%
97.99%**
1.04*
5.850%**

2
G:E*

0.90%**
1,364
0.09
84.2
4.25%%
2.091

4.987
0.5

0.43
0.7
0.3
0.37
2.01
0.42
52.68

139
variance component of interaction between genotype and developmental phase

»» Variance component of replicate in environment; 62

.52
; 0g

0.37
component of MultispeQ device;

0.64
0.22
0.29
1.19
0.28
40.65

110.6
, genotypic variance component; o

126.2
0.41
0.67
0.26
0.34
1.58
0.35

45.35

significance of a likelihood ratio test (*P<0.05, **P<0.01, ***P<0.001). F,//F,’, maximum efficiency of PSII in light-adapted state; NPQt, total non-photochemical quenching; Phi2, quantum

Note that the values of variance components of six photosynthesis-related parameters (Phi2, F,//F,’, PhiNO, PhiNPQ, NPQt, glL) were multiplied by 10 000. Asterisks indicate the
yield of PSII; PhiNO, quantum yield of non-regulated dissipation processes; PhiNPQ, quantum yield of non-photochemical quenching; gL, fraction of PSIl open center; SPAD, relative

chlorophyll content; o2,
genotype and light conditions

LEF
Phi2
F/IFy
PhiNO
PhiNPQ
NPQt
gL
SPAD
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four carbon assimilation-related parameters (determined at
HL) in the climate chamber (Fig. 7). As anticipated, PhiNPQ
and NPQt were negatively correlated with the four carbon
assimilation-related parameters.

The adjusted entry means of the six barley inbreds showed
significant (P<0.05) positive correlations between Phi2 and
carbon assimilation-related parameters in the climate chamber
experiment (Fig. 8). In comparison, the correlations between
these parameters assessed in the climate chamber experiment
and Phi2 observed in the field were lower, with the highest
correlation coeflicient of 0.72 found for Phi2 at HL between
these experiments.

Relationship between photosynthesis-related
parameters and growth or morphological parameters

Morphological parameters and DMP were determined in the
climate chamber experiment to assess the relationship between
the photosynthesis-related parameters and morphological
or growth-related parameters. As done for the field experi-
ments (Supplementary Fig. S4), RGR was calculated for the
six inbred lines by fitting a quadratic regression to the DMP
data (Supplementary Fig. S6). No significant correlation was
observed between the morphological traits, DMP-based RGR
and photosynthesis-related parameters among the six barley
inbreds (Fig. 7).

‘We then made the same analysis using the data from the 23
inbred lines in the field experiments (Fig. 9; Supplementary
Table S3). As expected, we found significant (P<0.05) positive
or negative correlations among the PSII parameters as well as
among the growth-related parameters. No significant corre-
lation was observed between SPAD and all PSII parameters
when the adjusted entry means of all developmental stages and
locations were considered (Fig. 9). Comparing the PSII param-
eters and the growth-related parameters, the final DMP was
significantly (P<0.05) positively and negatively correlated with
F//F,/ and NPQt, respectively. RGR, showed a significant
(P<0.05) positive correlation with NPQt (Fig. 9). Looking at
the PSII parameters and morphological traits collected from
multiple environments and years, significant (P<0.05) posi-
tive correlations were observed between two PSII parameters
(PhiNO and F,//F,) and NSW (Fig. 10). In addition, signif-
icant negative correlations were observed between three PSII
parameters (qL, NPQt, PhiNPQ) and NSW. Phi2, LEF and qL
were significantly (P<0.05) negatively correlated with flag leaf
morphology (FL and FW) (Fig. 10).

Discussion

Comparison of chlorophyll fluorescence- and gas
exchange-based techniques

In order to assess the genetic variation of photosynthesis-related
parameters in breeding programs, high-throughput methods
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Table 2. Mean square values from analysis of variance for photosystem Il parameters and SPAD measured in the field experiments

Trait G PAR T E L zS S

LEF 593.67 846206.72%* 14345.49*%* 1751.45% 10979.06*** 951.84 1453.20%
Phi2 0.48* 133.61%** 6.99*** 0.36 6.10%** 0.35 1.06**
F/IFy 0.35 29.88*** 2.85%% 0.09 1.00% 4745 2,710
PhiNO 0.73* 0.04 7.99* 0.56 0.03 9.78%** 5.7
PhiNPQ 0.31 136.65%** 0.23 0.12 4.93*** 6.33*** 2,99
NPQt 69.53 5967.81** 264.87* 10.22 86.6 686.60*** 394,44
qL 3.16%** 74747 43.617%* 0.91 4.01** 10.017%%* 10.02%**
SPAD 94.54 0.19 216.02 45.77 80.4 4537.56*** 932.87***

Asterisks indicate the significance of a likelihood ratio test (*P<0.05, **P<0.01, ***P<0.001). G, genotype; PAR; light intensity; T, ambient temperature;

E, environment; L, light condition; ZS, Zadoks score of barley development; S, developmental phases. Photosynthetic parameters: F,”/F.,’, maximum
efficiency of PSIl in light-adapted state; LEF, linear electron flow; NPQt, total non-photochemical quenching; Phi2, quantum yield of PSII; PhiNO, quantum
yield of non-regulated dissipation processes; PhiNPQ, quantum vyield of non-photochemical quenching; gL, fraction of PSIl open center; SPAD, relative

chlorophyll content.

are needed. Chlorophyll fluorescence-based techniques and
hyperspectral measurement techniques have the potential to
serve as high-throughput methods to evaluate photosynthetic
traits (for review see van Bezouw et al., 2019). Hyperspectral
sensing techniques rely on indirect correlations between fea-
tures of reflectance spectra and photosynthesis. Once such cor-
relations have been characterized, they can be used to predict
photosynthesis capacity at plot level (Meacham-Hensold et al.,
2019) or leaf level (Serbin et al., 2011; Ainsworth et al., 2014;
Yendrek et al., 2016; Silva-Perez et al., 2017). However, com-
pared with chlorophyll fluorescence- and gas exchange-based
techniques, reflectance spectra are less sensitive to short-term
changes in photosynthesis. Furthermore, correlation-based
prediction models cannot be readily applied to new genetic
materials, especially across different years and different envi-
ronmental conditions (Meacham-Hensold et al.,2019). Hence,
gas exchange- and chlorophyll fluorescence-based techniques,
particularly the latter for high-throughput measurements, are
considered more reliable and straightforward to explore ge-
netic diversity of photosynthesis and related traits.

Positive correlations between PSII electron transport and
carbon assimilation have been demonstrated under laboratory
conditions, such as in Phaseolus vulgaris L. (Farquhar et al., 1980),
red campion, barley, and maize (Genty et al., 1989) (for review
see Bellasio ef al., 2016). Our climate chamber experiment also
confirmed the significant positive correlation between Phi2
and carbon assimilation-related parameters (Fig. 7) across di-
verse inbreds of barley. In addition, significant genetic effects
with high heritability were estimated for both gas exchange-
and chlorophyll fluorescence-based parameters in the climate
chamber (ranging from 0.76 to 0.96) (Table 3). These results
show the utility of chlorophyll fluorescence-based techniques
to detect genetic variation in photosynthesis under controlled
conditions (Flood et al., 2016).

Despite the increasing number of studies focusing on pho-
tosynthesis under dynamic conditions (Keller ef al., 2019;
Acevedo-Siaca et al., 2021¢; Fu and Walker, 2023; reviewed by

Long et al., 2022), few studies have demonstrated that chlo-
rophyll fluorescence-based parameters can replace carbon as-
similation parameters when investigating genetic diversity of
photosynthesis parameters in the field (Bucher et al., 2018).
Under field conditions, in which light intensity is chang-
ing dynamically, the relationship between the photosynthetic
light reaction and carbon assimilation, as seen in a steady-state
condition (Farquhar et al., 1980; Bellasio ef al., 2016), may be
broken (Rascher and Nedbal, 2006; Eberhard et al., 2008; Long
et al., 2022) due to competing processes such as photorespira-
tion in Cj species (Pearcy, 1990; Cornic and Fresneau, 2002;
Lawson ef al.,2012).

However, we observed a strong positive correlation of Phi2
between the dynamic conditions in the field and steady-state
conditions in the climate chamber (Fig. 8). This correlation is
based on the adjusted entry mean of Phi2,i.e. non-genetic var-
iation was corrected for these means. Our results thus provide
a strong support to the use of chlorophyll fluorescence-based
high-throughput measurement techniques to study genetic
diversity under dynamically changing, natural environmental
conditions.

To use chlorophyll fluorescence-based techniques to as-
sess highly variable photosynthesis parameters (Figs 1, 2) in
breeding programs, however, it is important to consider the
factors contributing to their variation.

Factors contributing to photosynthesis variability in the
field

We observed a high variability in photosynthesis-related param-
eters among 23 barley inbreds in the field (Table 1; Fig. 2).
Four main factors are potentially contributing to the high var-
iability of photosynthesis-related parameters: (1) environmental
conditions, (i) developmental stages, (iii) genetic diversity, and
(iv) interaction among genotypes, environment conditions, and
developmental stages. Below we will discuss these factors one
by one.
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Fig. 3. Heritability of PSIl parameters and SPAD in different developmental phases. SEP, slow expansive phase [Zadoks score (ZS) 10-29]; REP, rapid
expansive phase (ZS 30-59); ASP, anthesis and senescence phase (ZS 60-87). The red point next to each box plot indicates the mean heritability across
all traits for each developmental phase. Different letters next to each box plot indicate significant differences based on Tukey'’s test (P<0.05) between the
mean heritability. F,’/F,’, maximum efficiency of PSII in light-adapted state; LEF, linear electron flow; NPQt, total non-photochemical quenching; Phi2,
quantum yield of PSII; PhiNO, quantum yield of non-regulated dissipation processes; PhiNPQ, quantum yield of non-photochemical quenching; gL,

fraction of PSII open center; SPAD, relative chlorophyll content.

Growth environment of spring barley

We observed significant (P<0.05) effects for the design variables,
namely, location of the experiment, measurement date (Table 1),
as well as replicate (0%.). This can be explained by the dynamic
environmental conditions during the growth season of spring
barley, which was from late March to the beginning of August.
Daily average temperature was fluctuating with an increasing
trend (Supplementary Fig. S1). Also, fluctuations in light in-
tensity occurring within and between days must have affected

photosynthesis.We observed a significant (P<0.05) effect of light
intensity (PAR) and ambient temperature (1) (Table 2), which
were considered as co-variants because of the variability within
a day and location of the measurement. In addition, lower tem-
perature in May (Supplementary Fig. S1) might have suppressed
Phi2 in the SEP compared with the other two developmental
phases (Fig. 2B) (Bagley et al., 2015; Moore ef al.,2021).

In parallel to the erratic changes of temperature and light in-
tensity in the field, photosynthetic efficiency typically exhibits
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diurnal (Flood et al., 2016) and seasonal (Keller ef al., 2019)
patterns. Leaf movement (Flood et al., 2016), in interaction
with dynamic environments, can also affect photosynthesis.

The significant (P<0.05) variance components observed in
our study for environmental factors, namely date (D), PAR and
ambient temperature (T), indicate that single time point mea-
surements are not sufficient to draw conclusions on genetic
variation in photosynthesis under field conditions.

Developmental stages

Most previous studies exploring the genetic diversity of pho-
tosynthesis in cereals focused on carbon assimilation in the flag
leaf, which is the most important leaf in pre- or post- an-
thesis (Driever et al., 2014; Carmo-Silva et al., 2017; Acevedo-
Siaca et al., 2021b). In our study, however, significant (P<0.05)

differences in photosynthesis-related parameters were observed
in both the field and the climate chamber experiments at dif-
ferent developmental stages (Figs 2, 6C, D; Tables 1, 3). As
our analysis was corrected for environmental conditions, the
observed differences in developmental phases are not due
to the environmental changes during the experiments but
due to the development of the plant itself. This is in accord-
ance with the earlier reports of changing heritability for
photosynthesis-related parameters across the lifespan of
Arabidopsis (Flood et al.,2016) and changing quantitative trait
loci detected for plant growth across the cultivation period
under controlled conditions (Meyer ef al., 2021).
Photosynthesis-related parameters are linked to plant de-
velopment as well as leaf development (Wingler ef al., 2004;
Bielczynski et al., 2017). At the plant level, the sink tissues in
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Fig. 5. Comparison of PSIl parameters, relative chlorophyll content (SPAD) and growth-related parameters among the four clusters. (A) PSIl parameters
and SPAD in different developmental phases. (B) Dry mass per plant (DMP) and relative growth rates (RGRa, RGRp, RGR() calculated from DMP based
on the quadratic regression (y, = a + bt — ct?). Due to the wide range of RGR, log-transformed data of RGR; were used. The red point next to each box
plot indicates the mean of the parameters in each cluster. Different letters next to each box show significant differences based on Tukey’s test (P<0.05)
between the clusters. SEP, slow expansive phase [Zadoks score (ZS) 10-29]; REP, rapid expansive phase (ZS 30-59); ASP, anthesis and senescence
phase (ZS 60-87); F,//F,/, maximum efficiency of PSIl in light-adapted state; LEF, linear electron flow; NPQt, total non-photochemical quenching; Phi2,
quantum yield of PSII; PhiNO, quantum vyield of non-regulated dissipation processes; PhiNPQ, quantum yield of non-photochemical quenching; gL,
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SEP are mainly growing leaves a

nd roots, while new sink tis-

sues emerged in REP, such as larger root system and forma-
tion of inflorescence (Alqudah and Schnurbusch, 2017). The

increased sink activity in REP ¢

oincided with the high Phi2

(Fig. 2B). In ASP, barley went from the anthesis stage to grain
filling stage, which may further increase the sink strength.

However, photosynthesis-related

(source) parameters did not

show corresponding increases in ASP compared with REP
(Fig. 2B). In fact, it has been proposed that spike photosynthesis
may serve as the major photosynthate source for grain filling, as
previously shown for wheat (Maydup ef al., 2010;Vicente et al.,
2018; Molero and Reynolds, 2020).

At the leaf level, photosynthetic efficiency typically increases
with leaf development to reach the maximum during leaf
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Table 3. Summary statistics of adjusted entry means, variance components and broad-sense heritability (H?) for carbon assimilation-
related parameters, SPAD and photosystem Il parameters under 1500 umol m= s™' assessed in the climate chamber experiment

Trait Mean Min Max o g o %;:s o % o IZJ:TW o2 H?
Ve max 43.3 37.5 49.8 14.9% 6.432* 21.331* 6.432*% 50.886 0.848
Jmax 111.6 94.8 132.4 141.76** 38.85 193.515%* 38.85 324.241 0.895
TPU 7.61 6.37 9.13 0.717** 0.23* 0.688*** 0.23 1.297 0.892
Asat 17.2 14.7 19.7 2.169* 1.32% 2.544%* 1.319 9.608 0.82
LEF_1500 185.18 73.39 278.13 132.69** 61.39%* 197.73% 87.64%** 707.85 0.92
Phi2_1500 0.27 0.11 0.41 0.03** 0.01x** 0.04%* 0.02%** 0.16 0.92
F//F_1500 0.6 0.21 0.75 0.05** 0.02%* 0.05** 0.02** 0.26 0.92
PhiINO_1500 0.23 0.04 0.45 0.03** 0.01 0.05%** 0.02* 0.27 0.86
PhiINPQ_1500 0.49 0.24 0.79 0.08** 0.02** 0.08** 0.05%** 0.39 0.93
NPQt_1500 2.33 0.64 17.89 11.70* 5.45%* 11.51* 6.32%% 80.99 0.9
gL_1500 0.26 0.1 0.74 0.02 0.02* 0.11%% 0.02* 0.43 0.76
SPAD 44,19 6.28 75.47 36.22%* 3.81% 10.45 28.91%* 75.63 0.96

Note, the values of variance components of six PSIl parameters (Phi2_1500, F,//F, _1500, PhiNO_1500, PhiNPQ_1500, NPQt_1500, gL_1500) were
multiplied by 100. Asterisks indicate the significance of a likelihood ratio test (*P<0.05, **P<0.01, ***P<0.001). Ay, carbon assimilation at saturating
light intensity; F,//F,’, maximum efficiency of PSII in light-adapted state; J,.x, maximum rate of electron transport; LEF, linear electron flow; NPQt, total
non-photochemical quenching; Phi2, quantum yield of PSII; PhiNO, quantum yield of non-regulated dissipation processes; PhiNPQ, quantum yield of
non-photochemical quenching; gL, fraction of PSII open center; SPAD, relative chlorophyll content; TPU, triose phosphate utilization; Vi, .y, maximum
rate of carboxylation. cré variance component of inbred; O‘é:s variance component of interaction between inbred and developmental phase; c'z’, variance
component of date of measurement, 63,5, variance component of time window nested in date of measurement.

expansion (Bielczynski et al., 2017). After anthesis, declining
activity of photosynthesis has been reported in many studies
(Wingler ef al., 2004; Liu et al., 2017; Miao et al., 2018; Yang
et al.,2018).This was not the case in the present study as no sig-
nificant difference in Phi2 and SPAD was found between REP
and ASP (Fig. 2B). By always choosing the top fully expanded
leaves for measurements throughout all developmental stages
of the plant, we minimized the effect of leat development.

Genotypic effect

To evaluate the potential of classical breeding to optimize pho-
tosynthesis, the relative importance of genotypic effects versus
non-genotypic effects on photosynthesis-related parameters
(1.e. heritability) needs to be considered. The broad sense herit-
ability varied between 0.16 and 0.78 (Table 1). As homozygous
genotypes were evaluated in this study, dominance variance as
well as additiveXdominance and dominanceXdominance epis-
tasis will not contribute to the genotypic variation. Thus, broad
sense heritability can be interpreted to evaluate the potential
of selection.

The relatively high heritability together with the significant
(P<0.05) genetic variances found for Phi2, PhiNO, and qL
suggests that these parameters could be manipulated in barley
by photosynthesis-oriented breeding programs, hence making
them promising targets for quantitative genetic approaches.
Notably, the heritability of photosynthesis-related parameters
varied in the different developmental stages of barley plants,
with the lowest values in the seedling stage (Supplementary Fig.
S3). This dynamic heritability suggests that the relative con-
tributions of environment and genetics are not stable during
the plant growth and development (Yang ef al., 2015). Similar

dynamic heritability of photosynthetic traits has been observed
in other species, such as in field-grown wheat, in which the
heritability ranged from 0.267 to 0.764 in pre-anthesis stage
and from 0.314 to 0.757 in post-anthesis stage (Carmo-Silva
et al., 2017). Even under controlled conditions, dynamic her-
itability of photosynthesis-related traits has been reported in
Arabidopsis during long- and short-term response to light in-
tensity (van Rooijen et al., 2015; Flood et al., 2016). Unlike in
our study, however, the dynamic heritability found for short-
term response of Arabidopsis under controlled conditions was
mainly attributed to genetic variation and diurnal changes of
photosynthesis (Flood et al., 2016).

It is reasonable that the heritability of the photosynthesis-
related parameters was lower in the field than that in the cli-
mate chamber (Tables 1, 3), due to variable environmental
factors and interaction between genotypes and environments
(Visscher et al., 2008). Given the changing heritability, taking
the photosynthetic measurements when the heritability is low
may not be efficient to select genotypes (Visscher et al., 2008).
Better knowledge about the dynamic change of heritability
during plant growth and development would help us identify
the developmental stage(s) when genotype significantly con-
tributes to variation of photosynthesis, thus facilitating more
targeted and efficient plant breeding (Flood ef al., 2016).

From an evolutionary perspective, one could argue that his-
torical (natural or artificial) selection has reduced genotypic
variance of the traits, which are more tightly associated with
fitness, thus leading to a lower heritability (Mousseau and
Roft, 1987; Flood, 2019). In the context of variable heritability
across developmental stages of barley found in this study (Fig. 3;
Supplementary Fig. S3), this may imply stronger historical
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Fig. 6. Comparison of the six barley inbred lines in the climate chamber. (A) Carbon assimilation-related parameters (A, Ve max Jmaxs TPU). (B) Phi2
under simulated low light (LL; PAR 400 umol m=2 s7"), medium light (ML; 800 umol m=2 s7"), and high light (HL; 1500 umol m= s~') conditions, and SPAD.
For (A, B), the colors of boxes represent the clusters determined by the hierarchical clustering in Fig. 5A. (C) Adjusted entry means of Agu, Vo maxs Jmaxs
TPU of the six inbred lines in SEP, REP, and ASP. (D) Adjusted entry means of Phi2 under the simulated LL, ML, and HL conditions, and SPAD of the six
inbred lines in different developmental phases. The red dots next to boxes in (A, B) are the adjusted entry means of parameters of each genotype. The
red dots next to boxes in (C, D) are the mean values of the six inbreds for each parameter in each developmental phase. Different letters next to each
box denote significant difference based on Tukey'’s test (P<0.05). Ag., carbon assimilation at saturating light intensity; ASP, anthesis and senescence
phase; Jax, maximum rate of electron transport; Phi2, quantum yield of PSII; REP, rapid expansion phase; SEP, slow expansion phase; SPAD, relative
chlorophyll content; TPU, triose phosphate utilization; V m.x, maximum rate of carboxylation.

selection of photosynthesis in SEP than in REP, reflecting pre-
sumably the importance of the adaptation of photosynthesis in
SEP (Ackerly et al., 2000). Accordingly, investigating the ge-
netics of photosynthesis-related parameters in SEP in old and
therefore less selected genetic material of barley might help to
understand the evolutionary pressure on photosynthesis.

Interactions between genotype, environment, and
developmental stage

As discussed above, photosynthesis is highly responsive to envi-
ronmental conditions and subject to developmental influences.
Except Phi2, PhiNO, and gL, no significant genetic variation
was observed for the other parameters. However, we found
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Fig. 7. Pearson’s correlation coefficient calculated between pairs of adjusted entry means for six barley inbreds for photosynthesis-related parameters,
dry mass per plant, flag leaf width (FW), flag leaf length (FL), flag leaf area (FA) and relative growth rate related parameters (RGR,, RGR,, RGR,), awn
length (AL), spike length (EL), spikelet number in one row of the spike (SR), seed length (SL), seed width (SW) seed area (SA), thousand grain weight
(TGW), total aboveground dry mass (DMP), total stem weight without spike weight (SWP), harvest index (HI), spike weight per plant (SKWP), and main
stem harvest index (MSHI), which were collected from the climate chamber experiments. Asterisks indicate the significance level (*P<0.05, **P<0.01,
**P<0.001). Asar, carbon assimilation at saturating light intensity; F,”/F,’, maximum efficiency of PSIl in light-adapted state; Jya, maximum rate of
electron transport; LEF, linear electron flow; NPQt, total non-photochemical quenching; Phi2, quantum yield of PSII; PhiNO, quantum yield of non-
regulated dissipation processes; PhiNPQ, quantum yield of non-photochemical quenching; gL, fraction of PSII open center; SPAD, relative chlorophyll
content; TPU, triose phosphate utilization; V;, max, maximum rate of carboxylation.
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Fig. 8. Pearson’s correlation coefficients calculated between pairs of adjusted entry means of six barley inbreds for Phi2 and carbon assimilation-related
parameters measured in the climate chamber experiments (CE) and Phi2 measured in the field (FE). Phi2 was assessed separately for LL, ML and

HL conditions. Caron assimilation was analysed at the light intensity of the HL condition. Asterisks indicate the significance level (*P<0.05, **P<0.01,
#*P<0.001). Agy, carbon assimilation at saturating light intensity; J,.ax, Mmaximum rate of electron transport; Phi2, quantum yield of PSII; TPU, triose

phosphate utilization; V; ma, maximum rate of carboxylation.

significant (P<0.05) interaction effects on all photosynthesis-
related parameters between genotype and environment (G : E)
, genotype and light condition (G : L) except Phi2 and SPAD,
and genotype and developmental phases (G : S) except Phi2
and qL (Table 1).

The significant (G : S) effect suggested that the 23 inbreds
showed significant different responses across the different de-
velopmental phases. This might suggest changing importance
of different genes across the development phases, highlight-
ing again the necessity to assess the genetics of photosynthesis
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Fig. 9. Pearson’s correlation coefficients calculated between pairs of adjusted entry means of 23 barley inbreds for photosynthesis- and growth-related
parameters collected in the field. Asterisks indicate the significance level (*P<0.05, **P<0.01, **P<0.001). DMP, dry mass per plant; F,//F,,, maximum
efficiency of PSIl in light-adapted state; LEF, linear electron flow; NPQt, total non-photochemical quenching; Phi2, quantum yield of PSII; PhiNO, quantum
yield of non-regulated dissipation processes; PhiNPQ, quantum vyield of non-photochemical quenching; gL, fraction of PSIl open center; RGR, relative
growth rates (RGR,, RGR,, RGR,) calculated from DMP based on the quadratic regression (y, = a + bt — ct?); SPAD, relative chlorophyll content.

during plant growth and development (leaf-level and plant stages under field conditions, several indoor facilities are able to
level). While it is still challenging to assess chlorophyll do this (for review see van Bezouw ef al., 2019).

fluorescence-based parameters continuously, automatically, The significant (G : L) effect, on the other hand, indi-
and in a high through-put fashion across plant developmental  cates that different genes may gain importance in different
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Fig. 10. Pearson’s correlation coefficients calculated between pairs of adjusted entry means of 23 barley inbreds for PSII parameters, SPAD and
morphological traits collected from multiple environments and years in the field conditions. Asterisks indicate the significance level (*P<0.05, **P<0.01,
**P<0.001). Morphological parameters: AL, awn length; EL, spike length; FL, flag leaf length; FT, flowering time; FW, flag leaf width; GW, grain weight;
HI, harvest index; NSW, net straw weight; PH, plant height; SA, seed area; SL, seed length; SR, spikelet number in one row of the spike; SW, seed width;
TGW, thousand grain weight. Photosynthetic parameters: F,/F,/, maximum efficiency of PSIl in light-adapted state; LEF, linear electron flow; NPQt, total
non-photochemical quenching; Phi2, quantum yield of PSII; PhiNO, quantum yield of non-regulated dissipation processes; PhiNPQ, quantum yield of
non-photochemical quenching; gL, fraction of PSII open center; SPAD, relative chlorophyll content.

light conditions. This is in line with previous observations in  levels (LL, ML, and HL) by K-means clustering (Fig. 1B),
Arabidopsis under controlled conditions (van Rooijen et al., roughly corresponding to the three major phases of light re-
2015; Meyer et al., 2023). The separation of three light intensity ~ sponse curve (Benedetti et al., 2018), also underlines distinct
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responses of photosynthesis to different light intensity levels.
In our field experiments, we could only assess the parameters
of instantaneous photosynthesis while the light condition was
fluctuating. However, especially in fluctuating light environ-
ments, an increasing number of studies have shown the impor-
tance of the speed of photosynthetic reactions to respond to
changing light for crop yields (Kromdijk et al., 2016; De Souza
et al.,2022). The relevance of natural genetic variation for such
kinetic traits of photosynthesis awaits investigations.

The factors (1)—(iv) are important not only in the context
of photosynthesis breeding but also for fundamental under-
standing of how the genetics of photosynthesis interacts with
environment (E), light condition (L) and plant developmental
phase (S). Quantitative knowledge and understanding of these
factors are essential for improving photosynthesis models and
crop yield prediction (for review see Yin and Struik, 2010).

Covariation between photosynthesis and yield-related
traits

Having confirmed genetic variation for photosynthesis-related
parameters in the 23 spring barley inbreds, we also analysed
the relationship between photosynthesis- and yield-related
traits. The yield-related traits were collected in multi-
environment and multi-year experiments, while photosynthesis-
related parameters were collected in three different locations
in one year. Our results indicated significant positive or neg-
ative correlations between some of the chlorophyll fluo-
rescence parameters and NSW, but not for others (Fig. 10).
The genotypeXenvironment interactions, which are impor-
tant not only for yield but also for photosynthesis, are most
likely responsible for the non-significant correlations between
photosynthesis-related parameters and yield-related traits in
these experiments.

Several studies did not find a significant correlation be-
tween leaf-level photosynthesis and crop yields. For instance,
Acevedo-Siaca et al. (2021a) reported no significant correlation
between photosynthesis and agronomic traits of rice in field
experiments. Likewise, Driever ef al. (2014) observed no signif-
icant correlation between photosynthesis and yield in wheat.
Plant growth may respond to environmental stress and per-
turbations more sensitively than photosynthesis does (Korner,
2015). In this case, increase in photosynthesis does not nec-
essarily result in increased growth. Under controlled condi-
tions or benign environments, however, targeted engineering
of photosynthesis by transgenic approaches has led to increased
biomass and/or yield in a number of plant species (reviewed by
Simkin et al., 2019). Clearly, we need to better understand the
genotypeXenvironment interactions of complex photosynthesis-
related traits on one hand, and of similarly complex traits of
growth and yield on the other hand to decipher the genetic
relationship between photosynthesis and yield. Exploration of
system biology (for review see Yin ef al., 2018) and gene reg-
ulatory networks (for review see Flood ef al., 2011; Theeuwen
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et al., 2022) might facilitate understanding of photosynthetic
regulation, and how it responds to the ambient environments,
which ultimately improves crop yield.

Interestingly, Phi2 was significantly negatively correlated
with flag leaf length and width across all three developmental
phases (Fig. 10). This may imply that small size of flag leaf is
compensated by increased photosynthetic efficiency (Poorter
and Evans, 1998; Garnier ef al., 1999). Similar negative corre-
lation was also observed between leaf area and CO, exchange
rate in peanut, soybean, and sweet potato (Bhagsari and Brown,
1986). Future studies may explore natural genetic variation in
trait-trait interactions.

Conclusions

The results of this study show that a chlorophyll fluorescence-
based technique is able to detect genetic variation in PSII-
related parameters in barley under climate chamber conditions,
and Phi2, PhiNO, and qL could be suitable parameters to de-
tect genetic variation also under field conditions. Due to the
significant effects of environmental factors and significant
interactions between the genotype and environments, single
time point measurements are not sufficient to draw conclu-
sions on genetic variation in photosynthesis under field condi-
tions but elaborated experimental designs are required.

Significant correlations observed between photosynthesis-
related traits (F,”/F,” and NPQt) and yield-related traits
(NSW and DMP at final stage) in barley under field conditions
suggest the possibility of improving crop yields via optimiz-
ing photosynthesis through conventional breeding approaches.
Moreover, the difference in heritability of photosynthesis,
across the plant development and growth stages, could be used
to explore the selection pressure on photosynthesis an evolu-
tionary timeline.

Supplementary data

The following supplementary data are available at JXB online.

Fig. S1. Air temperature and precipitation recorded during
the field experiments in Bonn, Cologne, Diisseldorf.

Fig. S2. Light response curves of PSII parameters and SPAD
for the 23 barley inbred lines.

Fig. S3. Developmental changes in heritability.

Fig. S4. The growth trajectories for 23 barley inbred lines
grown in the field.

Fig. S5. Boxplot of the adjusted entry means for 11 mor-
phological traits of twenty-three barley inbred lines in mul-
tiple environments across multiple years experiments assigned
to four clusters.

Fig. S6. The growth trajectory curves for six barley inbred
lines grown in the climate chamber condition.

Table S1.The adjusted entry means of photosynthesis-related
parameters of 23 barley inbreds for each light condition.
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Table S2.The adjusted entry means of photosynthesis-related
parameters of 23 barley inbreds for each developmental phase.

Table S3.The adjusted entry means of photosynthesis-related
parameters of 23 barley inbreds across all developmental phases
in the field experiment.
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Supplementary Fig.S4: The growth trajectories for 23 barley inbred lines grown in the field.

The black dots were the adjusted values of dry mass per plant (DMP) in each plot, the black

lines were the DMP trajectory curves predicted by the quadratic model. The blue dashed

line in each plot indicates flowering time (FT) for each inbred.
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same letters are significantly different based on the Tukey-test (P < 0.05).
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Abstract

To meet the growing demand for agricultural products, optimizing photosynthesis is a promising
strategy to improve the crop yields. Phenotypic variance in photosynthesis has been observed
within or between species. To explore the potential of integrating photosynthetic parameters into
crop breeding programs, we explored the genetic variation in photosynthesis by assessing
photosynthesis-related parameters across plant development in 631 barley recombinant inbred
lines (RILs) from eight HYDRR sub-populations under field conditions. The genetic complexity
of these parameters was resolved by bi-parental and multi-parental quantitative trait loci (QTL)
analyses. Finally, we examined the merit of integrating photosynthesis-related parameters in
genomic prediction of yield and its components. Significant genotypic variations of the
photosynthesis-related parameters were found among the RILs, with their heritability ranging from
0.38 to 0.54. The multiple QTL and dynamic QTL for photosynthesis observed across different
developmental stages underlined the complexity of the genetics of photosynthesis in barley. The
considerably higher percentage of phenotypic variance explained for genomic prediction than
multi-parental QTL analysis illustrates that the photosynthesis-related parameters are inherited in
a more complex way than classical agronomic traits. Notably, the prediction ability for yield was
increased by integrating the photosynthesis-related parameters of some developmental stages into
genomic prediction models. Therewith, our results suggest a novel perspective on increasing the
efficiency of crop breeding programs by integrating photosynthesis-related parameters into

prediction models.

Key words: Barley, photosynthesis, crop yield, plant development, genetics, QTL, genomic

prediction.
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1. Introduction

The crop yields need to be increased by the year 2050 by about 25-70% to meet the increasing
demand for agricultural products (Hunter et al., 2017). Yield can be defined in many ways from
different perspectives. Centering around photosynthesis, yield is determined by variation in three
main factors: light interception, harvest index, and photosynthetic efficiency (Bonington, 1977;
Zhu et al., 2010). Experimental but also theoretical studies suggest that the former two factors
might be close to their theoretical maximum in various crop species (e.g., Long et al., 2006a; Zhu
et al.,2010). In contrast, photosynthetic efficiency has not reached the theoretical maximum in C3
plants (Long et al., 2006b; Zhu et al., 2010; Prosekov and Ivanova, 2018), thus limiting the crop
yield potential (Long et al., 2006a; Prado et al., 2013; Kromdijk and Long, 2016). Therefore,
enhancing photosynthetic efficiency has become a priority to improve crop yields (Zhu et al.,
2010). Past conventional breeding activities, which were primarily targeting yield and its
components, may have unintentionally and indirectly improved photosynthetic capacity (Ding et
al., 2025). However, due to the complexity of the relationship between photosynthesis and crop
yields (e.g., Driever et al., 2014), direct selection for crop yield is not sufficient to enhance
photosynthesis or improve the utilization of genetic variance/variation for photosynthesis
(Theeuwen et al., 2022; Croce et al., 2024). Instead, direct selection for photosynthesis-related
parameters can contribute to optimizing photosynthesis and identifying its bottlenecks that limit

crop yields (Theeuwen et al., 2022).

Photosynthesis is a highly complex physiological process which not only depends on molecular,
structural and physiological processes of the plant, but also highly dynamically responds to
environmental conditions in both short and long term (Gifford, 1995; Kono and Terashima, 2014).
For example, fluctuating light intensities, which are caused by e.g. moving clouds or leaves
(Chazdon and Pearcy, 1991), can lead to both short-term and long-term adjustments (acclimation)
of photosynthesis (Alter et al., 2012; Vialet-Chabrand et al., 2017). Photosynthesis is also
influenced by internal factors such as growth and development of the plant (Gao et al., 2024) or
leaf (Wingler et al., 2004; Bielczynski et al., 2017). In addition, photosynthesis is potentially
regulated by the sink, i.e. the plant’s capacity to utilize or store the assimilates produced. For
instance, when the sink size is small, accumulation of carbohydrates in source leaves can

downregulate photosynthetic activity (Paul and Foyer, 2001).

54



Chapter 3

From the point of view of crop breeding, the correlation of photosynthesis-related parameters to
agronomic traits is still unclear, especially under dynamic environmental conditions. Their
relationships are strongly influenced by genotype—environment interactions, can vary across
growth stages and management conditions, and are often inconsistent between different studies
(Driever et al., 2014; Carmo-Silva et al., 2017; Gao et al., 2024). These aspects make it difficult
to identify photosynthetic traits that are both heritable and reliably predictive of yield across
diverse conditions (Chang et al., 2019).

Several studies have shown that optimizing regulation of photosynthesis or its pathway
components by genetic modification can improve crop yields, such as by targeting the Calvin—
Benson cycle in wheat (Driever et al., 2017), carbon transport in rice (Gong et al., 2015), and
soybean (Hay et al., 2017), and photoprotection in tobacco (Kromdijk et al., 2016) and soybean
(De Souza et al., 2022). Importantly, a growing number of studies have pointed out that the
variation of photosynthesis can also be caused by genes outside ~100 core photosynthetic genes
(Tyagi and Gaur, 2003; Berry et al., 2013). For instance, several quantitative trait loci (QTL) for
photosynthesis have been linked to indirect effects rather than direct effects by the core
photosynthetic genes (Yin et al., 2022). The potential of thousands of such genes, which indirectly
affect photosynthesis, are yet to be explored.

To better understand and utilize genetic variations of photosynthesis for plant breeding, marker
assisted breeding is an effective technique that has identified candidate loci for photosynthesis-
related parameters in various crops (e.g., Ortiz et al., 2017; Feldman et al., 2018; Joynson et al.,
2021). Unlike other cereals, however, only a limited number of QTL studies have been performed
in barley to identify the genetic factors contributing to variation of photosynthesis-related
parameters. The few previous studies in barley were focused on a single developmental stage (Guo
et al., 2008; Liu et al., 2015; Liu et al., 2017; Salter et al., 2020). Moreover, these studies used bi-
parental populations (doubled haploid lines or recombinant inbred lines, RILs) to identify QTL for
photosynthesis-related traits, which, due to the low number of involved parental genotypes and
limited recombination events, led to a low mapping resolution (Huang et al., 2012) and an
incomplete capturing of the genetic architecture of a complex trait (Holland, 2007; reviewed by
Scott et al., 2020). Multi-parent population (MPP) QTL mapping is an alternative approach to
overcome these issues (Scott et al., 2020). The MPP QTL analyses were successfully deployed in
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barley for agronomically important traits such as grain size (Shrestha et al., 2022) and flowering
time (Sannemann et al., 2015; Cosenza et al., 2024), but not yet for photosynthesis-related

parameters.

Photosynthesis is a highly complex trait and variation is expected to be caused by many small-
effect QTL (Theeuwen et al., 2022). Due to the small effect sizes, genomic prediction (GP) is
considered a very suitable approach to increase the genetic gain for complex traits in breeding
programs (Meuwissen et al., 2001; Desta and Ortiz, 2014). Instead of identifying QTL, GP obtains
genomic estimated breeding values by estimating genome-wide marker effects of each individual
(Meuwissen et al., 2001). In contrast to yield-related traits (e.g., Beyene et al., 2015; Millet et al.,
2019), GP has never been used in photosynthesis breeding programs. Estimating the prediction
ability might give new insights into the potential to improve photosynthetic efficiency by

predictive breeding approaches.

