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Summary

Summary

Drought is a major abiotic stress that reduces crop yields all over the world. Climate change,
the most prevalent crisis of our time, is predicted to increase the frequency and intensity of
drought events in the future. Concomitantly, the increasing world population will require a rise
in global crop production. To prevent a severe food insecurity situation, it is a pressing need
to create varieties with robust yields under water deficit conditions, in economically important
crops such as barley. Drought stress, occurring during the phase shortly before anthesis, is
especially harmful to male reproductive development, which takes place in the stamens. Thus,
understanding the molecular aspects that are essential for stamen development and that are

also disrupted by drought stress should provide a firm basis for targeted crop improvement.

First, this work investigated the effects of transient drought stress on barley stamen
development during the post-meiotic maturation phase. Drought treatment started around the
phase of microspore release caused the highest reduction in barley spikelet fertility and was
mainly caused by impaired male fertility, although female organ development was also
negatively affected. Stamens that showed an altered morphology upon drought harbored
viable but starch-less pollen that is infertile. Accordingly, comparative transcriptome analysis
of stamens revealed that drought downregulates genes involved in central carbon metabolism,
ranging from sucrose degradation to ATP synthesis, and in starch metabolism. Furthermore,
drought-stressed stamens contained reduced levels of sucrose, hexoses and succinate, a
tricarboxylic acid (TCA) cycle intermediate required for energy production. Drought also
downregulated the expression of genes related to auxin synthesis, response and signaling in
stamens. Thus, this work supports that auxin upregulates central carbon metabolism to ensure
pollen starch accumulation, hence male fertility. Therefore, controlling auxin response and
signaling in stamens may offer a valuable approach to improve pollen maturation and yield
under drought. Moreover, the screening of a subset of the wild barley introgression line
population S42IL and the genotypes Golden Promise Fast (GPF) and GB2 identified potential
drought-tolerant accessions that could serve as genetic resources in future crop improvement

programs.

Next, comparative omics analyses between stamens of the auxin-deficient mutant male sterile
genetic 38 (msg38) and the fertile cultivar Bowman were conducted to study the role of auxin
in barley stamen maturation, with a special focus on auxin response and central carbon
metabolism factors. Transcriptome analysis indicated that auxin predominantly regulates well-
known primary targets of auxin signaling at early stages of stamen maturation. However, auxin
has even stronger effects in gene expression during the phase of pollen starch accumulation,
particularly by boosting genes involved in energy production pathways. Decreased expression

of auxin-dependent energy production genes in msg38 stamens often correlated well with
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Summary

lower levels of the corresponding proteins. Moreover, auxin was found to control the
phosphorylation of sugar utilization enzymes and other factors of heterotrophic energy
generation. These findings underline the importance of auxin as major regulator of the stamen
energy production pathway. Additionally, we identified MSG38-dependent candidates
participating in auxin response and signaling that we hypothesize may exert direct regulation
of carbohydrate metabolism genes. This work provides a basis for future analysis of the auxin
signaling cascade as well as targeted molecular engineering of central carbon metabolism in
stamens that could help to improve male fertility under adverse environmental conditions such

as drought.
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General introduction

1 General introduction

Achieving food security remains one of the most fundamental challenges for the global
community. Throughout recent years, geopolitical conflicts, climate-change-related disasters,
and the unprecedented impact of a global pandemic have exacerbated food insecurity all over
the world (FAO, 2022a). A clear illustration of this deteriorating situation is that between 702
and 828 million people faced hunger in 2021 — 150 million people more than in 2019 (FAO,
2022a). The growing world population is projected to reach 9.7 billion by the middle of the 21%
century (United Nations, 2019), which will require a doubling of agricultural crop production
(Tester and Langridge, 2010; Tilman et al., 2011). However, yields have been stagnating or
are increasing too slowly to meet future demands (Brisson et al., 2010; Ray et al., 2012; Ray
et al., 2013). Simultaneously, climate change facilitates extreme weather events such as
floods, storms, heat spells or drought waves that are major threats to food security as they
directly or indirectly jeopardize yields around the globe (Mall et al., 2017; Holleman et al., 2020;
Hasegawa et al., 2021). For example, a heat and drought period in 2003 reduced European
agricultural production by 30% (Ciais et al., 2005). In the United States, crop yield and
insurance data analysis has shown that excessive rainfalls have caused an average 17%
maize yield reduction from 1981 to 2016 (Li et al., 2019). Models predict that future climate-
change-related stresses will occur with increased frequency and magnitude (Dai, 2011; Cook
et al., 2015; Haile et al., 2020), and will additionally cause a 1.7% decrease of global arable
land (Zhang and Cai, 2011). Thus, it is crucial to generate high-yielding and stress-tolerant
crops to cope with these future scenarios and prevent severe food insecurity and malnutrition,
especially in poor countries that will likely face the most devastating climate change threats
(Mendelsohn et al., 2006).

Nutrition of the world population predominantly relies on cereal grains that provide the majority
of consumed calories (Awika, 2011; Poole et al., 2021). Only in 2021, cereal crop production
amounted to 2.8 billion tons (FAO, 2022b). Barley (Hordeum vulgare spp. vulgare) is mainly a
source for fodder and malting but also serves as staple crop in parts of the Middle East and
Africa (Grando and Gomez-Macpherson, 2005; Baik and Ullrich, 2008). Barley is the fourth
most grown cereal with an annual production estimate of 157 million tons in 2020 (FAOStat,
2022). Due to its simple diploid genetics and adaptation to a range of adverse conditions such
as cold, salinity or drought, barley is an excellent model to study the physiological and
molecular effects of abiotic stress in cereal crops (Gurel et al., 2016; Giraldo et al., 2019).
Moreover, barley genetic resources carry great potential for crop improvement because of their
rich adaptive genetic variability and the possibility of enhancing genetic diversity by crossing
cultivated barley with the wild progenitor Hordeum spontaneum (Nevo and Chen, 2010; Lakew
et al., 2011).



General introduction

1.1 Cereal reproductive development under drought stress

Plant reproductive development follows the vegetative phase and encompasses the formation
of floral and reproductive structures, establishment of the male and female gametophytes,
fertilization upon anthesis and subsequent grain set (Senapati et al., 2019). Spikelets are the
basic developmental units of cereal inflorescences that bear one or more florets. These in turn
contain stamens and/or pistils, the gametophyte-carrying structures. During the early phase of
reproductive development, the number of spikelets within an inflorescence determines the
potential grain number, which is the most important factor of cereal crop yield (Bingham, 1966;
Dolferus et al., 2011). Adverse environmental conditions can disturb reproductive processes,
leading to reduced yield (Dolferus et al., 2011; de Storme and Geelen, 2014). In cereals,
drought is a major abiotic stress that jeopardizes reproductive development (Saini and
Aspinall, 1981; Dorion et al., 1996; Sheoran and Saini, 1996; Ji et al., 2010). The damage on
yield depends on the severity of the stress and the plant’s growth stage (Dolferus et al., 2011).
When it occurs after anthesis, drought mainly limits grain or seed weight (Plaut et al., 2004;
Honsdorf et al., 2017). At reproductive stages before anthesis, water deficit in cereals causes
reduced spikelet fertility or grain number, the predominant factor of yield losses in cereal crops
under drought (Saini and Aspinall, 1981; Ji et al., 2010; Liu et al., 2015). Due to its implications
for economy and food security, it is of high importance to investigate the effects of drought
stress on reproductive development (Ma et al., 2020) and to identify genetic components that

enable stable yields under stress.