The overall objective of this study was to assess the potential to integrate photosynthesis-related
parameters into crop and specifically barley breeding programs by 1) exploring the genetic
variation of photosynthesis-related parameters in barley RILs across different developmental
phases, 2) unraveling the genetic complexity of the photosynthesis-related parameters in barley by
using bi-parental and MPP QTL analyses, and 3) examining the utility of integrating the

photosynthesis-related parameters in GP of yield and its components.
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2. Materials and methods

2.1 Plant materials and genotyping

The plant materials of this study comprised eight recombinant inbred line (RIL) populations which
were selected from the Hordeum vulgare Double Round-Robin (HvDRR) population consisting of
45 RIL populations (Casale et al., 2022; Shrestha et al., 2022). The HvDRR population was
derived from the crossings of 23 barley inbred lines that were selected from 224 barley landraces
and cultivars (Weisweiler et al., 2019), using the double round-robin design (Stich, 2009). Each
HvDRR sub-population was established following a single seed decent strategy (Casale et al.,
2022). The eight RIL populations of our study were selected based on the contrasting phenotypes
of their parental inbreds for photosynthesis-related parameters (Supplementary Table S1; Gao et
al., 2024).

The RILs of the HYDRR population were genotyped at the S4 generation using the S0K SNP
genotyping array that includes 40,040 SNP markers (Bayer et al., 2017).

2.2 Field experimental design

The above mentioned eight RIL populations were grown in Germany at Cologne in 2021 (Y21)
and Disseldorf in 2022 (Y22). In Cologne, two trials were performed with different plot sizes.
These were named in the following as mini-big plot (2.25 m?) with 200 plants, and big plot (10
m?) with 1000 plants. In both trials, an augmented design was used. In Diisseldorf, one trial with
2.25 m? plots with 200 plants was performed, also by following an augmented design. The ten
parental inbreds were used as checks in both years’ trials. Air temperature and precipitation were
recorded during the field experiments in both locations. The fields in Cologne and Diisseldorf have

a para-brown soil. Fertilization and crop protection followed local practices.

2.3 Assessment of photosynthesis-related parameters and agronomic traits

In both years (Y21 and Y22), photosynthesis-related parameters were collected from the top fully
expanded leaf of three replicates in each plot across multiple developmental stages of barley from
seedling stage (ZS13, (Zadoks et al., 1974)) to dough development (ZS87) using MultispeQ V2

device (Kuhlgert et al, 2016). The measurements in Y21 were based on the protocol
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“Photosynthesis RIDES” which sets the intensity of actinic light to the incident light intensity upon
leaf. In Y22, we used the protocol “PSII measurements”, by which the intensity of actinic light
was always set to 1500 umol m~2s~1. This light intensity was chosen to mimic the high light
condition observed in the previous field experiments (Gao et al., 2024). These two different but
complementary measurement protocols were used to capture the genetic variation of

photosynthesis under both variable (Y21) and high (Y22) light intensity conditions.

The following MultispeQ parameters were assessed in our study (see Kuhlgerd et al., (2016) for
instrument descriptions and the definitions of the parameters): linear electron flow (LEF), the
fraction of PSII open centers (qL), quantum yield of PSII (Phi2), the maximum efficiency of PSII
in light-adapted state (Fv’/Fm’), non-photochemical quenching (NPQt), quantum yield of non-
photochemical quenching (PhiNPQ), quantum yield of non-regulated dissipation processes
(PhiNO), and relative chlorophyll content (SPAD). In addition, MultispeQ also recorded
environmental parameters, such as the ambient light intensity of photosynthetically active

radiation (PAR), ambient temperature, and ambient humidity.

Agronomic traits were assessed in multi-year and multi-environment field experiments in the years
2017 to 2021 at Diisseldorf, Cologne, Eifel Mechernich, and Quedlinburg in Germany (Shrestha
et al., 2022; Cosenza et al., 2024; Lapasiya et al., 2025). Not every location was used every year
to evaluate all parameters. Flag leaf length (FL, cm) and width (FW, cm) were measured by rulers
when the flag leaf was fully expanded. Plant height (PH) was measured from the ground surface
to the top of the spike when plants were fully developed. Flowering time (FT) was recorded as
days after sowing when 50% of the plants within a row were flowering. Awn length (AWL, cm),
spike length (SPL, cm), and spikelet number in one row of the spike (SPK) were assessed when
the spike was fully developed. Seed length (SDL, mm), seed width (SDW, mm), seed area (SDA,
mm?), and thousand grain weight (TGW, g) were measured by MARVIN seed analyser
(MARVINTECH GmbH, Germany). Grain yield (GY, kg/10 m?) and net straw yield (SY, kg/10

m?) were measured at the harvest using a combine harvester.

2.4 Statistical analyses

Due to the dependence of photosynthesis on light intensity and temperature (Ogren, 1993;

Yamasaki et al., 2002; Coast et al., 2022), these were considered during the analyses. Because of
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the degradation of chlorophyll after senescence, all observations with SPAD values <10 were
removed from the data set. We considered three main developmental phases (S) of barley in the
statistical analysis: slow expansion phase (SEP) (ZS < 30), rapid expansion phase (REP)
(30<ZS<60), as well as anthesis and senescence phase (ASP) (ZS=>60). In addition, we considered
the time window (TW) of each measurement: every one hour was considered as one TW as block
effect to model environmental differences that are not explained by the individual environmental

factors.

The following mixed linear model was used to estimate adjusted entry means for photosynthesis-

related parameters for the data set ALL (i.e., combining both Y21 and Y22):

Yijiknsopqr = U + G; + E] + (Genecks: E)ij + (S: E)lj + (ZS: E)kj + Dp + (TW: D)y, +
PARijlknsopqr + Tijlknsopqr + Hijlknsopqr + (B: E)oj + (R: B: E)poj + (C: B: E)qoj +

Eijlknsopqr ) [1]

where Vijiknsopqr Was the observed MultispeQ parameter across all light conditions and all
developmental stages, p the general mean, G; the effect of the it" genotype, E; the effect of the j th
location, (Gcpecks: E);j the interaction between the i®" inbred (if it was a check) and the jt*
location, (S: E);; the effect of the [*" barley developmental phase nested within the j* location,
(ZS:E)y; the effect of the k" Zadok’s score of barley development nested within the j** location,

D,, the effect of measurement date n, (TW: D), the effect of the st* time window nested in the
n" measurement date, (B:E),; the effect of the 0" block nested within the j™* location,
(R:B:E),,; the effect of the p*" range nested within the o™ block in the ;™ location,
(C: B: E) 4o; the effect of the g™ row nested within the 0" block in the j* location, PARiknsopqr
the actinic light intensity of the MultispeQ during each measurement, Tjjxnsopqr the ambient
temperature of each measurement, H;jjxnsopqr the ambient humidity of each measurement, and
€ijiknsopqr the random error. In this model, G;, Ej, and (S: E),; were treated as fixed effects and

(Genecks: E)ij> (ZS:E)ij, Dy, (TW:D)gn, (B:E)yj, (R:B:E)poj, and (C: B:E)go; as random

effects; PARjiknsopgrs Tijiknsopqr» a4 Hjjiknsopqr Were covariates.

One of our aims was to estimate the dynamic genetic influence on photosynthesis across different

developmental phases in different years. Thus, we performed the above-described statistical
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analysis based on six different data sets (i.e., combined analysis across the developmental phases
and both years (ALL), three developmental phases separately (SEP, REP, and ASP) while
combining the data from two years, and two years separately (Y21 and Y22) while combining the
data from three developmental phases for each year) with three models (Supplementary Table S2).
We also obtained adjusted entry means for each year across all developmental phases

(Supplementary Table S2) as well as for each developmental phase in the two-year experiments.

The linear mixed models were fitted using ASReml 4.2 (Gilmour et al., 2021), and if not mentioned

differently, all the other statistical analyses were conducted in R program.

Broad-sense heritability (H?) was estimated for each data set based on the following equation:

—BLUE
H? =0%/(ot +vs  /2), [2]

where 02 was the genotypic variance of the RIL from model [1] with a random effect for G; and

E?LUE was the mean variance of the difference between two adjusted entry means (Holland et al.,

2003; Piepho and Mohring, 2007).

The relationship between the photosynthesis-related parameters and the morphological or yield-
related parameters of the RILs was evaluated by Pearson’s correlation coefficient among adjusted

entry means for each data set.

2.5 QTL analysis for photosynthesis-related parameters

The genetic maps for each HYDRR sub-population and the consensus map across all 45 linkage
maps of HVDRR populations are available from Casale ef al. (2022). The genetic map of each
HvDRR sub-population was used for bi-parental population (BPP) QTL analyses. A consensus
map (Casale et al., 2022) was used for MPP QTL analysis.

BPP and MPP QTL analyses were conducted based on the adjusted entry means of the
photosynthesis-related parameters for each RIL calculated from the corresponding data set

(Supplementary Table S2).

For BPP QTL analysis, genetic probabilities were computed every centiMorgan (cM). The
genome-wide scan was then performed by using the Haley-Knott regression algorithm (Haley and
Knott, 1992). Then a forward and backward selection was performed for multiple QTL mapping
(Shrestha et al., 2022). The logarithm of the odds (LOD) score at a 0.05 significance level was set
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as QTL threshold determined by 10000 permutations (Dupuis and Siegmund, 1999). The BPP QTL
analysis was conducted with R/qtl (Broman et al., 2003). The MPP QTL analysis was performed
across the selected eight HvDRR sub-populations using the R/mppR package (Garin et al., 2015).
QTL were only mapped for a trait*HvDRR sub-population combination, for which phenotypic

data were available for at least half of the individuals.

2.6 Genomic prediction of photosynthesis-related parameters

Genome-wide prediction was performed by genomic best linear unbiased prediction (GBLUP):
y=1u+Zu+ ¢ ,[3]

where y was the vector of the adjusted entry means of the photosynthesis-related parameters, 1
the unit vector, u the general mean, Z the incidence matrix of genotypic effects, u the vector of
genotypic effects that were assumed to be normally distributed with u~N (0, Go2), where G
denotes the relationship matrix calculated on the basis of the SNP marker data (VanRaden, 2008),
02 the genetic variance, and & the vector of residuals following a normal distribution e~N (0,
I62), where I was the identity matrix and o2 the residual variance. In this study, only additive
effects were considered. In addition, the G*E effect is confounded with the error variance. GBLUP

model was fitted using the R package sommer (Giovanny, 2016)

2.7 Cross validation

To assess the performance of the GBLUP model, five-fold cross validation (CV) was conducted.
Prediction abilities (P4) were calculated using Pearson’s correlation coefficient (7) between
observed and genomic estimated breeding values for each photosynthesis-related parameter. The
median of the prediction ability across the five folds (each with 100 replicates) was considered as
prediction ability. In order to allow a comparison to the results of the MPP QTL analyses, the
proportion of phenotypic variance explained (PEV) for the genomic prediction models was

calculated as the squared prediction ability: PEV = PA? = r?,

We conducted the above-described five-fold cross validation for the aforementioned six different
data sets (Supplementary Table S2). The adjusted entry means of these six data sets were estimated
based on the models described above. To compare the prediction ability in the three developmental

phases, we used 199 genotypes that were measured in all three developmental phases, thereby
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eliminating the bias associated with sample size differences. Similarly, we selected the genotypes
that were assessed in both years to conduct the five-fold cross validation using the data sets Y21

and Y22.

2.8 Assess the effect of different factors on genomic prediction ability for

photosynthesis-related parameters.

Multiple analyses were conducted to assess the effects of 1) population size and 2) number of

markers.
1) Population size

We systematically varied the number of RILs from 50 to 600 in increments of 50 RILs by using
the adjusted entry means from the data set ALL. For each population size, five-fold cross validation
was performed 20 times for each photosynthesis-related parameter. For LEF, Phi2, PhiNO, qL and
SPAD, the prediction was relatively high, and the prediction ability changed marginally with the
increasing population size. In comparison, PhiNPQ, NPQt and Fv’/Fm’ had lower prediction
ability and their prediction ability increased as the population size increased from 50 to
approximately 150, and then remained largely stable at larger population sizes (Supplementary Fig.

S1A).
2) Number of SNP markers

Different numbers of SNP were used for five-fold cross validation by using the data set ALL. The
number of markers varied as follows: 3607, 7214, 10821, 14428, 18035, 21642, 25249, 28856,
32463, and 36070. The markers were randomly chosen in each replicate, but always including
those of the lower number gene set in the next bigger gene set. This procedure was repeated 50
times. The prediction ability was independent of the number of SNP markers (Supplementary Fig.
S1B)

3) Genomic prediction of agronomic traits based on photosynthesis-related parameters

One of the objectives of this study was to evaluate the potential of integrating photosynthesis-
related parameters into breeding programs targeting crop yields. Hence, the photosynthesis-related

parameters were used as the predictors of agronomic traits.
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First, the prediction ability of the agronomic traits was investigated with the same GBLUP model
[3] that was used to predict the photosynthesis-related parameters based on SNP information. This
model served as a benchmark to evaluate the performance of integrating photosynthesis into

genomic prediction.

Next, the prediction ability for agronomic traits was assessed with bivariate prediction models
(Sun et al.,, 2019) to evaluate whether agronomic traits share genetic covariance with
photosynthesis-related parameters, and therefore whether the latter can act as informative
secondary traits. Specifically, we estimated the prediction ability for the agronomic traits after

integrating one photosynthesis-related parameter as a secondary trait separately:
V1] _ M1 Z; 07rus &
yz] =1 [.Uz] t [ 0 Zz] uz] + [82]’ [4]
where y; was the vector of the adjusted entry means of genotypes for trait i, where i € [1:

agronomic trait, and 2: photosynthesis-related parameter]. y; was the general mean for trait i, Z;

the incidence matrix of genotypic effects of trait i. In addition, u; and &; were the vectors of
. . .. u &
random genetic effects and residuals for trait i, where [u;] and [ sﬂ were assumed to be normally

distributed N(0,H ® G) and N(0,I @ R), respectively, in which G was the relationship matrix
calculated on the basis of the SNP marker data, I an identity matrix, H (R) the genetic (residual)

variance-covariance matrix for the two traits, and & the Kronecker product.

Third, we evaluated the contribution of all eight photosynthesis-related parameters together to the
genomic prediction of agronomic traits using two alternative specifications of the same GBLUP
model (Eq. [5]), namely by adding photosynthesis-related parameters as fixed or random effects.
By adding the photosynthesis-related parameters as fixed effects, we estimated their common
effects on agronomic traits for all genotypes. The addition of photosynthesis-related parameters as
random effects allowed us to estimate the heterogenous effects of photosynthesis-related

parameters on agronomic traits. In both cases, we fitted
y=1u+Zu+Xv+e, [5]

where y is the vector of agronomic trait observations, X was the matrix of the principal component
analysis (PCA) on the photosynthesis-related parameters to avoid multicollinearity among these

parameters, and v the vector of the regression coefficients. The remaining terms (1, u, Z, u, and €)
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are defined as in the model [3]. For the first analysis, i.e., adding the photosynthesis-related
parameters as fixed effects, v was treated as fixed-effect vector so that the PCs of the
photosynthesis-related parameters entered the GBLUP model as fixed covariates. In the second
analysis, i.e., adding the photosynthesis-related parameters as random effects, v was treated as a
random-effect vector (v ~ N (0, Io*>_v)) so that the PCs defined an additional random term in the
model. To quantify the effect of integrating photosynthesis-related parameters on the prediction of
agronomic traits, we calculated the change in prediction ability (4PA4) as the difference between
the prediction ability obtained with the bivariate model and that obtained with the baseline

univariate GBLUP model using genome-wide SNP markers only:
APA = PApivariate — PAunivariate [6]

where both P4 values refer to the same agronomic trait and were estimated using the same cross-

validation scheme.

As a fourth approach, we assessed the performance of a joined weighted relationship matrix
calculated from SNP markers and photosynthesis-related parameters to predict GY and SY. The
joined weighted relationship matrix allows us to evaluate whether photosynthesis-related
parameters capture the variation of agronomic traits that is not fully explained by SNP markers. In
order to do so, the matrices G in model [3] of the two predictors (the photosynthesis-related
parameters and SNP data) were weighted and summed up to a single joined weighted relationship
matrix. The weight of each predictor was varied from 0 to 1 in increments of 0.1, resulting in
eleven distinct combinations of joined weighted relationship matrices, where the sum of the two
weights in each combination equaled 1. Five-fold cross validation (each with 50 times) was
performed to assess the prediction ability of each model with different joined weighted relationship

matrices.
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3. Results

3.1 Phenotypic and genotypic variation

To characterize the photosynthesis-related parameters under field conditions, we first summarized
the phenotypic variation and light-response patterns across a total of 631 RILs from eight HvDRR
sub-populations and the corresponding ten parental inbreds. These were evaluated for seven
photosystem II (PSII) related parameters and SPAD under a wide range of PAR in the field. In Y21,
actinic PAR was equal to ambient PAR and LEF increased with increasing PAR (Fig. 1A), with
larger deviation in the high PAR range. A decreasing trend of Phi2 with increasing PAR was
observed (Supplementary Fig. S2A). In Y22, actinic PAR was 1500 umol m~2?s~! and both LEF
and Phi2 showed no dependence on ambient PAR (Fig. 1B; Supplementary Fig. S2B). The light
response of NPQt was similar to that of PhiNPQ, and the light response of Phi2 was opposite to
that of PhiNPQ in Y21, while no clear trend was observed in Y22. Unlike the PSII parameters,
SPAD was not affected by PAR (Supplementary Fig. S2) and varied between 10 and 85 across the

developmental stages studied.

3.2 Genetic variation across HvDRR sub-populations

In order to explore the genetic variation in photosynthesis-related parameters, we assessed the

variance components and estimated the broad-sense heritability for each parameter.

For this two-year experiment (data set ALL), we observed significant (P < 0.05) effects of the
Zadok’s score nested in environment (0Z%.5), i.e. the development of barley, the date of the
measurement (c2), the time window nested in day (6%,.p), and the genotype (6Z) on all PSII
parameters and SPAD (Table 1). The check*environment effect (G pecks: E) Was significant (P <
0.05) for all photosynthesis-related parameters except for PhiNO (Table 1). On the basis of the
data set ALL, the heritability on an entry mean basis (H?) of all PSII parameters and SPAD ranged
from 0.383 (NPQt) to 0.540 (SPAD). In Y21, when measurements were taken at various actinic
PAR intensities, H? for PSII parameters were considerably lower, spanning between 0.075
(PhiNPQ) and 0.196 (qL). In Y22, PSII parameters were measured under the fixed high light
condition, and the H? ranged from 0.415 (PhiNO) to 0.521 (PhiNPQ). Compared to PSII

parameters which were sensitive to the instantaneous light intensity, SPAD was relatively stable.
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The H? of SPAD in Y21 was lower (0.328) than in Y22 (0.496), which suggests that the difference
in H? between the two years is not only due to the measurement protocol, but also due to additional
environmental or experimental variability in the first vs. the second year. Nevertheless, the
measurement protocol appears to be a major contributor to the difference in H? observed in PSII
parameters between both years (Fig. 2). In addition, the H? also changed across the different
developmental phases for each photosynthesis-related parameter. In general, the H? for the

photosynthesis-related parameters in SEP was the lowest of the three developmental phases (Fig.
2).

A principal coordinate analysis based on 36077 SNP markers was performed to assess the
population structure of the genetic materials of this study. The inbreds of the HvDRR sub-
populations clustered together (Supplementary Fig. S3). The HvDRR sub-populations, which

shared one of the inbred parents, were close to each other.

3.3 The phenotypic variation within HvDRR sub-populations

We assessed the phenotypic variation within each HvDRR sub-populations to determine whether
individual HvDRR sub-populations provide useful segregating variation for photosynthesis-

related parameters.

For each HvDRR sub-population, the adjusted entry means of the photosynthesis-related
parameters of the parental inbreds were within the variation range of the values observed for the
sub-population (Fig. 3), thus illustrating transgressive segregation. The coefficient of variation
(Cov) for all RILs was ranging from 3.70% (Fv’/Fm’) to 26.48% (NPQt). For each HvDRR sub-
population, the highest Cov value was observed for NPQt, while the lowest value was observed
for Fv’/Fm’ (Table 2). HvDRR25 was the sub-population with the lowest Cov value for Fv’/Fm’,
LEF, NPQt, PhiNPQ and gL, while it showed the highest Cov for SPAD. In contrast, HvDRR35
had the highest CoV for Fv’/Fm’, NPQt, and qL.

In order to assess the importance of epistatic variance, we compared for each HvDRR sub-
population the differences between the means of the parameters for the parental inbreds and the
corresponding RILs. For homozygous genotypes as in our RILs, the expected progeny mean equals
the parental mean in the absence of epistasis. Significant deviations from parental means suggested

that epistatic effects contribute to the phenotype under consideration. Using this comparison, we
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observed significant (P < 0.05) differences for Phi2 in HYDRR25 and HvDRR27 and for Fv’/Fm’,
NPQt, and PhiNPQ in HvDRR32 (Fig. 3).

3.4 Correlations among and within photosynthesis-related parameters and

agronomic traits.

In order to identify phenotypic traits that are most relevant for yield and its components, we
examined the correlations within photosynthesis-related parameters and between these and

agronomic traits across the developmental phases.

We observed a wide range of correlations among each pair of photosynthesis-related parameters
(Fig. 4) when considering the adjusted entry means calculated for the data set ALL. For instance,
SPAD was significantly positively correlated with Fv’/Fm’ and PhiNO, while it was significantly
negatively correlated with LEF, NPQt, Phi2, PhiNPQ and qL (Fig. 4). As expected, Phi2 and LEF
were significantly positively correlated with each other. In contrast, Fv’/Fm’ was significantly
negatively correlated with all PSII parameters except PhiNO. While NPQt was positively

correlated with Phi2, the correlation coefficient was low.

We also analyzed the correlation between the adjusted entry means of photosynthesis-related
parameters in the data set ALL and the adjusted entry means of agronomic traits collected from
multi-year and -environment experiments (Fig. 4). Since comparison between characters that have
been assessed in different environments reduces the covariance due to error, this approach allows
to directly obtain genotypic correlations (Holland, 2006; Piepho ef al., 2012). Notably, LEF, Phi2,
and qL were significantly (P < 0.05) positively correlated with GY and also yield component
traits, such as spike- and seed-related traits (AWL, SPL, SPK, SDW, SDA, and TGW). In contrast,
PhiNO and SPAD were significantly (P < 0.05) negatively correlated with GY as well as its

component traits.

In the next step, we studied the correlation between the same traits across the different
developmental phases. We observed significantly (P < 0.05) positive correlations between the
two developmental phases SEP and REP for LEF, Phi2, PhiNPQ and SPAD, while the correlations
were only moderately positive for Fv’/Fm’, NPQt, PhiNO and qL (Fig. 5). PhiNO and SPAD were
the only parameters that showed significantly (P < 0.05) positive correlation between REP and

ASP. No significant correlation was observed between SEP and ASP for PSII-related parameters
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and SPAD. We then examined the correlation between the photosynthetic parameters assessed in
the individual developmental phases and grain/straw yield (GY/SY), flag leaf dimensions (FL/FW),
spike-related traits (SPL, AWL, SPK), and seed-related traits (SDW, SDL, SDA, TGW). We found
SPAD in SEP and NPQt and PhiNPQ in REP were significantly (P < 0.05) negatively correlated
with GY, while Fv’/Fm’, Phi2 and LEF in REP were moderately positively correlated with GY.
However, the significant positive correlation between Phi2 and GY observed across all
developmental phases disappeared when considering each individual development phase.
Specifically, we observed a change in the correlation coefficient across phases, from negative in
SEP to positive in REP and then to negative again in ASP. The correlations between Phi2 and
several spike- and seed-related traits remained significant in SEP and REP. In addition, we
observed several parameters to be significantly (P < 0.05) positively correlated with SY, such as
Fv’/Fm’ and LEF in SEP or LEF and Phi2 in REP, while PhiNPQ and SPAD in SEP and SPAD in
REP were negatively correlated with SY (Fig. 5). These correlation patterns observed across all
HvDRR populations differed considerably from those found for individual HvDRR populations in
individual developmental phases. For individual HvDRR sub-populations, we only observed
significantly positive correlations between Fv’/Fm’ and PhiNO and GY in REP for HVDRR34 and
qL and GY in SEP for HYDRR31 (Supplementary Figs. S4 and S5). Although the correlation
between Phi2 and GY showed a negative-positive-negative pattern across SEP, REP and ASP at
the whole population level, this patten was not observed in all HYDRR sub-populations. For
instance, in HYDRR31, Phi2 was positively correlated with GY in SEP, and negatively correlated
with GY in REP and ASP (Supplementary Fig. S5).

3.5 QTL associated with photosynthesis-related parameters

In order to dissect the genetic architecture underlying variation in photosynthesis-related traits and
to identify genomic regions contributing to these parameters (Objective 2), we performed BPP and

MPP QTL analyses across datasets and developmental phases.

In total, 24 QTL were detected for the photosynthesis-related parameters using the BPP QTL
analysis when considering all six data sets. The QTL were detected on all chromosomes except

6H. The PEV by individual QTL ranged from 15.36% to 45.28% (Supplementary Table S3).

The detected QTL were not consistent across the different data sets. For the data set ALL, nine

QTL were identified for three HvDRR sub-populations: one QTL was detected for HYDRRO02 for
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SPAD, four QTL for HvDRR25 for LEF, Phi2 and SPAD, and four QTL for HvDRR27 for Fv’/Fm’,
NPQt, PhiNPQ and SPAD. The PEV of the simultaneous fit of all additive QTL was ranging from
15.43% (NPQt) to 42% (SPAD) (Supplementary Table S3).

For the data set Y21, two QTL associated with SPAD were detected in HYDRR27 and HYDRR35,
while in the data set Y22 three QTL associated with LEF, Phi2 and NPQt were detected in
HvDRR25 and HvDRR34. The two QTL for LEF and Phi2 were located in the same region of
chromosome 5 in HvDRR25.

Notably, QTL changed across the different developmental phases. In SEP, two QTL were detected
for Phi2 (HvDRR35). In REP, four QTL were associated with LEF (HvDRR27), Phi2 (HvDRR27),
and SPAD (HvDRRO2 and HvDRR25). In ASP, four QTL were associated with PhiNO
(HvDRR25), gL (HvDRR32), and SPAD (HvDRR25, HvDRR27).

A total of 37 QTL were detected in the MPP QTL analysis across the different data sets
(Supplementary Table S3). The PEV by individual QTL ranged from 2.3% (SPAD ALL and Phi2
for REP) to 15.21% (LEF, REP).

We summarized both BPP and MPP QTL into 18 consensus QTL based on the consensus map
(Casale et al., 2022), in which 7 consensus QTL were detected by BPP as well as MPP mapping,
8 consensus QTL were detected only by MPP mapping, and 3 were detected by BPP QTL mapping
(Supplementary Table S4).

3.6 Genomic prediction for photosynthesis-related parameters

We evaluated genomic prediction ability (PA) using the GBLUP method across years and
developmental phases in order to assess whether photosynthesis-related parameters can be

predicted from genome-wide markers and, thus, are of use in breeding programs.

In the first step, the PA of each photosynthesis-related parameter based on SNP markers was
estimated using the GBLUP model (Eq. [3]). Using all RILs in data set ALL, the PA ranged from
0.25 for PhiNPQ to 0.57 for SPAD (Supplementary Fig. S6).

To compare PA between years, only genotypes evaluated in both years (Y21 and Y22) were
considered. In Y21, the PA for photosynthesis-related parameters ranged from 0.25 (qL) to 0.56
(PhiNPQ), whereas in Y22, the PA ranged from 0.08 (NPQt) to 0.42 (SPAD) (Fig. 6A).
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In the next step, we compared the PA for the photosynthesis-related parameters in different
developmental phases. The PAs of the photosynthesis-related parameters were often higher in SEP
and REP than in ASP (Fig. 6B). The PAs of Fv’/Fm’, LEF, Phi2, and SPAD decreased in ASP
compared to SEP and REP, while the heritability of these parameters showed the opposite trend
(Fig. 2). Fv’/Fm’ and NPQt had consistently low PAs across the developmental phases (Fig. 6B).

3.7 Prediction of agronomic traits by integrating photosynthesis-related

parameters

Four different approaches were examined in order to evaluate whether the PA for GY and SY based

on SNP markers can be improved by incorporating photosynthesis-related parameters as predictors.

By using a bivariate model to integrate the photosynthesis-related parameters as secondary trait in
the model (Eq. [4]), the PAs for the agronomic traits were increased but not by all photosynthesis-
related parameters. The difference between the PA of the bivariate model and the corresponding
univariate model (GBLUP model) ranged from -0.13 to 0.01 (Supplementary Fig. S7,
Supplementary Table S5). Overall, by using this bivariate model, the highest percentage of
improved PA was 2% by adding PhiNPQ (SEP) as the secondary trait to predict HI. The PAs of
FT, FL, PH, SDL, SDA, SPK, SPL, AWL, TGW, and GY were increased by adding the PSII-related
parameters as secondary traits in the bivariate model in the data set ALL (Supplementary Fig. S7).
For instance, the PA for GY was improved by adding NPQt (0.14%), Fv’/Fm’ (0.14%) and LEF
(0.08%) as secondary trait. Comparing the three different developmental stages, some of the
photosynthesis-related parameters from both REP (PhiNPQ 0.98%, LEF 0.42%, Phi2 0.23%, and
qL 0.16%) and ASP (LEF 0.11%, PhiNO 0.07%, and SPAD 0.03%) data set were able to improve
the PA for GY, while no photosynthesis-related parameters from SEP could improve GY. The
strongest improvement of about 1% was observed when considering PhiNPQ from REP. For SY,
we observed a very small increase in PA when integrating qL. (ASP, delta=0.0006) as secondary
traits (Supplementary Fig.S7).

Next, the photosynthesis-related parameters were added to the GBLUP model as either fixed or
random effect (Eq. [5], Fig. 7, Supplementary Fig. S8, Supplementary Table S5). The PA for the
agronomic traits (SDA (9.1%), SDL (0.98%) and AWL (0.88%)) was improved by adding the
photosynthesis-related parameters as fixed effect. Adding the photosynthesis-related parameters

as random effects also slightly increased the PAs of three and two agronomic traits when
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considering photosynthesis-related parameters from SEP and ASP, respectively. Interestingly, the
improved PAs in SEP were observed for seed-related traits (SDL (3.8%), SDA (10.7%), and GY
(0.45%)).

Lastly, joined weighted relationship matrices of the photosynthesis-related parameters and SNP
markers were established (Eq. [3]; Fig. 8). First, for data set ALL, using the whole set of SNP
markers, the PA of GY based purely on photosynthesis-related parameters (PA=0.348) was
considerably lower than when calculated purely based on SNP markers (PA=0.605). Furthermore,
none of the joined weighted matrices could improve PA for GY compared to that of the SNP
markers. In contrast, the PAs of FL, FW, PH, SPK, SPL and HI were improved by the joined
weighted matrices, and the improvements of PA ranged from 0.04% (FL, weight of SNP=0.8) to
1.86% (FW, weight of SNP=0.9) (Fig. 8). Using only those markers, which were detected in the
QTL analysis of the photosynthesis-related parameters (Supplementary Table S3), to calculate the
relationship matrix, we observed increases of the PA compare to the relationship matrix calculated
for all SNP markers. Among all agronomic traits, the highest increase of the PA was observed for

FW with an increase of 3.33%.

Notably, the PA improvement of GY varied between the two years (data set Y21 and Y22,
Supplementary Fig. S10) and among the different developmental phases (data set SEP, REP, ASP,
Supplementary Fig. S11). For Y21, consideration of the photosynthesis-related parameters,
regardless of their weight, improved the PA of GY, ranging from 5.51% (weight of SNP=0.9) to
6.08% (weight of SNP=0.5), while for Y22, it did not improve the PA of GY under any weight
level. (Supplementary Fig. S10). Integrating photosynthesis-related parameters assessed in the
REP and SEP improved the PA for GY, ranging from 0.24% (SEP, weight of SNP=0.9) to 1.12%
(REP, weight of SNP=0.7) (Supplementary Fig. S11). Doing the same analyses for all other
agronomic traits, the percentage of improved PA by using a joined weighted relationship matrix
compared to a purely SNP based matrix ranged from 0.00037% (TGW, REP, weight of SNP=0.9)
to 11.1% (SDA, SEP, weight of SNP=0.4).
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4 Discussion

Our study revealed high variability in the photosynthesis-related parameters in the eight HYDRR
sub-populations grown under field conditions (Fig. 3). Consistent with our previous findings (Gao
et al., 2024), this high variability of the photosynthesis-related parameters was explained by
environmental conditions, plant developmental phases, genetic effects, and the interaction between
genotype and environment (Table 1). In order to evaluate the potential of classical plant breeding
to optimize photosynthesis via phenotypic selection, it is crucial to consider the heritability of the
photosynthesis-related parameters. In our two-year experiments, the broad sense heritability
ranged from 0.393 (qL) to 0.540 (SPAD) for the different parameters (Table 1). The heritability
observed for SPAD is in good agreement with what was reported earlier in barley under field
conditions (Liu et al., 2015; 0.50-0.58; Obsa et al., 2016; 0.48-0.85). Consistent with our
observation, these previous studies also suggested that the ranking of the genotypes is not stable
across years, i.e., genotype by environment interaction has a major impact on photosynthetic
phenotypes. In this study, the difference in the ranking of the genotypes between Y21 and Y22
might be partially explained by the different measurement protocols used. In Y21 we used the
“Photosynthesis RIDES” protocol which measures the PSII-related parameters under the ambient
light intensity, whereas in Y22 all measurements were conducted under the same light intensity of
1500 umolm~2s~1. Although measuring photosynthesis under highly variable ambient light
intensity reflects the reality in the field, using the same light intensity for all measurements could
reduce PAR-dependent variations in the photosynthetic parameters (Fig. 1) and thereby increase
the contribution of the genetic variation. The comparison of the genetic variance for each year in
the data set ALL (Supplementary Fig. S12) revealed that the genetic variation for Y22 is higher
than that for Y21 for all photosynthesis-related parameters measured in this study. A plausible
explanation for this observation might be that reduced PAR-dependent variations by using a fixed
actinic light intensity reduce the environmental noise. This in turn improves the ability of
comparing the PSII-related parameters across genotypes and therewith increases the heritability.
Therefore, measurement protocols with predefined actinic light intensity are recommendable when
the primary objective is to quantify genetic variations in photosynthesis. In field conditions, such
protocols can be applied using a hand-held device with a clamp-on chamber. On the other hand,

photosynthesis measurements performed under ambient light intensities, such as for Y21, may
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capture additional environment-dependent or GXE components that are relevant for yield
formation and, thus, may improve prediction ability of yield. This is in accordance with our
observation that for Y21, all considerations of the photosynthesis-related parameters, regardless of
their weight in the joined weighted relatedness matrix, improved the prediction ability of GY while
this was not the case for Y22 (Supplementary Fig. S10). Thus, fixed light intensities are
recommendable for genetic dissection and robust genotype comparisons, whereas ambient light
measurements may be advantageous when the main goal is prediction of yield under realistic field

conditions.

4.1 Genetic complexity of photosynthesis-related parameters

We conducted both BPP and MPP QTL analyses in the eight barley HYDRR sub-populations to
gain better insights into the genetic complexity of photosynthesis-related parameters. The BPP and
MPP QTL analyses identified 28 and 35 QTL of the photosynthesis-related parameters,
respectively (Supplementary Table S3). The higher number of QTL detected for the multi-
population analysis is in accordance with the previous studies which showed a higher power of
this analysis to detect QTL compared to the bi-parental analysis (cf. Shrestha et al., 2022; Cosenza
etal., 2024).

Based on the consensus genetic map of BPP and MPP QTL, we identified 18 consensus QTL
(Supplementary Table S4), of which eleven were associated with more than one photosynthesis-
related parameter. A similar observation was also made in previous studies, e.g. for QTL associated
with net photosynthesis rate, stomatal conductance, chlorophyll fluorescence parameters, or
chlorophyll content (Guo et al., 2008; Liu et al., 2015; Liu et al., 2017; Salter et al., 2020). Since
the photosynthesis-related parameters were strongly correlated with each other across all
developmental phases (Fig. 4) or within each developmental phase (Fig. 5), their variations might

share a common genetic basis.

We also observed that multiple QTL were associated with each trait (Supplementary Table S3),
suggesting that the photosynthesis-related parameters were controlled by multiple QTL. This is in
line with the findings of other studies in cereals, such as rice (Adachi et al., 2017; Gu et al., 2017,
Adachi et al., 2019; Wang et al., 2020). Yet, the proportion of phenotypic variance explained by
the detected QTL for the photosynthesis-related parameters was considerably lower than those

explained by QTL for agronomic traits in the same populations (Supplementary Table S3)
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(Shrestha et al., 2022; Cosenza et al., 2024; Lapasiya et al., 2025). This might be explained by the
highly variable nature of photosynthesis, which quickly and dynamically responds to
environmental changes (Fig. 1; Supplementary Fig. S2) (Long et al., 2022), as highlighted by the
lower heritability for the photosynthesis-related traits than for the agronomic traits (Fig. 2)
(Shrestha et al., 2022; Cosenza et al., 2024; Lapasiya ef al., 2025). An additional explanation for
the considerably lower proportion of phenotypic variance explained by the photosynthesis-related
QTL compared with the QTL for agronomic traits might be the higher genetic complexity of the
former compared to the latter. Importantly, even when using MPP QTL analysis, the PEV of
detected QTL was low, indicating that photosynthesis-related parameters might be controlled by
many small-effect alleles that are difficult to detect. In contrast, the PEV of genomic prediction
analysis, were three to seven times higher than the PEV of MPP QTL (Supplementary Table S6),
suggesting that genomic prediction performs better for such complex photosynthesis process. In
this case, GP might be a promising approach to improve photosynthesis-related parameters by

classical breeding.