Drought stress in plants results from tissue water deficit that evokes a multitude of biochemical,
physiological and molecular alterations, and impairs elementary processes such as
photosynthesis, respiration, assimilate partitioning and cell growth (Farooq et al., 2009; Taiz
and Zeiger, 2010; Sallam et al., 2019). Plants have evolved different strategies to resist and
survive water-limiting conditions (Farooq et al., 2009; He et al., 2018). For example, plants can
accelerate growth to complete their life cycle (escape strategy) (Shavrukov et al., 2017), or
they can optimize water uptake or close stomata to reduce water loss (avoidance strategy)
(Turner et al., 2001; Tuteja, 2007; Farooq et al., 2009). These strategies require that plants
initiate  morphological, physiological and molecular mechanisms, such as root system
modification, antioxidant defense, osmoprotection, as well as hormonal and transcriptional
regulation (Farooq et al., 2009; Singh et al., 2019).

Various studies have investigated the effects of water deficit during vegetative development
and unveiled a range of molecular players that control vegetative growth under drought
(Bechtold and Field, 2018; He et al., 2018; Singh et al., 2019; Pradhan et al., 2020). Although
research has also started to focus on drought during reproductive development, the number

of studies that describe specific, drought-induced morphological and molecular changes at
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General introduction

different stages of reproductive development is still limited (Ma et al., 2020). Moreover, only
few reports have identified molecular mechanisms that mitigate defects in floral organs, hence
loss of grain yield, under drought conditions in Arabidopsis (Sukiran et al., 2019), rice (Guo et
al., 2013; Guo et al., 2016), maize (Nuccio et al., 2015) and wheat (Ji et al., 2010). In barley,
studies have investigated the effects of drought stress on early reproductive development (Gol
et al., 2021) and grain filling (Honsdorf et al., 2017). However, little is known about the impact
of drought stress at stages close to anthesis. Identification of the most vulnerable aspects of
reproductive development during this phase and subsequent molecular dissection of stress-
induced defects will provide basis for the identification of drought tolerance sources in barley

germplasm.

1.2 Importance of carbohydrate metabolism in male reproductive development
Male gametophyte development is crucial for fertility, hence cereal grain yield. Pollen grains
are heterotrophic entities that depend on sporophytic sugars to fuel essential processes
required for successful development and function (Ruan et al., 2010; Liu et al., 2021). Sucrose
is the main carbohydrate delivered from photosynthetically active sites to anther sink tissues
(Ruan et al., 2010). During microsporogenesis, sucrose is transported symplasmically through
the terminal phloem to the anther endothecium and middle layer, and apoplasmically to the
anther tapetum cell layer, which feeds the microspores (Gémez et al., 2015; Liu et al., 2021).
During gametogenesis or pollen maturation, sugars enter the symplasmically isolated
microspore through sucrose and hexose transporters (Castro and Clément, 2007; Oliver et al.,
2007; Hirose et al., 2010). Within the developing pollen grain, invertases hydrolyze sucrose
into hexoses that are not only channeled into glycolysis and tricarboxylic acid (TCA) cycle
pathways to fuel energy production but also used for the synthesis of starch (Oliver et al., 2005;
Lee et al., 2020; Liu et al., 2021). In contrast to Arabidopsis pollen, which harbors mainly lipid
bodies for energy storage (Zheng et al., 2018), cereal pollen accumulates starch in modified
plastids (amyloplasts) at late maturation stages (Amanda et al., 2022). Such starch reserves
provide energy for the terminal functions of pollen grains: germination, pollen tube growth and
fertilization (Dickinson, 1968; Clement et al., 1994; Franchi et al., 1996; Lee et al., 2016).

Disruption of anther carbohydrate metabolic pathways, including synthesis, degradation,
transport and metabolic regulation of sugars can impair pollen development and cause male
sterility (Liu et al., 2021). A common feature of sterile pollen in cereals is the lack of starch
accumulation. For example, mutations in rice genes involved in glycolysis (OsHXK5) and
starch synthesis (OspPGM and OsAGPL4) result in reduced pollen starch accumulation and
male sterility (Lee et al., 2016; Lee et al., 2020). Moreover, sugar transport and partitioning,
orchestrated by the MYB transcription factors CARBON STARVED ANTHER (CSA) and
CSA2, are crucial for pollen development (Zhang et al., 2010; Wang et al., 2021).