4.2 The potential to improve photosynthesis-related parameters by genomic

prediction

By using all genome-wide available SNPs as predictor, the PA for the photosynthesis-related
parameters of the data set ALL was ranging from 0.25 (PhiNPQ) to 0.58 (SPAD) (Fig. 6). These
values are in the order of what was previously reported for Arabidopsis thaliana under controlled
conditions (Farooq et al., 2021) and suggest that data from field experiments can also be used to
train genomic prediction models for photosynthesis-related parameters. From a biological and
breeding perspective, predicting photosynthesis-related traits per se is relevant for several reasons.
First, although genomic prediction is not a tool to investigate the underlying physiology processes,
it can still contribute to our understanding of photosynthesis by quantifying how much of the
phenotypic variation is consistently captured by genome-wide additive effects across
environments and developmental phases (Fig. 6B). Secondly, photosynthesis-related parameters
are promising targets for yield improvements (Croce et al., 2024), and moderate optimizations of
photosynthesis can already have cumulative effects to improve grain yields (reviewed by Simkin
et al., 2019). Therefore, genomic prediction for photosynthesis can provide breeders with a

practical tool to directly select candidate genotypes for genetically determined variation in
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photosynthesis. Finally, establishing predictive models for photosynthesis-related parameters
provides a basis for subsequent analysis in which photosynthesis could be incorporated as

additional information to improve genomic prediction of agronomic traits.

Despite the promising PAs observed for the photosynthesis-related traits in our study
(Supplementary Fig. S6), the values were lower compared to those reported for agronomic traits
in the HYDRR population. For instance, Shrestha et al. (2022) reported that the PAs for grain size
and grain weight-related traits ranged from 0.83 to 0.86. Cosenza et al. (2024) also reported cross-
validated PAs of 0.77 for both flowering time and plant height. However, given that a relatively
low PA for photosynthesis-related parameters was reported in Arabidopsis under controlled
conditions (Farooq ef al., 2021), the dynamic response of photosynthesis to environmental

fluctuations in the field cannot fully explain the low PA.

One of the challenges in genomic prediction of photosynthetic traits is the complex effects of
physiological and developmental processes on photosynthesis, including source-sink interaction
(Paul and Foyer, 2001), leaf development and senescence (Wingler et al., 2004), and circadian
clock (Dodd et al., 2014). As a result, photosynthesis measurements performed at a single time
point (or a few time points) in a single developmental phase are not enough to capture the overall
long-term performance of the plant that is evaluated by the end-point measurements of agronomic
traits. Moreover, the high non-genetic variability of photosynthesis makes it more difficult to
accurately predict photosynthesis based on genomic information alone. When environmental
fluctuations during the measurements are unavoidable, one possibility to improve the PA for
photosynthesis-related parameters might be to increase the frequency of assessment to capture, for
example, diurnal and seasonal trends across different plant developmental phases. High-
throughput photosynthetic phenotyping systems (reviewed by van Bezouw et al., 2019) would

facilitate such assessment under field conditions (Keller et al., 2024).

4.3 The potential and challenge to improve crop yields by optimizing
photosynthesis

Several approaches have been proposed to improve crop yield by optimizing photosynthesis
(reviewed by Croce et al., 2024). One of the challenges is the complex relationship between

photosynthesis and yield (Croce et al., 2024; Keller et al., 2024). In our study on barley, the

correlation between GY and the photosynthesis-related parameters varied across the
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developmental phases (Fig. 4), as was shown previously (Gao et al., 2024). We observed that LEF,
Phi2, and qL were significantly (P<0.05) positively correlated with most of the agronomic traits,
such as spike- and seed-related traits and also GY and SY (Fig. 4), while SPAD was significantly
(P<0.05) negatively correlated with most of the agronomic traits (Fig. 4). Lower leaf chlorophyll
content can lead to deeper light penetration into a dense canopy and may thereby improve whole-
plant photosynthesis (Gu et al., 2017; Rotasperti et al., 2022; Cutolo et al., 2023; Croce et al.,
2024).

To better understand how photosynthesis contributes to the formation of barley grain and straw
yield and thereby improve strategies to integrate photosynthesis-related parameters into crop
breeding programs aiming at yield improvements, we estimated the correlation between the
photosynthesis-related parameters and yield components in each developmental phase separately.
In line with our previous study (Gao et al., 2024), the correlation between yield- and the
photosynthesis-related parameters changed during plant growth and development (Fig. 5). For
instance, a dynamic correlation was observed between Phi2 and GY, switching from negative in
SEP to positive in REP and then to negative again in ASP (Fig. 5). In the case of Phi2, it was
significantly positively correlated with spike- and seed-related parameters in SEP and REP, while

the correlation was moderately negative in ASP.

The SEP comprises the spikelet initiation phase (Waddington 1 to 4.5), i.e. from apex development
until the appearance of awn primordia. At the end of this phase, the number of primordia already
reaches the maximum (Thirulogachandar and Schnurbusch, 2021; Celestina ef al., 2023), which
determines the maximum yield potential of barley. Moreover, Kien et al. (2014) reported that
tillering and beginning of stem elongation stage (also SEP in this study) is the crucial period for
the formation of spring barley yield and grain quality. During REP, SPK reaches a plateau and then
starts to decrease (Thirulogachandar and Schnurbusch, 2021). The increase in positive correlation
coefficient found between SPK and Phi2 from SEP to REP might indicate that higher Phi2 can
help maintain the number of fertile florets and, thus, suppress the decrease of SPK in REP
(Arisnabarreta and Miralles, 2008). Furthermore, not only SPK but also grain weight is determined
during the spike development stage, long before the grain filling stage (Distelfeld et al., 2014).
The positive correlation found between Phi2 and the spike- and seed-related traits (AWL, SPK,
SPL, SDL, SDE, SDA and TGW) in SEP and REP may therefore illustrate the importance of
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photosynthesis during these stages in determining the yield potential of barley, possibly through

positive influence on SPK and grain weight.

In contrast, the correlations between the photosynthesis-related parameters and the spike/seed-
related traits were considerably lower in ASP (Fig. 5). One reason could be that the main
contributors to grain filling are not leaves but photosynthesis of the spike itself (reviewed by
Sanchez-Bragado et al., 2020). This is supported by the observations that the photosynthetic
capacity of spikes is close to or even higher than that of leaves in the late grain filling stage (Abbad
et al.,2004; Maydup et al., 2010; Sanchez-Bragado et al., 2014). Another possible explanation for
the low correlation coefficient between GY and the photosynthesis-related parameters in ASP is
progression of leaf senescence. With increasing leaf senescence in the late stage of grain filling,
soluble carbohydrates from stems may gain more importance in providing sugars for grain filling

(Bingham et al., 2007) besides the spike photosynthesis.

4.4 The potential to exploit photosynthesis-related parameters in crop breeding

programs to improve yield

Having seen the above-described correlation patterns among the photosynthesis-related
parameters and yield as well as its components, we evaluated the predictive power of the

photosynthesis-related parameters towards yield by four different approaches.

First, in line with the correlation between the photosynthesis-related parameters, the PA of the
photosynthesis-related parameters varied depending on the developmental phases in which these
had been measured. This finding illustrates that, in order to exploit photosynthetic parameters for
yield prediction, the most appropriate stage for their assessment needs to be determined.
Furthermore, we observed that the PA for GY was lower when prediction was based on
photosynthesis-related parameters alone compared to genomic prediction (Fig. 8, Supplementary
Fig. S9-S11). In contrast, Keller et al. (2024) reported the potential of photosynthesis-related
parameters to predict genotype*environment interaction of bean yield, which was higher than that
of genomic prediction. Since our study used photosynthesis-related parameters obtained from a
two-year experiment to predict the average crop yield assessed from multi-year and -environment
experiments, it is possible that our analyses reflected genetic correlation more strongly than

phenotypic correlation between crop yields and the photosynthesis-related parameters.

7



Chapter 3

When combining the photosynthesis-related parameters with the genomic information to predict
crop yield and its components, we observed only slight increases of the PA, with a maximum of
11.1% increase compared to using genomic information alone when considering a few selected
developmental stages. In contrast, for most traits and developmental stages, no improvement was
observed. The minor and inconsistent improvements might be due to the limitation of considering
only PSII-related parameters and SPAD in this study, as these parameters are only related to the
light reaction of photosynthesis at leaf level. In addition, more frequent assessment of
photosynthesis-related parameters should allow better separation of signal from noise and, thus,

increase the predictive performance.

Together, these findings suggest that the photosynthesis-related parameters carry some information
on yield and its components that is different from the SNP-based relationship matrix. Therefore,
photosynthesis-related parameters could provide valuable additional information that can be
considered in future research to increase the PA of yield and its components, and therewith to

improve the efficiency of crop breeding programs.
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5 Conclusions

The results of this study highlight the considerable extent of genetic variation for photosynthesis-
related parameters in barley segregating populations under field conditions compared to other
sources of variation. Nevertheless, significant effects of environmental factors and significant
interactions between genotype and environments on the photosynthesis-related parameters
illustrate the potential of high-throughput and time-series measurements for understanding their
genetics. Development of such devices is essential for exploiting the full potential of
photosynthesis-related parameters in predicting yield and also for realizing yield improvements by
genetic optimization of photosynthesis. The dynamic correlations between photosynthesis-related
parameters and agronomic traits indicate that plant developmental effects should be taken into
account when developing strategies for optimizing photosynthesis to improve crop yields. The
considerably higher PEV of genomic prediction than QTL-based analyses illustrates that the
photosynthesis-related parameters are inherited in a more complex way than classical agronomic
traits. However, our results suggest that the PA for yield and yield components can be slightly
increased by integrating photosynthesis-related parameters, which are assessed in selected
developmental phases, into genomic prediction. This might open up a novel perspective on
increasing the efficiency of crop breeding programs by integrating photosynthesis into prediction

models, especially when high-throughput field phenotyping methods become available.
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Fig. 1 Linear electron flow (LEF) for the ten barley parental inbred lines (gray dots) and the derived

recombinant inbred lines in relation to changing ambient light intensity in field experiments in

Year 2021 (dataset Y21, A) and Year 2022 (dataset Y22, B). The different colors represent the

different genetic material groups.
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Fig. 4 Pearson correlation coefficients calculated between pairs of adjusted entry means across all

barley recombinant inbred lines for the photosynthesis-related parameters from the ALL data set,

and the agronomic traits collected in multi-year and —environment field experiments. Flag leaf
length (FL), flag leaf width (FW), plant height (PH), flowering time (FT), spike length (SPL), awn
length (AWL), spikelet number per row (SPK), seed length (SD), seed width (SDW), seed area
(SDA), thousand grain weight (TGW), grain yield (GY), straw yield (SY), and harvest index (HI).
Asterisks indicate the significance level (***, ** * indicated P < 0.001, 0.01, 0.05 respectively).
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the combined datasets Y21 and Y22. The prediction ability was calculated by using five-fold cross-
validation with 100 replications. B. Prediction abilities across different developmental phases. SEP,
REP, and ASP represent the adjusted entry means calculated from the measurements taken in slow
expansion phase, rapid expansion phase, and anthesis and senescence phase, respectively. The
common 199 genotypes across the three data sets were used for five-fold cross-validation with 100
replications. ALL represents the adjusted entry means calculated from the combined datasets of

the three developmental phases.
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triangles show the prediction abilities using the 62 associated SNP markers to calculate the joint
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markers to calculate the joint weighted relationship matrix.
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Table 1: Variance components and broad-sense heritability (H?) for photosystem II related parameters and
SPAD measured in the field experiments by using the entire data set (ALL), where 0% is genotypic variance;
Ugchecks: ¢ the variance component of the interaction between parental inbreds (as checks) and location;
025 the variance component of the Zadok’s score nested in location; g the variance component of date
of measurement, o2 the variance component of block effects nested within location, o2.5.5 variance
component of range nested within the block in location, 2.5 the variance component of row nested within

the block in location, o2 the variance component of residual, and H? the heritability.

Note that the values of variance components of six photosynthesis-related parameters (Phi2, Fv’/Fm’,

PhiNO, PhiNPQ, NPQt, and qL) were multiplied with 1000.

i 2 2 ; 2 2 2 2 2 2 2

Data set Trait aG O G cnecks'E s ap ITw:n Op:E OR:B:E OCB:E Te H
AL F/Fm 0.232%*+ 0567*** 0.157%*% 1.076%%* 01164 0.247 0017+ 0.021%* 2.880 0395
ALL LEF 54,9150 205,646+ 23.119%** 82108 43075 110.083* 1.716 8769 697.578 0394
ALL NPQt 36.6024%* 122.781%** 29.018%** 155.362*** 21.627%** 27.136 2.635* 2.852* 496.880 0372
ALL phi2 0.198%++ 152544+ 0.067+*+ D511+ 0187+ 0.756**+ 0.001 0.025%* 2.149 0433
AL PhiNO 04757+ 0278 0.213%%* 1424000 0.369%** 0.009 0.034* 0.037"* 5.638 0414
AL PhiNPQ 0.308%+* 2.39204% 0.155%++ 251244+ 0.184%4+ 1615%%4 0.041%%* 0.029* 4.263 0429
ALL al 0.666%** 0,859+ 0.634%+ 1,1034%+ 044644+ 0328 0,018 0.089** 8.499 0393

ses one sos aon

ALL SPAD 18.810 17.962 5.283 49,279 3.747 0.000 1.441 2.441 117.129 0540
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Table 2: Coefficients of variation (Cov) across all eight HvDRR sub-populations and the ten parental

inbreds for the photosynthesis-related parameters.

Population Fv' /Fm’ LEF NPQt Phi2 PhiNO PhiNPQ ql SPAD
HvDRRO2 3.214 8.142 24.587 7.229 12.033 10.020 16.515 12.477
HvDRR25 2.690 5.349 17.631 4.189 9.024 7.607 10.834 13.576
HvDRR27 2.768 5.122 19.269 5.230 8.768 8.403 11.086 12.508
HvDRR31 3.401 6.056 25.517 4.769 9.837 8.682 15.218 10.520
HvDRR32 3.019 6.418 26.622 5.391 11.410 11.351 13.348 11.649
HvDRR34 3.905 5.773 25.199 4.095 11.482 9.721 13.140 9.449
HvDRR35 3.922 6.802 29.871 5.816 9.835 9.601 17.740 12.288
HvDRR40 3.767 7.988 27.200 7.098 12.777 11.909 16.364 11.575

Parental inbreds  2.479 5.237 19.366 4.640 8.138 5.053 11.105 12.672
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Supplementary Fig. S1 A. The prediction ability of each photosynthesis-related parameter from
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photosynthesis-related parameters from five-fold cross validation by using different number of

SNPs.
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Supplementary Fig. S2 Photosynthesis-related parameters for ten barley parental inbred lines (gray
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Supplementary Fig. S5 Pearson correlation coefficients calculated between pairs of adjusted entry
means of the photosynthesis-related parameters and some agronomic traits for each HvDRR sub-
population and the ten parental inbreds. The photosynthesis-related parameters are from slow
expansion phase (SEP), rapid expansion phase (REP), and anthesis and senescence (ASP). Grain
yield (GY), straw yield (SY), flag leaf length (FL), and flag leaf width (FW) were collected from
the multi-year and -environment field experiments. Asterisks indicate the significance level (***,

** * indicated P < 0.001, 0.01, 0.05 respectively).

103



Chapter 3

0.64

0.51

o
»

Prediction ability
=
w

Fv'/Fm' LEF NPQt Phi2 PhiNO PhiNPQ qL SPAD
Trait

Trajc ™ Fv/Fm’ B NPQt Il PhiNO Il qL

“''®LEF W Phi2 W PhINPQ I SPAD
Supplementary Fig. S6 Prediction abilities of the photosynthesis-related parameters across two
years for data set ALL. The prediction ability was calculated as median across five-fold cross-

validation with 100 replications.

104



Chapter 3

A | | P | il | | PH
0001 e G g @ %o go W o) Foom; g% 0% gu; oo o, o om0 ap Yo R o oo G050 000005y
-0.051
L ]
-0.104
L ]
-0.154
AwL | | spL | | SPK | | sDL
e s s My o Qs Gy eng oo O, - e @ o e e oF o i R T e S
L] o ‘.
0,051 *
2 0104
5
T 0154
=
L
2 SDW | SDA ] TGW | | GY |
o
go,nn- Ll R e o DR ‘g,..."‘c.“.: Yoew 95 o a4 e B D T o
< 0,05 ® °
o
-0.10
-0.154
TEEEEEE ES 53529 @2
sy | | HI £ 45 £ 25 7 g e g€ 28 7§
0.00 - S = o & s
R e BB T i i o0 " o, 00 0 A B
° °
-0.05 4 °
-0.104
-0.151
fEgi3ev: FHpRIii:
ST E 205 : 2T EE &
[ o e a
Bivariate parameters
Dataset @ ALL @ SEP @ REP @ ASP

Supplementary Fig. S7 Difference in the prediction ability for the agronomic traits of the bivariate
model compared to the univariate model. SEP, REP, and ASP represent the adjusted entry mean
calculated from the measurements taken in slow expansion phase, rapid expansion phase, and
anthesis and senescence phase, respectively. The considered agronomic traits are: flag leaf length
(FL), flag leaf width (FW), flowering time (FT), plant height (PH), awn length (AWL), spike length
(SPL), spikelet number per row (SPK), seed length (SDL), seed width (SDW), seed area (SDA),
thousand grain weight (TGW), grain yield (GY), straw yield (SY), and harvest index (HI).
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Supplementary Fig. S8 The prediction ability of GBLUP model by adding photosynthesis-related
parameters as fixed or random effects. SEP, REP, and ASP represent the adjusted entry means
calculated from the measurements taken in slow expansion phase, rapid expansion phase, and

anthesis and senescence phase, respectively.
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Supplementary Fig. S9 Prediction abilities of the agronomic traits using SNPs, the photosynthesis-related parameters, or joined relationship
matrices. Flag leaf length (FL), flag leaf width (FW), plant height (PH), flowering time (FT), spike length (SPL), awn length (AWL), spikelet
number per row (SPK), seed length (SD), seed width (SDW), seed area (SDA), thousand grain weight (TGW), grain yield (GY), straw yield (SY),
and harvest index (HI). The different colors represent the adjusted entry mean of the photosynthesis-related parameters from different data sets. A.
Prediction abilities using the 62 associated SNP markers to calculate the joint weighted relationship matrix. B. Prediction abilities using all genome-

wide SNP markers to calculate the joint weighted relationship matrix.
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Supplementary Fig. S10 Prediction abilities of the agronomic traits using SNPs, the
photosynthesis-related parameters, or joined relationship matrices. Flag leaf length (FL), flag leaf
width (FW), plant height (PH), flowering time (FT), spike length (SPL), awn length (AWL),
spikelet number per row (SPK), seed length (SD), seed width (SDW), seed area (SDA), thousand
grain weight (TGW), grain yield (GY), straw yield (SY), and harvest index (HI). The different
colors represent the adjusted entry means of the photosynthesis-related parameters from different
data sets. The grey line is the prediction ability for each agronomic trait when only SNP markers
are used as predictor (Weight of SNP=1). The common 270 genotypes across the three data sets

were used for five-fold cross-validation.
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Supplementary Fig. S11 Prediction abilities of the agronomic traits using SNPs, the
photosynthesis-related parameters, or joined relationship matrices. Flag leaf length (FL), flag leaf
width (FW), plant height (PH), flowering time (FT), spike length (SPL), awn length (AWL),
spikelet number per row (SPK), seed length (SD), seed width (SDW), seed area (SDA), thousand
grain weight (TGW), grain yield (GY), straw yield (SY), and harvest index (HI). The different
colors represent the adjusted entry means of the photosynthesis-related parameters from different
data sets. The grey line is the prediction ability for each agronomic trait when only SNP markers
are used as predictor (Weight of SNP=1). The common 142 genotypes across the three data sets

were used for five-fold cross-validation.
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Supplementary Table S1 Summary of HYDRR sub-populations included in field experiments.

Parental Parental Year
Populations

inbred A inbred B 2021 2022
HvDRR02 HORI1842 1G31424 X
HvDRR25  W23829/803911 Unumli-Arpa X X
HvDRR27  Unumli-Arpa SprattArcher X X
HvDRR31 Lakhan 1G128216 X X
HvDRR32 1G128216 K10877 X
HvDRR34  K10877 Lakhan X X
HvDRR35  Lakhan CMo67 X

HvDRR40 ItuNative CM67 X
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Supplementary Table S2 Summary of data analyses and the mixed liner model used for each data set. y, the observed MultispeQ parameter across
all light conditions and all developmental stages; u, the general mean; G;, the effect of the it" genotypes; E;, the effect of H:m\.:w Location;
(Gehecks: E)ij, the interaction between the i*" inbred (if it was a check) and the j"* location; (S: E)y;, the effect of the I*" barley developmental
phase nested within the j location; (ZS: E)yj, the effect of the k" Zadok’s score of barley development nested within the j¢" location; D,,, the
effect of measurement date n; (TW: D), the effect of the st" time window in the nt"® measurement date; (B: 58; the effect of the ot" block
nested within the j** location; (R: B: E),,, the effect of the p*" range nested within the 0" block in the jt* location; (C: B: E) 40, the effect of

the &:_ row nested within the ot" block in %m\é location; PAR, the actinic light intensity of each measurement; T, the ambient temperature of
each measurement; H, the ambient humidity of each measurement; and ¢, the random error.

Dat Y f
mMHm mxtMm__._q«Mm:H Developmental phase Statistical model
v\t.:mzmoﬁaﬁ
ALL 2021 and 2022 All 3 developmental =pu+G; +Ej + (Gepecks: E)ij + (S E)yj + (ZS:E)yj+ Dy + (TW:D)gy
_urmmmm + ﬁb%:.:azmoﬁmﬁ + m:mixzmoﬁmﬁ + mt.Nx:meﬁaﬁ + mm” m.we. +
anm_m.vne. + mﬁ.”m_m.uao\. + €ijlknsopqr
All 3 developmental
Y21 2021 Urmmmm v\m:ﬂzmoﬁnﬁ
All 3 developmental =u+G+5 + 725+ Dy + QJ\_\_ Uvmz + mu\_mmx:moﬁnﬁ + ﬁ.:ﬁ:monaﬂ
Y22 2022 Urmmm_um + mm:azmoﬁnﬂ + mo + Qw” mvﬁo + ﬁﬁ.” mvmo + €ilknsopqr
SEP 2021 and 2022 SEP
REP 2021 and 2022 REP v\:.\mzmevni =u+ Qm + @ + ﬁﬁqkwqwm_mv&. + AN.m.” .m.v.f. + bz + Q:SNUDsz
+ Nubmwt.x,:mevaw + .N:E..:zmeﬁni + m:.x,:meﬁmﬁ + Am” .m.ve. +
ASP 2021 and 2022 ASP (R:B:E)poj + (C:B:E)qoj + €ijknsopqr
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Supplementary Table S2 Summary of data analyses and the mixed liner model used for each data set. y, the observed MultispeQ parameter across
all light conditions and all developmental stages; u, the general mean; G;, the effect of the it" genotypes; E;, the effect of H:m\.:w Location;
(Gehecks: E)ij, the interaction between the i*" inbred (if it was a check) and the j"* location; (S: E)y;, the effect of the I*" barley developmental
phase nested within the j location; (ZS: E)yj, the effect of the k" Zadok’s score of barley development nested within the j¢" location; D,,, the
effect of measurement date n; (TW: D), the effect of the st" time window in the nt"® measurement date; (B: 58; the effect of the ot" block
nested within the j** location; (R: B: E),,, the effect of the p*" range nested within the 0" block in the jt* location; (C: B: E) 40, the effect of

the &:_ row nested within the ot" block in %m\é location; PAR, the actinic light intensity of each measurement; T, the ambient temperature of
each measurement; H, the ambient humidity of each measurement; and ¢, the random error.

Dat Y f
mMHm mxtMm__._q«Mm:H Developmental phase Statistical model
v\t.:mzmoﬁaﬁ
ALL 2021 and 2022 All 3 developmental =pu+G; +Ej + (Gepecks: E)ij + (S E)yj + (ZS:E)yj+ Dy + (TW:D)gy
_urmmmm + ﬁb%:.:azmoﬁmﬁ + m:mixzmoﬁmﬁ + mt.Nx:meﬁaﬁ + mm” m.we. +
anm_m.vne. + mﬁ.”m_m.uao\. + €ijlknsopqr
All 3 developmental
Y21 2021 Urmmmm v\m:ﬂzmoﬁnﬁ
All 3 developmental =u+G+5 + 725+ Dy + QJ\_\_ Uvmz + mu\_mmx:moﬁnﬁ + ﬁ.:ﬁ:monaﬂ
Y22 2022 Urmmm_um + mm:azmoﬁnﬂ + mo + Qw” mvﬁo + ﬁﬁ.” mvmo + €ilknsopqr
SEP 2021 and 2022 SEP
REP 2021 and 2022 REP v\:.\mzmevni =u+ Qm + @ + ﬁﬁqkwqwm_mv&. + AN.m.” .m.v.f. + bz + Q:SNUDsz
+ Nubmwt.x,:mevaw + .N:E..:zmeﬁni + m:.x,:meﬁmﬁ + Am” .m.ve. +
ASP 2021 and 2022 ASP (R:B:E)poj + (C:B:E)qoj + €ijknsopqr
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Supplementary Table S3. Summary of quantitative trait loci (QTLs) detected in HYDRR

Data

Method

Population

Allele A
HOR1842

lele B
1G31424

W23829/8039 Unumli-Arpa

W23829/8039 Unumli-Arpa

Unumli-Arpa  SprattArcher
SprattArcher
SprattArcher
SprattArcher

Unumli-Arpa  SprattArcher

Lakhan CMm67

W23829/8039 Unumli-Arpa
'W23829/8039 Unumli-Arpa

K10877 Lakhan
Lakhan CMm67
Lakhan CM67
HOR1842 1G31424

'W23829/8039 Unumli-Arpa
Unumli-Arpa  SprattArcher
Unumli-Arpa  SprattArcher
'W23829/8039 Unumli-Arpa
'W23829/8039 Unumli-Arpa
Unumli-Arpa  SprattArcher
1G128216 K10877

b for lated by two methods, bi-parental population QTL analysis (BPP) and multi-parental population QTL analysis (MPP). The genetic and physical position of peak markers, the markers flanking the confidence interval of the
QTL and the of explained variance are reported. In addition, the of explained iic variance for all QTL of of one trait are given.
Marker position LOD of start LOD of stop _ Additive Percentage of explained _Simultane
L Chr_Peak [cM] [bp] Associated marker LoD Start [cM]_Start position [bp] Start marker marker Stop [cM]_Stop position [bp]_Stop marker marker effect __phenotypic variance ous fit
1 5 202.888 528905621 JHI-Hv50k-2016-336335 5670 196.919 523791649 JHI-HV50k-2016-333385 4118 213.979 530327920 JHI-Hv50k-2016-337089 3598  -2.791 19.411
1 5 206376 529178521 JHI-Hv50k-2016-336527 3654 194.120 522211296 JHI-Hv50k-2016-332467 0.886 221.446 538629843 JHI-HV50k-2016-341114 1820 4541 20.589
1 5 206376 529178521 JHI-Hv50k-2016-336527 3391 194.120 522211296 JHI-Hv50k-2016-332467 1089 221.446 538629843 JHI-HV50k-2016-341114 1824 0.008 19.260
1 233(37.020) 24596729 JHI-Hv50k-2016-72947 3769  10.206 7966422 SCRI_RS_232722 2265  50.048 30044023 BOPA1_8787-1459 2066  -2.367 15.570
2 3 104937 521727040 JHI-HV50k-2016-195277 6.314 95504 509740908 JHI-Hv50k-2016-193704 3733 100.794 529852053 JHI-Hv50k-2016-197208 3437 3.155 28380  42.001 <t
1 2 286449 659298954 JHI-HV50k-2016-145127 3.861 273.566 646453774 JHI-Hv50k-2016-137311 1.968 290.228 665302017 SCRI_RS_206020 3.027  0.008 17.403 —
1 2 286449 659298954 JHI-HV50k-2016-145127 3386 273.566 646453774 JHI-Hv50k-2016-137311 1719 290.228 665302017 SCRI_RS_206020 2662 -0.097 15.438 —
1 2 284539 653915743 JHI-HV50k-2016-141266 4760 273.108 644730189 JHI-HV50k-2016-136125 3.083 200.228 665207458 JHI-HV50k-2016-148274 3218 -0.012 21.000
12 97794 63790068 JHI-HV50k-2016-81372 3759 75214 43259727 JHI-HV50k-2016-77905 1314 185.734 589291459 JHI-Hv50k-2016-109569 1331 2217 16.986
1 2 55310 29981630 JHI-HV50k-2016-74940 3186  36.555 22283006 JHI-HV50k-2016-71918 1042 62760 33158437 SCRI_RS_192657 1326 -3.999 15.359
14 16743 7780789 JHI-HV50k-2016-228627 3435 5331 3416507 JHI-HV50k-2016-227243 1697 35312 13331321 JHI-HV50k-2016-230694 1468 2556 18.148
1 5 206376 529178521 JHI-HV50k-2016-336527 3690 194.120 522211296 JHI-Hv50k-2016-332467 0.887 226.700 541006821 JHI-HV50k-2016-342543 1416 6.621 21.022
1 5 206376 529178521 JHI-HV50k-2016-336527 3692 194.120 522211296 JHI-Hv50k-2016-332467 0.889  226.700 541006821 JHI-HV50k-2016-342543 1417 0011 21.034
11 2039782 490443608 JHI-HV50k-2016-48141 3280 191.396 488,045,874 BOPA1_1923-265 1.072 210.2905 491121252 JHI-HV50k-2016-48473 1549 0.359 38.566
1 52288.270) 548785518 JHI-HV50k-2016-346290 5232 279.884 540622415 JHI-HV50k-2016-342331 3.064 301.722 556120346 JHI-HV50k-2016-349097 1753 0.035 40.090
2 7 11005 10054685 JHI-HV50k-2016-445022 3243 0.000 219512 BOPA2_12_10036 2.090 239.651 573389555 JHI-HV50k-2016-494113 1125 -0.024 21800 54713
1 5 199037 526701121 SCRI_RS_201248 5733 197.517 525051210 JHI-Hv50k-2016-333872 3.808 213.979 530327920 JHI-HV50k-2016-337089 3350  -3.260 19.896
13 49931 29205608 JHI-HV50k-2016-162598 6.031  43.785 22680293 JHI-HV50k-2016-160987 4163 53.145 33364832 JHI-HV50k-2016-163568 3970 3375 31.647
12 114873 216431557 JHI-Hv50k-2016-91855 4115 83.869 56835897 JHI-HV50k-2016-80633 2596 128.334 539925262 JHI-HV50k-2016-101321 2058  -5.466 18.435
12 114440 173277622 JHI-HV50k-2016-90999 3422 76991 43974996 JHI-HV50k-2016-78081 1805 128.334 539925262 JHI-HV50k-2016-101321 1837 -0.009 15.588
12 49.448 28308142 JHI-HV50k-2016-74431 3385 28.786 20871415 SCRI_RS_66401 0957  71.411 44129811 JHI-HV50k-2016-78167 1479 -0.034 32.275
12 37.02 24596729 JHI-HV50k-2016-72947 4107  28.786 20871415 SCRI_RS_66401 1993 50.048 30044023 BOPA1_8787-1459 2355 -9.902 37.677
1 2 33506 20825164 SCRI_RS_185319 4351 6.269 10631847 JHI-HV50k-2016-64423 1946 48.042 26363248 JHI-HV50k-2016-73697 2273 6.682 22,913
1 4 84448 484423020 JHI-HV50k-2016-249584 3.928  79.133 449611912 SCRI_RS_181886 1856 91.415 515793342 JHI-HV50k-2016-252905 1622 0.042 45.280
1 1 66418 38603975 JHI-HV50k-2016-18239 3606  57.046 32486241 JHI-HV50k-2016-17394 87.975 305664801 BOPA2_12_10300 3.640
2 4 15720 10281223 JHI-HV50k-2016-229859 3.033 13374 9459865 JHI-HV50k-2016-229205 23.974 12950458 JHI-HV50k-2016-230594 2.750 6.07
14 0000 4906733 JHI-HV50k-2016-227950 3120 0.000 4906733 JHI-HV50k-2016-227950 13.374 9459660 JHI-HV50k-2016-229207 2.890
1 1 66418 38603975 JHI-HV50k-2016-18239 3209 55325 31502766 JHI-HV50k-2016-17085 88.062 306458264 BOPA1_ABC11913-1-1-104 3.050
1 1 60548 35004618 SCRI_RS_170869 3575 55325 31502766 JHI-HV50k-2016-17085 84.927 102621085 JHI-Hv50k-2016-20766 3.290
1 2 115793 127569542 JHI-Hv50k-2016-89203 4930 107.066 90,566,215 BOPA1_5113-624 121.505 200870898 JHI-Hv50k-2016-91451 4.000
2 3 157.272 527642156 JHI-HV50k-2016-196749 3475 141.516 508264337 JHI-Hv50k-2016-193149 181.648 547806515 JHI-Hv50k-2016-201055 2.300
3 5 224651 526967552 JHI-HV50k-2016-335087 5285 218.937 523882465 JHI-Hv50k-2016-333135 230.077 520895058 JHI-HV50k-2016-336985 4380  10.880
17 67.659 41060990 JHI-H50k-2016-457630 3550 43533 26522983 JHI-Hv50k-2016-453933 72.424 44059048 SCRI_RS_155061 4630
14 90497 435922595 JHI-Hv50k-2016-243980 3345 85814 79993625 JHI-Hv50k-2016-238832 100.113 499941334 BOPA1_8034-315 4.360
17 80541 49222284 JHI-HV50k-2016-461558 3324 74.822 45582370 JHI-Hv50k-2016-460846 83.088 50945241 SCRI_RS_202061 4.330
1 2 205812 608449388 JHI-HV50k-2016-116511 3279 205395 608212869 JHI-Hv50k-2016-116402 219.493 616031394 JHI-HV50k-2016-119531 4.270
12 42701 28819655 JHI-Hv50k-2016-74683 3279  37.524 26372182 JHI-Hv50k-2016-73723 48.755 31811486 BOPA1_7144-973 5.040
1 5 224651 526967552 JHI-Hv50k-2016-335087 3023 217.453 523055067 JHI-Hv50k-2016-332921 231.182 530485399 SCRI_RS_237494 3.110
1 5 224651 526967552 JHI-HV50k-2016-335087 3.026 217.453 523055067 JHI-Hv50k-2016-332921 231.182 530485399 SCRI_RS_237494 3.120
12 21982 18266158 JHI-Hv50k-2016-70046 3504 0.000 5314030 JHI-Hv50k-2016-62362 44.606 29916306 JHI-Hv50k-2016-74880 3610
2 2 204702 656801113 JHI-HV50k-2016-142842 3.184 285079 651302139 JHI-Hv50k-2016-139420 303.232 662073104 JHI-HV50k-2016-147075 3020 6770
17 149490 429001069 JHI-Hv50k-2016-486426 3595 137.620 147306628 JHI-Hv50k-2016-475622 154.827 480644340 JHI-Hv50k-2016-488121 3.230
14 3924 6251543 BOPA2_12_11485 3201 0.000 4906733 JHI-HV50k-2016-227950 13.454 9486748 JHI-HV50k-2016-229244 4.830
1 5 220674 524805000 JHI-Hv50k-2016-333747 3508 207.363 517488826 SCRI_RS_239128 231.182 530485399 SCRI_RS_237494 5.620
12 37503 26362729 JHI-HV50k-2016-73712 4145 27612 21396801 JHI-HV50k-2016-71784 47.666 31307172 JHI-Hv50k-2016-75278 3.460
2 2 177660 585633374 JHI-HV50k-2016-109411 3373 172,919 580590717 JHI-Hv50k-2016-109128 179.899 587949701 JHI-Hv50k-2016-109442 2,090
3 4 120426 551568896 JHI-HV50k-2016-258388 4204 119.504 550203012 JHI-Hv50k-2016-258057 137.279 565947460 JHI-HV50k-2016-260417 3.990
4 6 203810 559969823 JHI-Hv50k-2016-433097 3.031 194.565 555268907 JHI-Hv50k-2016-429588 207.306 561748098 BOPA2_12_30956 1.510
5 7 96722 60492758 JHI-Hv50k-2016-465556 3357 91.508 56563165 SCRI_RS_157816 108.416 70855127 JHI-Hv50k-2016-468564 4360  15.21
12 17382 15967496 JHI-Hv50k-2016-68511 3135  10.966 12199300 SCRI_RS_150792 50.015 32486733 JHI-Hv50k-2016-75493 2,640
2 2 178951 587010446 JHI-HV50k-2016-109414 3788  174.999 582813388 BOPA1_6752-1013 182716 599,395,161 SCRI_RS_222876 2.300
3 4 136338 565295698 JHI-HV50k-2016-260357 4.065 128.654 550218292 SCRI_RS_200957 138.955 567110223 JHI-HV50k-2016-261147 3.810
4 7 96158 60038184 JHI-HV50k-2016-465287 3046  91.508 56563165 SCRI_RS_157816 108.416 70855127 JHI-Hv50k-2016-468564 3620 13610
11 60548 35004618 SCRI_RS_170869 5117 55960 31866857 JHI-HV50k-2016-17165 81.399 72455950 JHI-Hv50k-2016-19938 5.590
2 4 135944 565019581 JHI-HV50k-2016-260353 3666 128.678 550240806 JHI-Hv50k-2016-259359 139.310 567359933 JHI-Hv50k-2016-261178 3100 7.790
17 95841 59783628 JHI-HV50k-2016-465225 3371 73471 44535834 JHI-HV50k-2016-460651 118.147 82293783 JHI-Hv50k-2016-469990 3.340
1 2 238002 625816080 SCRI_RS_708 3703 227.961 620576003 JHI-Hv50k-2016-122320 241914 627833511 JHI-HV50k-2016-127015 2510
2 5 225100 527215217 JHI-HV50k-2016-335374 4.823  222.569 525813906 JHI-Hv50k-2016-334166 230.258 520993198 JHI-Hv50k-2016-336955 4500 6910
11 134952 450053813 JHI-HV50k-2016-37618 3.477 134.485 449503017 SCRI_RS_21080 140.575 455497281 JHI-HV50k-2016-37651 5.070
12 44606 29916306 JHI-HV50k-2016-74880 5036  40.018 27583311 JHI-HV50k-2016-74134 50.015 32486733 JHI-HV50k-2016-75493 7.140
12 3003 22496450 SCRI_RS_159228 9.035  27.612 21396801 JHI-Hv50k-2016-71784 36.947 26107957 JHI-Hv50k-2016-73663 11.980
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y table 4 Summary of consense trait loci (QTLs) detected in HYDRR sub. ons for lated The genetic and physical position of peak markers, the markers flanking the interval of the QTL and the of explained variance are reported.
Peak start LOD of stop Percentage of explained  Consensus QTL _Including