3



General introduction

Pollen silencing of the sugar sensor SUCROSE NON-FERMENTING 1-RELATED PROTEIN
KINASE (SnRK1) leads to abnormal pollen shape and lack of starch accumulation, supporting
that regulation of carbohydrate metabolism is critical for successful male reproductive
development (Zhang et al., 2001). A connection between sugar metabolism and hormone
signaling in pollen has also become clear in recent years. Downregulation of the sucrose
transporter CsSUT1 causes male sterility associated to lower expression of auxin synthesis
and signaling genes (Sun et al., 2019). Barley pollen produces auxin, which is required to
enhance heterotrophic energy generation and starch synthesis during maturation (Amanda et
al., 2022). Despite the progress brought about by research in Arabidopsis and rice (Liu et al.,
2021), the complex molecular network that governs carbohydrate metabolism in male
reproductive tissues is still not fully understood. Moreover, understanding this network in cereal
crops will potentially open new avenues to control male fertility and facilitate hybrid crop
breeding (Amanda et al., 2022), which is another promising technology to safeguard future

yields.

1.3 Research aims

This dissertation comprises two chapters. The first chapter covers the major project of this
work, which aimed to describe the morphological and molecular effects of short-term drought
stress on barley stamen and pollen maturation. In the second chapter, the project investigated
the changes in the stamen transcriptome and proteome of the barley pollen-sterile and auxin-
deficient mutant msg38 to better understand the role of auxin in pollen carbon metabolism and

starch accumulation.



Chapter | — Introduction

2 Chapter | — Effects of drought on barley stamen maturation

2.1 Introduction

Throughout their life cycle, plants are exposed to a range of unfavorable environmental
conditions (Mochida et al., 2015). Among them, drought stress is a major threat that
jeopardizes rain-fed agricultural crop production by limiting the vegetative and reproductive
capability of plants (Barnabas et al., 2008). In the past, drought has affected approximately
75% of the global harvested areas of crops, causing economic losses of 166 billion U.S. dollars
in the period between 1983 and 2009 (Kim et al., 2019). Driven by anthropogenic-caused
climate change, the adverse impact of drought and heatwaves on crop production has tripled
throughout the last decades (Bras et al., 2021). In cereals, which provide the majority of global
consumed calories (Poole et al., 2021), droughts are consistently increasing production losses,
overall imposing 7% more damage to yields than in the past (Lesk et al., 2016; Bras et al.,
2021). A recent meta-analysis has estimated that drought stress reduces yields of wheat and
rice by average 27.5% and 25.4%, respectively (Zhang et al., 2018). As humanity-driven
climate change alters the global environment, the frequency and intensity of drought periods
will likely increase in the future (Hoerling et al., 2012; Dai, 2013; Lehner et al., 2017; Haile et
al., 2020; Hari et al., 2020), thus posing an elevated threat to crop yields.

In self-fertilizing cereals such as rice or wheat, abiotic stresses (e.g. cold or drought) are
causing the highest loss of grain number when they occur during the reproductive phase,
shortly before anthesis (Oliver et al., 2005; Ji et al., 2010; Jin et al., 2013). The development
of male reproductive organs is especially vulnerable to drought stress as transient water
deficiency episodes around meiosis and mitosis can irreversibly abort stamen and pollen
development, resulting in stress-induced male sterility (Dorion et al., 1996; Liu and Bennett,
2011; Jin et al., 2013). In contrast, the development of female reproductive organs remains
mostly unaffected by drought stress in wheat and rice (Bingham, 1966; Saini and Aspinall,
1981; Ji et al., 2010). Therefore, male sterility is widely considered the major driver of drought-

induced loss of grain number in cereals (Dolferus et al., 2011; Yu et al., 2019).