Data_Method Population _Aliele A Allele B Individuals _Trats _QTL_Chr__[cM] Associated marker LOD _Start [cM] Start position [bp] Start marker marker _Stop [cM] _Stop position [bp] Stop marker marker _Additive effect __phenotypic variance __for photosynthesis _method
ALL  MPP PhiNO 1 1 60.548 35,004,618 SCRI_RS_170869 3.575 55.325 31,502,766 JHI-Hv50k-2016-17085 84.927 102,621,085 JHI-Hv50k-2016-20766 3.290
REP  MPP PhiNO 1 1 60.548 35,004,618 SCRI_RS_170869 5117 55.960 31,866,857 JHI-Hv50k-2016-17165 81.399 72,455,950 JHI-Hv50k-2016-19938 5.590
ALL  MPP LEF 1 1 66.418 38,603,975  JHI-HV50k-2016-18239  3.606 57.046 32,486,241 87.975 305,664,801 BOPA2_12_10300 3.640
ALL  MPP Phi2 1 1 66.418 38,603,975 JHI-HV50k-2016-18239  3.299 55.325 31,502,766 JHI-Hv50k-2016-17085 88.062 306,458,264 BOPA1_ABC11913-1-1-104 3.050 qHVDRR-PS-1 MPP
ASP  MPP FvFm 1 1 134.952 450,053,813 JHI-Hv50k-2016-37618  3.477 134.485 449,503,017 SCRI_RS_21080 140.575 455,497,281 JHI-HV50k-2016-37651 5.070 gHVDRR-PS-2 MPP
Y22 BPP HvDRR34 K10877  Lakhan NPQt 1 1 203978 490443608 JHI-HV50k-201648141 3280 191.396  488,045874 BOPA1_1923-265 1072 210291 491,121,252 JHIHV50k-2016-48473 1.549 0359 38.566 QHVDRR-PS-3  BPP
Y22 MPP SPAD 1 2 21982 18266158 JHIHV50k-2016-70046 3594  0.000 5314030  JHI-HV50k-2016-62362 44606 29,916,306 JHI-HV50k-2016-74880 3610
ALL  BPP HVDRR25 23829/8039 Unumi-Ama 73 SPAD 1 2 33(37.020 24596729 JHIHV50k-2016-72947 3769 10206 7,966,422 SCRI_RS_232722 2265 50048 30,044,023 BOPA1_8787-1459 2.066 2367 15570
ASP  BPP HVDRR27 Unumi-Am:z SprattArcher 77 SPAD 1 2 33506 20825164  SCRIRS 185319  4.351 6260 10631847  JHM-HVS0k-2016-64423 1946  48.042 26,363,248 JHI-HV50k-2016-73697 2273 6.682 22913
REP  MPP Ph2 1 2 17382 15967496 JHIHv50k-2016-68511 3.435 10966 12,199,300 SCRI_RS_150792 50015 32,486,733 JHIHV50k-2016-75493 2,640
ASP  BPP HVDRR25 23829/8039 UnumirArpa 40 PhNO 1 2 49448 28308142 JHIHV50k-2016-74431 3.385 28786 20,871,415 SCRI_RS_66401 0957 71411 44129811 JHIHV50k-2016-78167 1.479 0034 32.275
ASP  BPP HVDRR25 23829/8039 UnumirArpa 40 SPAD 1 2 37020 24596729 JHIHVS0k-2016-72947 4107 28786 20871415 SCRI_RS_66401 1993  50.048 30,044,023 BOPA1_8787-1459 2355 9902 37677
REP  MPP LEF 1 2 37503 26362729 JHFHV50k-2016-73712 4.145  27.612 21,396,801  JHIHV50k-2016-71784 47666 31,307,172 JHIHV50k-2016-75278 3.460
ASP  MPP SPAD 1 2 30036 22496450  SCRIRS 159228  9.035 27.612 21396801  JHIHVS0k-2016-71784 36947 26,107,957 JHIHV50k-2016-73663 11.980
Y21 BPP HVDRR27 Unumi-Arpe SprattArcher 88 SPAD 1 2 55310 29981630 JHIHV50k-2016-74940 3.186 36555 22283006  JHMHVS0k-2016-71918  1.042 62760 33,158,437 SCRI_RS_192657 1.326 -3.999 15.359
Y21 MPP SPAD 1 2 42701 28819655 JHIHVS0k-2016-74683 3279 37524 26372182  JHIHVE0k-2016-73723 48755 31,811,486 BOPA1_7144-973 5.040
ASP  MPP qL 1 2 44606 29916306 JHIHVS0k-2016-74880 5036 40018 27,583,311  JHMHVE0k-2016-74134 50015 32,486,733 JHIHV50K-2016-75493 7.140 GHVDRR-PS-4 6MPP,5BPF
ALL BPP  HVDRR27 Unumli-Arpz SprattArcher 93 SPAD 1 2 97.794 63,790,068  JHI-Hv50k-2016-81372 3.759 75.214 43,259,727 JHI-Hv50k-2016-77905 1.314 185.734 589,291,459 JHI-HV50k-2016-109569 1.331 2217 16.986
REP BPP HvDRR27 Unumii-Arpz SprattArcher 93 Phi2 1 2 114440 173,277,622 JHI-HV50k-2016-90999  3.422 76.991 43,974,996 1.805 128.334 539,925,262 JHI-HV50k-2016-101321 1.837 -0.009 15.588
REP  BPP HvDRR27 Unumii-Arpz SprattArcher 93 LEF 1 2 114873 216,431,557 JHI-HV50k-2016-91855 4.115 83.869 56,835,897 JHI-Hv50k-2016-80633 2.596 128.334 539,925,262 JHI-HV50k-2016-101321 2.058 -5.466 18.435
ALL  MPP SPAD 1 2 115793 127,569,542 JHI-HV50k-2016-89203  4.930 107.066 90,566,215 BOPA1_5113-624 121.595 200,870,898 JHI-Hv50k-2016-91451 4.000 qHVDRR-PS-5 3BPP, 1MP}
REP MPP LEF 2 2 177.660 585633374 JHIHV50k-2016-109411 3373 172919 580,590,717  JHI-HV50k-2016-109128 179.899 587,949,701 JHI-HV50K-2016-109442 2.090
REP  MPP Ph2 2 2 178951 587,010.446 JHIHVS0k-2016-109414 3.788 174999 582,813388  BOPA1_6752-1013 182716 599,395,161 SCRI_RS_222876 2300 GHVDRR-PS-6  MPP
Y21 MPP PhNPQ 1 2 205812 608449388 JHIHV50k-2016-116511 3279 205395 608,212,869  JHI-HVS0k-2016-116402 219493 616031394  JHIHV50k-2016-119531 4270
REP  MPP SPAD 1 2 238002 625816080 SCRI_RS_708 3703 227.961 620576003 JHI-HV50k-2016-122320 241914 627,833511 JHI-HV50k-2016-127015 2510 GHVDRR-PS7  MPP
ALL  BPP HWDRR27 Unumi-Amz SprattArcher 93 PhiNPQ 1 2 284539 653915743 JHIHVS0k-2016-141266 4.760 273108 644,730,189  JHI-HV50k-2016-136125 ~ 3.083  290.228 665297458  JHIHV50k-2016-148274 3218 0012 21.000
ALL  BPP HVDRR27 Unumi-Amz SprattArcher 93 FVPm 1 2 286449 659298954 JHI-HV50k-2016-145127 3861 273566 646453774  JHIHVS0k-2016-137311  1.968 290228 665,302,017 SCRI_RS_206020 3.027 0.008 17.403
ALL  BPP HVDRR27 Unumi-Amz SprattArcher 93 NPQt 1 2 286449 659298954 JHI-HV50k-2016-145127 3386 273566 646453774  JHIHVS0k-2016-137311 1719 290228 665,302,017 SCRI_RS_206020 2662 0097 15.438
Y22 MPP SPAD 2 2 294702 656,801,113 JHFHVS0k-2016-142842 3.184 285079 651,302,139  JHI-HV50k-2016-139420 303232 662,073,104  JHIHV50k-2016-147075 3.020 GHVDRR-PS-8 3BPP, 1MPF
REP BPP HVDRR25 23829/8039 UnumirArpa 73 SPAD 1 3 49931 20205608 JHMHVS0k-2016-162508 6.031 43785 22,680,293  JHI-HV50k-2016-160987  4.163  53.145 33,364,832 JHI-HV50k-2016-163568 3970 3375 31.647 GHVDRR-PS-9  BPP
ALL  BPP HVDRR25 23829/8039 Unumi-Apa 73 SPAD 2 3 104937 521,727,040 JHFHVE0k-2016-195277 6.314 95504 509,740,908  JHI-HV50k-2016-193704 3733 109794 529852053  JHIHV50k-2016-197208 3437 3.155 28.380
ALL  MPP SPAD 2 3 157.272 527,642,156 JHMHVE0k-2016-196749 3.175 141516 508,264,337  JHI-HV50k-2016-193149 181.648  547,806515  JH-HV50k-2016-201055 2.300 GHVDRR-PS-10 1BPP, 1MPF
Y21 BPP HVDRR35 Lakhan CMme7 79 SPAD 1 4 16.743 7,780,789  JHI-HV50k-2016-228627 3.435 5.331 3,416,507 JHI-HV50k-2016-227243 1.697 35.312 13,331,321 JHI-HV50k-2016-230694 1.468 2.556 18.148
ALL  MPP NPQt 1 4 0.000 4,906,733  JHI-HV50k-2016-227950  3.120 0.000 4,906,733 JHI-HV50k-2016-227950 13.374 9,459,660 JHI-HV50k-2016-229207 2.890
SEP  MPP PhiNPQ 1 4 3.924 6,251,543 BOPA2_12_11485 3.201 0.000 4,906,733 JHI-HV50k-2016-227950 13.454 9,486,748 JHI-HV50k-2016-229244 4.830
ALL  MPP LEF 2 4 15.720 10,281,223  JHI-Hv50k-2016-229859  3.033 13.374 9,459,865 JHI-HV50k-2016-229205 23.974 12,950,458 JHI-HV50k-2016-230594 2750 gHVDRR-PS-11 1BPP, 3MP}
Y21 MPP Phi2 1 4 90497 435922595 JHFHV50k-2016-243980 3.345  85.814 79993625  JHI-HV50k-2016-238832 100.113 499,941,334 BOPA1_8034-315 4360
ASP  BPP HVDRR32 IG128216 K10877 30 qL 1 4 84448 484423020 JHIHVS0k-2016-249584 3928  79.133 449,611,912 SCRI_RS_181886 1856 91415 515793342 JHI-HV50k-2016-252905 1.622 0042 45.280 QHVDRR-PS-12 1MPP, 1BP¥
REP MPP 3 4 120426 551,568,896 JHIHV50k-2016-258388 4.204 119.504 550,293,012  JHI-HV50k-2016-258057 137.279 565,947,460  JHI-HV50k-2016-260417 3.990
REP  MPP 3 4 136338 565295698 JHIHV50k-2016-260357 4.065 128.654 559,218,202 SCRI_RS_200957 138955 567,110,223 3810
REP  MPP 2 4 135944 565019581 JHIHV50k-2016-260353 3.666 128678 559,240,806  JHI-HV50k-2016-259359 139.310 567,359,933 3100 QHVDRR-PS-13  MPP.
ALL BPP HWDRR02 HOR1842 (G31424 121 SPAD 1 5 202888 528905621 5670 196919 523,791,649 JHIHVS0k-2016-333385 4.118 213979 530,327,920 3598 2791 19.411
ALL  BPP HVDRR25 23829/8039 Unumi-Ama 73 LEF 1 5 206376 529,178,521 3654 194120 522,211,206 JHIHVS0k-2016-332467  0.886  221.446 538,629,843 1.820 4541 20.589
ALL  BPP 73 Ph2 1 5 206376 529,178,521 3391 194120 522,211,206 JHIHVS0k-2016-332467 1089  221.446 538,629,843 1.824 0.008 19.260
Y22 BPP 72 LEF 1 5 206376 529,178,521 3690 194120 522,211,206  JHIHVS0k-2016-332467  0.887 226700 541,006,821 1416 6621 21.022
Y22 BPP HVDRR25 23829/8039 Unumi-Apa 72 Ph2 1 5 206376 529,178,521 3692 194120 522,211,206  JHIHVS0k-2016-332467  0.889 226700 541,006,821 1417 0011 21.034
SPE BPP HWRR35 Lakhan  CM67 38 Phi2 1 5 9228827 548785518 JHMHVS0k-2016-346290 5.232 279884 540,622,415 JHF-HV50k-2016-342331  3.064 301722 556,120,346 1.753 0035 40.090
REP BPP HVRR02 HOR1842 [G31424 119  SPAD 1 5 199037 526701121  SCRIRS 201248 5733 197517 525051210 JHIHv50k-2016-333872  3.808 213979 530,327,920 3350 -3.260 19.896
ALL  MPP SPAD 3 5 224651 526,967,552 JHIMHVS0k-2016-335087 5285 218937  523,882.465  JHI-HV50k-2016-333135 230077 529,895,058 4380
Y22 MPP LEF 1 5 224651 526,967,552 JHI-HV50k-2016-335087 3.023 217.453 523,055,067 JHI-HV50k-2016-332921 231.182 530,485,399 3.110
Y22 MPP Phi2 1 5 224651 526,967,552 JHI-HV50k-2016-335087 3.026 217.453 523,055,067 JHI-HV50k-2016-332921 231.182 530,485,399 . 3.120
SEP  MPP SPAD 1 5 220674 524,805,000 JHI-HV50k-2016-333747 3.508 207.363 517,488,826 SCRI_RS_239128 231.182 530,485,399 SCRI_RS_237494 5.620
REP MPP SPAD 2 5 225100 527,215,217 JHI-HV50k-2016-335374 4.823 222.569 525,813,906 JHI-HV50k-2016-334166 230.258 529,993,198 JHI-HV50k-2016-336955 4.500 gHVDRR-PS-14 7BPP, 5MP}
REP  MPP LEF 4 6 203810 550,969,823 JHIHv50k-2016-433097 3.031 194.565 555268907  JHI-Hv50k-2016-429588 207.306 561,748,098 BOPA2_12_30956 1.510 QHVDRR-PS-15  MPP.
SPE BPP HVDRR35 Lakhan CMé7 38 Phi2 2 7 11.095 10,054,685 JHI-HV50k-2016-445022 3.243 0.000 219,512 BOPA2_12_10036 2.090 239.651 573,389,555 JHI-HV50k-2016-494113 1125 -0.024 21.800 gHVDRR-PS-16 BPP
Y21 MPP LEF 1 7 67659 41,060,990 JHIHV50k-2016-457630 3559 43533 26,522,983  JHI-HV50k-2016-453933 72424 44,050,048 SCRI_RS_155061 4630
REP  MPP oL 1 7 95841 50783628 JHIHVS0k-2016-465225 3.371 73471 44535834  JHI-HV50k-2016-460651 118.147 82,293,783 JHI-HV50k-2016-469990 3340
Y21 MPP PNNO 1 7 80541 49222284 JHIHVS0k-2016-461558 3.324 74822  45582,370  JHI-HV50k-2016-460846 83088 50,945,241 SCRI_RS_202061 4330
REP  MPP LEF 5 7 96722 60492758 JHIHV50k-2016-465556 3357 91508 56,563,165 SCRI_RS_157816 108.416 70855127 JHI-HV50Kk-2016-468564 4360
REP  MPP Ph2 4 7 96158 60038184 JHIHVS0k-2016-465287 3.046 91508 56,563,165 SCRI_RS_157816 108416 70855127 JHI-HV50K-2016-468564 3620 QHVDRR-PS-17  MPP
SEP__MPP NPQt 1 7 149490 429,001,069 JHI-Hv50k-2016-486426 3505  137.620 147,306,628  JHIH50k-2016-475622 154.827 480,644,340 JHI-HV50k-2016-488121 3230 QHVDRR-PS-18 __MPP.
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Supplementary Table S5 Prediction ability of five-fold cross-validation for the agronomic traits
when considering a SNP-based relationship matrix. Only genotypes with phenotypic records
available for the photosynthesis-related parameters in all three data sets (SEP, REP, and ASP)
were included.

Agronomic trait Prediction ability

SDL 0.650551
SDW 0.742726
SDA 0.589196
TGW 0.850571
PH 0.80504

FT 0.824579
FL 0.710947
FW 0.628368
GY 0.589425
SY 0.622076
HI 0.410124
AWL 0.839056
SPL 0.864324
SPK 0.808071
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Supplementary Table S6 The percentage of phenotypic variance explained (PVE) of multi-

parental QTL and genomic prediction analysis of data set ALL for each photosynthesis-related

parameter.

Data set Trait MPP_PVE (%) GP_PVE (%)
ALL Fv'/Fm' - 10.69

ALL LEF 6.07 23.23

ALL NPQt 2.89 11.09

ALL Phi2 3.05 22.85

ALL PhiNO 3.29 17.31

ALL PhiNPQ - 6.30

ALL gL - 19.18

ALL SPAD 10.88 33.18
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Abstract

The flag leaf is a major contributor of photosynthetic assimilates to developing grains. We
investigated the genetic architecture and cellular basis of flag leaf length (FLL) and width
(FLW) in a multiparent population of 45 recombinant inbred line (RIL) populations (HvDRR)
in barley. Fine-mapping of a major quantitative trait locus (QTL) was performed to prepare the
isolation of the causal gene. Natural variation of FLL and FLW across environments was highly
heritable, and genotypes from warm climates produced longer and wider flag leaves than those
from cooler regions. Variation in flag leaf size was quantitatively inherited and influenced by
24 consensus QTLs, of which 17 have not previously been reported. Validation of QTLs
qHvDRR-FLS-8 and gHVDRR-FLS-17 in nearly isogenic RILs showed that these QTLs also
controlled length and width of leaves older than the flag leaf. The number of epidermal cells
primarily determined FLL, whereas the number and size of epidermal cells collectively
determined FLW differences. In addition, we identified the previously unknown effect of genic
allele and epiallele at Vrn-H1 on flag leaf size variation in spring barley. Furthermore, we fine-
mapped qHvVDRR-FLS-8, narrowing the interval from 8.7 Mb to 3.5 Mb. In conclusion, our
study identified the genomic regions associated with morphological and anatomical variation

for leaf size and set the stage to uncover causal genes.

Keywords: Barley, fine mapping, flag leaf, genetics, QTL, QTL mapping.
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1. Introduction

Photosynthesis is central to plant production and productivity (Long et al., 2006) as it plays a
vital role in production and accumulation of organic material in plants (Gautam et al., 2022),
and the leaf represents the most important photosynthetic organ (Blum, 1985; Wang et al.,
2016). Because of this important role of leaves for photosynthesis, in the 1960s Donald (1968)
and Jennings (1964) proposed a model for enhancing grain yield potential by modifying
phenotypic characters such as leaf area in cereals using ‘ideotype’ breeding. This theory was
then supported by the observations that longer flag leaves contributed to higher yields in rice
(Rahman et al., 2014), and larger and heavier leaf blades also led to high grain output in six-

rowed barley (Alqudah and Schnurbusch, 2015).

The position of individual leaves affects their contribution to grain yield. During the grain-
filling stage of wheat, it was reported that the photosynthetic carbon assimilation of flag leaves
(the final leaf to emerge before the spike) supplies >80% of the carbohydrate substrates for
starch synthesis (Wu et al., 2012; Fan et al., 2017; Yang et al., 2022). In rice, the flag leaf,
produces >50% of the carbohydrates that accumulate in grains (Gladun, 1993). A similar
observation in barley (Zheng, 1999) suggests that the size of the flag leaf is central to single
plant yield. This observation supports the relevance of understanding the genetic architecture

of this phenotypic character.

Grass leaves have three distinct areas, namely the proximal sheath, distal blade, and blade
sheath boundary (auricle and ligule) (Richardson et al., 2024). The aforementioned leaf
morphology is initiated as the leaf primordium at the fringes of the shoot apical meristem. The
primordium growth and patterning occur in three axes: the adaxial-abaxial, proximal—distal,
and medial-lateral plane (Richardson et al., 2021). The basic genetic framework of leaf
development from meristematic cells has been extensively studied using leaf shape and size
mutants in maize (Juarez et al., 2004; Nardmann et al., 2004; Nogueira et al., 2009; Conklin et
al., 2020; Zhang et al., 2020; Richardson et al., 2021). Analysis of rolled leaf 1 showed that the
spatiotemporal expression of the Homeodomain-Leucine Zipper III gene via the miRNA166
pathway is the central regulator of abaxial-adaxial polarity of the developing leaf in maize
(Juarez et al., 2004). Likewise, the cell proliferation along the medial-lateral plane in the leaf
primordium is regulated by genetically redundant loci NARROWSHEATH]1 (Ns1) and Ns2
which encode WUSCHEL-RELATED HOMEOBOX 3 (Wox3) (Richardson et al., 2021).

Wox3 genes are expressed in the marginal rims. The double mutants ns1/ns2 failed to maintain
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leaf margin identity and produced a narrow leaf blade and sheath, but comparable leaf length
with that of the wild type. Recently, it was shown that Wox3 genes are involved in auxin
biosynthesis and the development of blade sheath boundary tissues, illustrating their multiple
roles in proximal—distal and medial-lateral patterning (Zhang et al., 2020; Satterlee et al.,
2023). Furthermore, cell division arrests at the tip of the leaf and proceeds in a basipetal
direction, and gradually transits for cell proliferation to cell expansion during leaf development

(Vanhaeren et al., 2017; Lu et al., 2021).

Likewise, Narrow leaf 2 (Nal2) and Nal3 are the rice orthologs of Nsl and Ns2, where the
nal2/nal3 double mutant in rice showed a similar narrow leaf phenotype to the ns1/ns2 mutant
in maize (Ishiwata et al., 2013). Several genes controlling flag leaf traits have been identified
in rice, such as NARROW LEAF 7 (Nal7) (Fujino et al., 2008), NARROW LEAF 1 (Nall) (Qi
etal., 2008), SHALLOT-LIKE 1 (SlI1) (G.-H. Zhang et al., 2009), NARROW AND ROLLED
LEAF 1 (Nrl1) (Hu et al., 2010), and SEMI-ROLLED LEAF 1 (Srll) (Xiang et al., 2012; Li et
al., 2017). By mutant analysis of these genes, it has been found that changes in leaf shape and
size resulted from changes in cell division and/or expansion. For instance, Jiang et al. (2015)
have found that leaf length and width are reduced by 50% in nall-2 and nall-3 rice mutants,
which was caused by suppression of cell division. In addition, natural variation for flag leaf
area and related traits was studied using quantitative trait locus (QTL) mapping in rice. Such
studies identified additional genomic regions compared with those from mutant-based
analyses, suggesting that the genetic network underlying leaf size variation in rice is not yet
fully uncovered (Zhang et al., 2015; Wu et al., 2017; Tang et al., 2018; Wen et al., 2020; Wang
etal., 2022; Wang et al., 2023).

In comparison with the large number of leaf mutants available in rice and maize (Neuffer et
al., 1997), only a few leaf mutants are available for barley, and even fewer have been
characterized. The available barley leaf mutants have been categorized as having narrow (e.g.
angustifolium, fol), wide (e.g. Broad leafl, BIfl; Broad leafl3, BIf13), long (e.g. Curly3,
Cur3), or short leaves (e.g. Curly dwarfl, Cudl; Elongationl-5, Elo1-5). For some of these

mutants, chromosomal positions have been determined (Druka et al., 2011).

Yet, the underlying genes for only three barley leaf mutations have been identified and
functionally characterized. Narrow leafed dwarfl (nld1) is the barley ortholog of Ns1/Ns2. The
recessive nld1 allele in barely produced short plants with a narrow leaf blade, while the leaf

blade length corresponded to that of wild-type plants. In contrast to Nld1, the barley mutants
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BIf1 and BIf13 are characterized by wide leaf blades compared with the wild type, which is
caused by an increased number of cells along the medial-lateral axis (Jost et al., 2016, 2024).
BIf1 has no significant effect on the width of the leaf sheath. In contrast, the width of the palea
and lemma of blfl mutants increases, which suggests the existence of shared genetic
mechanisms to control the medial-lateral growth between these organs and the leaf blade. The
effect of blfl on blade width appears from plastochron 6 (P6) onward, indicating that BIfl]
functions to limit cell proliferation in the medial-lateral axis during blade outgrowth, but does
not affect the recruitment of leaf founder cells as Ns1/2 does (Jost et al., 2016, 2024). The Blf1
locus encodes an INDETERMINATE-domain protein that is expressed in the nuclei of the
shoot apical meristem, and epidermal and subepidermal cells at the base of P2 and P3 leaf
primordia, and later throughout the epidermis (P5/P6), especially corresponding to presumptive
veins (Jost et al., 2016). The T189P substitution in the conserved motif of the HYHNT1 protein
caused the BIf13 mutants to produce wider leaf primordia (after passing the P2 stage) and,
hence, wider leaf blades than the wild type (JOst et al., 2024). To our knowledge, no earlier

studies have explored the presence of natural allelic variation at N1d1, BIf1, and BIf13.

In addition to these three mutant-based approaches mentioned above, several studies have
employed the existing natural variation for leaf size in cultivated barley to unravel its genetics
using genome-wide association mapping. Digel et al. (2016) have assessed the leaf blade width
and length variation in a diverse panel of European winter barley cultivars and observed that
the Ppd-H1 locus is associated with the studied traits. The recessive late flowering allele at
ppd-H1 showed a pleiotropic effect on leaf size, producing greater blade width and length due
to an extended vegetative phase. A similar observation has been reported by Alqudah et al.
(2018) in a spring barley association panel. Similarly, the semi-dwarf mutations also had
pleiotropic effects on leaf size where the dwarfing allele was associated with a short, narrow,

and erect flag leaf in barley (Kuczynska et al., 2013).

In addition, some studies on QTLs for flag leaf length and width have been conducted in bi-
parental populations (Gyenis et al., 2007; Xue et al., 2008; Liu et al., 2015; Vafadar Shamasbi
etal., 2017; Niu et al., 2022). The above-mentioned studies detected various QTLs for flag leaf
size across all the chromosomes of barley. Some studies (Liu et al., 2015; Niu et al., 2022)
detected QTLs which co-localized with those of the other studies (Gyenis et al., 2007; Xue et
al., 2008; Du et al., 2019). Furthermore, many QTLs have been detected around the Vrs1 locus
(Liu et al., 2015). One of the reasons for the relatively few detected novel QTLs in the above-
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mentioned studies might be because of the limited genetic variation captured by a single bi-

parental population.

The objectives of this study were to: (1) assess the genetic complexity of flag leaf size variation
using a multiparent population (MPP) resource, the double round-robin population of barley
(HvDRR); (i1) identify the allelic series at each QTL and a subset of the QTLs of candidate
genes by local association mapping exploiting genome-wide variant information of parental
inbreds as well as classical fine-mapping; and (iii) assess the potential cellular cause of flag

leaf size variation for a subset of the QTLs.
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2. Materials and methods
2.1 Plant materials

Our study was based on the spring barley diversity panel described by Haseneyer et al. (2010).
In addition, we have selected from this panel the 23 inbreds that maximize a genotypic and trait
diversity index (Weisweiler et al., 2019) and crossed them in the double round-robin design
(Stich, 2009). From each of the 45 crosses, a recombinant inbred line (RIL) population was
developed following the single seed descent principle. The 50 K barley single nucleotide
polymorphism (SNP) array (Bayer et al., 2017) was used to genotype 35-146 RILs from each
of the 45 HVDRR subpopulations in the F4 generation. As described by Casale et al. (2022),
the genetic map for individual HvDRR subpopulations and a consensus map across the HvDRR

population were established, and used for linkage mapping described below.

2.2 Field experiment and data collection

From 2019 to 2021, each RIL was grown in field experiments at two different locations in
Germany: Koln and Mechernich in 2019 and 2020; and Diisseldorf and Mechernich in 2021.
We followed an augmented incomplete block design with one replicate for each RIL in each
of the six environments as well as 1620 replicates for each of the 23 parental inbreds. The
RILs from a single HvDRR subpopulation were sown in a randomized way in adjacent rows
or columns with 30 seeds per entry in a 160 cm long row. The spring barley diversity panel

with 224 inbreds was included in each environment.

The flag leaf length (FLL) of the main culm in centimeters was collected from 3—5 random
plants of each entry in each of the six environments. In the years 2020 and 2021, from the same

leaf, the flag leaf width (FLW) was also assessed in centimeters.

2.3 Statistical analyses

Data were processed and statistical analyses were performed using R software (R Core Team,
2023). Upon the removal of outliers with residuals >2.5 times the SD of the residuals from a
fitted linear model (Equation 1), the measurements made for FLL and FLW in the above-

described experiment were analyzed using the following mixed model:
Yije =M+ G+ E; + (G X E)ij + ey, (1)

where, yijk was the observed phenotypic value for the ith genotype in the jth environment for

the kth replication, p the general mean, Gi the effect of the ith genotype, E;j the effect of the jth
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environment, (GxE)ij the interaction of the ith genotype with the jth environment, and eijk the
residual. For the calculation of adjusted entry means, the genotype effect G was considered as
fixed and the other effects were considered as random. For the calculation of the broad sense
heritability on an entry mean basis (H2), the genotypic variance 62g was calculated based on

the above model, but with a random genotype effect. H2 was then calculated according to

Piepho and Mo&hring (2007).

Further, we performed a single population QTL analysis for FLL and FLW in the 45 HvDRR
subpopulations using the R/qtl package (Broman et al., 2003) as described in detail by Shrestha
et al. (2022). First, genotype probabilities of every 1 cM were estimated, followed by a genome-
wide scan for QTLs using Haley—Knott regression. A forward search algorithm was then
applied to perform multiple QTL mapping. A permutation test with 4000 runs was performed,
and the logarithm of the odds (LOD) score at a 0.05 significance level was set as a threshold
for QTL detection. QTLs were added to the model as long as these were significant at the

above-mentioned threshold.

A 1.5 LOD drop sets the confidence interval on either side of the detected QTLs (Dupuis and
Siegmund, 1999). The co-localized QTLs for FLL and FLW with an overlapping confidence
interval detected across the HvDRR subpopulations were summarized as consensus QTLs. The
confidence interval of consensus QTLs was defined across subpopulations and phenotypes by
using the shortest possible confidence interval of co-located QTLs and referred as flag leaf
size- (FLS) associated loci detected in the HvDRR population (qHvDRR-FLS). The percentage
of explained phenotypic variance (PEV) for these consensus QTLs was summarized as the
range of the lowest and highest PEV explained by the individual populations belonging to the

respective consensus QTLs.

We also performed MPP QTL analysis (Garin et al., 2017) using a consensus map across the
RILs of the 45 HvDRR subpopulations. The parental model was applied to estimate the multi-
QTL effect, with the assumption that (i) each parent contributes a unique allele at a QTL, and
(i1) the effect of the parental inbred is constant across the subpopulations involving the parent
in question. QTL scanning for FLL and FLW was performed according to the procedure

described in Shrestha et al. (2022).

2.4 Genomic prediction

Genome-wide prediction for FLL and FLW was performed by genomic best linear unbiased

prediction (GBLUP) using the following model (VanRaden, 2008):
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y=1p+Zu+ g (2)

where y was the vector of the adjusted entry means of the HVYDRR population for FLL and
FLW, 1 the unit vector, p the general mean, Z the incidence matrix of genotypic effects, u the
vector of genotypic effects that were assumed to be normally distributed, with u~N (0, Go?),
where G denotes the relationship matrix calculated on the basis of the SNP marker data and 62
the genetic variance, and ¢ isthe vector of residuals following the normal distribution
£~N(0, Io2), where I was the identity matrix and o2 the residual variance. In this study, only
additive effects were considered. The GBLUP model was performed using the R package
sommer (Covarrubias-Pazaran, 2016). Five-fold cross-validation was applied to evaluate the
performance of the GBLUP model. Prediction ability was estimated as the Pearson’s
correlation coefficient between the observed and genomic estimated breeding value (GEBV).
The median prediction ability across the 5-fold cross-validation was calculated for each of the

50 replicates. The PEV by the GBLUP model was the square of the median prediction ability.

2.5 Candidate gene analysis

We carried out candidate gene analysis for the consensus QTLs that were smaller than 10 Mb.
For these QTLs, the list of high confidence genes was obtained from the plant genomics and
phenomics research data repository from IPK Gatersleben, Germany (https://doi.ipk-
gatersleben.de/DOI/d5f552ae-e6d3-4030-8c0e-4bleffc5b615/1b08648e-99af-4bb1-b32a-

2457610ee571/2). The annotation and coordinates were based on the Morex v3 gene models
(Mascher et al., 2021). The genes that displayed polymorphisms among the concerned parental
inbreds were then selected using the variant calling data gathered from the whole-genome
sequencing project of the 23 parental inbreds (Weisweiler et al., 2022) and were then
designated candidate genes. Further, we looked for non-synonymous (amino acid substitutions)
sequence variants categorized as tolerated or deleterious mutations; indels in the coding region;
and indels and structural variants (SVs) in the 5'-end regulatory region (5 kb upstream of the

start codon).
2.6 Detailed characterization of the effect of quantitative trait loci gHvDRR-
FLS-8 and gHvDRR-FLS-17 on leaf and cell properties

We validated two QTLs, namely gHVvDRR-FLS-8 and qHvVDRR-FLS-17, and dissected the
epidermal cell size and number on the leaf blade. Four RILs, two carrying the Georgie allele

(Hv.2018S.7.02932 and Hv.2018S.7.02664) and two carrying the HORS8160 allele
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(Hv.2018S.8.02731 and Hv.20188S.7.02921), at qHvDRR-FLS-8 were evaluated. Georgie and
HOR&8160 are the parental inbreds of the HvDRR 14 subpopulation. At gHVDRR-LS-17, three
RILs, namely Hv.2018S.7.03209, Hv.2018S.7.03211 (Georgie allele), and Hv.2018S.7.03369
(Lakhan allele) from the HYDRR33 subpopulation were used for QTL validation. The pair of
RILs for a QTL was selected such that they were polymorphic at the QTL of interest but
monomorphic at all other QTLs detected in that subpopulation, and furthermore were
monomorphic for the highest number of molecular markers for the rest of the genome. Six
plants of each of the seven RILs and three parental inbreds were grown in a lattice design under
controlled conditions. Each plant was grown in a 1.5 liter pot filled with a mixture of sand and
soil (30:70 w/w peat-based soil ‘Einheitserde Deklarationstyp 3’). The day length was set to
16 h followed by 8 h darkness. The light intensity was set to 300 umol m—2 s—1, 50 cm away
from the light source, and the relative humidity to 55%. The temperature under daylight was

20 °C and the night temperature was 18 °C.

We measured the length and width of the flag leaf (FL) and the second (L2), third (L3), and
fourth (L4) fully expanded leaf from the top of the main culm. The collected data of leaf size

were then analyzed using the following fixed model:
Zijmnk = L+ o; + Bj + (a X B)ij +6nt+ Yot €ijmnk, 3)

where, zijmnk was the observed phenotypic value for the ith genotype for the jth leaf type at
the mth row and the nth tray for the kth replication, p the general mean, ai the effect of the ith
genotype, fj the effect of the jth leaf type, (axP)ij the interaction of the ith genotype with the
jth leaf type, dm the effect of the mth row, yn the effect of the nth tray, and eijmnk the residual.

For the calculation of adjusted entry means, all the effects were considered as fixed.

From the same plants, leaf imprints were taken from the top three leaves for QTL qHvDRR-
FLS-8 and the top two leaves for QTL qHvVDRR-FLS-17 for the significantly different RILs to
assess cell size and cell number. We prepared epidermal imprints from the middle of the adaxial
side of the leaf in the direction of the leaf length. This was realized by applying a film of
transparent nail polish which was then transferred with transparent adhesive tape to microscope
slides. Images of the epidermal cells from the imprints were recorded from two field of views
using a Nikon SMZ18 stereo microscope equipped with a Nikon DS-Fi2 camera at x10
magnification. The software ImagelJ (Schneider et al., 2012) was used to assess the length of

lateral cells and count the number of cell files. The length was measured for all the lateral cells
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per row per imprint bordering the stomata cell files (Supplementary Fig. S1). The collected cell

dimensions were then analyzed using Equation 3.

2.7 Fine-mapping of quantitative trait locus qHvDRR-FLS-8 on

chromosome 2H

We developed a high-resolution mapping population by crossing two RILs from the HvDRR 14
subpopulation that were also included in the above-described experiment, namely
Hv.20188S.7.02932 and Hv.20188S.7.02921 that harbored Georgie and the HOR8160 allele at
QTL gqHvDRR-FLS-8 on chr2H. Then, we genotyped the left border (LB) and the right border
(RB) of the QTL interval in 1890 F2 progenies using Kompetitive allele-specific PCR (KASP
PCR) markers (Supplementary Table S1). DNA was extracted from 7- to 10-day-old seedlings
for genotyping, and the KASP™ assay was performed using a Quantstudio5 real-time PCR
machine (Thermo Fischer Scientific). The recombinants between LB and RB were transplanted
to 1.5 liter pots. The recombinants were further genotyped inside the QTL interval

(Supplementary Table S1) and were grown in the greenhouse until maturity.

Further, the F3 progenies derived from the above-mentioned recombinants were grown in the
field between March and July 2024 at Grof3 Liisewitz in Germany, following an augmented
block design with two replicates. The experiment contained two blocks (the replicates) with 30
seeds per recombinant in a 160 cm long row in each block; each recombinant appeared only
once in one block. At the heading stage, when the flag leaf was fully developed, leaf length

was evaluated from three different randomly selected plants per row.