An important part of male reproductive development in flowering plants is the formation and
maturation of male gametophytes in form of pollen grains (Scott et al., 2004). First,
differentiation of male sporogenous cells and subsequent meiosis (microsporogenesis) give
rise to haploid microspores that are released into the anther locule (Scott et al., 2004; Wilson
and Zhang, 2009). Subsequently, microspores acquire a multi-layered pollen wall and become
vacuolized (Christensen et al., 1972; Owen and Makaroff, 1995). In cereal crops, developing
gametophytes undergo two rounds of asymmetric mitosis to become tricellular, thus containing
two generative cells and one vegetative cell (Eady et al., 1995). Moreover, late stages of pollen
development in cereals are characterized by the accumulation of large starch stocks (Amanda
5
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et al., 2022). Finally, anther sacs open to release mature pollen that goes on to germinate and
elongate a pollen tube that carries the generative cells to the female gametophyte for
fertilization (Scott et al., 2004).

Throughout the last decades, research has investigated the adverse effects of transient
drought stress on male reproductive development. This has identified meiosis and the stages
shortly after microspore release as most vulnerable to drought stress (Dolferus et al., 2011; Yu
et al., 2019). Water deficit during wheat meiosis decreases grain number without necessarily
affecting the water relations within spikelet tissues (Morgan, 1980; Saini and Aspinall, 1981;
Dorion et al., 1996). Moreover, drought stress during male meiosis in wheat, rice and tomato
can lead to morphological defects (e.g. abnormal vacuolation and degeneration) and impaired
function of the tapetum (Lalonde et al., 1997; Ji et al., 2010; Guo et al., 2013; Jin et al., 2013;
Lamin-Samu et al., 2021), an anther layer that is critical for microspore development (Pacini,
2010) and highly active during microsporogenesis (Clément et al., 1996). Anthers subjected to
drought at meiosis or during the early phase of maturation can be smaller, pale and shriveled
(Sheoran and Saini, 1996; Jin et al., 2013). Moreover, histological cross-sections of drought-
stressed rice anthers reveal hypertrophy of endothecial cells and deformation of whole locules
(Jin et al., 2013; Guo et al., 2016), suggesting that intense drought can impact all anther
tissues. Drought-induced male sterility has been frequently linked to abnormal microspore
development (Yu et al., 2019), associated to microspore disorientation, abnormal vacuolation
and, in extreme cases, complete degeneration (Jin et al., 2013; Guo et al., 2016). Pollen of
drought-stressed anthers often show wall defects and reduced or complete absence of starch
(Saini et al., 1984; Sheoran and Saini, 1996; Lalonde et al., 1997; Jin et al., 2013).

In cereals, all these drought-induced defects have been associated with impaired carbohydrate
metabolism (Saini et al., 1984; Dorion et al., 1996; Sheoran and Saini, 1996; Lalonde et al.,
1997; Jin et al., 2013). In anthers of wheat and rice, short-term drought stress irreversibly
represses on the one hand the activity of acid invertases (IVRs), important enzymes of sugar
utilization (Sheoran and Saini, 1996; Lalonde et al., 1997; Koonjul et al., 2005; Nguyen et al.,
2010), and, on the other hand, soluble starch-synthase and ADP-glucose pyrophosphorylase,
two key enzymes required for starch biosynthesis (Dorion et al., 1996). Moreover, in rice
anthers, drought downregulates the genes encoding not only invertases (e.g. IVR1, IVRS5,
CIN4 or INV2) but also glycoside hydrolases, 6-phosphofructokinase and UDP (uridine
diphosphate)-galactose/UDP-glucose transporters (Koonjul et al., 2005; Nguyen et al., 2010;
Jin et al., 2013). Notably, maintenance of anther sink strength through elevated expression of
genes participating in carbohydrate metabolism can contribute to drought tolerance (Ji et al.,
2010; Dong et al., 2017). For example, drought and heat tolerance of rice cultivar N22 could

be partially explained by increased transcript levels of genes encoding the cell wall invertase
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OsINV4 and the monosaccharide transporter OsMST8 in anthers (Li et al., 2015). Furthermore,
expression of the invertase encoding gene TalVR1 in drought tolerant accessions SYN604
and Jinmai47 remained unaffected and increased significantly under drought-stress,
respectively, whereas it was mostly repressed in drought-susceptible wheat lines (Ji et al.,
2010; Dong et al., 2017).

Drought stress also affects hormone homeostasis in anthers (Yu et al., 2019). Abscisic acid
(ABA), a central player in the regulation of abiotic stress responses (Sah et al., 2016; Weiste
et al., 2017), accumulates in drought-stressed male reproductive tissues and correlates with
repression of carbohydrate metabolism genes, thus contributing to pollen sterility (Morgan,
1980; Ji et al., 2010; Liu and Bennett, 2011). Other studies suggest that auxin, a powerful
regulator of plant growth and male reproductive development (Cecchetti et al., 2008; Ozga et
al., 2016), participates in the regulation of plant responses to drought stress (Shi et al., 2014;
Sharma et al., 2018). In rice panicles, drought stress imposed during the anthesis stage
decreased the endogenous content of indole-3-acetic acid (IAA), the main bioactive auxin in
plants (Sharma et al., 2018). This decline was accompanied by the downregulation of genes
encoding nine auxin synthesis enzymes (YUCCAS), their upstream transcription factors, auxin
co-receptors and auxin response factors (ARFs) (Sharma et al.,, 2018). Accordingly,
exogenous application of IAA mitigated the negative effects of heat and drought stress on
pollen viability and overall spikelet fertility (Sharma et al., 2018). Auxin application during pre-
anthesis drought stress in Arabidopsis, also improves drought stress tolerance, possibly due
to altered regulation of reactive oxygen species (ROS), sugar metabolism and upregulation of

stress-related genes (Shi et al., 2014).

To ensure sufficient grain yield in the future, it is an urgent task to improve the tolerance of
cereal crops against drought (Farooq et al., 2009). However, this requires in-depth knowledge
of the mechanisms that orchestrate plant responses to the stress (Farooq et al., 2009) and the
identification of the most vulnerable aspects of development (Dolferus et al., 2011). The studies
just described have already made advances in wheat, rice and tomato, some of them through
transcriptomic, proteomic and metabolite analyses to identify major pathways that are affected
in drought-stressed reproductive tissues (Liu and Bennett, 2011; Jin et al., 2013; Li et al., 2015;
Mehri et al., 2020; Lamin-Samu et al., 2021). On the other hand, although adverse effects of
pre-anthesis drought stress on grain formation in barley are known (Rajala et al., 2011),
detailed descriptions of drought-induced changes in maturating barley stamens are lacking.
Here, in addition to classical physiological and morphological studies, high-throughput omics
datasets may provide a first broad glance on stage-dependent changes in male reproductive

tissues in response to drought. Moreover, exploiting the high genetic variability of exotic barley
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germplasms could lead to the identification of genetic resources carrying enhanced drought

tolerance, thus, contributing to future crop improvement breeding programs.

In this work, the main goal was to investigate the effects of short-term drought stress on barley
stamen maturation using the two row spring-barley cultivar Scarlett as model crop. The specific
aims were to (i) describe the phenotypic effects of drought stress during stamen maturation on
anther and pollen development, including pollen starch accumulation; (ii) investigate the
transcriptome of drought-stressed stamens to provide insight into the molecular changes and
regulatory pathways affected by drought stress in male reproductive tissues; (iii) conduct
comparative metabolite profiling of drought-stressed stamens at late maturation stages to
elucidate the effects on sugars and intermediates required for energy production in pollen
starch filling; (iv) evaluate spikelet fertility under drought of different barley accessions to

identify potential sources of drought tolerance.
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2.2 Material and methods