Then, phenotypic data of F3 progenies were analyzed using the following model:
Yim =R+ a;+Bj+A,+ ejm (4

where, where, yijm was the observed phenotypic value for the ith genotype in the jth block at
the mth range, p the general mean, ai the effect of the ith genotype, Bj the effect of the jth
block, Am the effect of the mth range, and eijm the residual. For the calculation of adjusted
entry means, all the effects were considered as fixed. We performed marker trait correlation
with the adjusted entry means of FLL and the genotypic data of the F2 progenies using an

additive and dominance effects model.
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3. Results
3.1 Phenotypic variation for flag leaf length and width

FLL and FLW phenotypes were collected across six and four environments, respectively, for
~3866 RILs from the 45 HVDRR subpopulations as well as the diversity panel. The parental
inbreds were replicated 16-20 times in each environment as repeated checks to account for
field heterogeneity. We observed a significant variation in the phenotype FLL and FLW among
the inbreds of the diversity panel originating from different continents, with genotypes from
South Asia and East Asia producing comparatively longer and wider flag leaves (Fig. 1).
Smaller flag leaves were common among the genotypes from Europe, except southern Europe.
Notably, we also observed a considerable diversity for FLL and FLW across the RILs of the
HvDRR population. The adjusted entry means of RILs across six environments for FLL varied
between 5.6 cm and 19.1 cm (Fig. 2, File 1 at Zenodo). For FLW, the range on a proportional
scale was even larger at 0.25-2 cm (Fig. 2, File 1 at Zenodo). The range of FLL and FLW of
RILs from 45 subpopulations was the same as those observed for the diversity panel. The
subpopulation with the highest diversity for FLL was HvDRR43, with a coefficient of variation
(CV) of 18.8%, whereas HYDRROS had the lowest CV (7.4%). CV of FLL for the diversity
panel (14%) fell between the above-mentioned two extreme cases. This trend was different for
FLW, where the highest CV was observed for the diversity panel with 41.6%. The CVs for the
HvDRR subpopulations were lower, ranging from 12.8% (HvDRRO07) to 28% (HvDRR47)
(Supplementary Table S2). The majority of these differences were due to genetics as the H2 on
an entry mean basis was 0.77 for FLL and 0.58 for FLW (Table 1). We observed a correlation
coefficient of 0.62 (Supplementary Fig. S2A) for the correlation between FLL and FLW across
all the evaluated entries. However, the level of association differed considerably between the
different characterized material groups. The correlation coefficient was 0.62 for the diversity
panels and ranged from —0.24 to 0.87 for the individual HvDRR subpopulations
(Supplementary Figs S2A, B, S3). In 40 HvDRR subpopulations and the diversity panel, the
correlation between FLL and FLW was significantly (P<0.05) different from 0 (Supplementary
Fig. S3).

3.2 Quantitative trait loci associated with flag leaf size

First, we performed MPP analyses that detected 15 and 12 QTLs associated with FLL and
FLW, respectively. Seven of these QTLs were associated with both FLL and FLW (Fig. 3). In
the next step, we performed subpopulation-specific QTL analysis and detected a total of 79
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QTLs for FLL and FLW. The QTLs were detected in 29 and 15 of the HvDRR subpopulations
for FLL and FLW, respectively (Fig. 4). Among the detected QTLs, 36, 11, and 12 were located
on chromosomes 2H, 3H, and 5H, respectively. The number of QTLs on the remaining
chromosomes varied between four and six (Fig. 4; Supplementary Tables S3, S4). Except for
a locus on chr2H (qFL2-2, qFW2-2), all the MPP QTLs were detected at the same position in
the subpopulation-specific analyses, which illustrated the accuracy of the QTLs identified in
the study. The PEV for individual QTLs varied from 3% to 46% (Supplementary Tables S3,
S4). About 77% of the QTLs detected in our study explained >10% of the phenotypic variance
for the associated characteristics (Supplementary Tables S3, S4). We further summarized these
79 QTLs into 24 consensus QTLs based on their overlapping confidence intervals. Of these 24
consensus QTLs, 12 QTLs were shared between FLL and FLW. Moreover, 10 QTLs were only
associated with FLL, of which nine were unique to individual subpopulations. The remaining
two consensus QTLs were detected only for FLW, of which one QTL was unique to
subpopulation HvDRR31 (Supplementary Table S5). The PEV explained by a GBLUP model
across all genome-wide SNPs across the entire HYDRR population was 61.2% (FLL) and
51.9% (FLW).

When mapping the epistatic QTL for each HvDRR subpopulation, one pair of epistatic QTLs
was detected in HYDRR38 for FLW, which were located on chr6H and chr7H at 162 ¢cM and
221 cM, respectively. In addition, we detected significant interactions among the main effect
QTLs in HYDRR31 for FLL and in HvDRR30 and HvDRR32 for FLW. The main effect QTL
associated with FLL from HvDRR31, qFL_Hv31 2H 1, showed a significant interaction with
three QTLs, namely qFL_Hv31 2H 2, qFL _Hv31 2H 3, and qFL _Hv31 7H 1. In addition,
we also detected significant interactions between the two main effect QTLs qFL_Hv31 2H 2
and qFL _Hv31 7H 1 in the same subpopulation. In addition, we observed a significant
interaction between three pairs of major effect QTLs linked to FLW in HvDRR30 and one pair
of major effect QTLs in HvDRR32.

Next, we estimated the additive effect of each parental inbred across the MPP QTLs. The QTL
allele effects ranged from —1.04 cm to 0.72 cm and from —0.09 c¢cm to 0.08 cm for FLL and
FLW, respectively (Supplementary Fig. S4). Furthermore, the frequency of QTLs with minor
effect was higher compared with those with large effect (Supplementary Fig. S4). In addition,
the crossing design of the HYDRR population allows estimation of the allelic series for QTL
effect discussed above. At each MPP QTL, we observed an allelic series for both FLL and
FLW (Fig. 5). These observations illustrated that the phenotypic variation for FLL and FLW
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in the HVYDRR population was controlled by the cumulative effect of minor effect alleles and a

few large effect alleles (Fig. 5; Supplementary Fig. S4).

3.3 Candidate genes associated with flag leaf length and width

The variant calling data from the whole-genome sequencing of the 23 parental inbreds,
including SNP annotations, indels, and predicted SVs (Weisweiler et al., 2022), were used to
select the candidate genes in the consensus QTL interval that were smaller than 10 Mb, which
was the case for nine QTLs (qHvDRR-FLS-2, qgHvDRR-FLS-3, qgHvDRR-FLS-7, qgHvDRR-
FLS-8, qHvDRR-FLS-15, qHvDRR-FLS-17, qHvDRR-FLS-19, qHvDRR-FLS-20, and
qHvDRR-FLS-23). For these nine consensus QTLs, we found a total of 900 positional
candidate genes. The number of positional candidate genes for each consensus QTL varied

between 11 and 206 (Supplementary Table S6).

Out of the 24 consensus QTLs, 12 contained the closest barley orthologs of genes involved in
developmental processes in barley or other crops (Supplementary Tables S5, S7). Allelic
variations in the regulatory or coding region for some of these orthologs were found among the
parental inbreds of QTL-bearing subpopulations (Supplementary Tables S5, S6). For example,
we found indels in the promoter region of Tcp5S and Grf5 genes residing in gHvDRR-FLS-2
which are known to be involved in defining organ size in Arabidopsis (Horiguchi et al., 2005;
van Es et al., 2018; Yu et al., 2021). At gHvDRR-FLS-2, we found 5-13 bp deletions in the
promoter region of the TcpS gene in HOR1842, HOR12830, and K10693 (contributing to a
longer/wider FL) compared with ItuNative (contributing to a shorter/narrower FL), indicating
a possible cis-regulatory effect (Supplementary Fig. S5). Likewise, 6 bp deletions in the 5'-
untranslated region (UTR) and 25 bp deletions in the first intron of CM67 (contributing to a
longer FL) compared with ItuNative (contributing to a shorter FL) in Grf5 was the promising
candidate gene for gqHVDRR-FLS-15 (Supplementary Fig. S6). In addition, we also detected
QTLs for FLL and FLW at major flowering time loci in barley (Supplementary Fig. S7; Table
2; Supplementary Tables S8, S9). The hypermethylated epiallele and intron variation allele
Vrn-H1-3 associated with earlier flowering contributed to a longer FL (Table 2; Supplementary
Fig. S7).
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3.4 Validation and characterization of quantitative trait loci gHvDRR-FLS-
8 and qHvDRR-FLS-17 under controlled conditions

qHvDRR-FLS-8 on chr2H was one of the major effect QTLs for FLS, with PEV ranging from
8% to 32% across the individual HvDRR subpopulations (Supplementary Table S5). We
validated the effect of gqHVDRR-FLS-8 on FLL in the HvDRR 14 subpopulation by comparing
RILs Hv.2018S.7.02932 and Hv.2018S.7.02664 carrying the Georgie allele with RILs
Hv.2018S.8.02731 and Hv.2018S.7.02921 carrying HOR8160 allele at qHvDRR-FLS-8 while
the rest of the genome was close to isogenic. We observed that the FL, L2, and L3 of one of
the RIL with the Georgie allele (Hv.2018S.7.02932) were significantly longer (P<0.05, n=6)
compared with the RILs carrying the HOR8160 allele at this QTL. However, for the other RIL
with the Georgie allele (Hv.2018S.7.02664), the corresponding tests for L3 were not significant
due to a lower number of observations (n = 5). This trend between the RILs with significantly
different leaf length was consistent with the QTL effect detected in our analysis. However, it
contradicted the leaf size phenotype of the parental inbreds, where Georgie had shorter leaves
than HORS8160, particularly for L2 and L3 (Fig. 6A—B). This subpopulation also harbors an
additional QTL, gHvDRR-FLS-22 on chr6H, where the HOR8160 allele contributes to longer
flag leaves. The selected RIL pairs are only polymorphic at QTL qHVDRR-FLS-8, and all the
four RILs carry the Georgie allele at QTL qHVDRR-FLS-22. In contrast, the parental inbreds
are polymorphic for all the QTLs detected in this subpopulation, which is the reason behind
the observation that HOR8160 has longer leaves (FL, L2 and L3) than Georgie despite the fact
that HOR8160 carries the allele at gHvDRR-FLS-8, which causes a shorter flag leaf.

Next, we measured the length of lateral cells in the gHVDRR-FLS-8 RIL pairs and the parental
inbreds and further used these data to estimate the number of lateral cells per file across the
leaf length. This was done in order to determine if leaf length differences are due to longer
lateral cells or more lateral cells. We observed a significant difference in the length of the lateral
cells between the parental inbreds (Supplementary Fig. S8). However, the RIL pairs with a
contrasting allele at gHVDRR-FLS-8 showed a significant difference in the number of lateral
cells per file across the leaf length which indicates that at this QTL the difference in the leaf

length might be due to a difference in cell proliferation (Fig. 6C-G).

qHvDRR-FLS-17 on chr4H was another major effect QTL for FLS, with PEV ranging from
13% to 28% across the HVDRR subpopulations (Supplementary Table S5). We validated
qHvDRR-FLS-17 for FLW in the HvDRR33 subpopulation by comparing RILs
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Hv.2018S.7.03209 and Hv.2018S.7.03211 carrying the Georgie allele, and Hv.2018S.7.03369
carrying the Lakhan allele at this QTL. A significantly narrower FL and L2 were observed for
the RIL with the Georgie allele (Hv.2018S.7.03209) compared to those with the Lakhan allele
(Hv.2018S.7.03369) at gHvDRR-FLS-17. However, the other RIL (Hv.2018S.7.03211) with
the Georgie allele had an FL and L2 width intermediate between those of Hv.2018S.7.03209
and Hv.2018S.7.03369. This trend between the RILs with significantly different leaf width was
in accordance with the QTL effect observed in the QTL analysis and also in line with the

parental inbreds, where Georgie had narrower leaves than Lakhan (Fig. 7A).

Next, we estimated the total number of cells files across the leaf width and the average width
of lateral cells (Fig. 7B—F; Supplementary Fig. S9). At the QTL qHvDRR-FLS-17, the total
number of cell files along the leaf width and the average width of cell files might collectively

influence the difference in FLW between the RIL pairs (Fig. 7F; Supplementary Fig. S9).

3.5 Fine-mapping of quantitative trait locus gHvDRR-FLS-8 on chr2H

For fine-mapping, we obtained the segregating population from the genetic cross between the
above-mentioned RILs from the HvDRR14 subpopulation, Hv.2018S.7.02932 and
Hv.2018S.7.02921 that are carrying the Georgie allele and the HOR8160 allele, respectively,
at gHvDRR-FLS-8. To enhance the resolution, 222 F2 plants that were recombinant between
the markers flanking the QTL were further genotyped inside the interval. Later, F3 seeds of
those recombinants were grown in the field and FLL was evaluated at the heading stage, and
was found to range from 4.8 cm to 18.2 cm. The H2 was 48% for FLL in this segregating
population. Collectively, the genotypic data of the F2 population and phenotypic data from the
F3 population were used for single marker regression analysis. The segregating non-
recombinants carrying the Georgie allele at all the markers had significantly longer flag leaves
than the individuals carrying the HOR8160 allele which additionally validated the QTL (Fig.
8). The heterozygous individuals in the QTL region mimicked the phenotype of the individuals
carrying the HOR8160 allele. The recombination analysis allowed us to delimit the QTL
interval between M7 and M47 (626.5-629.9 Mb) consisting of 77 high confidence genes inside
the new interval (Supplementary Table S10).

4. Discussion
Leaf size is unquestionably a key agronomic phenotype as the leaf is the main source of

photosynthetic assimilates. Leaf size differences, and the flag leaf in particular, are associated

134



Chapter 4

with yield potential in different plant species (Williams and Hayes, 1979). With this study, we

aimed to understand the genetic complexity of FLL and FLW variation in barley.

4.1 Flag leaf size variation and its association with the geographic origin

The length and width of the flag leaf of inbreds from warm regions of the world were greater
than those from cold regions (Fig. 1). The observation contradicts the theory of a daytime
energy budget (carbon assimilation versus water loss) where larger leaves are disadvantageous
in warmer regions (Wright et al., 2017). One explanation for our finding might be that spring
barley is cultivated from autumn (sown in October/November) to spring season (harvested in
March/April) in warm and arid regions (Tabarzad et al., 2016), which reduces the high
temperature constraint. On the other hand, spring barley in Europe and North America is grown
from spring to summer (Wiersma and Ransom, 2005; Marcinkowski and Piniewski, 2018),
which rules out that smaller leaves compensate for frost tolerance. However, the
aforementioned trend that inbreds from warm regions had longer and wider flag leaves than
those from colder regions was evident even within the European continent. FLL and FLW were
greater in the inbreds from Southern Europe than those from Northern Europe. Likewise, the
inbreds from Central Asia with a harsh winter showed FLL and FLW characteristics similar to
those of Europe and North America, indicating a consistent spread of flag leaf characters along

the temperature gradient.

It is also possible that the difference in leaf size can be compensated through the number of
tillers and leaf number per culm in the inbreds from the temperate regions. Such studies at the
population level are not available. However, on a physiological level, barley plants produce
more tillers and final shoot biomass when grown at 15 °C compared with those grown at 25 °C
(Hemming et al., 2012). Hence, the FLS alone might not be a good predictor of a vegetation
model for the energy balance theory in barley and grasses in general. One approach to better
understand this leaf size and temperature relationship on an ecological scale is to assess the

effect of the individual genes contributing to leaf size variation.

4.2 Genetic factors play a major role in controlling flag leaf size

characteristics in barley

In our study, we identified a high genetic contribution in defining FLS characteristics in
HvDRR, with the H2 on an entry mean basis of ~77% for FLL and ~58% for FLW (Table 1).
The H2 of FLL and FLW observed in our study corresponded to previous reports (Liu et al.,
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2015; Digel et al., 2016; Alqudah et al., 2018; Jabbari et al., 2018; Du et al., 2019), indicating
that a significant component of natural variation is under genetic control, enabling isolation of

causative genes.

The range of FLL (5.6—19 cm) and FLW (0.25 to 2.03 cm) observed in RILs of the HvDRR
population was greater than those reported by Jabbari et al. (2018) in an association mapping
panel, indicating greater phenotypic diversity in the HVDRR population. This was further
supported by the observation that phenotypic variation for FLL and FLW among the RILs of
HvDRR was similar to those observed in the diversity panel evaluated in the current study.
This finding illustrated the potential of the HvDRR population for genetic, physiological, and

ecological analyses.

The ranges reported by bi-parental population studies for FLL can be divided into two groups,
the first one that observed a wide range of phenotypic variation: Gyenis et al. (2007) recorded
a range of 8—34 cm; Vafadar Shamasbi et al. (2017), 3.9-13.4 cm; and Niu et al. (2022), 5-31
cm. The high range of variation can be attributed to favorable controlled conditions (Liu et al.,
2015; Digel et al., 2016; Alqudah et al., 2018) or single selected environmental conditions (Du
et al., 2019) that were used in the respective studies. On the other hand, a limited range of
variation for FLL was reported for some studies, 17-19 cm (Liu et al., 2015) and 12-14 cm
(Du et al., 2019). In addition, the phenotypic range of FLW in previous studies in barley
(Gyenis et al., 2007; Liu et al., 2015; Vafadar Shamasbi et al., 2017) was also narrower than
those observed in our study. The above-described limited range of FLL and FLW can be
explained by the fact that those studies were conducted in individual bi-parental populations
and the genetic divergence among the two parental genotypes was low. In contrast, the parents
of the HVYDRR population were selected to maximize genotypic and phenotypic diversity

(Weisweiler et al., 2019).

4.3 Genetic complexity of flag leaf size variation

Seventy-nine subpopulation-specific QTLs detected in our study coincided with those detected
using MPP QTL analysis for flag leaf size variation (Figs 3, 4). The significance of QTLs
detected in the MPP analysis was higher than those detected in subpopulation-specific QTL
analysis (Fig. 3; Supplementary Tables S3, S4). We summarized these QTLs into 24 consensus
QTLs. Furthermore, we compared the physical interval of these 24 consensus QTLs with those
reported in previous studies, whenever possible. We found that seven of the 24 consensus QTLs

have been reported previously, which highlights the accuracy of the QTLs detected in our study
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(Supplementary Table S5). On the other hand, however, we detected 17 novel loci that
explained between 3% and 44% phenotypic variance (Supplementary Tables S3, S4). This
observation illustrated the potential and statistical power of a large and diverse MPP to detect
novel and rare variants. Nevertheless, our findings suggest that even all consensus QTLs
together explained just ~60% of the total phenotypic variance, illustrating the genetic

complexity of the studied traits.

Regardless of the significant genetic complexity of the investigated characteristics across all
HvDRR subpopulations, the proportion of the QTLs explaining >10% PEV was high. In
addition, we observed an allelic series for the detected QTLs (Fig. 5). These findings suggest
that fine-mapping and, eventually, reverse genetics approaches to isolate the underlying genes
will be possible for a substantial number of the detected QTLs when the most relevant

subpopulations are studied.

4.4 The function of some developmental genes might be conserved in crops

We detected QTLs for FLL and FLW harboring/residing close to known flowering time genes
such as Ppd-H1, Vin-H1, and Vrn-H2 (Supplementary Table S5). In addition, 83% of the QTLs
detected in our study co-localized with QTLs previously detected for grain size, flowering time,
and plant height in the HVDRR population (Shrestha et al., 2022; Cosenza et al., 2024).
Flowering time genes are reported to have pleiotropic effects on root and shoot growth
(Arifuzzaman et al., 2016; Voss-Fels et al., 2018; Cosenza et al., 2024). For example, the late
flowering allele of Ppd-H1 (reduced photoperiod sensitivity) produced larger leaves in barley
(Alqudah et al., 2018) than the early alleles (Ppd-H1, photoperiod sensitive). This report is in
accordance to our observation that in the subpopulations HvDRR18 and HvDRR30, the
parental inbred that contributed to the early flowering allele at the Ppd-H1 locus had a smaller
flag leaf than those associated with the late flowering allele. However, the opposite trend was
observed for HYDRR26 and HvVDRR39 where the early flowering allele at Ppd-H1 was
associated with a longer and wider leaf (Supplementary Table S8). This result contradicted
those of Digel et al. (2016) where under long-day conditions Ppd-H1 (late allele) produced
larger leaves than the genotypes carrying the early alleles. This finding might indicate that there
is an additional gene located next to Ppd-H1 which contributes to leaf size variation in the

subpopulations HvDRR26 and HvDRR39.

Vrn-H1 and Vrn-H2 separate winter and spring type in barley. Although our parental inbreds
have been classified as spring type (Cosenza et al., 2024), we detected heading date (Cosenza
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et al., 2024) and leaf size QTLs at Vrn-H1 and Vr-H2. However, we have observed no
association between the presence of the late flowering allele and larger leaf size at QTLs co-
localizing with Vrm-H2 in HvDRR30, HvDRR33, and HvDRR43 (Supplementary Table S9).
Therefore, there might be a gene independent of Vrn-H2 in the aforementioned QTL interval
which is regulating the leaf size. On the other hand, we reported for the first time that allelic
variation of Vrn-H1 influenced FLL in spring barley in long-day conditions. The 11 kb long
intron 1 regulates the cold responsiveness, and the deletion mutation in intron 1 bypasses the
vernalization requirement in spring barley (Hemming et al., 2009). We found an allelic series
for the deletion mutation in intron 1 (Supplementary Fig. S7) affecting the flowering time in
spring barley (Table 2). The early flowering allele Vrn-H1-3 was associated with a longer flag
leaf (Table 2). In addition to the intron deletion, we found that hypermethylation of a 116 bp
region in intron 1 (chr5H: 528 153 135-528 153 251) (Kiihl et al., 2025) reduced flowering
time and increased FLL. Hence, our study uncovered a previously unknown association of Vrn-

H1 with flag leaf size in spring barley.

The pleiotropic effect of the flowering time loci on above-ground biomass can be attributed to
the duration of vegetative growth before transition to the reproductive phase (Neumann et al.,
2017). However, the widely accepted correlation between early flowering and smaller leaf did
not align perfectly with the flowering time-associated loci in our study. This might be caused
by the differences in the number of leaves or tillers between early and late flowering genotypes

compensating for the differences in leaf size.

In addition to flowering time genes, we also detected QTLs that harbored orthologs of genes
involved in leaf size variation in other plant species (Supplementary Table S5). For instance,
in the consensus QTL qHvDRR-FLS-2, a barley gene (HORVU.MOREX.r3.1HG0077830)
which is an ortholog of Tcp5 resides. TcpS belongs to the TCP family of transcription factor-
containing protein genes and is the most promising candidate gene underlying qHvDRR-FLS-
2. Yuetal. (2021) observed that the TCP5—KNAT3/SAW1 pathway plays an important role in

defining the leaf margin in Arabidopsis.

The consensus QTL qHVDRR-FLS-15 on chr4H in our study overlapped with the previously
detected QTL cluster C4 (Du et al., 2019), and this region harbors the barley ortholog
(HORVU.MOREX.r3.4HG0339430) of Arabidopsis Growth-Regulating Factor (GRFS)
(Supplementary Table S5). Grf5 belongs to the plant-specific family of transcription factor

genes which are known to be involved in different plant development processes (Hewezi et al.,
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2012; Kim et al., 2012; Bao et al., 2014; Debernardi et al., 2014; Liang et al., 2014; Liu et al.,
2014; Pajoro et al., 2014). In Arabidopsis, GRF5 was seen to interact with AN3 and manipulate
cell proliferation in leaf primordia (Horiguchi et al., 2005). The polymorphisms in Tcp5S and
Grf5 genes between the small and large FL were located in the promoter region (Supplementary

Figs S5, S6), indicating a possible cis-regulatory difference.

Also, we found HORVU.MOREX.r3.4HG0402190, which is the ortholog of NARROW
LEAF7 (Nal7) residing in the consensus QTL qHVDRR-FLS-16 on chr4H. Nal7 belongs to the
flavin-containing monoxygenase family and is known to control the width of the leaf blade in
rice (Fujino et al., 2008). Hence, the function of the barley orthologs of TcpS5, Nal7, and Grf5

might be conserved and worth investigating in barley using transgenesis.

For other QTLs that explained a high proportion of genotypic variance for leaf size, we did not
find plausible candidate genes inside the confidence interval. The number of annotated genes
in the confidence intervals, however, was too high for a direct transgenic validation. Therefore,

fine-mapping is one of the promising approaches to isolate underlying genes for such QTLs.

In the present study, we fine-mapped the QTL gqHvVDRR-FLS-8 which is significantly
associated with FLL. Using only eight markers across the initial confidence interval of 8.7 Mb,
we were able to reduce the region by two-fifths. Seventy-seven annotated high confidence
genes are located in the reduced interval (Supplementary Table S10). Among them, 75 are
polymorphic between the parental inbreds, which makes a prioritization difficult
(Supplementary Table S10). However, the number of recombination events between M7 and
M47 is four, which will allow us to further narrow down the interval by genotyping additional
markers in the interval (Fig. 8). Furthermore, ~300 additional recombinants are selected in the
F4 generation. Nevertheless, two genes are compelling candidates among the 75 polymorphic
genes in the narrowed genomic interval. The first, HORVU.MOREX.r3.2HG0201480, is the
ortholog of SMALL AUXIN-UP RNA 23 (OsSAUR23), which was recently reported to
control organ size in rice (Huang et al, 2025). Another candidate gene is
HORVU.MOREX.r3.2HG0202180, which is the ortholog of ILI1-binding bHLH protein 1
(IBH1) which regulates cell elongation in Arabidopsis (L.-Y. Zhang et al., 2009; Ikeda et al.,
2012; Lu et al., 2021).
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4.5 Quantitative trait loci qHvDRR-FLS-8 and qHvDRR-FLS-17 also

determine the size of leaves older than the flag leaf

We characterized the effect of gHvDRR-FLS-8 and qHvVDRR-FLS-17 in detail, as well as
examining the anatomy of the leaf epidermis to understand the link between leaf size and
pavement cell size. Although these QTLs were detected based on the dimensions of the FL,
they also influenced the size of older leaves (Figs 6, 7). For example, we saw that the leaf length
was significantly different for the top three leaves, whereas the fourth leaf showed no
significant variation. For leaf width, the significant differences were limited to the top two

leaves.

The above findings are in contrast to results for the genes BIfl and Nld1 which are known to
influence the width of all the leaves in barley (Jost et al., 2016; Yoshikawa et al., 2016). The
same observation was made in rice for Nall and Nal2 (Ishiwata et al., 2013). Our observation
is in agreement with the results of Zanella et al. (2023) who studied an MPP of wheat. In this
study, FLL5SA was observed to control the size of the flag leaf, but the effect was gradually
decreasing down towards the third leaf. One of the reasons that the behavior of QTLs detected
in our study and that of Zanella et al. (2023) is different from that of the known genes
influencing leaf size might be that the QTLs studied here represent natural variation and not
knockout/overexpression lines. Therefore, the differences between alleles, for example with

respect to their gene expression but also protein functionality, may be smaller.

It is known that leaf shape and size are the result of coordinated action of cell proliferation in
the primordium and cell expansion during leaf blade elongation (Donnelly et al., 1999; Nath et
al., 2003). For a better understanding of leaf size modulation, we characterized the QTLs
qHvDRR-FLS-8 and qgHvVDRR-FLS-17 by analyzing the cells in the adaxial epidermis of the
leaf blade. We measured the length of the lateral cells adjacent to the stomatal rows. The
differences in FLS between parental inbreds might be associated with lateral cell expansion. A
similar behavior was observed in the parental inbreds of wheat. Zanella et al. (2023) reported
that cell size determined the leaf length at FLL5SA. When we compared the RILs polymorphic
only at gHvDRR-FLS-8, we found that the difference in FLL was caused by cell division but

not longitudinal epidermal cell expansion.

Further, RILs carrying an allele associated with a wider leaf blade at qgHvDRR-FLS-17 showed
differences in both the number and size of cell files on the lateral plane in both FL. In contrast,

L2 was characterized by a significant difference only in number of cell files related to
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transverse/lateral cell proliferation Similarly, Jost et al. (2016, 2024) and Yoshikawa et al.
(2016) observed that in their mutant-based studies in barley, the change in the leaf width was

due to change in the cell file number.
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S. Conclusion

The study identified a previously unknown association of a longer and wider flag leaf in
genotypes adapted to warm regions in a barley natural population. In addition, we provided a
comprehensive genetic control of FLL and FLW variation in barley and detected 17 novel
genetic loci associated with flag leaf size. Furthermore, we identified subpopulations for fine-
mapping major effect QTLs detected in the study. We also illustrated this by fine-mapping of
gHvDRR-FLS-8, and we are one step closer to isolating the causal gene. Thereby, our study
opens the door to functional validation of isolated candidate genes using transgenesis to unravel
the underlying basis of the leaf size gradient across the globe but also to optimize leaf size with

respect to carbon assimilation.
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Fig. 1. Variation of flag leaf size based on the geographical origin. Heat map of adjusted entry means
for (A) flag leaf length (FLL) and (B) flag leaf width (FLW) in centimeters in the barley diversity panel
according to their geographical origin. Letters below the dots indicate significant differences in the trait
value among the accessions from the respective geographical region (P<0.05) not sharing the same
letter. The values above the dots denote the number of accessions from the diversity panel belonging to

the respective geographical region.
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Fig. 2. Violin plot for flag leaf size across 45 HvDRR subpopulations. The distribution of adjusted entry
means of (A) flag leaf length (FLL) and (B) flag leaf width (FLW) of recombinant inbred lines with
each subpopulation estimated across six environments (n=3866). The white dot within each violin
denotes the median values across all RILs, and the two black dots in each violin highlight the adjusted
entry means of FLL and FLW of the parental inbreds of each subpopulation. The colored points
represent the FLL and FLW of Morex and three German cultivars. n, number of RILs.
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Fig. 3. Profiles of quantitative trait loci (QTLs) associated with flag leaf size from multiparent
population analysis across the 45 HvDRR subpopulations using the parental model. QTL profile for (A)
flag leaf length and (B) flag leaf width. The QTLs were detected across all seven chromosomes using
composite interval mapping [significant threshold of —log10(P)=3]. The horizontal red line indicates

the significance threshold, and the vertical dashed lines indicate the positions of the detected QTLs.
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Fig. 4. Confidence interval of QTLs detected in individual HvDRR subpopulations. Flag leaf length
(FLL) was assessed in six environments and flag leaf width (FLW) in four environments. The blue,
brown, and black color bars indicate the physical interval of QTLs associated with FLL, FLW, and
consensus QTLs, respectively. The positions of known genes controlling developmental phenotypes
such as leaf size, flowering time, plant height, and spikelet branching are indicated in italics and red
font. The positions of QTLs detected from multiparent population analysis using a parental model are
indicated in italics and black font. The physical positions of the top and bottom five markers of the
genetic map, and the markers flanking the QTL interval are indicated in the plot as a black line in the

sketched chromosomes.
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of the parental inbreds at the quantitative trait loci (QTLs) detected

through multiparent population analysis using a parental model. Multiple comparisons of the
standardized allele effect for (A) flag leaf length (FLL) and (B) width (FLW) at corresponding QTLs.

The standardized allele effect for an inbred is the difference between the mean of the estimated allele

effect for 23 inbreds and the estimated additive effect of the corresponding inbred. The color code

indicates the magnitude of the standardized allele effect. Letters indicate the significant difference

(P<0.05) between the genotypes not sharing the same letter by Tukey’s HSD test (index AL in the figure

represents the letter abcdefghijkl).
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and phenotypic data of F3 individuals. AEM, adjusted entry mean; n, number of flag leaves measured.
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Table 1: Variance components and broad-sense heritability (H?) of flag leaf length and flag leaf width

Phenotype Genotype Environment G*E Error H?
Flag leaf length 2.82 1.18 0.76 3.62 0.77
Flag leaf width 0.034 0.01 0.01 0.04 0.58
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Table 2: The allele of the Vin-H1 gene among the parental inbreds. The table summarizes the deletion and differential methylation (epiallele) for the parental

inbreds of those sub-populations where a QTL was detected for flag leaf length (FLL) and width (FLW) at the Vin-H1 locus. The nomenclature for the intron

deletion detected was adapted from Hemming et al. (2008) and the epiallele was adapted from Kiihl et al. (2024). The flowering time QTLs detected by Cosenza

et al. (2024) were used to compare the association of the effect of late or early Vim-H1 flowering time (FT) allele with FLL.

Population | Parent 1 Parent 2 Intron Intron Epiallele | Epiallele Variation QTL at V- Late FT Larger FLL Additive effect
(P1) (P2) allele P1 allele P2 P1 P2 H1for FT allele allele (cm)
HvDRRO2 | HOR1842 1G31424 Virn-H1-3 Virn-H1-1 Not Hypo Intron Very close to | 1G31421 HOR1842 1.3
defined it
HvDRR04 | HOR1842 Kharsila Vrn-H1-3 Vr-H1-1 ZO.H. Hyper Intron Yes Kharsila HOR1842 0.5
HvDRR28 | UnumliArpa | HOR8160 Virn-H1-1 Vim-H1-1 m_m\wﬂm_.a Hyper Zo. . Yes UnumliArpa | HOR8160 0.5
HvDRR29 | HOR8160 1G128216 Virn-H1-1 Virn-H1-1 Hyper Hyper ,_M_moﬂ“mﬁqo: No HOR8160 0.6
HvDRR30 | 1G128216 Georgie Vrn-H1-1 Vrn-H1-1 Hyper Hyper Bﬂﬂ“mﬁ“o: No Georgie 0.4
HvDRR44 | 1G128104 Kombyne Vrn-H1-3 Vrn-H1-1 29. Hypo “\M__.,M”_o: Yes Kombyne 1G128104 0.7
HvDRR46 | Kharsila Kombyne Vrn-H1-1 Vrn-H1-1 ﬂwﬂﬂwa Hypo Epiallele Yes Kombyne Kharsila 1.3
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Supplementary materials
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Supplementary Fig. S1 Leaf imprint of the epidermal cells at 10x magnification under stereo
microscope.
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Supplementary Fig. S3. Correlation analysis between the two traits i.e. FLL in cm and FLW in cm
across 45 HvDRR sub-populations.
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Supplementary Fig. S4. Standardized allele effect estimates for quantitative trait loci (QTLs) detected
in multi-parent population analysis of 45 HvDRR sub-populations using a parental model for (A) flag
leaf length, and (B) flag leaf width. The standardized allele effect for an inbred was the difference
between the mean of the estimated allele effects for the 23 parental inbreds and the estimated allele
effect of the considered inbred.
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Supplementary Fig. S5. Allelic variation at Tcp5. TepS (HORVUMOREX.r3.1HG0077830) is a
candidate gene underlying gHvDRR-FLS-2 on chromosome 1H encodes Growth regulating factor and
was associated flag leaf length. Indels were detected in the promoter region of Tcp5 between the parental
inbreds. HOR1842, HOR12830 and K10693 alleles at the QTL contributed to longer/wider flag leaf.

168



Chapter 4

+500 +1000

Morex
25bp
cve7 I N

ItuNative

Supplementary Fig. S6. Allelic variation at Grf5. Grf5 (HORVUMOREX.r3.4HG0339430) is a
candidate gene underlying ¢gHvDRR-FLS-15 on chromosome 4H encodes Growth regulating factor and
was associated flag leaf length. Indels were detected in 5 UTR and first intron of Grf5 between the

parental inbreds and CM67 allele at the QTL contributed to longer flag leaf.
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Supplementary Fig. S7. Allelic variation at Vin-HI. Vrn-HI (HORVU MOREX.r3.5HG0511210) was
the candidate gene underlying qHvDRR-FLS-19 on chromosome 5H and encodes MADS box
transcription factor. The allelic series in the intron 1 of Vrn-HI was adopted from Hemming et al. (2009).
Vrn-H1 allele of the respective parental inbreds at gHvDRR-FLS-19 is indicated in red font. The region
covered by the red dotted rectangle indicate the differentially methylated region (DMR) in the intron 1

described in Kiihl et al. (2025). HOR1842, HOR8160, Georgie, [G1282104 and Kharsila allele at the

QTL contributed to longer flag leaf.
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Supplementary Fig. S8. Validation of a major QTL gHvDRR-FLS-8 associated with flag leaf length.
qgHvDRR-FLS-8 was detected on chr2H and the validation was done in the HYDRR 14 sub-population.
The above graph indicates average length of lateral cell per file (AEM £SE, n = 4-6). Grey, yellow and
light blue bars represents flag leaf (FL), second (L2) and third leaf from the top (L3), respectively.
Patterned bar in the graph represents Georgie or RILs with Georgie allele and non-patterned bars
represents HOR8160 or RILs with HOR8160 allele at gHvDRR-FLS-§. Bars of the same color not
sharing the same letter above the bar are significantly different from each other (p < 0.05). AEM,
adjusted entry mean; SE, standard error; n, number of replicates.
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Supplementary Fig. S9. Validation of a major QTL gHvDRR-FLS-17 associated with flag leaf width.
qHVDRR-FLS-17 was detected on chr4H and the validation was done in the HvDRR33 sub-population.
The above bars represent average width of cell file (AEM +SE, n = 5-6). Grey and yellow bars represents
flag leaf (FL) and second leaf from the top (L2), respectively. Patterned bar in the graph represents
Georgie or RILs with Georgie allele and non-patterned bars represents Lakhan or RILs with Lakhan
allele at gHvDRR-FLS-17. Bars of the same color not sharing the same letter above the bar are
significantly different from each other (p < 0.05). AEM, adjusted entry means; SE, standard error; n,
number of replicates.
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Supplementary Table S1. Single nucleotide polymorphic locus (SNP) used to desing Kompetitive allele specific PCR for fine-mapping of gHvDRR-FLS-
8. SNPs are indicated in square brackets.

KASP marker name Sequence Purpose
AGAGGTTCCAAGCCCAAGTACAGAGGCAAGTACGTGTAGTGATGAAAACACTCTGGGGTC[A/G]JATGACAA ) . .
SCRI_RS_154954 GTTGATCTTCTGTTGTTTGTATCTCTCAGTGATGGTTCTTGTATGGCTT Fine-mapping of gHVDRR-FLS-8. Genotyping at left border

ATCTCTATCAGTATCTGTATCAGTCCCTGACTCGGCATCTGTATCAGTCCCTGACTCGTCATCTGTATCAGACCC
TGACTCGTCATCTTGATCGATATATGTTTCGTCATCCATATTGGCATCCGTTCCGCCATCTGGATAGGTACCTGA
TTCGCCATCTAAATAGGTGTCCGACAGACCAGTCTCTGATTCAGCATCAGGCAAATCGTTTGCCATCTTGTCATT

m21 TGGACCCAGAAGCAACAGCGACAGCIA/GICTTGCAGGTTCTTGGCGTTGAGAAGCAAGGCGACGACCGACCGG Fine-mapping of gHvDRR-FLS-8. Genotyping at marker M21
ACGGCATGATCAGTGAGCAATCTGCCCTGGAGGCTCAGCTCCGTGAGGTTGTCCAGTCCGCGCAAGACGCTC
GTGAGCAGGCTGCTGTAGTAGGCCATTGATGGGTGCAAGGAAAGGTGCAGATATCTCAAGCGTTCGCACCGGC
TGATGAGCGTCGTGACCGGAGCAACCTCCGACGGACCTTTGCTGGAGAGGTCTTCGCAGAT

TTAGCTCTACAGGAGGGATGCTTAACTAAGTATCTGCCTTCTACAAACATTGGTGTTTACCAAGAAACTGGTTTAT
TTTTCTAAACGTATTGCATTGTGTAGGGTCTAATAGTACGTAGCAAATAATGATGCGCGCCTAGTGCAGAGGCAA
GGGAACTGAAATTCGTCGCCCATAAAGGAGATTTGATCTTGGAACTTTACGCTTATTAGCCATGAATAGGTTGAG
ATGGCCGGATAAGGCTAAACGCA[C/TIGCGATGCAGTCCCGCGGCCGGTGGCTTACTCTAGCGTTCAGGTCTA
GCCGCCATCGCTCGTGGGGGATCTGGCGGCTCTAGGTTCTCCTGCCTAGGACCTGGCTACAGTTCGTTCGATG
AGGATGCTCCTCCGGCCGTCGGCGTCTCCATGCCTCTAGACGTCTTGGGCATCGAAGACGAGGGCTCGGGAT
GGACGCTGGTTGTCGGTAGGAGGAGGAAGACTGAGGCGGAGTTGGTGAGGGAATTTTG

M28 Fine-mapping of gHvDRR-FLS-8. Genotyping at marker M28

GTAATTAGCTACAAATTAGGCAGCGAACCAGGGCTATCCGCTTTACGACCATTTCCAGGAAGGAAGTTACGACC
TTTCTGATGAAAAAGGTCATTGGTATTTGGGTTAGGACCCCTCCGAACAGCTTACGACCAATTGGTCTCAAATAG
M29 TCATAGATTTGCGACCATTTCTGCGAGCGTCACTGCCAARAGGTCGTTAGTTGACATATTTCTIGTAGTGCGCGT [ o noe o 6o oo
GTGACAAGTTTCATGTCAACGGATCT[C/GIGAGAGTAGGACTCAGATCCGCTACCCACCATGCTGGAGACCGTG :
GGAGATCACCGAACGAAAGCTTGTGGGCGGAGGGGAGTGAACTGGGTTGAAATGCGGCTAGAATTTCATCTGG
AGTACGTATATGGTCCTATTTATGTGGGGTTGGGTGGGTGAGAGTGGGCATAATCCAACGTGATTGACGCGTCC
CGTTGTTCCATATTCGGCCCAGATTTGGATGGTCAATCCGAGCGTTTGAGCCGAATATG
ATCGGCACGGTCCAGTCGCTCGCCTGGCTCCGCCGCGCCGTGCGGCGGTGGCGCTCCAGGTCGGCGGCCTC
GGTGCGGCGGCTTGCCAAGGACATGCTGBACGCCGCGGTGCCGGCGGGGCACGTGGCGGTGCGCGCGGAG
GGCAGCGGCGCCGGTGAGTCGTCGTCGAGGCGGTTCGCGGTGCCGCTGGCGCAGCTGAGCCACCCGGCGT
M7 TCTGGGAGCTGCTGCGTCAGGCGGAGGAGGAGTACGGCT[T/CICCCGTCGGCCCCCGGCCCCCTCGTGCTCC
CATGCGACGAGGGCCACCTCCGCGACGTCCTCCGCCGCGTCTCCTCGTCGAACGCCGAAGGGTGCCGCTCA
TTCCGGCGCCGCAGCGTCATGGCGGCGCCCCTGCTGCAGGGCGCACGATGACTCTGGCGCCATGGTGGCGC
CGCCTCGTCTCGTGATCGACCGGCCGTTCGTTCGTGCGCCCAGCCACCGTACATCGCAGAAGCGGGATAGCC
GTGTCAA
ACAGTTACATTGACTATTTGGATGCACTTGGTTATGGCCAAAGGCATGCTCCCATTCTCTCTAAAGGTTGGCCGT
ACGGAAAATGTCCAAGACCATGTATAATGCCATGTCACAAAGTCGTCGATGCCCTCAGACATTTACAGGGATTTT
AGTAATTCATGTGTCGTCGACCAGAGAAAATACATCAAAATAAAAACTTTTCAATTTACGAACCAACCTGTGTTTA
M47 GATGGTTAGGAGGATAATGGTATTIC/TITAAGTTCACTAGAGTTTAAGTTGGGGTGCTCGCATTTATTCTGAATTTA Fine-mapping of gHVDRR-FLS-8. Genotyping at marker M47
TTTTAGGATTTCCGACAATGCGCGTTCACTTTGAGGAGACTTTCCGTCGACTACGAGGCGCCTACGATGACTTC
GTAAAATTTTAAGATGATATGCCGCTTCGGTTTCTCGAAGATATTCATACAGATAAGGTGTGTGTGCTCGTTCATA
GGAGTAAGTTTCTGCACGTATGTATTAGCGCTTGTCTCTATCTAGTGTTAA
ACGCAAGGCCCAACCCGTCGTCGTCGTTTTCGGCGGTGGAGGCTGCTAAGGACGCGCATCC/GITGGGCACG _ ) )
CAAGTCCTCCTCGCACTTGTTGTCGATAGCATGTGCACTCCTGTATTGTACA Fine-mapping of gHVDRR-FLS-8. Genotyping at right border

Fine-mapping of gHvDRR-FLS-8. Genotyping at marker M7

JHI-Hv50k-2016-128391
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Supplementary Table S2. Coefficient of variation of flag leaf
size characteristics across diversity panel and all 45 HvDRR

population.
Population Flag leaf length Flag leaf width
Diversity panel 14.00 41.64
HvDRRO02 15.61 20.84
HvDRRO3 16.71 22.90
HvDRR04 10.00 13.82
HvDRRO7 8.06 12.78
HvDRROS8 7.41 17.62
HvDRRO09 8.48 19.54
HvDRR10 9.88 21.00
HvDRRI11 8.92 19.58
HvDRRI12 7.66 16.73
HvDRR13 8.74 16.19
HvDRR14 9.16 15.47
HvDRRI15 9.65 17.29
HvDRR16 10.14 21.03
HvDRR17 8.40 21.06
HvDRR18 9.83 22.84
HvDRR19 7.95 16.32
HvDRR20 11.50 25.87
HvDRR21 8.89 13.93
HvDRR22 9.45 22.03
HvDRR23 9.36 24.63
HvDRR24 11.69 16.24
HvDRR25 9.30 18.64
HvDRR26 9.00 14.88
HvDRR27 9.81 25.10
HvDRR28 9.96 20.25
HvDRR29 12.90 26.88
HvDRR30 13.40 24.47
HvDRR31 12.87 22.31
HvDRR32 12.90 23.03
HvDRR33 11.57 21.41
HvDRR34 10.28 22.76
HvDRR35 10.38 16.19
HvDRR36 8.44 18.80
HvDRR37 11.69 20.29
HvDRR38 10.37 24.97
HvDRR39 11.74 26.31
HvDRR40 12.72 22.21
HvDRR41 8.57 23.54
HvDRR42 11.25 26.56
HvDRR43 18.79 18.48
HvDRR44 11.61 18.84
HvDRR45 10.54 23.42
HvDRR46 18.16 25.50
HvDRR47 10.51 28.05
HvDRR48 10.07 20.89

174



Chapter 4

y Table S3. 'y of itative trait loci (QTLs) detected in HYDRR sub-populations for flag leaf length. Composite interval mapping was performed using the Rqtl package. The genetic and physical position of peak markers, the markers flanking the confidence interval of the QTL and the percentage of

explained phenotypic variation are reported. Parent and parental alleles contributing to positive additive effect to flagleaf length are indicated in the table. Cross denotes the row type of parents used to develop the corr r i inbred line i LOD, logarithm of odds
dividual QTL nam___Population Allele.A Allele B Chr__Peak (cM) ated marker positi ‘Associated marker Start.cM. __Start position (bp Start marker of.startm Stop.cM. _Stop position (bp) Stop marker Lod.of.stop.marker _ Additive effect __Parent allele Variance Cross
QFL_HvO04_TH_1 HVDRRO4 HOR1842  Kharsila 1 168.64 479463108 JHI-HV50k-2016-43233 5.726 166.3836 477753148 JHI-HV50k-2016-42547 3.99478 187.149 489934013 JHI-HV50k-2016-47631 1.863628 -0.44016 HOR1842 9.89 66
qFL_Hv16_1H_1 HVDRR16 K10693 HOR12830 1 205.8388 486469504 JHI-Hv50k-2016-46410 3.285 194.3421 475528198 SCRI_RS_213675 1.45436 249.453 498234809 JHI-Hv50k-2016-51097 1.767968 0.4645 HOR12830 12.03 66
QFL_Hv19_1H_1 HVDRR19 HOR383 Ancap2 1 101.95 370993763 BOPA2_12_30348 3.47291 95.3402 348962948 JHI-HV50k-2016-26883 196559 128.334 420546148 JHI-HV50k-2016-33883 1.636644 0.481 Ancap2 17.52629 6'6
qFL_Hv02_2H_1 HvDRR02 HOR1842 1G31424 2 90 43264415 BOPA1_3709-716 4.234 78.5427 45010188 BOPA1_7623-818 2.36832 123.966 105155499 JHI-Hv50k-2016-87726 2.35136 -0.6369 HOR1842 7.425 2'6
QFL_HV02_2H_2 HVDRR02 HOR1842  1G31424 2 229.7 627833511 JHI-HV50k-2016-127015 5.433 223.5262 624258629 JHI-HV50k-2016-124850  3.92449 233.679 629738879 JHI-HV50k-2016-127673 3.312741 0.6664 1G31424 9.729 2'6
qFL_Hv04_2H_1 HvDRRO3 Kharsila 2 210.16 625015892 JHI-Hv50k-2016-125310 3.924 200.2362 618255091 BOPA2_12_20649 237655 214.74 628668569 JHI-HV50k-2016-127384 1.981402 0.8899 1G31424 24.27189 2'6
QFL_Hv04_2H_1 HVDRRO4 HOR1842 2 10157228 68535202 JHI-HV50k-2016-82337 7.944 96.76403 55248853 JHI-HV50k-2016-80337 5.38443 10877 97734016 JHI-HV50k-2016-86810 6.244112 -0.54275 HOR1842 14.285 6'6
qFL_Hv04_2H_2 HvDRR04 HOR1842 2 222.8759 615914301 JHI-Hv50k-2016-119520 3.464 171.6086 567600323 JHI-Hv50k-2016-106493 1.37898 229.437 618549746 JHI-Hv50k-2016-120912 1.928674 -0.34664 HOR1842 5.746 66
QFL_Hv10_2H_1 HVDRR10 Sanalta  /23829/8039° 2 142 602063649 JHI-HV50k-2016-113922 2715 121.0001 585633374 JHI-HV50k-2016-109411 102212 150.989 608449388 JHI-HV50k-2016-116511 0.9288282 0.26955 W23829/803911 6.277 22
qFL_Hv11_2H_1 HVDRR11 Sanalta Sissy 2 99.6 590210213 JHI-Hv50k-2016-109902 3.11574 79.96328 565277907 JHI-Hv50k-2016-105797 141992 145.101 623724437 JHI-HV50k-2016-124462 1558875 0.32793 Sissy 13.75023 272
QFL_Hv14_2H_1 HVDRR14 George  HOR8160 2 185.5 627460411 JHI-HV50k-2016-126728 7.49357  182.0054 623310808 SCRI_RS_152659 5.16426 188.555 631087116 JHI-HV50k-2016-128391 4.246666 -0.65143 Georgie 32.84 22
qFL_Hv16_2H_1 HVDRR16 K10693 HOR12830 2 259.61 628647280 JHI-Hv50k-2016-127369 5.953 246.9457 621785852 JHI-HV50k-2016-123148 2.98201 266.078 633709959 JHI-Hv50k-2016-130169 3.26646 0.6787 HOR12830 23.48 66
QFL_Hv20_2H_1 HVDRR20 1G128104  HOR383 2 113.18 389936575 JHI-HV50k-2016-93371 409769  52.29381 40139656 JHI-HV50k-2016-77326 249428 116.125 471271325 JHI-HV50k-2016-96857 2.255852 0.6044 HOR383 17.35465 6'6
qFL_Hv22 2H_1 HvDRR22 HOR383  Namhaebori 2 78.96 156851351 JHI-Hv50k-2016-90462 6.70355 72.24183 95111881 JHI-Hv50k-2016-86345 270195 90.5151 508011086 JHI-Hv50k-2016-99117 4.659865 -0.6827 HOR383 29.03694 66
QFL_Hv23_2H_1 HVDRR23 1G128104  Namhaebori 2 269.5659 629738879 JHI-HV50k-2016-127673 31712 241.1168 620212020 JHI-HV50k-2016-121840 1.26057 281.004 636169880 JHI-HV50k-2016-131231 1543617 -0.4705 1G128104 16.49765 6'6
QFL_Hv26_2H_1 HvDRR26 Unumii-Apa Sanalta 2 24 19297474 SCRI_RS_153226 6.36955  18.66076 14,076,281 JHI-HV50k-2016-67667 46805 54.0611 43,264,415 BOPA1_3709-716 2688459 -0.6328 Unumii-Arpa 41.91144 22
QFL_Hv30_2H_1 HVDRR30 16128216 Georgie 2 11735606 462113813 JHI-HV50k-2016-95965 9.37546 9213718 84978683 JHI-HV50k-2016-85000 6.58521 123.814 482310420 JHI-HV50k-2016-98244 7.778172 0.7292 Georgie 20.272 2'6
QFL_Hv31_2H_1 HVDRR31 Lakhan 1G128216 2 169.276 476073145 SCRI_RS_140618 7.89491  155.9958 329832133 SCRI_RS_147644 560503 175.789 535050261 JHI-HV50k-2016-100559 4.533057 0.7105 Lakhan 13479 6'6
QFL_Hv31_2H_2 HVDRR31 Lakhan 1G128216 2 315.9892 627268913 JHI-HV50k-2016-126411 9.71803 3145159 626362954 JHI-HV50k-2016-126024  6.41462 318.515 630366144 JHI-HV50k-2016-127867 7.390829 0.7372 1G128216 17.175 6'6
QFL_Hv31_2H_4 HVDRR31 Lakhan 1G128216 2 251.1939 588639100 JHI-HV50k-2016-109506 592313 247.2072 582019742 JHI-HV50k-2016-109198 377136 254.233 593687880 JHI-HV50k-2016-110773 4.238003 -0.6056 Lakhan 9.746 6%
qFL_Hv32_2H_1 HVDRR32 1G128216 K10877 2 87.511 102240001 JHI-Hv50k-2016-87488 4.15649 79.29014 70465309 JHI-Hv50k-2016-82602 2.23694 121513 561314845 JHI-Hv50k-2016-105024 2442915 1.0453 K10877 40.38919 66
QFL_Hv33_2H_1 HvDRR33 Lakhan 2 269 623238282 SCRI_RS_151129 6.46804  258.2583 618549453 JHI-HV50k-2016-120916  4.28026 273.244 629176434 JHI-HV50k-2016-127582 4.832706 -0.8332 Georgie 25.02 2'6
qFL_Hv33_2H_2 HVDRR33 Lakhan 2 2266 598817584 JHI-Hv50k-2016-112588 3.24791 194.2232 561797694 JHI-Hv50k-2016-105103 1.72095 237.693 603090194 JHI-HV50k-2016-114276 1594649 0.5494 Lakhan 11.39 2'6
QFL_Hv39_2H_1 HvDRR39 HOR12830  ItuNative 2 52 26541621 JHI-HV50k-2016-73812 316623  21.14156 15,252,254 JHI-HV50k-2016-68007 1.05039  65.735 33267074 JHI-HV50k-2016-75728 1313059 -0.5285 HOR12830 9.34 6%
qFL_Hv39_2H_2 HVDRR39 HOR12830 ItuNative 2 228.818 623237567 JHI-Hv50k-2016-124322 3.52732 221.6221 620196496 BOPA1_5541-418 1.87917 238.821 633708485 JHI-HV50k-2016-130184 1.966279 -0.519 HOR12830 10.49 66
QFL_Hv40_2H_1 HvDRR40 ItuNative cm67 2 4035113 623724097 JHI-HV50k-2016-124463 540165  379.5814 613238587 JHI-HV50k-2016-118422 353025 418.431 629176434 JHI-HV50k-2016-127582 3.520657 0.8006 CM67 2143 6'6
qFL_Hv44_2H_1 HvDRR44 1G128104 Kombyne 2 103 499539670 SCRI_RS_171203 541818 81.22101 44083536 JHI-Hv50k-2016-78108 20061 113.351 537485237 JHI-Hv50k-2016-101074 2.404752 0.5912 Kombyne 15.4 66
QFL_Hv47_2H_1 HVDRR47 1631424 Sissy 2 293 628305145 JHI-HV50k-2016-127068 448285  288.423 625812989 JHI-HV50k-2016-125778 259757 299.985 631591390 JHI-HV50k-2016-128653 2.949886 -0.5296 1G31424 18.65272 22
qFL_Hv08_3H_1 HvDRR08 HOR7985 /23829/8039 3 218(220.3) 560042382 SCRI_RS_150944 4.139 201.1679 547809052 JHI-Hv50k-2016-201048 2.03443 224.549 563918935 SCRI_RS_103215 2.025 -0.37741 HOR7985 18.00675 272
QFL_HV09_3H_1 HvDRR09 Sissy ~ /23829/8039° 3 129 508112937 JHI-HV50k-2016-193119 412376 1162172 485184975 JHI-HV50k-2016-189281 24081 142511 531393278 SCRI_RS_198609 2.11557 -0.38521 Sissy 17.29633 22
qFL_Hv21_3H_1 HvDRR21 Ancap2 Namhaebori 3 102.7575 493379778 SCRI_RS_155609 3.15383 71.37604 149021252 JHI-Hv50k-2016-167285 1.56871 119.987 522262890 JHI-HV50k-2016-195438 1.648014 -0.5485 Ancap2 18.73743 66
QFL_Hv30_3H_1 HVDRR30 16128216 Georgie 3 10462807 448939623 JHI-HV50k-2016-184166 9.7 83.23102 316292294 SCRI_RS_151545 8.16184 106.322 457448846 SCRI_RS_162838 8.175991 -0.754 1G128216 21.108 2'6
qFL_Hv39_3H_1 HVDRR39 HOR12830 ItuNative 3 10.069 1799813 JHI-Hv50k-2016-149285 2.68641 0 189466 JHI-Hv50k-2016-148570 2.38782 277.91 590116967 SCRI_RS_144559 1.005952 -0.4909 HOR12830 7.84 66
QFL_Hv44_3H_1 HVDRR44 16128104 Kombyne 3 74.74 21147821 JHI-HV50k-2016-160219 230269  56.65957 13963213 JHI-HV50k-2016-156630  0.63656 214.095 512328642 JHI-HV50k-2016-194685 0.5548681 0.3509 Kombyne 6.049 6%
qFL_Hv48_3H_1 HvDRR48 HOR1842 HOR7985 3 89.34988 435394636 JHI-Hv50k-2016-182785 3.365 77.77252 39932180 JHI-Hv50k-2016-164435 1.23433 131,53 531392349 JHI-Hv50k-2016-197535 1.667503 -0.5737 HOR1842 16.84641 2'6
QFL_Hv04_4H_1 HVDRRO04 HOR1842  Kharsila 4 100.12 549542165 JHI-HV50k-2016-257876 3.082 89.40577 535994280 JHI-HV50k-2016-255256 124288 117.187 567085052 JHI-HV50k-2016-261131 0.9385072 -0.31783 HOR1842 5078 6'6
qFL_Hv40_4H_1 HvDRR40 ItuNative CM67 4 76.87972 21474863 JHI-Hv50k-2016-232198 3.00488 72.15089 20250693 JHI-Hv50k-2016-232016 1.02328 95.3704 29792174 JHI-Hv50k-2016-233646 0.9665596 0.567 CMe7 11.02 66
QFL_Hv43_4H_1 HVDRR43 Kombyne ~ Namhaebori 4 131.07 595132794 JHI-HV50k-2016-268870 4.5666 127.4267 592351923 JHI-HV50k-2016-268238  2.94682 131.066 595132794 JHI-HV50k-2016-268870 4.566603 0.9378 Namhaebori 16.84581 6'6
qFL_Hv02_5H_1 HvDRR02 HOR1842 1G31424 5 2026 529178521 JHI-Hv50k-2016-336527 16.858 201.0852 527026791 JHI-Hv50k-2016-335111 14,9715 213.979 530327920 JHI-Hv50k-2016-337089 13.75349 -1.3126 HOR1842 37.077 2'6
qFL_Hv04_5H_1 HvDRR04 HOR1842 Kharsila 5 216.96 529123801 JHI-Hv50k-2016-336517 7.944 213.3985 527040691 JHI-HV50k-2016-335186 6.46548 224.854 533637328 JHI-HV50k-2016-338274 3.485346 -0.53419 HOR1842 14.526 66
QFL_Hv10_5H_1 HVDRR10 Sanalta  /23829/8039° 5 183 547530586 JHI-HV50k-2016-345254 8.399 178.4558 543847341 SCRI_RS_198008 5.25703 186.404 550650607 JHI-HV50k-2016-346813 6.602106 -0.49096 Sanalta 2265 22
QFL_Hv28_5H_1 HVDRR28 Unumi-Arpa HOR8160 5 185.4522 527565899 JHI-HV50k-2016-335708 435112 174.6496 516375191 JHI-HV50k-2016-328519  2.84733 199.988 541120940 JHI-HV50k-2016-342734 1.294803 0.5421 HOR8160 21.91546 22
QFL_Hv29_5H_1 HvDRR29 HOR8160  1G128216 5 24426 530674618 JHI-HV50k-2016-337251 3612 225.6032 527055864 JHI-HV50k-2016-335244  2.07049 253.495 539249747 JHI-HV50k-2016-341797 1.24906 -0.576 HOR8160 11.52 2'6
qFL_Hv30_5H_1 HVDRR30 1G128216 Georgie 5 198.5285 528152948 BOPA2_12_30930 3.9109 184.1453 522599333 JHI-HV50k-2016-332745 1.93693 213.716 532352878 JHI-Hv50k-2016-337901 2.398587 0.446 Georgie 7.602 2'6
QFL_Hv44_5H_1 HvDRR44 1G128104  Kombyne 5 258.83 525535984 JHI-HV50k-2016-334016 568257  257.3967 524452711 JHI-HV50k-2016-333647  3.37645 264.769 533307510 JHI-HV50k-2016-338130 2.948324 -0.662 1G128104 16.261 6%
QFL_Hv46_5H_1 HVDRR46 Kharsila Kombyne 5 357.6118 529817938 JHI-Hv50k-2016-336914 4.6734 352.3798 526495342 JHI-HV50k-2016-334451 2.94263 360.024 531927248 JHI-Hv50k-2016-337782 2.821254 -1.3311 Kharsila 45.93098 66
QFL_Hv10_6H_1 HVDRR10 Sanalta  /23829/8039° 6 75 235389805 JHI-HV50k-2016-394928 6.146 56.92453 69752125 JHI-HV50k-2016-388660 42553 77.1013 392824650 JHI-HV50k-2016-402874 4512595 0.41346 W23829/803911 15.576 22
qFL_Hv10_6H_2 HVDRR10 Sanalta  /23829/8039 6 157 555457083 SCRI_RS_10655 57 147.7477 548283757 JHI-Hv50k-2016-426825 3.51666 159.931 557402082 JHI-Hv50k-2016-431100 4.162361 0.37762 W23829/803911 14.272 272
QFL_Hv14_6H_1 HVDRR14 Georgie  HOR8160 6 65 367032871 SCRI_RS_195914 5.302 46.70355 40183383 JHI-HV50k-2016-384569 34041 101.076 511222059 JHI-HV50k-2016-414666 3.155441 0.53506 HOR8160 2165 22
qFL_Hv33_6H_1 HVDRR33 Georgie Lakhan 6 63.57793 29222745 JHI-Hv50k-2016-380678 3.96657 55.36104 24625256 JHI-Hv50k-2016-379580 1.2383 79.3823 38663939 JHI-Hv50k-2016-384305 2.056443 0.6022 Lakhan 14.21 2'6
QFL_Hv42_6H_1 HvDRR42 Ancap2 ItuNative 6 120.9406 45151546 JHI-HV50k-2016-385708 387132 107.8953 35994893 JHI-HV50k-2016-383480  2.24984 245.828 524387861 JHI-HV50k-2016-417315 1.777368 0.6958 ItuNative 21.93375 6'6
qFL_Hv29_7H_1 HVDRR29 HOR8160 1G128216 7 164 323336489 JHI-Hv50k-2016-481738 4.30976 150.5146 123258022 JHI-Hv50k-2016-481098 2.00352 177.361 498857616 JHI-Hv50k-2016-489537 2.517499 -0.6173 HOR8160 13.95 2'6
QFL_Hv31_7H_1 HVDRR31 Lakhan 1G128216 7 114 61640902 BOPA2_12_10696 3.023 75.6667 56385693 JHI-HV50k-2016-464490 134071 211.521 581389148 JHI-HV50k-2016-497323 1.090956 -0.3797 Lakhan 4.715 6'6
QFL_Hv44_7H_1 HVDRR44 1G128104 __Kombyne 7 177.92 517521225 JHI-HV50k-2016-491200 4.39271 __ 91.26959 50380828 JHI-HV50k-2016-461900  2.16967 _182.811 539028571 JHI-HV50k-2016-491516 2.667218 0.4909 Kombyne 12.163 6'6
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1 y Table S4.

of odds; FLW. flag leaf width

y of
w:n the percentage of explained phenotypic variation are reported. Parent and parental alleles contributing to positive additive effect to flag leaf width are indicated in the table. Cross denotes the row type of parents used to d

p the corr

ive trait loci (QTLs) detected in 45 HVDRR sub-populations for flag leaf width. Composite interval mapping was performed using the Rqtl package. The genetic and physical 13:5: of peak markers, the markers flanking the confidence interval of the QTL
inbred line populations. LOD, logarithm

Individual.QTL.name Population Allele.A Allele.B Chr Peak.cM. marker pos A: marker LOD Start.cM.  Start position (bp)  Start.marker Lod.of sta Stop.cM. Stop position (bp) Stop.marker Lod.of.stc Additive.effect Parent.allele Variance Cross
qFW_Hv02_1H_1 HVDRR02 HOR1842  1G31424 1 52.23212 24193269 JHI-HV50k-2016-16067 1.7423634  22.00408 14149277 JHI-Hv50k-2016-12117 0.11254 177.979 481729844 JHI-HV50k-2016-44236 0.21283 0.0408 1G31424 3.679 2'6
qFW_Hv41_1H_1 HVDRR41 ItuNative K10693 1 137.4359 468600756 JHI-HV50k-2016-39498 3.2016091  133.1986 461485901 JHI-HV50k-2016-38105 1.33395 218.598 514697022 JHI-Hv50k-2016-57299 0.74228 0.06117 K10693 15.4261 6'6
qFW_Hv02_2H_1 HVDRR02 HOR1842  1G31424 2 126.2008 156107312 JHI-HV50k-2016-90347 5446476 1129738 59226829 BOPA2_12_10219 3.38372 127.786 212761381 SCRI_RS_87934 3.67421 -0.07539 HOR1842 12.278 2'6
qFW_Hv04_2H_1 HVDRR04 HOR1842 2 121.31161 282127102 SCRI_RS_231897 6.19376  96.76403 55248853 JHI-HV50k-2016-80337 3.70542 124.024 481962654 JHI-HV50k-2016-98219 4.12239 -0.06369 HOR1842 19.5662 66
qFW_Hv18_2H_1 HVDRR18 HOR383 2 48 26152710 JHI-HV50k-2016-73692 10.08659 33.6745 24594197 JHI-HV50k-2016-72942 5.8686 68.0627 34425590 JHI-HV50k-2016-76416 4.15637 0.16093 K10693 44.4552 66
qFW_Hv19_2H_1 HVDRR19 HOR383 Ancap2 2 99 205588994 SCRI_RS_182959 3.3274  92.34216 102273969 JHI-HV50k-2016-87465 1.54986  109.45 537192272 JHI-Hv50k-2016-101000 1.78292 -0.07295 HOR383 16.8577 6'6
qFW_Hv22_2H_1 HVDRR22 HOR383 Namhaebori 2 88.557 476887032 SCRI_RS_165669 7.642974  78.96001 156851351 JHI-HV50k-2016-90462 6.08154 90.5151 508011086 JHI-Hv50k-2016-99117 5.4044 -0.13847 HOR383 32.3674 66 q
qFW_Hv30_2H_1 HVDRR30 1G128216  Georgie 2 53.182 31093852 JHI-HV50k-2016-75256 4221 51.24571 29980652 JHI-HV50k-2016-74920 259862 71.7065 47882932 JHI-HV50k-2016-79228 245019 0.04332 Georgie 6.162 2'6 ~m
qFW_Hv30_2H_2 HVDRR30 1G128216  Georgie 2 114.588 148697970 JHI-HV50k-2016-90159 8.64 113.1888 136181076 JHI-HV50k-2016-89448 6.79911 117.356 384371951 JHI-Hv50k-2016-93210 6.94911 0.066308 Georgie 13.746 2'6 +—
qFW_Hv30_2H_3 HVDRR30 1G128216  Georgie 2 269.585 631516531 JHI-Hv50k-2016-128730 5.67 262.8037 626957890 JHI-Hv50k-2016-126360 292774 298.391 649415625 JHI-Hv50k-2016-138465 3.12478 -0.050701 1G128216 8.512 2'6
qFW_Hv31_2H_1 HVDRR31 Lakhan 1G128216 2 169.276 476073146 SCRI_RS_140618 4.395 155.6653 212761381 SCRI_RS_87934 2.8319 175.789 535050261 JHI-Hv50k-2016-100559 2.17569 -0.06679 Lakhan 12.72 6'6
qFW_Hv31_2H_2 HVDRR31 Lakhan 1G128216 2 329 639487015 JHI-Hv50k-2016-133019 3.633073  320.6992 631502759 JHI-Hv50k-2016-128758 213101 355.965 662076785 JHI-Hv50k-2016-147100 2.12854 0.05945 1G128216 10.37 6'6
qFW_Hv32_2H_1 HVDRR32 1G128216  K10877 2 81.785 97439643 JHI-HV50k-2016-86758 3.695783  76.74438 66096126 JHI-HV50k-2016-81642 204269 139.395 592727990 JHI-Hv50k-2016-110405 1.52332 0.09792 K10877 21.26 6'6
qFW_Hv09_3H_1 HVDRR09 Sissy W23829/803911 3 129.36 508174091 JHI-Hv50k-2016-193139 3.643979  112.4289 467998958 JHI-HV50k-2016-186692 1.54089 135.051 519406515 JHI-Hv50k-2016-194935 1.53119 -0.04707 Sissy 15.4487 22
qFW_Hv10_3H_1 HVDRR10 Sanalta W23829/803911 3 43 23353607 JHI-HV50k-2016-161118 5.193653 38.21747 21691873 SCRI_RS_121895 3.08648 63.3614 349363408 SCRI_RS_137552 3.14652 -0.07034 Sanalta 23.5656 2*2
qFW_Hv30_3H_1 HVDRR30 1G128216  Georgie 3 84 316292293 SCRI_RS_151545 4.231 66.69177 57599818 SCRI_RS_178915 228663 107.24 457872870 JHI-HV50k-2016-185368 251529 -0.044413 1G128216 6.177 2'6
qFW_Hv32_3H_1 HVDRR32 1G128216  K10877 3 172 567161897 BOPA2_12_30081 3.77549  165.8604 563162661 JHI-Hv50k-2016-205183 1.99678 186.206 581686910 JHI-Hv50k-2016-209853 1.24187 0.10186 K10877 21.83 6'6
qFW_Hv30_4H_1 HVDRR30 1G128216  Georgie 4 219 595534582 JHI-Hv50k-2016-268942 8237 216.9086 594451852 JHI-Hv50k-2016-268709 6.1773 226.019 599077668 JHI-Hv50k-2016-270573 6.46418 -0.063982 1G128216 13 26
qFW_Hv33_4H_1 HVDRR33 Georgie Lakhan 4 234.7699 595534582 JHI-HV50k-2016-268942 5.874999  222.3424 586892488 JHI-HV50k-2016-265457 3.53817 239.014 603899989 JHI-HV50k-2016-272728 5.3536 0.11068 Lakhan 28.9988 66
qFW_Hv02_5H_1 HVDRR02 HOR1842  1G31424 5 114.3342677 438366771 JHI-HV50k-2016-308617 4.942423 98.9094 401876382 BOPA2_12_31034 3.0648 120.51 443942451 JHI-HV50k-2016-309096 2.51236 -0.0705 HOR1842 11.042 2*6
qFW_Hv13_5H_1 HVDRR13 SprattArcher HOR8160 5 56 48340396 JHI-HV50k-2016-290535 6.121574  44.96227 18327455 JHI-HV50k-2016-284499 2.02032 84.4199 433386581 JHI-HV50k-2016-308110 2.39855 0.0714 HOR8160 33.9377 2*2
qFW_Hv27_5H_1 HVDRR27 Unumli-Arpa SprattArcher 5 47 17554327 JHI-HV50k-2016-284195 25624028  33.49561 9453080 JHI-HV50k-2016-281309 0.876 95.1487 441356776 JHI-Hv50k-2016-308899 0.74999 0.07737 SprattArcher 11.9165 2*2
qFW_Hv30_5H_1 HVDRR30 1G128216  Georgie 5 202 527185413 JHI-HV50k-2016-335543 5.629 191.6365 525238666 BOPA2_12_21471 4.09151 213.393 532053779 JHI-Hv50k-2016-337805 3.46578 0.052044 Georgie 8.443 2'6
qFW_Hv35_6H_1 HVDRR35 Lakhan CM67 6 109 389737553 JHI-HV50k-2016-402641 3.845472  85.44063 127953699 BOPA2_12_31007 228232 121.822 411105600 SCRI_RS_217259 2.16039 0.08169 CM67 18.8071 66
qFW_Hv02_7H_1 HVDRR02 HOR1842  1G31424 7 135.6822 451067950 JHI-HV50k-2016-487422 3.90767 _ 108.6003 88064116 JHI-Hv50k-2016-471347 229719 147.839 500720080 JHI-Hv50k-2016-489798 2.35517 -0.06115 HOR1842 8.571 2*6




Supplementary Table S5. Consensus quantitative trait loci (QTLs) associated with flag leaf length and width in the HYDRR population. The consensus interval of QTL/ cluster of QTLs d

d in single analysis were

pop

~ summarized as consensus QTLs. The range of phenotypic variance explained by QTL (PEV) in single sub-pop are indi d for QTLs. The QTLs that coincided with flag leaf size associated loci detected in
« previous genetic mapping studies are reported in black font colour and QTLs co-localized with previously detected QTLs for grain size, flowering time and plant height in HYDRR population are mentioned in grey font colour.
Q
1
HvDRR with flag Colocalization with Potential polymorphic
S Chr .no:wozm:m QTL  name N for Row ».Sum of QTLs detected single leaf size PEV (%) previously reported QTLs Candi genes i gene in .z:BU.m_. of genes Comment
= interval (Mb) consensus region parental inbreds . N N L N in the interval
C population analysis character based on physical position consensus interval
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547.809- g . " (Shrestha et al., 2022),
3 563019 GHVDRR-FLS-13 22 HVDRR08 FLL 18 (Cosenza et al., 2024) GAZ00x1 322
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Supplementary Table S6. Candidate genes present in the consensus intervals. The detailed candidate gene mining was only performed for consensus interval with a physical
size of less than 10 Mb and a percent of the explained phenotypic variance of more than 10 %. Sequence polymorphism data obtained from the whole-genome sequencing
project of 23 parental inbreds was used to create indels (indel below 50 bp) and predicted structural variants (indels above 50 bp, duplication and inversions) in the coding

and regulatory region and SNP annotation data (Weisweiler et al., 2022). The genes present in the consensus interval that revealed allelic differences between the

contrasting groups of parental genotypes at a given QTL locus were retained as candidate genes. FLL: flag leaf length; FLW: flag leaf width.