2.2.1 Plant material

In this study, we used the spring-barley elite cultivar Scarlett to investigate the effects of short-
term drought stress on barley stamen development. Scarlett seeds were kindly provided by Ali
Naz (Rhenish Friedrich Wilhelm University of Bonn). Moreover, 17 ILs of the S42IL collection,
created by Schmalenbach et al. (2008), were screened for drought-tolerance. Seeds for those
lines were kindly provided from Klaus Pillen (Martin Luther University Halle-Wittenberg). We
also tested the genotypes Golden Promise Fast (GPF) and GB2 for drought-tolerance. GPF,
a fast-flowering genotype harboring the wild allele of the flowering time gene Ppd-H1 (Gol et
al., 2021), was kindly provided by Maria von Korff (Heinrich Heine University of Dusseldorf).
The fast-flowering Iraqi landrace GB2 (WB-111) originates from a panel of barley genotypes
selected by the GENDIBAR consortium and was obtained from the WHEALBI collection.

2.2.2 Growth conditions and drought treatments

All plants were grown in a controlled greenhouse chamber (16 h light at 22°C, 8 h dark at 18°C,
light intensity: 100 pEinsteins m?s™). Barley seeds were sown in 96-well trays filled with a 1:1
mix of soil ED 73 Einheitserde® (Einheitserdewerke Werkverband e.V., Sinntal-Altengronau,
Germany) to BVB Substrates (1:1 vermiculite to coconut fiber). After one week, seedlings were
transplanted to round 1-liter pots, filled with 500 g of the above described substrate. Time
domain reflectometry (TDR) field operating meter FOM2/mts (E-Test, Lublin, Poland) was used
to monitor the volumetric soil water content (SWC) of pots. Measurements were carried out
daily shortly before watering. Plants were watered on demand to maintain an average control
SWC levels before and after the drought stress treatment. Fertilization was done once per
week with WUXAL® Super 8+8+6 (0.25% concentration) (Hauert MANNA Dungerwerke
GmbH, Nurnberg, Germany).

Our standard setup for drought-stress experiments included two plants per genotype per pot
and a control SWC of ~25%. We adjusted these conditions for screening the fast-flowering
genotypes S42IL-107, GPF and GB2 by lowering the SWC to ~10% and subsequently
increasing the number of plants per pot to four. Drought treatments were conducted when
plants reached stages of stamen maturation, predicted by our modified Waddington scale
(Figure 1) (Waddington et al., 1983). Primary, secondary and tertiary barley tillers were tagged
and pots were randomly assigned to control and treatment blocks. In the drought group, water
was withheld for 72 h, whereas control group SWC was maintained at control levels.
Thereafter, drought-treated plants were re-watered and maintained at control SWC levels until

harvest.
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2.2.3 Relative water content measurements

Relative water content (RWC) of the penultimate leaf was used as indicator of the plant water
status. We obtained the RWC following the protocol by Liu et al. (2006) with some
modifications. Sections of the middle part of the penultimate leaf blade were cut every morning
throughout the treatment, weighted and immediately transferred into a fresh 2 ml tube, filled
with distilled H.O. Tubes were kept for 24 h at 4 °C. Leaf pieces were then blotted dry with a
tissue paper to remove excess water and turgid weight was determined. Leaf blades were then
transferred into a fresh 2 ml tube and dried in an oven at 60 °C for 48 h. Subsequently, dry
weight was determined. RWC was calculated using the equation by Schonfeld et al. (1988):

RWC = [fresh weight — dry weight] / [turgid — weight — dry weight].

2.2.4 Imaging of reproductive organs and plant tissues

Florets were carefully dissected using fine forceps and a common stereomicroscope and
subsequently placed on a black velvet. A Discovery.V12 stereomicroscope and a Stemi 503
color camera (Carl Zeiss, Oberkochen, Germany) were used to visualize and image the
reproductive organs. Determination of scale and image export was performed with the ZEN

v2.3 blue edition software (Carl Zeiss, Oberkochen, Germany).