Gene description Indel Structural variation SNP substitution QTL Trait Chromosome
HORVU.MOREX.r3.1HG0077240 Protein FLLOWERING LOCUS T Sutr/ intron Deleterious qHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0077250 R ligase/cyclic nucleotide phosphodiesterase family protein Sutr Tolerated/ Deleterious gHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0077260 Hemoglobin Sutr/ exon Sutr Tolerated qHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0077270  Gamma-glutamyl hydrolase intron/ 5utr/ exon Sutr/ exon Tolerated/ Deleterious gHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0077280 Trehalose-6-phosphate synthase 6 Sutr Sutr Tolerated/ Deleterious gHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0077290  Ribonuclease P protein subunit p29 intron/ Sutr Sutr Tolerated/ Deleterious gHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0077310 transcription repressor Sutr Sutr Tolerated qHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0077340  Ras-like protein Sutr/ exon/ intron Sutr qHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0077350 Calcium-binding protein Sutr Tolerated/ Deleterious gHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0077370  GRF zinc finger family protein, expressed Sutr Sutr Tolerated/ Deleterious gHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0077390 SNF2 domain-containing protein / helicase domain-containing protein / zinc fing 5utr Sutr qHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0077400 Tyrosine N-monooxygese Sutr Sutr Tolerated/ Deleterious gHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0077410 28 kDa heat-and acid-stable phosphoprotein, putative intron/ Sutr qHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0077420  Elongation factor Tu Sutr/ exon/ intron Sutr qHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0077430 Vascular plant one zinc finger transcription factor protein Sutr/ exon/ intron Tolerated qHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0077440  O-methyltransferase-like protein Sutr Sutr Tolerated qHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0077470  O-methyltransferase-like protein Sutr Tolerated/ Deleterious gHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0077480 O-methyltransferase-like protein exon/ 5utr Tolerated qHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0077490  O-methyltransferase Tolerated/ Deleterious gHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0077500 O-methyltransferase-like protein Sutr/ intron/ exon Sutr/ intron Tolerated qHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0077510  Auxin response factor Sutr/ intron/ exon intron Tolerated/ Deleterious gHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0077550 Gibberellin 2-oxidase Sutr/ intron/ exon Tolerated/ Deleterious gHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0077560 Trihelix transcription factor Sutr Sutr Tolerated qHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0077570 Interactor of constitutive active ROPs protein, putative Sutr/ exon Tolerated/ Deleterious gHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0077580 Vascular endothelial growth factor A Sutr Tolerated/ Deleterious gHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0077610 Dof zinc finger protein Sutr Tolerated qHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0077620 arginine N-methyltransferase, putative (DUF688) Sutr/ exon Tolerated qHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0077640 Tubby-like F-box protein Sutr Sutr Tolerated qHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0077650  Non-specific serine/threonine protein kinase Sutr Tolerated qHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0077680  Proline iminopeptidase intron/ exon/ 5utr Deleterious qHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0077700 Rac-like GTP binding protein Sutr qHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0077710  Glycosyltransferase Sutr/ intron Sutr Tolerated/ Deleterious gHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0077720 magnesium transporter NIPA (DUF803) Sutr/ exon/ intron intron/ Sutr qHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0077730 Cleavage stimulation factor subunit 2 Sutr Tolerated qHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0077770  Mitochondrial import inner membrane translocase subunit TIM50 Sutr/ intron/ exon Sutr Tolerated/ Deleterious gHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0077790  Calcium-transporting ATPase Sutr Sutr Tolerated/ Deleterious gHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0077830  TCP family transcription factor containing protein Sutr/ intron Tolerated qHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0077840  Glucan endo-1,3-beta-glucosidase 1 Sutr/ intron/ exon qHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0077860 D mismatch repair protein Msh6-1 Sutr Tolerated/ Deleterious gHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0077880 BAG family molecular chaperone regulator 7 Sutr/ exon Sutr qHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0077930  Lysine--tr ligase intron/ 5utr intron Tolerated qHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0077940  sequence-specific D binding transcription factor ATNDX Sutr Sutr Tolerated qHVDRR-FLS-2  FLL, FLW 1
HORVU.MOREX.r3.1HG0077950 BSD domain containing protein intron/ 5utr/ exon intron/ 5utr Tolerated/ Deleterious gHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0077960 Cellulose synthase intron/ 5utr/ exon qHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0077980 Protein kinase, putative intron/ Sutr/ exon intron Tolerated/ Deleterious gHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0078000 Transmembrane protein 56 intron/ exon/ Sutr qHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0078010 Translation initiation factor IF-2 Sutr/ intron Tolerated GHVDRR-FLS-2  FLL, FLW 1
HORVU.MOREX.r3.1HG0078020 Carboxypeptidase intron/ 5utr/ exon Sutr/ exon Tolerated/ Deleterious gHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0078100  F-box family protein Sutr Tolerated/ Deleterious gHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0078110  2-oxoglutarate (20G) and Fe(ll)-dependent oxygese superfamily protein Sutr Sutr Tolerated/ Deleterious gHVDRR-FLS-2  FLL, FLW 1
HORVU.MOREX.r3.1HG0078150  Serine/threonine-protein kinase Deleterious qHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0078160 S-adenosyl-L-methionine-dependent methyltransferases superfamily protein intron/ 5utr/ exon Sutr/ intron Tolerated/ Deleterious gHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0078170 Colon cancer-associated protein Micl-like containing protein, expressed intron/ Sutr intron Tolerated qHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0078180 DH dehydrogese [ubiquinone] 1 alpha subcomplex assembly factor 8 Sutr Sutr Deleterious qHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0078200 Protein kinase intron/ 5utr/ exon Tolerated qHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0078230  Phosphate transporter exon/ 5utr/ intron qHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0078260 Protein PAT1-1-like protein intron Deleterious qHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0078270  Lipoyl synthase Tolerated qHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0078330  Thioredoxin-like protein 4A Tolerated/ Deleterious gHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0078350  Basic-leucine zipper (BZIP) transcription factor family 5Sutr/ intron Sutr Tolerated/ Deleterious gHVDRR-FLS-2  FLL, FLW 1
HORVU.MOREX.r3.1HG0078370  breast cancer associated RING 1 exon/ 5utr/ intron Sutr Tolerated qHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0078400 Tyrosine decarboxylase Sutr Tolerated/ Deleterious gHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0078410 Collagen alpha-1(VI) chain Tolerated qHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0078420 F-box protein Sutr Tolerated qHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0078450  Ubiquitin carboxyl-termil hydrolase Sutr/ intron Sutr Tolerated qHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0078480 Protein FAR1-RELATED SEQUENCE 3 exon/ intron Tolerated/ Deleterious gHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0078500 Ethylene-responsive transcription factor Sutr Sutr Tolerated/ Deleterious gHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0078510  Coilin intron/ 5utr/ exon exon/ intron/ 5utr  Tolerated/ Deleterious gHVDRR-FLS-2  FLL, FLW 1
HORVU.MOREX.r3.1HG0078520 Protein FAR1-RELATED SEQUENCE 5 Sutr/ exon/ intron Sutr Tolerated/ Deleterious gHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0078550  Protein FAR1-RELATED SEQUENCE 3 Sutr/ intron Sutr Tolerated qHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0078570  LURP-one-like protein Sutr Tolerated qHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0078580  glycerol-3-phosphatase 1 Sutr Tolerated/ Deleterious gHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.1HG0078590  Poly [ADP-ribose] polymerase exon/ intron Deleterious qHVDRR-FLS-2 FLL, FLW 1
HORVU.MOREX.r3.2HG0109310 lectin-receptor kinase exon/ intron Tolerated/ Deleterious gHVDRR-FLS-3 FLL, FLW 2
HORVU.MOREX.r3.2HG0109330 U-box domain-containing protein kinase family protein Sutr Sutr Deleterious gHVDRR-FLS-3  FLL, FLW 2
HORVU.MOREX.r3.2HG0109340 Wound-induced protein 1, putative, expressed Tolerated qHVDRR-FLS-3 FLL, FLW 2
HORVU.MOREX.r3.2HG0109350 Wound-induced protein 1, putative, expressed Sutr Tolerated gHVDRR-FLS-3  FLL, FLW 2
HORVU.MOREX.r3.2HG0109400 D-alanine--D-alanine ligase Sutr/ intron Sutr Tolerated/ Deleterious gHVDRR-FLS-3 FLL, FLW 2
HORVU.MOREX.r3.2HG0109410 Protein COBRA, putative Sutr Sutr Tolerated/ Deleterious gHVDRR-FLS-3 FLL, FLW 2
HORVU.MOREX.r3.2HG0109420 Pectinesterase Sutr Sutr Tolerated qHVDRR-FLS-3 FLL, FLW 2
HORVU.MOREX.r3.2HG0109430 ACT domain-containing protein Sutr/ intron Sutr Tolerated/ Deleterious gHVDRR-FLS-3 FLL, FLW 2
HORVU.MOREX.r3.2HG0109440  F-box family protein Tolerated/ Deleterious gHVDRR-FLS-3  FLL, FLW 2
HORVU.MOREX.r3.2HG0109520 Macrolide export ATP-binding/permease protein MacB Sutr Tolerated/ Deleterious gHVDRR-FLS-3 FLL, FLW 2
HORVU.MOREX.r3.2HG0109530  Protein phosphatase 2C-like Sutr/ intron Sutr Tolerated/ Deleterious gHVDRR-FLS-3 FLL, FLW 2
HORVU.MOREX.r3.2HG0109660 RING/U-box-like protein exon/ 5utr/ intron Tolerated/ Deleterious gHVDRR-FLS-3 FLL, FLW 2
HORVU.MOREX.r3.2HG0109680 DUF3511 domain protein, putative (DUF3511) Tolerated/ Deleterious gHVDRR-FLS-3 FLL, FLW 2
HORVU.MOREX.r3.2HG0109700 Hexosyltransferase intron/ 5utr/ exon intron/ Sutr Tolerated/ Deleterious gHVDRR-FLS-3 FLL, FLW 2
HORVU.MOREX.r3.2HG0109710  Alanine--tR ligase Sutr qHVDRR-FLS-3 FLL, FLW 2
HORVU.MOREX.r3.2HG0109720 BRCT domain-containing protein exon/ intron/ 5utr Sutr Tolerated/ Deleterious gHVDRR-FLS-3 FLL, FLW 2
HORVU.MOREX.r3.2HG0109760 Tyrosine N-monooxygese Sutr Sutr Tolerated/ Deleterious gHVDRR-FLS-3 FLL, FLW 2
HORVU.MOREX.r3.2HG0109790  ABRE binding factor 4 Sutr qHVDRR-FLS-3 FLL, FLW 2
HORVU.MOREX.r3.2HG0109800 DJ Sutr/ exon Tolerated qHVDRR-FLS-3 FLL, FLW 2
HORVU.MOREX.r3.2HG0109850 Protein kinase Sutr/ intron/ exon intron Tolerated qHVDRR-FLS-3 FLL, FLW 2
HORVU.MOREX.r3.2HG0109900 Protein FAR1-RELATED SEQUENCE 5 Tolerated/ Deleterious gHVDRR-FLS-3 FLL, FLW 2
HORVU.MOREX.r3.2HG0109910  Ubiquitin-like-specific protease ESD4 Sutr Tolerated/ Deleterious gHVDRR-FLS-3 FLL, FLW 2
HORVU.MOREX.r3.2HG0109930  BED zinc finger,hAT family dimerization domain Sutr Sutr Tolerated/ Deleterious gHVDRR-FLS-3 FLL, FLW 2
HORVU.MOREX.r3.2HG0109970 Lon protease homolog intron/ Sutr Tolerated qHVDRR-FLS-3 FLL, FLW 2
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HORVU.MOREX.r3.4HG0338150
HORVU.MOREX.r3.4HG0338160
HORVU.MOREX.r3.4HG0338170
HORVU.MOREX.r3.4HG0338190
HORVU.MOREX.r3.4HG0338200
HORVU.MOREX.r3.4HG0338230
HORVU.MOREX.r3.4HG0338250
HORVU.MOREX.r3.4HG0338270
HORVU.MOREX.r3.4HG0338290
HORVU.MOREX.r3.4HG0338300
HORVU.MOREX.r3.4HG0338310
HORVU.MOREX.r3.4HG0338340
HORVU.MOREX.r3.4HG0338360
HORVU.MOREX.r3.4HG0338380
HORVU.MOREX.r3.4HG0338400
HORVU.MOREX.r3.4HG0338440
HORVU.MOREX.r3.4HG0338450
HORVU.MOREX.r3.4HG0338460
HORVU.MOREX.r3.4HG0338470
HORVU.MOREX.r3.4HG0338480
HORVU.MOREX.r3.4HG0338500
HORVU.MOREX.r3.4HG0338520
HORVU.MOREX.r3.4HG0338530
HORVU.MOREX.r3.4HG0338540
HORVU.MOREX.r3.4HG0338560
HORVU.MOREX.r3.4HG0338590
HORVU.MOREX.r3.4HG0338600
HORVU.MOREX.r3.4HG0338620
HORVU.MOREX.r3.4HG0338630
HORVU.MOREX.r3.4HG0338640
HORVU.MOREX.r3.4HG0338650
HORVU.MOREX.r3.4HG0338660
HORVU.MOREX.r3.4HG0338670
HORVU.MOREX.r3.4HG0338710
HORVU.MOREX.r3.4HG0338720
HORVU.MOREX.r3.4HG0338730
HORVU.MOREX.r3.4HG0338750
HORVU.MOREX.r3.4HG0338760
HORVU.MOREX.r3.4HG0338770
HORVU.MOREX.r3.4HG0338790
HORVU.MOREX.r3.4HG0338800
HORVU.MOREX.r3.4HG0338810
HORVU.MOREX.r3.4HG0338820
HORVU.MOREX.r3.4HG0338850
HORVU.MOREX.r3.4HG0338860
HORVU.MOREX.r3.4HG0338890
HORVU.MOREX.r3.4HG0338900
HORVU.MOREX.r3.4HG0338910
HORVU.MOREX.r3.4HG0338950
HORVU.MOREX.r3.4HG0338960
HORVU.MOREX.r3.4HG0338980
HORVU.MOREX.r3.4HG0338990
HORVU.MOREX.r3.4HG0339090
HORVU.MOREX.r3.4HG0339120
HORVU.MOREX.r3.4HG0339140
HORVU.MOREX.r3.4HG0339160
HORVU.MOREX.r3.4HG0339180
HORVU.MOREX.r3.4HG0339190
HORVU.MOREX.r3.4HG0339220
HORVU.MOREX.r3.4HG0339230
HORVU.MOREX.r3.4HG0339240
HORVU.MOREX.r3.4HG0339280
HORVU.MOREX.r3.4HG0339290
HORVU.MOREX.r3.4HG0339300
HORVU.MOREX.r3.4HG0339340
HORVU.MOREX.r3.4HG0339350
HORVU.MOREX.r3.4HG0339390
HORVU.MOREX.r3.4HG0339420
HORVU.MOREX.r3.4HG0339430
HORVU.MOREX.r3.4HG0339440
HORVU.MOREX.r3.4HG0339550
HORVU.MOREX.r3.4HG0339560
HORVU.MOREX.r3.4HG0339570
HORVU.MOREX.r3.4HG0339580
HORVU.MOREX.r3.4HG0339590
HORVU.MOREX.r3.4HG0339600
HORVU.MOREX.r3.4HG0339610

Engulfment and cell motility protein 2

Translational activator GCN1

vacuolar protein sorting-associated protein (DUF946)
actin cross-linking protein, putative (DUF569)
RNA-directed DNA polymerase (Reverse transcriptase)
SWI/SNF complex subunit SWI3D

Kinase, putative

ATP-dependent DNA helicase DDM1

Glucan endo-1,3-beta-glucosidase

Adenylyl cyclase-associated protein

tetratricopeptide repeat (TPR)-containing protein

GRAS transcription factor

late embryogenesis abundant protein

ATP-dependent DNA helicase pifl

Histone H2B

auxin response factor 2

Pentatricopeptide repeat-containing protein
Carbohydrate kinase-like

Serine/threonine protein phosphatase 7 long form isogeny
FAR1-related sequence 10

BTB/POZ domain-containing protein
Glycosyltransferase

Alanine--tRNA ligase

CUGBP Elav-like family member 1

Kinase, putative

Sec14p-like phosphatidylinositol transfer family protein
Secl4p-like phosphatidylinositol transfer family protein
Erythronate-4-phosphate dehydrogenase family protein
Secl4p-like phosphatidylinositol transfer family protein
Anthocyanin 5-aromatic acyltransferase

Benzyl alcohol O-benzoyltransferase

Benzyl alcohol O-benzoyltransferase

marker for oxidative stress response protein

zinc finger MYM-type-like protein

Receptor kinase

Maf-like protein, expressed

Pre-mRNA polyadenylation factor Fipl

Lariat debranching enzyme

basic helix-loop-helix (bHLH) DNA-binding superfamily protein
WD repeat-containing protein

Tubulin alpha chain

Inositol-tetrakisphosphate 1-kinase

ERD (Early-responsive to dehydration stress) family protein
myb-like protein X

Sulfite exporter TauE/SafE family protein

Centrosomal protein of 57 kDa

AMSH-like ubiquitin thioesterase 1

GDP-mannose transporter

Alanine--glyoxylate aminotransferase 2, mitochondrial
Epidermal patterning factor-like protein
Alpha/beta-hydrolase superfamily protein

E3 ubiquitin-protein ligase FANCL

Pol polyprotein

homeobox-1

Holliday junction ATP-dependent DNA helicase RuvA
1-aminocyclopropane-1-carboxylate synthase 1
F-box-like protein

GTPase obg

Pentatricopeptide repeat-containing protein

F-box protein

BED zinc finger,hAT family dimerization domain

DNA binding protein

ATP dependent RNA helicase

Basic helix-loop-helix transcription factor

ethyl lependent gravitropism-deficient and yellow-green-like 2
transmembrane protein

Ribosomal RNA small subunit methyltransferase E

RNA recognition motif (RRM)-containing protein
Growth-regulating factor

Gag polyprotein

Subtilisin-like protease

B3 domain-containing protein

ACT domain containing protein, expressed

BSD domain containing protein

Ribosomal RNA small subunit methyltransferase F
Lecithin-cholesterol acyltransferase-like 1

Serine carboxypeptidase family protein, expressed
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Serine carboxy idase family protein, expressed
Calcium-transporting ATPase

Leishmanolysin-like peptidase

Cathepsin B-like cysteine protease

Cathepsin B-like cysteine protease

Cathepsin B-like cysteine protease

Glycosyltransferase

Glycosyltransferase

4-hydroxy-3-methylbut-2-enyl diphosphate reductase
DNA double-strand break repair rad50 ATPase
Homeobox protein bell-like protein

Sugar transporter family protein

Pathogenesis-related protein 1

Zinc finger BED domain-containing protein DAYSLEEPER
Pollen Ole e 1 allergen and extensin family protein, putative
Zinc finger BED domain-containing protein DAYSLEEPER
GRF1-interacting factor-like protein

Endoplasmic reticulum oxidoreductin-1

protein kinase family protein

Dehydrin

serine-type endopeptidase inhibitor

serine-type endopeptidase inhibitor

Outer membrane protein class 4

CAI-1 autoinducer sensor kinase/phosphatase cqsS isoform 1
Myb/SANT-like DNA-binding domain protein
beta-fructofuranosidase 5

BnaCnng07380D protein

Filament-like plant protein

Mitochondrial carrier protein, expressed

ACT domain-containing protein ACR4
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HORVU.MOREX.r3.4HG0340090
HORVU.MOREX.r3.4HG0340100
HORVU.MOREX.r3.4HG0340140
HORVU.MOREX.r3.4HG0340150
HORVU.MOREX.r3.4HG0340180
HORVU.MOREX.r3.4HG0340210
HORVU.MOREX.r3.4HG0340220
HORVU.MOREX.r3.4HG0340230
HORVU.MOREX.r3.4HG0340240
HORVU.MOREX.r3.4HG0340250
HORVU.MOREX.r3.4HG0340300
HORVU.MOREX.r3.4HG0340330
HORVU.MOREX.r3.4HG0340350
HORVU.MOREX.r3.4HG0340360
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HORVU.MOREX.r3.5HG0510770
HORVU.MOREX.r3.5HG0510780
HORVU.MOREX.r3.5HG0510820
HORVU.MOREX.r3.5HG0510830
HORVU.MOREX.r3.5HG0510840
HORVU.MOREX.r3.5HG0510850
HORVU.MOREX.r3.5HG0510860
HORVU.MOREX.r3.5HG0510870
HORVU.MOREX.r3.5HG0510920
HORVU.MOREX.r3.5HG0510930
HORVU.MOREX.r3.5HG0510940
HORVU.MOREX.r3.5HG0510950
HORVU.MOREX.r3.5HG0510960
HORVU.MOREX.r3.5HG0510970
HORVU.MOREX.r3.5HG0510980
HORVU.MOREX.r3.5HG0510990
HORVU.MOREX.r3.5HG0511070
HORVU.MOREX.r3.5HG0511090
HORVU.MOREX.r3.5HG0511100
HORVU.MOREX.r3.5HG0511110
HORVU.MOREX.r3.5HG0511130
HORVU.MOREX.r3.5HG0511140
HORVU.MOREX.r3.5HG0511150
HORVU.MOREX.r3.5HG0511200
HORVU.MOREX.r3.5HG0511210
HORVU.MOREX.r3.5HG0511250
HORVU.MOREX.r3.5HG0511290
HORVU.MOREX.r3.5HG0511330
HORVU.MOREX.r3.5HG0511400
HORVU.MOREX.r3.5HG0511420
HORVU.MOREX.r3.5HG0511430
HORVU.MOREX.r3.5HG0511440
HORVU.MOREX.r3.5HG0511450
HORVU.MOREX.r3.5HG0511460
HORVU.MOREX.r3.5HG0511470
HORVU.MOREX.r3.5HG0511490
HORVU.MOREX.r3.5HG0511500
HORVU.MOREX.r3.5HG0511510
HORVU.MOREX.r3.5HG0511520
HORVU.MOREX.r3.5HG0511590
HORVU.MOREX.r3.5HG0511600
HORVU.MOREX.r3.5HG0511630
HORVU.MOREX.r3.5HG0511640
HORVU.MOREX.r3.5HG0511660
HORVU.MOREX.r3.5HG0511670
HORVU.MOREX.r3.5HG0511680
HORVU.MOREX.r3.5HG0511690
HORVU.MOREX.r3.5HG0511700
HORVU.MOREX.r3.5HG0511710
HORVU.MOREX.r3.5HG0511720
HORVU.MOREX.r3.5HG0511730
HORVU.MOREX.r3.5HG0511740
HORVU.MOREX.r3.5HG0511750
HORVU.MOREX.r3.5HG0511770
HORVU.MOREX.r3.5HG0511780
HORVU.MOREX.r3.5HG0511790
HORVU.MOREX.r3.5HG0511800
HORVU.MOREX.r3.5HG0511820
HORVU.MOREX.r3.5HG0511830
HORVU.MOREX.r3.5HG0511860
HORVU.MOREX.r3.5HG0511890
HORVU.MOREX.r3.5HG0511920
HORVU.MOREX.r3.5HG0511930
HORVU.MOREX.r3.5HG0511950
HORVU.MOREX.r3.5HG0511960
HORVU.MOREX.r3.5HG0511970
HORVU.MOREX.r3.5HG0511980
HORVU.MOREX.r3.5HG0511990
HORVU.MOREX.r3.5HG0512000
HORVU.MOREX.r3.5HG0512090
HORVU.MOREX.r3.5HG0512150
HORVU.MOREX.r3.5HG0517500
HORVU.MOREX.r3.5HG0517520

GATA transcription factor

XH/XS domain-containing family protein

F-box family protein

F-box family protein

Transducin/WD-like repeat-protein
Pentatricopeptide repeat-containing protein
Eukaryotic translation initiation factor 3 subunit G
Alba DNA/RNA-binding protein

Leucine-rich repeat receptor-like protein kinase family
Cell wall invertase

transmembrane protein, putative (DUF247)
Protein ZINC INDUCED FACILITATOR-LIKE 1
Glycerol-3-phosphate acyltransferase
Pentatricopeptide repeat-containing protein
Endoglucanase

Sugar transporter, putative

E2 ubiquitin-conjugating-like enzyme

MADS-box transcription factor

Glutathione S-transferase T3

2-oxoglutarate (20G) and Fe(ll)-dependent oxygese superfamily protein
ArfGap/RecO-like zinc finger domain-containing protein
GRF zinc finger family protein

Amino acid dehydrogese family protein

Basic helix-loop-helix transcription factor

kinase family protein

Endoribonuclease Dicer-like protein 3
Receptor-like protein kinase

Beta-glucosidase

Beta-glucosidase

D topoisomerase

B3 domain-containing protein

Beta-glucosidase

R-directed D polymerase (Reverse transcriptase)
Protein kinase

Protein-lysine N-methyltransferase

Universal stress protein family protein

Universal stress protein family protein
Tetratricopeptide repeat protein

U3 small nucleolar R-associated protein 18-like protein
LURP-one-like protein

Kinesin-like protein

Strictosidine synthase

Transcriptiol adapter ADA2

ATPase alpha subunit

HMG-Y-related protein A

Glucan endo-1,3-beta-glucosidase-like protein
CDO504

Glucan endo-1,3-beta-glucosidase 1

Protein TORDO 1

oligopeptide transporter

Peroxisome proliferator-activated receptor gamma coactivator 1-alpha
Phytochrome

D topoisomerase 6 subunit A

Potassium channel

Chaperone DJ-domain containing protein
Cysteine protease

Potassium channel

Transposase

MADS box transcription factor

MADS-box transcription factor

protein kinase family protein

COBRA-like protein

COBRA protein

Mitochondrial carrier family protein

WD repeat-containing protein

kinase family protein

ABC transporter B family protein

ABC transporter B family protein

Haloacid dehalogese-like hydrolase (HAD) superfamily protein
Receptor-like kinase

Glucan endo-1,3-beta-glucosidase 3
Transmembrane protein adipocyte-associated 1
R polymerase-associated protein LEO1
Mitotic-spindle organizing protein 1B

Dentin sialophosphoprotein-like protein, putative
UDP-glycosyltransferase

UDP-glycosyltransferase

UDP-glycosyltransferase

UDP-glycosyltransferase

UDP-glycosyltransferase

carboxyl-termil peptidase, putative (DUF239)
UDP-glycosyltransferase

UDP-glycosyltransferase

UDP-glycosyltransferase

Phosphate translocator-related family protein
UDP-glycosyltransferase

UDP-glycosyltransferase

UDP-glucose 6-dehydrogese

C (No Apical Meristem) domain transcriptiol regulator superfamily protein
WRKY transcription factor

Alpha-1,4 glucan phosphorylase

Cyclic nucleotide-gated channel

Ankyrin repeat family protein

Blue copper protein

Serine/threonine phosphatase-like protein

Blue copper protein

Ring finger protein, putative

Kinesin-like protein

Disease resistance protein RPM1

Disease resistance protein (TIR-NBS-LRR class) family
Leucine-rich repeat (LRR) family protein

cell cycle checkpoint control protein family
Disease resistance protein

Protein FAR1-RELATED SEQUENCE 5

Protein kinase family protein, putative, expressed
Ubiquitin-conjugating enzyme (E2)

Purine permease-like protein

Sutr
Sutr

Sutr, intron
Sutr, intron

Sutr, exon

Sutr

Sutr, intron, exon
Sutr

Sutr

Sutr

Sutr

Sutr/ intron/ exon
Sutr

exon

intron

Sutr

Sutr

Sutr

exon/ 5utr/ intron
Sutr/ intron

Sutr

Sutr/ intron/ exon
5utr/ intron/ exon
Sutr

Sutr

Sutr/ exon/ intron
Sutr

Sutr/ intron/ exon

intron/ Sutr

Sutr

Sutr

Sutr/ intron

Sutr/ intron/ exon
intron/ exon/ Sutr
Sutr/ intron

Sutr

exon/ 5utr

Sutr/ intron

Sutr/ intron

Sutr
Sutr
exon/ 5utr

Sutr
Sutr/ intron
Sutr/ intron
Sutr

intron/ Sutr/ exon
intron/ 5utr/ exon
Sutr

Sutr/ exon/ intron
Sutr

intron/ 5utr

Sutr/ intron

Sutr/ intron
exon/ intron
intron

Sutr/ exon/ intron
Sutr/ intron/ exon
5utr/ intron/ exon
Sutr/ intron
intron/ 5Sutr/ exon
Sutr

Sutr/ intron

Sutr

intron/ Sutr

Sutr

Sutr/ exon

Sutr

Sutr/ exon

Sutr

Sutr/ intron/ exon

Sutr

Sutr

Sutr

5utr/ intron/ exon
intron/ Sutr
intron/ Sutr

Sutr/ intron/ exon
Sutr

intron/ exon

Sutr

Sutr

Sutr/ intron
intron/ Sutr

Sutr/ intron

Sutr

5utr/ exon/ intron
Sutr

Sutr/ intron

Sutr

Sutr

Sutr

Sutr
Sutr
exon

Sutr

intron

Sutr

Sutr
Sutr

Sutr
intron/ Sutr
Sutr/ exon
Sutr

intron/ 5utr/ exon

Sutr

Sutr
Sutr
Sutr

Sutr
intron/ Sutr

Sutr/ intron
Sutr
Sutr
Sutr

Sutr

Sutr

Sutr
Sutr

Sutr
Sutr

Sutr

intron

5utr/ intron/ exon
Sutr

Sutr
Sutr

Sutr
intron

Sutr
Sutr
Sutr/ intron
Sutr

Sutr

exon/ 5utr

intron

Sutr
Sutr
Sutr
Sutr
Sutr

Sutr
Sutr/ exon

Tolerated

Tolerated, Deleterious
Tolerated, Deleterious
Tolerated, Deleterious
Tolerated

Tolerated, Deleterious
Tolerated, Deleterious

Tolerated, Deleterious
Tolerated, Deleterious

Tolerated, Deleterious
Tolerated, Deleterious
Tolerated, Deleterious
Tolerated

Tolerated/ Deleterious
Tolerated/ Deleterious
Tolerated/ Deleterious
Tolerated

Tolerated/ Deleterious
Deleterious

Tolerated

Tolerated/ Deleterious
Tolerated/ Deleterious
Tolerated/ Deleterious
Tolerated/ Deleterious
Tolerated/ Deleterious
Tolerated/ Deleterious
Tolerated/ Deleterious
Tolerated/ Deleterious
Tolerated/ Deleterious
Tolerated/ Deleterious
Tolerated/ Deleterious
Tolerated

Tolerated

Tolerated/ Deleterious
Tolerated/ Deleterious
Tolerated/ Deleterious
Tolerated/ Deleterious
Tolerated/ Deleterious
Tolerated

Tolerated/ Deleterious
Tolerated

Tolerated/ Deleterious
Tolerated

Tolerated

Tolerated/ Deleterious
Tolerated/ Deleterious
Tolerated

Tolerated

Tolerated/ Deleterious
Deleterious

Tolerated

Tolerated

Deleterious
Tolerated/ Deleterious
Tolerated/ Deleterious
Tolerated/ Deleterious
Tolerated/ Deleterious
Tolerated/ Deleterious
Tolerated/ Deleterious
Tolerated

Tolerated/ Deleterious
Tolerated/ Deleterious
Tolerated

Tolerated/ Deleterious
Tolerated/ Deleterious
Tolerated/ Deleterious
Tolerated

Tolerated

Tolerated/ Deleterious
Tolerated/ Deleterious
Tolerated/ Deleterious
Tolerated/ Deleterious
Tolerated/ Deleterious
Tolerated/ Deleterious
Tolerated/ Deleterious
Tolerated/ Deleterious
Tolerated/ Deleterious
Tolerated/ Deleterious
Tolerated/ Deleterious
Tolerated/ Deleterious
Tolerated/ Deleterious
Tolerated

Tolerated

Deleterious
Tolerated
Tolerated/ Deleterious

Tolerated
Tolerated
Tolerated/ Deleterious
Tolerated/ Deleterious

Tolerated/ Deleterious
Tolerated/ Deleterious

Deleterious
Tolerated/ Deleterious
Tolerated/ Deleterious
Tolerated

Tolerated/ Deleterious

Tolerated/ Deleterious
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qHVDRR-FLS-15
qHVDRR-FLS-15
qHVDRR-FLS-15
qHVDRR-FLS-15
qHVDRR-FLS-15
qHVDRR-FLS-15
qHVDRR-FLS-15
qHVDRR-FLS-15
qHVDRR-FLS-15
qHVDRR-FLS-15
qHVDRR-FLS-15
qHVDRR-FLS-15
qHVDRR-FLS-15
qHVDRR-FLS-15
qHVDRR-FLS-15
qHVDRR-FLS-17
qHVDRR-FLS-17
qHVDRR-FLS-17
qHVDRR-FLS-17
qHVDRR-FLS-17
qHVDRR-FLS-17
qHVDRR-FLS-17
qHVDRR-FLS-17
qHVDRR-FLS-17
qHVDRR-FLS-17
qHVDRR-FLS-17
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
gHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
GHVDRR-FLS-19
qHVDRR-FLS-19
gHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
GHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
GHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
qHVDRR-FLS-19
gHVDRR-FLS-20
qHVDRR-FLS-20
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FLL

FLL

FLL

FLL

FLL

FLL

FLL

FLL

FLL

FLL

FLL

FLL

FLL

FLL

FLL

FLL, FLW
FLL, FLW
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FLL, FLW
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FLL, FLW
FLL, FLW
FLL, FLW
FLL, FLW
FLL, FLW
FLL, FLW
FLL, FLW
FLL, FLW
FLL, FLW
FLL, FLW
FLL, FLW
FLL, FLW
FLL, FLW
FLL, FLW
FLL, FLW
FLL, FLW
FLL, FLW
FLL, FLW
FLL, FLW
FLL, FLW
FLL, FLW
FLL, FLW
FLL, FLW
FLL, FLW
FLL, FLW
FLL, FLW
FLL, FLW
FLL, FLW
FLL, FLW
FLL, FLW
FLL, FLW
FLL, FLW
FLL, FLW
FLL, FLW
FLL, FLW
FLL, FLW
FLL, FLW
FLL, FLW
FLL, FLW
FLL, FLW
FLL, FLW
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FLL
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HORVU.MOREX.r3.5HG0517590
HORVU.MOREX.r3.5HG0517600
HORVU.MOREX.r3.5HG0517610
HORVU.MOREX.r3.5HG0517630
HORVU.MOREX.r3.5HG0517640
HORVU.MOREX.r3.5HG0517650
HORVU.MOREX.r3.5HG0517660
HORVU.MOREX.r3.5HG0517670
HORVU.MOREX.r3.5HG0517710
HORVU.MOREX.r3.5HG0517730
HORVU.MOREX.r3.5HG0517740
HORVU.MOREX.r3.5HG0517760
HORVU.MOREX.r3.5HG0517770
HORVU.MOREX.r3.5HG0517790
HORVU.MOREX.r3.5HG0517800
HORVU.MOREX.r3.5HG0517840
HORVU.MOREX.r3.5HG0517850
HORVU.MOREX.r3.5HG0517890
HORVU.MOREX.r3.5HG0517910
HORVU.MOREX.r3.5HG0517920
HORVU.MOREX.r3.5HG0517940
HORVU.MOREX.r3.5HG0517950
HORVU.MOREX.r3.5HG0517960
HORVU.MOREX.r3.5HG0517990
HORVU.MOREX.r3.5HG0518000
HORVU.MOREX.r3.5HG0518010
HORVU.MOREX.r3.5HG0518020
HORVU.MOREX.r3.5HG0518030
HORVU.MOREX.r3.5HG0518040
HORVU.MOREX.r3.5HG0518060
HORVU.MOREX.r3.5HG0518070
HORVU.MOREX.r3.5HG0518090
HORVU.MOREX.r3.5HG0518100
HORVU.MOREX.r3.5HG0518110
HORVU.MOREX.r3.5HG0518120
HORVU.MOREX.r3.5HG0518130
HORVU.MOREX.r3.5HG0518140
HORVU.MOREX.r3.5HG0518150
HORVU.MOREX.r3.5HG0518190
HORVU.MOREX.r3.5HG0518200
HORVU.MOREX.r3.5HG0518210
HORVU.MOREX.r3.5HG0518220
HORVU.MOREX.r3.5HG0518240
HORVU.MOREX.r3.5HG0518250
HORVU.MOREX.r3.5HG0518270
HORVU.MOREX.r3.5HG0518280
HORVU.MOREX.r3.5HG0518330
HORVU.MOREX.r3.5HG0518340
HORVU.MOREX.r3.5HG0518350
HORVU.MOREX.r3.5HG0518360
HORVU.MOREX.r3.5HG0518370
HORVU.MOREX.r3.5HG0518380
HORVU.MOREX.r3.5HG0518390
HORVU.MOREX.r3.5HG0518410
HORVU.MOREX.r3.5HG0518430
HORVU.MOREX.r3.5HG0518450
HORVU.MOREX.r3.5HG0518460
HORVU.MOREX.r3.5HG0518500
HORVU.MOREX.r3.5HG0518510
HORVU.MOREX.r3.5HG0518530
HORVU.MOREX.r3.5HG0518540
HORVU.MOREX.r3.5HG0518550
HORVU.MOREX.r3.5HG0518560
HORVU.MOREX.r3.5HG0518570
HORVU.MOREX.r3.5HG0518610
HORVU.MOREX.r3.5HG0518640
HORVU.MOREX.r3.5HG0518660
HORVU.MOREX.r3.5HG0518700
HORVU.MOREX.r3.5HG0518730
HORVU.MOREX.r3.5HG0518770
HORVU.MOREX.r3.5HG0518810
HORVU.MOREX.r3.5HG0518840
HORVU.MOREX.r3.5HG0518870
HORVU.MOREX.r3.5HG0518880
HORVU.MOREX.r3.5HG0518890
HORVU.MOREX.r3.5HG0518900
HORVU.MOREX.r3.5HG0518920
HORVU.MOREX.r3.5HG0518960
HORVU.MOREX.r3.5HG0518970
HORVU.MOREX.r3.5HG0518980
HORVU.MOREX.r3.5HG0519000
HORVU.MOREX.r3.5HG0519010
HORVU.MOREX.r3.5HG0519020
HORVU.MOREX.r3.5HG0519030
HORVU.MOREX.r3.5HG0519040
HORVU.MOREX.r3.5HG0519050
HORVU.MOREX.r3.5HG0519060
HORVU.MOREX.r3.5HG0519070
HORVU.MOREX.r3.5HG0519080
HORVU.MOREX.r3.5HG0519110
HORVU.MOREX.r3.5HG0519120
HORVU.MOREX.r3.5HG0519140
HORVU.MOREX.r3.5HG0519200
HORVU.MOREX.r3.5HG0519210
HORVU.MOREX.r3.5HG0519220
HORVU.MOREX.r3.5HG0519230
HORVU.MOREX.r3.5HG0519240
HORVU.MOREX.r3.5HG0519250
HORVU.MOREX.r3.5HG0519270
HORVU.MOREX.r3.5HG0519330
HORVU.MOREX.r3.5HG0519340
HORVU.MOREX.r3.5HG0519350
HORVU.MOREX.r3.5HG0519390
HORVU.MOREX.r3.5HG0519400
HORVU.MOREX.r3.5HG0519410
HORVU.MOREX.r3.5HG0519420
HORVU.MOREX.r3.5HG0519470

Peptidase M50 family protein

BTB-POZ and MATH domain protein

Holliday junction ATP-dependent D helicase RuvB

Zinc finger A20 and AN1 domain stress-associated protein
Glucan endo-1,3-beta-glucosidase, putative

egg cell-secreted-like protein (DUF1278)

Blue copper protein

Secl4p-like phosphatidylinositol transfer family protein
Blue copper protein

Blue copper protein

Peroxidase

Zinc finger A20 and AN1 domain-containing stress-associated protein
Blue copper protein

Evolutiorily conserved C-termil region 2

evolutiorily conserved C-termil region 2

Eukaryotic translation initiation factor 3 subunit D
F-box family protein

F-box domain containing protein, expressed

kinase family protein

Serine/threonine-protein kinase

Type | inositol-1,4,5-trisphosphate 5-phosphatase CVP2
Globulin-1

Proteasome subunit beta type

Ripening related protein family

Glutathione S-transferase

Lipid transfer protein

Lipid transfer protein

Lipid transfer protein

Lipid transfer protein

Glycosyltransferase

Glycosyltransferase

Acetyl-coenzyme A carboxylase carboxyl transferase subunit beta
Serine/threonine protein phosphatase 7 long form isogeny
Protease inhibitor/seed storage/lipid transfer family protein
RAPT-1

Acetyltransferase, GT family protein, expressed
Acetyltransferase, GT family protein, expressed
Glutamate dehydrogese

Cyclin delta-3, putative

Receptor lectin kinase

Receptor lectin kinase

B3 domain-containing protein

5'-3' exoribonuclease, putative, expressed

Protein FRIGIDA

BTB/POZ domain containing protein

BTB/POZ domain containing protein

Protein phosphatase 2C family protein

Myosin heavy chain-related protein, putative

BTB/POZ domain containing protein, expressed
BTB/POZ domain containing protein

BTB/POZ domain containing protein

BTB/POZ domain containing protein, expressed
BTB/POZ domain containing protein

BTB/POZ domain containing protein, expressed
ATP-dependent zinc metalloprotease FtsH 1

BTB/POZ domain containing protein, expressed
BTB/POZ domain containing protein, expressed
BTB/POZ domain containing protein

Folate/biopterin transporter family protein, expressed
Queuine tR-ribosyltransferase activity protein

P-loop containing nucleoside triphosphate hydrolases superfamily protein
Pentatricopeptide repeat-containing protein
Leucine-rich repeat protein kinase family protein
Pentatricopeptide repeat-containing protein

Histone H2A

Methionine S-methyltransferase

Glycosyltransferase

Werner syndrome-like exonuclease

Zinc finger CCCH domain-containing protein 4
Ubiquitin carboxyl-termil hydrolase
Alpha/beta-Hydrolases superfamily protein, putative
Transcription initiation factor I1A subunit 1

Embryo defective 2735

B3 domain protein (DUF313)

R-directed D polymerase (reverse transcriptase)-related family protein
F-box domain containing protein

Kinesin-like protein

PITH domain-containing protein 1

Bax inhibitor-1 family protein

Bax inhibitor-1 family protein

Heat shock transcription factor

Transmembrane protein 97, Putative

F-box domain containing protein

Transmembrane protein 97

Serine/arginine repetitive matrix protein 2, putative isoform 1
B3 domain-containing protein

B3 domain-containing protein

Stem-specific protein TSIT1

Werner Syndrome-like exonuclease

Histone-lysine N-methyltransferase SUVRS

CASP-like protein

Protein EMSY

DUF506 family protein

Werner Syndrome-like exonuclease

B3 domain-containing protein

U3 small nucleolar R-associated protein 18-like protein
PHD finger-containing protein

RING/U-box superfamily protein, putative
Pathogenesis-related protein 1

Pathogenesis-related protein 1

Pathogenesis-related protein 1

Receptor protein kinase, putative

HAT dimerisation domain-containing protein-like
Mannitol transporter, putative, expressed
Guanylate-binding family protein, putative, expressed
Basic-leucine zipper (BZIP) transcription factor family
BTB/POZ domain containing protein

intron/ exon/ Sutr

intron/ exon/ 5utr
exon/ 5utr/ intron
Sutr
Sutr

Sutr
Sutr

Sutr
Sutr
Sutr
Sutr
Sutr

intron/ Sutr
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Disease resistance protein

Tryptophan synthase alpha chain
Tryptophan synthase alpha chain
Pseudouridine synthase

Tryptophan synthase alpha chain
Endo-1,4-beta-xylase

cytochrome p450 78a9
Endo-1,4-beta-xylase
Endo-1,4-beta-xylase

Basic helix-loop-helix transcription factor
rR-processing protein efgl
Auxin-responsive protein

Leucine-rich repeat receptor-like protein kinase family protein
Lysine--tR ligase

D-binding protein SMUBP-2

Purple acid phosphatase

Sucrose synthase

Eukaryotic translation initiation factor 3 subunit B
Diphosphomevalote decarboxylase

E3 ubiquitin protein ligase DRIP2
Cytosine-specific methyltransferase
PRA1 family protein

Expansin

WRKY transcription factor, putative
Histone H1

Histone H1

rR N-glycosidase

Ovomucoid

2-oxoglutarate (20G) and Fe(ll)-dependent oxygese superfamily protein

kinase-like

Myosin-binding protein 1

TPX2 (Targeting protein for Xklp2) family protein
Histone H1

Receptor-like protein kinase

Receptor-like protein kinase

Pleiotropic drug resistance ABC transporter

Succite dehydrogese assembly factor 2, mitochondrial
Aminopeptidase

DUF674 family protein

RING/U-box superfamily protein

Protein REVERSION-TO-ETHYLENE SENSITIVITY1
BAH-PHD domain-containing protein

GTPase obg

carboxyl-termil peptidase, putative (DUF239)

Heat shock protein 70 (Hsp 70) family protein

WD repeat-containing protein 1

krueppel-like factor

Transposase

Centrosomal protein

Nodulin-like / Major Facilitator Superfamily protein
WD repeat-containing protein 1

Secl4p-like phosphatidylinositol transfer family protein
OTU domain-containing protein

Cactin

Argoute protein

Small multi-drug export protein

R-directed D polymerase (Reverse transcriptase)-related family protein

GRF zinc finger family protein, expressed
Transcription factor GTE6

essential meiotic endonuclease 1B

Thioredoxin family protein

Forkhead-associated (FHA) domain-containing protein
Phosphate transporter PHO1-like protein

Beta-toxin Cn4

FAR1-related sequence 3

Transducin/WD40 repeat-like superfamily protein
Cytosine-specific methyltransferase

Cticosapeptide/Phox/Bem1p (PB1) domain-containing protein-like

Cinmoyl CoA reductase

CRT-binding factor

Cinmoyl CoA reductase

Cinmoyl CoA reductase

Ethylene-responsive transcription factor
F-box protein PP2

Translation initiation factor elF-2B subunit epsilon
Cinmoyl CoA reductase

Germin-like protein 1-1

Werner syndrome-like exonuclease

U-box domain-containing family protein
Bidirectiol sugar transporter SWEET
Bidirectiol sugar transporter SWEET

U-box domain-containing family protein
Germin-like protein 1-1

F-box protein PP2

Protein kinase family protein, putative, expressed
Protein kinase, putative

F-box protein PP2

Myb/SANT-like D-binding domain protein
pre-mR cleavage complex 2 Pcf11-like protein
tR dimethylallyltransferase

3-ketoacyl-CoA synthase

Glutathione reductase

F-box protein PP2

F-box protein PP2

PPPDE thiol peptidase family protein, putative

R-directed D polymerase (reverse transcriptase)-related family protein

Fatty acid hydroxylase superfamily protein

myosin heavy chain, embryonic smooth protein

Leucine-rich repeat receptor-like protein kinase family protein
Clavesin-2

Receptor-kinase, putative

Myb-like transcription factor family protein

fanconi anemia group F protein (FANCF)

myosin family protein with Dil

Nicotimide-nucleotide adenylyltransferase
tR-2-methylthio-N(6)-dimethylallyladenosine synthase
Calcium-dependent lipid-binding (CaLB domain) family protein
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HORVU.MOREX.r3.6HG0628890
HORVU.MOREX.r3.6HG0628900
HORVU.MOREX.r3.6HG0628910
HORVU.MOREX.r3.6HG0628920
HORVU.MOREX.r3.6HG0628930
HORVU.MOREX.r3.6HG0628940
HORVU.MOREX.r3.6HG0628960
HORVU.MOREX.r3.6HG0629000
HORVU.MOREX.r3.6HG0629060
HORVU.MOREX.r3.6HG0629070
HORVU.MOREX.r3.6HG0629090
HORVU.MOREX.r3.6HG0629110
HORVU.MOREX.r3.6HG0629120
HORVU.MOREX.r3.6HG0629140
HORVU.MOREX.r3.6HG0629150
HORVU.MOREX.r3.6HG0629160
HORVU.MOREX.r3.6HG0629170
HORVU.MOREX.r3.6HG0629180
HORVU.MOREX.r3.6HG0629220
HORVU.MOREX.r3.6HG0629230
HORVU.MOREX.r3.6HG0629240
HORVU.MOREX.r3.6HG0629260
HORVU.MOREX.r3.6HG0629270
HORVU.MOREX.r3.6HG0629290
HORVU.MOREX.r3.6HG0629320
HORVU.MOREX.r3.6HG0629330
HORVU.MOREX.r3.6HG0629340
HORVU.MOREX.r3.6HG0629350
HORVU.MOREX.r3.6HG0629380
HORVU.MOREX.r3.6HG0629410
HORVU.MOREX.r3.6HG0629440
HORVU.MOREX.r3.6HG0629450
HORVU.MOREX.r3.6HG0629460
HORVU.MOREX.r3.6HG0629470
HORVU.MOREX.r3.6HG0629480
HORVU.MOREX.r3.6HG0629490
HORVU.MOREX.r3.6HG0629510
HORVU.MOREX.r3.6HG0629520
HORVU.MOREX.r3.6HG0629530
HORVU.MOREX.r3.6HG0629540
HORVU.MOREX.r3.6HG0629550
HORVU.MOREX.r3.6HG0629580
HORVU.MOREX.r3.6HG0629600
HORVU.MOREX.r3.6HG0629650
HORVU.MOREX.r3.6HG0629660
HORVU.MOREX.r3.6HG0629670
HORVU.MOREX.r3.6HG0629680
HORVU.MOREX.r3.6HG0629700
HORVU.MOREX.r3.6HG0629710
HORVU.MOREX.r3.6HG0629730
HORVU.MOREX.r3.6HG0629740
HORVU.MOREX.r3.6HG0629760
HORVU.MOREX.r3.6HG0629770
HORVU.MOREX.r3.6HG0629790
HORVU.MOREX.r3.6HG0629810
HORVU.MOREX.r3.6HG0629830
HORVU.MOREX.r3.6HG0629840
HORVU.MOREX.r3.6HG0629860
HORVU.MOREX.r3.6HG0629870
HORVU.MOREX.r3.6HG0629880
HORVU.MOREX.r3.6HG0629910
HORVU.MOREX.r3.6HG0629930
HORVU.MOREX.r3.6HG0629950
HORVU.MOREX.r3.6HG0629960
HORVU.MOREX.r3.6HG0629970
HORVU.MOREX.r3.6HG0629990
HORVU.MOREX.r3.6HG0630000
HORVU.MOREX.r3.6HG0630010
HORVU.MOREX.r3.6HG0630020
HORVU.MOREX.r3.6HG0630040
HORVU.MOREX.r3.6HG0630050
HORVU.MOREX.r3.6HG0630070
HORVU.MOREX.r3.6HG0630080
HORVU.MOREX.r3.6HG0630100
HORVU.MOREX.r3.6HG0630110
HORVU.MOREX.r3.6HG0630120
HORVU.MOREX.r3.6HG0630150
HORVU.MOREX.r3.6HG0630200
HORVU.MOREX.r3.6HG0630210
HORVU.MOREX.r3.6HG0630240
HORVU.MOREX.r3.6HG0630250
HORVU.MOREX.r3.6HG0630260
HORVU.MOREX.r3.6HG0630270
HORVU.MOREX.r3.6HG0630280
HORVU.MOREX.r3.6HG0630340
HORVU.MOREX.r3.6HG0630350
HORVU.MOREX.r3.6HG0630360
HORVU.MOREX.r3.6HG0630390
HORVU.MOREX.r3.6HG0630410
HORVU.MOREX.r3.6HG0630420
HORVU.MOREX.r3.6HG0630450
HORVU.MOREX.r3.6HG0630480
HORVU.MOREX.r3.6HG0630490
HORVU.MOREX.r3.6HG0630500
HORVU.MOREX.r3.6HG0630520
HORVU.MOREX.r3.6HG0630540
HORVU.MOREX.r3.6HG0630550
HORVU.MOREX.r3.6HG0630560
HORVU.MOREX.r3.6HG0630570
HORVU.MOREX.r3.6HG0630580
HORVU.MOREX.r3.6HG0630590
HORVU.MOREX.r3.6HG0630600
HORVU.MOREX.r3.6HG0630610
HORVU.MOREX.r3.6HG0630620
HORVU.MOREX.r3.6HG0630630
HORVU.MOREX.r3.6HG0630640
HORVU.MOREX.r3.6HG0630650

Nicotiamine synthase

R-binding family protein

Synechocystis YCF37

Maltose/maltodextrin import ATP-binding protein MalK
Alcohol dehydrogese

Diphthamide biosynthesis protein

Receptor-like kinase

C2 calcium/lipid-binding and GRAM domain protein
Phosphoglycolate phosphatase, putative

GDSL esterase/lipase

transmembrane protein, putative (DUF679)
transmembrane protein, putative (DUF679)
transmembrane protein, putative (DUF679)
CLIP-associating protein-like

ATPase expression protein 1, mitochondrial
Disease resistance protein RPM1

Disease resistance protein RPM1

Disease resistance protein RPM1

methyl-coenzyme M reductase Il subunit gamma, putative (DUF3741)
F-box family protein

O-methyltransferase

Glutathione S-transferase

Glutathione S-transferase

Alpha/beta-Hydrolases superfamily protein, putative
Kinesin-like protein

ABC1-like kinase

ATP synthase CFO B subunit subunit |

DH dehydrogese [ubiquinone] 1 alpha subcomplex subunit 9, mitochondrial
HVA22-like protein

Lysine-rich arabinogalactan protein 17
Serine/threonine-protein kinase

Disease resistance protein RPM1

Chorismate synthase

Serine/threonine-protein kinase
Serine/threonine-protein kinase
Serine/threonine-protein kinase

Acetyl-coenzyme A synthetase

Ethylene-responsive transcription factor
Myb/SANT-like D-binding domain protein
Myb/SANT-like domain-containing protein

receptor kinase 1

Myosin

Myb-like D-binding protein, putative
Ripening-related protein

Ripening-related protein

Ripening-related protein

NBS-LRR resistance-like protein

Protein PLASTID MOVEMENT IMPAIRED 1
Actin-related protein 2/3 complex subunit
Inosine-5'-monophosphate dehydrogese
Serine/threonine-protein phosphatase 7 long form-like protein

Sutr

Sutr

Sutr

Sutr
intron
Sutr
Sutr

intron

exon
Sutr

intron/ Sutr

Sutr

Sutr

Sutr/ intron
Sutr

Sutr
Sutr
Sutr
Sutr

Sutr/ intron

Sutr

Sutr

Dihydrolipoamide acetyltransferase component of pyruvate dehydrogese complex

Telomere binding protein

3-ketoacyl-CoA thiolase-like protein
Auxin-responsive protein

Riboflavin biosynthesis protein RibD

C domain protein

Methyltransferase family protein

Pentatricopeptide repeat-containing protein

Heavy metal transport/detoxification superfamily protein
Heavy metal-associated protein

Ankyrin repeat domain-containing protein 20A4
Disease resistance protein (TIR-NBS-LRR class) family
S-acyltransferase

D mismatch repair protein Msh6-1
Pentatricopeptide repeat-containing protein
Thioredoxin

Pumilio-like protein

2-phosphoglycerate kinase

C2 domain-containing protein

OTU domain-containing protein

Protein kinase

stress response NST1-like protein

ABC transporter G family member

DNL-type zinc finger protein

Ankyrin repeat family protein

Ankyrin repeat-containing protein

Protein FAR1-RELATED SEQUENCE 3

Ankyrin repeat family protein
no-apical-meristem-associated carboxy-termil domain protein
kinase family protein

Serine/threonine-protein phosphatase

F-box family protein

F-box/RNI-like/FBD-like domains-containing protein
F-box/RNI-like/FBD-like domains-containing protein
Ring finger protein, putative

Protein KINESIN LIGHT CHAIN-RELATED 3

F-box family protein

LOB domain protein-like

Myosin type-2 heavy chain 2

Nicotiamine synthase

Ribonuclease 3

F-box family protein

Deoxyhypusine hydroxylase

AT hook motif D-binding family protein

protein kinase family protein

T-complex protein 1 subunit zeta

Ethylene receptor

Ribonuclease H-like superfamily protein

Zinc finger family protein

Receptor-like kinase

RING/U-box superfamily protein, putative
SHC-transforming protein 2

Disease resistance protein RGA2

NB-ARC domain-containing disease resistance protein
Aconitate hydratase

Protein DETOXIFICATION

exon/ 5utr
Sutr

Sutr

Sutr/ exon
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Sutr/ intron
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Sutr/ exon
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intron/ Sutr

5utr/ intron/ exon
Sutr/ intron
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Sutr

Sutr

Sutr

Sutr
Sutr
Sutr
intron/ Sutr
Sutr
Sutr
Sutr
Sutr

Sutr/ intron
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Sutr

Sutr

exon

Sutr
Sutr

Sutr
Sutr

Sutr
Sutr

Sutr
Sutr
Sutr

Sutr

intron/ Sutr
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HORVU.MOREX.r3.6HG0630660
HORVU.MOREX.r3.6HG0630670
HORVU.MOREX.r3.6HG0630680
HORVU.MOREX.r3.6HG0630710
HORVU.MOREX.r3.6HG0630750
HORVU.MOREX.r3.6HG0630760
HORVU.MOREX.r3.6HG0630790
HORVU.MOREX.r3.6HG0630800
HORVU.MOREX.r3.6HG0630880
HORVU.MOREX.r3.6HG0630890
HORVU.MOREX.r3.6HG0630900
HORVU.MOREX.r3.6HG0630920
HORVU.MOREX.r3.6HG0630950
HORVU.MOREX.r3.6HG0631040
HORVU.MOREX.r3.6HG0631050
HORVU.MOREX.r3.6HG0631070
HORVU.MOREX.r3.6HG0631080
HORVU.MOREX.r3.6HG0631090
HORVU.MOREX.r3.6HG0631110
HORVU.MOREX.r3.6HG0631130
HORVU.MOREX.r3.6HG0631190
HORVU.MOREX.r3.6HG0631210
HORVU.MOREX.r3.6HG0631250
HORVU.MOREX.r3.6HG0631280
HORVU.MOREX.r3.6HG0631290
HORVU.MOREX.r3.6HG0631310
HORVU.MOREX.r3.6HG0631330
HORVU.MOREX.r3.6HG0631340
HORVU.MOREX.r3.6HG0631350
HORVU.MOREX.r3.6HG0631360
HORVU.MOREX.r3.6HG0631370
HORVU.MOREX.r3.6HG0631390
HORVU.MOREX.r3.6HG0631400
HORVU.MOREX.r3.6HG0631410
HORVU.MOREX.r3.6HG0631420
HORVU.MOREX.r3.6HG0631440
HORVU.MOREX.r3.6HG0631450
HORVU.MOREX.r3.6HG0631490
HORVU.MOREX.r3.6HG0631520
HORVU.MOREX.r3.6HG0631530
HORVU.MOREX.r3.6HG0631560
HORVU.MOREX.r3.6HG0631570
HORVU.MOREX.r3.6HG0631580
HORVU.MOREX.r3.6HG0631600
HORVU.MOREX.r3.6HG0631630
HORVU.MOREX.r3.6HG0631640
HORVU.MOREX.r3.6HG0631650
HORVU.MOREX.r3.6HG0631660
HORVU.MOREX.r3.6HG0631680
HORVU.MOREX.r3.6HG0631700
HORVU.MOREX.r3.6HG0631710
HORVU.MOREX.r3.6HG0631730
HORVU.MOREX.r3.6HG0631760
HORVU.MOREX.r3.6HG0631770

Protein DETOXIFICATION

rR 2'-O-methyltransferase fibrillarin 2

F-box family protein

Leucine-rich repeat receptor-like protein kinase family protein
Leucine-rich repeat receptor-like protein kinase family protein
Leucine-rich repeat receptor-like protein kinase family protein
Leucine-rich repeat receptor-like protein kinase family protein
NBS-LRR disease resistance protein, putative

Leucine-rich repeat receptor-like protein kinase family protein
Mannosyl-oligosaccharide glucosidase

transmembrane protein, putative (DUF594)

NBS-LRR disease resistance protein-like

pleiotropic drug resistance 13

Mesoderm induction early response protein 1, putative isoform 1
Histone H2A

F-box family protein

Hydroxyproline-rich glycoprotein-like

(+)/H(+) antiporter NhaB

Myb/SANT-like D-binding domain protein

Sutr

intron/ exon
exon/ 5utr
Sutr

Sutr

Sutr

5utr/ intron/ exon
Sutr

Sutr

exon/ 5utr/ intron
intron

Sutr

intron/ 5utr/ exon
exon/ 5utr

Sutr

Sutr/ exon
intron/ exon

Sutr

High-affinity branched-chain amino acid transport system permease protein Livk Sutr

Ubiquitin carboxyl-termil hydrolase

R-binding protein Nova

Serine/threonine protein phosphatase 7 long form isogeny
Serine/threonine-protein kinase

Disease resistance protein (TIR-NBS-LRR class) family
Disease resistance protein RPM1

FBD-associated F-box protein

Oligoribonuclease

Subtilisin-like protease

Disease resistance protein RPM1
Pathogenesis-related protein PR-4

Disease resistance protein RPM1

Disease resistance protein RPM1

Pol polyprotein

Remorin
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Supplementary Table S7. The barley orthologs of genes associated with development in other plant species.

Generic name Gene Species Citation Barley ortholog Generic name Chromosc Start (bp) End (bp) Annotation
AtAvp1 At1g15690 Arabidopsis Amwzm:m@mwww_mmmwwv HORVU.MOREX.r3.1HG0062900.1  HvAvp1 1H 416,798,216 416,803,167 Pyrophosphate-energized vacuolar membrane proton pump
AtTcpd At5g60970 Arabidopsis  (Zhang et al. 2021) HORVU.MOREX.r3.1HG0077830.1  HvTcpb 1H 479,576,955 479,579,301 TCP family transcription factor containing protein
Ckx9 0s05g0374200 Rice HORVU MOREX.r3.1HG0059670.1 HvCkx9 1H 397,171,105 397,173,059 Cytokinin oxidase/dehydrogenase
AtPrr3 AT5G60100 Arabidopsis (Digel et al., 2016) HORVU.MOREX.r3.2HG0107710.1  Ppd-H1 2H 25,876,427 25,880,400 Pseudo-response regulator
Nrp1 0Os07g0471900 Rice (Chen et al. 2021) HORVU.MOREX.r3.2HG0187860.1  Nrp1 2H 589,035,123 589,038,128 basic helix-loop-helix (b HLH) DNA-binding superfamily protein
Nal1 Os04g0615000 Rice (Qi et al., 2008) HORVU.MOREX.r3.2HG0190650 blf13 2H 599,603,404 599,608,773 Trypsin family protein
Oslbh1 0Os04g0660100 Rice (Zhang et al., 2009) HORVU.MOREX.r3.2HG0202180 Ibh1 2H 628645529 628646836 Transcription factor, putative

(Jofuku et al., 1994;
AtAp2 AT4G36920 Arabidopsis Modrusan et al., 1994; HORVU.MOREX.r3.2HG0204770.1  HvAp2 2H 635,314,602 635,318,153 AP2-like ethylene-responsive transcription factor

Ohto et al., 2005)

. . (Bilyeu et al., 2001; . .
AtCkx3 AT5G56970 Arabidopsis Werner et al, 2001) HORVU.MOREX.r3.3HG0236930.1  HvCkx1 3H 48,332,444 48,334,763 Cytokinin oxidase/dehydrogenase
. (Bilyeu etal., 2001; o

AtCkx3 AT5G56970 Arabidopsis Wemner et al, 2001) HORVU.MOREX.r3.3HG0244570.1 HvCkx2 3H 99,555,698 99,558,842 Cytokinin oxidase/dehydrogenase
AtTcps At5g60970 Arabidopsis  (Yu et al. 2021) HORVU.MOREX.r3.3HG0290910.1  HvTcp5 3H 498,350,130 498,352,650 TCP family transcription factor containing protein
AtGA200X1  At4g25420 Arabidopsis  (Rieu et al. 2008) HORVU.MOREX.r3.3HG0306160.1 HvGA200X1 3H 561,164,973 561,168,444 Gibberellin 20 oxidase
OsBlh6 0s03g0165300 Rice (Hirano et al. 2013) HORVU.MOREX.r3.4HG0334360.1 HvBIh6 4H 8,722,968 8,726,333 Homeobox protein BEL1 like
AtGRF5 At3g13960 Arabidopsis  (Yercruyssen etal. 2015 oy MOREX 13 4HG0339430.2  HVGIT5 4H 26,194,138 26,198,105 Growth-regulating factor

Horiguchi et al. 2005)
OsBIh6 0s03g0165300 Rice (Hirano et al. 2013) HORVU.MOREX.r3.4HG0339810.1  HvBIh6 4H 27,555,371 27,565,963 Homeobox protein bel1-like protein
Nal7 0s03g0162000 Rice (Fujino et al. 2008) HORVU.MOREX.r3.4HG0402190.1  Nal7 4H 559,703,961 559,706,589 Flavin-containing monooxygenase
OsBIh6 0s03g0165300 Rice (Hirano et al., 2013) HORVU.MOREX.r3.4HG0402730.1  HvBIh6 4H 561,849,331 561,852,756 Homeobox protein BEL1 like

(Dubcovsky et al., 2005) HORVU.MOREX.r3.4HG0415230.1 Vin-H2 4H 601,535,222 601,544,088 basic helix-loop-helix (b HLH) DNA-binding superfamily protein

AT1G68130,
AT1G25250, . . " N . .

Atldd AT2G01940 Arabidopsis  (Jost et al., 2016) HORVU.MOREX.r3.5HG0485730.1  BIf1 5H 456,055,817 456,059,003 Zinc finger family protein
AtAp1 AT1G69120.1  Arabidopsis (Greenup et al., 2010) HORVU.MOREX.r3.5HG0511210.1  Vim-H1 5H 528,147,816 528,157,990 MADS box transcription factor
AtGA200X2  At5g51810 Arabidopsis  (Rieu et al. 2008) HORVU.MOREX.r3.5HG0536610.1 HvGA200X2 5H 583,942,988 583,944,186 Gibberellin 20 oxidase
Nrp1 0s07g0471900 Rice (Chen et al. 2021) HORVU.MOREX.r3.6HG0603090.1  Nrp1 6H 430,796,647 430,799,341 basic helix-loop-helix (bHLH) DNA-binding superfamily protein
AGr5 At3g13960 Arabidopsis (Yercruyssen etal. 2015, oy MOREX 13.6HG0620090.1  HVGIT5 6H 526,609,451 526,611,446 Growth-regulating factor

Horiguchi et al. 2005)
AtFT AT1G65480 Arabidopsis  (Yan et al., 2006) HORVU.MOREX.r3.7HG0653910.1  Virn-H3 7H 42,284,165 42,285,781 Flowering locus T
AtAvp1 At1g15690 Arabidopsis (2hang et al- 2009; HORVU.MOREX.r3.7HG0745070.1  HvAvp1 7H 615,331,039 615,336,002 Pyrophosphate-energized vacuolar membrane proton pump

Sc

ng et al. 2017)
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Supplementary Table S8.The allele of the Ppd-H1 gene among the parental inbreds. The table summarizes the presence of photoperiod
sensitive and reduced photoperiod sensitive allele at SNP22 in the CCT-domain of Ppd-H1 gene in barley for the parental inbreds of those
sub-populations where a QTL was detected for flag leaf length (FLL) and width (FLW) at this locus. The nomenclature of the Ppd-H1
allele was adapted from Cosenza et al. (2024). The flowering time QTLs detected by Cosenza et al. (2024) were used to compare the
association of effect of late or early Ppd-H1 flowering time (FT) allele with FLL and FLW.

Population Parent 1 (P1) Parent 2 (P2) SNP22 P1 SNP22 P2 QTL at Ppd-H1 for FT Late FT allele Larger FLL allele  Additive effect (cm)
HvDRR18 HOR383 K10693 Early allele Late allele Yes K10693 K10693 0.16 (FLW)
HvDRR26 Unumli-Arpa Sanalta Early allele Late allele Yes Sanalta Unumli-Arpa 0.63 (FLL)
HvDRR30 1G128216 Georgie Early allele Late allele Yes Georgie Georgie 0.04 (FLW)

HvDRR39 HOR12830 [tuNative Early allele Late allele Yes ItuNative HOR12830 0.53 (FLL)
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Supplementary Table S9.The allele of the Vrn-H2 gene among the parental inbreds. The table summarizes the presence/absence
variation (PAV) for the parental inbreds of those sub-populations where a QTL was detected for flag leaf length (FLL) and width
(FLW) at Vrn-H2 locus. PAV of Vrn-H2 for parental inbreds was performed in accordance to Cosenza et al. (2024). The
flowering time QTLs detected by Cosenza et al. (2024) were used to compare the association of the effect of late or early Vrn-H2

flowering time (FT) allele with FLL.

Population Parent 1 (P1) Parent 2 (P2) PAV P1 PAV P2 QTL at Vrn-H2 for FT Late FT allele Larger FLL allele  Additive effect (cm)
HvDRR30 1G128216 Georgie ZCCT-a:ZCCT-b:ZCCT-c ZCCT-b Yes 1G128216 1G128216 0.06 (FLW)
HvDRR33 Lakhan Georgie Null ZCCT-b No Georgie Lakhan 0.11 (FLW)

HvDRR43 Kombyne Namhebori  ZCCT-a:ZCCT-b:ZCCT-c ZCCT-a:ZCCT-b Yes Kombyne Namhaebori 0.94 (FLL)
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Supplementary Table S10. List of high confidence, functionally annotated genes inside the new reduced interval of QTL ¢gHvDRR-FLS-8. Sequence polymorphism data obtained from the whole-genome sequencing project

of 23 parental inbreds was used to create indels (indel below 50 bp) and predicted structural variants (indels above 50 bp, duplication and inversions) in the coding and regulatory region and SNP annotation data (Weisweiler
etal., 2022). FLL: flag leaf length

Gene description Indel Structural variation SNP substitution Population Trait Chromosome Comment
HORVU.MOREX.r3.2HG0201440 Auxin responsive SAUR protein Tolerated Tolerated HvDRR14 FLL 2
HORVU.MOREX.r3.2HG0201480 Auxin responsive SAUR protein 5utr Tolerated/ Deleterious Tolerated/ Deleterious HyDRR14 FLL 2
HORVU.MOREX.r3.2HG0201490 Auxin responsive SAUR protein Sutr Tolerated/ Deleterious Tolerated/ Deleterious HYDRR14 FLL 2
HORVU.MOREX.r3.2HG0201500 SAUR-like auxin-responsive protein family 5utr Tolerated/ Deleterious Tolerated/ Deleterious HyDRR14 FLL 2
HORVU.MOREX.r3.2HG0201510  Auxin responsive SAUR protein Sutr Tolerated Tolerated HvDRR14 FLL 2
HORVU.MOREX.r3.2HG0201520 SAUR-like auxin-responsive protein family 5utr Tolerated/ Deleterious Tolerated/ Deleterious HyDRR14 FLL 2
HORVU.MOREX.r3.2HG0201540 SAUR-like auxin-responsive protein fa Sutr Tolerated Tolerated HvDRR14 FLL 2
HORVU.MOREX.r3.2HG0201580 SAUR-like auxin-responsive protein family 5utr/ exon Tolerated Tolerated HvDRR14 FLL 2
HORVU.MOREX.r3.2HG0201590 SAUR-like auxin-responsive protein family Sutr Deleterious Deleterious HvDRR14 FLL 2
HORVU.MOREX.r3.2HG0201610 Auxin responsive SAUR protein 5utr Tolerated Tolerated HvDRR14 FLL 2
HORVU.MOREX.r3.2HG0201630 SAUR-like auxin-responsive protein family 5utr Tolerated Tolerated HvDRR14 FLL 2
HORVU.MOREX.r3.2HG0201640 Histone H2A Sutr Tolerated/ Deleterious Tolerated/ Deleterious HYDRR14 FLL 2
HORVU.MOREX.r3.2HG0201650 DNA topoisomerase 1 5utr Tolerated/ Deleterious Tolerated/ Deleterious HyDRR14 FLL 2
HORVU.MOREX.r3.2HG0201690 LINE-1 reverse transcriptase-like protein Tolerated/ Deleterious Tolerated/ Deleterious HyDRR14 FLL 2
HORVU.MOREX.r3.2HG0201700 Transcription factor 5utr/ exon/ intron Tolerated/ Deleterious Tolerated/ Deleterious HYDRR14 FLL 2
HORVU.MOREX.r3.2HG0201710 Calcium-binding EF-hand family protein Sutr Tolerated Tolerated HvDRR14 FLL 2
HORVU.MOREX.r3.2HG0201730 Ribosomal RNA large subunit methyltransferase E intron/ 5utr Tolerated Tolerated HvDRR14 FLL 2
HORVU.MOREX.r3.2HG0201770 Ribosomal protein S4 intron/ exon/ 5utr HvVDRR14 FLL 2
HORVU.MOREX.r3.2HG0201780 BSD domain containing protein 5utr Tolerated Tolerated HvDRR14 FLL 2
HORVU.MOREX.r3.2HG0201790 Eukaryotic translation initiation factor 3 subunit F Sutr HvVDRR14 FLL 2
HORVU.MOREX.r3.2HG0201810 Molybdate transporter 2 5utr/ exon Tolerated/ Deleterious Tolerated/ Deleterious HyDRR14 FLL 2
HORVU.MOREX.r3.2HG0201820 Cyclin-related family protein 5utr/ intron Tolerated/ Deleterious Tolerated/ Deleterious HyDRR14 FLL 2
HORVU.MOREX.r3.2HG0201830 Pentatricopeptide repeat-containing protein 5utr Tolerated/ Deleterious Tolerated/ Deleterious HyDRR14 FLL 2
HORVU.MOREX.r3.2HG0201840 Protein UXT-like protein intron/ exon HvDRR14 FLL 2
HORVU.MOREX.r3.2HG0201850 Transmembrane 9 superfamily member Tolerated Tolerated HvDRR14 FLL 2
HORVU.MOREX.r3.2HG0201860 Molybdopterin biosynthesis protein CNX1 5utr/ intron/ exon Tolerated/ Deleterious Tolerated/ Deleterious HYDRR14 FLL 2
HORVU.MOREX.r3.2HG0201870 DNA topoisomerase 1 5utr/ exon/ intron Tolerated/ Deleterious Tolerated/ Deleterious HYDRR14 FLL 2
HORVU.MOREX.r3.2HG0201880 WRKY transcription factor 5utr/ intron/ exon Tolerated/ Deleterious Tolerated/ Deleterious HYDRR14 FLL 2
HORVU.MOREX.r3.2HG0201890 Basic leucine zipper and W2 domain-containing protein 2 5utr/ intron/ exon Tolerated Tolerated HvDRR14 FLL 2
HORVU.MOREX.r3.2HG0201910 Myosin-H heavy chain intron/ exon/ 5utr Deleterious Deleterious HvDRR14 FLL 2
HORVU.MOREX.r3.2HG0201920 Inositol-pentakisphosphate 2-kinase Tolerated Tolerated HvDRR14 FLL 2
HORVU.MOREX.r3.2HG0201930 Heavy metal transport/detoxification superfamily protein Tolerated/ Deleterious Tolerated/ Deleterious HyDRR14 FLL 2
HORVU.MOREX.r3.2HG0201940 Alpha/beta-Hydrolases superfamily protein/ putative Sutr Tolerated/ Deleterious Tolerated/ Deleterious HYDRR14 FLL 2
HORVU.MOREX.r3.2HG0201990 TTF-type zinc finger protein with HAT dimerization domain-containing protein 5utr HvDRR14 FLL 2
HORVU.MOREX.r3.2HG0202020 CsAtPR5 HvVDRR14 FLL 2 Not polymorphic
HORVU.MOREX.r3.2HG0202040 CsAtPR5 Sutr Tolerated/ Deleterious Tolerated/ Deleterious HYDRR14 FLL 2
HORVU.MOREX.r3.2HG0202050 CsAtPR5 5utr HvDRR14 FLL 2
HORVU.MOREX.r3.2HG0202060 Protein kinase exon/ 5utr/ intron Tolerated Tolerated HvDRR14 FLL 2
HORVU.MOREX.r3.2HG0202070 Chaperone protein DnaJ intron HvDRR14 FLL 2
HORVU.MOREX.r3.2HG0202090 Xyloglucan endotransglucosylase/hydrolase 5utr/ exon HvDRR14 FLL 2
HORVU.MOREX.r3.2HG0202100 Xyloglucan endotransglucosylase/hydrolase 5utr HvDRR14 FLL 2
HORVU.MOREX.r3.2HG0202110  Alpha-1/4-glucan-protein synthase [UDP-forming] 5utr Tolerated Tolerated HvDRR14 FLL 2
HORVU.MOREX.r3.2HG0202120 Alpha-1/4-glucan-protein synthase 5utr Tolerated Tolerated HvDRR14 FLL 2
HORVU.MOREX.r3.2HG0202130 Werner Syndrome-like exonuclease Tolerated Tolerated HvDRR14 FLL 2
HORVU.MOREX.r3.2HG0202140 tRNA pseudouridine synthase A 5utr Deleterious Deleterious HvDRR14 FLL 2
HORVU.MOREX.r3.2HG0202150 Protein kinase-like 5utr/ exon/ intron Tolerated Tolerated HvDRR14 FLL 2
HORVU.MOREX.r3.2HG0202180 Transcription factor/ putative 5utr Tolerated Tolerated HvDRR14 FLL 2
HORVU.MOREX.r3.2HG0202200 trehalose-phosphatase/synthase 7 Sutr Tolerated Tolerated HvDRR14 FLL 2
HORVU.MOREX.r3.2HG0202220 Protein pelota homolog intron/ 5utr/ exon Tolerated Tolerated HvDRR14 FLL 2
HORVU.MOREX.r3.2HG0202230 Ubiquinone/menaquinone biosynthesis C-methyltransferase UbiE HvDRR14 FLL 2 Not polymorphic
HORVU.MOREX.r3.2HG0202250 Kelch repeat-containing protein 5utr/ exon/ intron Tolerated Tolerated HvDRR14 FLL 2
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HORVU.MOREX.r3.2HG0202270
HORVU.MOREX.r3.2HG0202280
HORVU.MOREX.r3.2HG0202290
HORVU.MOREX.r3.2HG0202310
HORVU.MOREX.r3.2HG0202320
HORVU.MOREX.r3.2HG0202340
HORVU.MOREX.r3.2HG0202350
HORVU.MOREX.r3.2HG0202360
HORVU.MOREX.r3.2HG0202390
HORVU.MOREX.r3.2HG0202400
HORVU.MOREX.r3.2HG0202420
HORVU.MOREX.r3.2HG0202440
HORVU.MOREX.r3.2HG0202450
HORVU.MOREX.r3.2HG0202460
HORVU.MOREX.r3.2HG0202470
HORVU.MOREX.r3.2HG0202480
HORVU.MOREX.r3.2HG0202490
HORVU.MOREX.r3.2HG0202500
HORVU.MOREX.r3.2HG0202520
HORVU.MOREX.r3.2HG0202540
HORVU.MOREX.r3.2HG0202550
HORVU.MOREX.r3.2HG0202590
HORVU.MOREX.r3.2HG0202600
HORVU.MOREX.r3.2HG0202620
HORVU.MOREX.r3.2HG0202640
HORVU.MOREX.r3.2HG0202650

DUF1365 family protein

Amino acid permease

Sec14p-like phosphatidylinositol transfer family protein
BTB/POZ/MATH-domain protein

Protein phosphatase 2C
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