For imaging of microspores within anthers at stages W7.5 — W8.25, anthers were mounted in
perfluoroperhydrophenanthren (Sigma-Aldrich/Merck) and examined using a Axio Scope.A1

microscope combined with an Axiocam 512 color camera (Carl Zeiss, Oberkochen, Germany).

Photographs of whole plants and inflorescences were taken with a Canon EOS 500D camera
mounted with a Canon EF 16—-35 mm F/4 L IS USM lens (Canon, Tokyo, Japan). Images were

processed using the Imaged v1.53 software (https://imagej.nih.gov/ij/).

2.2.5 Reciprocal crosses

Control and drought-stressed Scarlett plants were used in cross-pollination experiments to
assess the effect of drought stress on pollen and pistil fertility, respectively. To prevent self-
pollination, spikelets containing W9.35 florets were carefully opened with clean forceps,
emasculated and covered with plastic wrap one to two days before the crosses. Reproductive
organs of florets coming from the middle of an inflorescence were used for the crosses.
Crosses were conducted when pistils of emasculated plants showed full spreading of stigmatic
branches, using fresh pollen of recently-opened control anthers or drought-stressed anthers,
respectively. Subsequently, inflorescences were covered with a paper bag. At maturity, grain
set in individual inflorescences was calculated as fraction of grains divided by the number of

pollinated pistils.
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2.2.6 Pollen starch staining and visualization

Anthers were opened using fine forceps and pollen grains were immersed in I2/Kl solution (0.3
g/ 1.5 g per 100 ml H20) on a glass slide (Carl Roth, Karlsruhe, Germany). Starch staining of
in pollen was visualized with an Axio Scope.A1 and imaged with an Axiocam 512 color camera

(Carl Zeiss, Oberkochen, Germany).

Whole-anther starch staining was conducted using fresh anthers fixed in Carnoy’s solution
(6:3:1 :: ethanol: chloroform: glacial acetic acid) for 1 — 2 h. Anthers were transferred into a
new 1.5 ml tube filled with staining solution (0.5 g /2.5 g I2/Kl in 100 ml 8:2:1 :: chloral hydrate:
glycerol: water) and kept on a rotating wheel for approximately 4 — 6 h. Subsequently, staining
solution was discarded and anthers were cleared in chloral hydrate solution for 24 h on a rotary
wheel. Clearing solution was then replaced with fresh chloral hydrate and anthers were cleared
for another 24 h. Stamen samples were mounted in chloral hydrate on a cover slide and
visualized and imaged with a Discovery.V12 stereomicroscope and a Stemi 503 color camera

(Carl Zeiss, Oberkochen, Germany), respectively.

2.2.7 Pollen nuclei visualization

We used 4’,6-diamidino-2-phenylindole (DAPI) staining to visualize pollen nuclei in control and
drought-stressed anthers at stage W9.5. For one sample, 6 — 9 anthers, originating from a
single inflorescence, were dissected with fine forceps and placed in a 1.5 ml tube containing
DAPI solution (1 pg/ml DAPI, 0.0013% (w/v) Toluidine Blue, 1% Triton-X in 1x PBS, pH 7.4).
Samples were vortexed, briefly spinned down and subsequently flicked gently. Tubes were
covered with aluminum foil and samples were incubated for 1 h at room temperature (RT).
After a short centrifugation, the bulk of pollen accumulated at the bottom of the tubes were
carefully pipetted on a microscope slide and perhydroperfluorophenanthren (Sigma-
Aldrich/Merck, St. Louis, USA) was added on top of the pollen. Examination of pollen nuclei
was performed with an SP8 laser confocal scanning microscope (Leica Microsystems, Wetzlar,
Germany) using a 405 nm laser beam and a HyD detector capturing the emitted fluorescence
between 410 — 505 nm.

2.2.8 Pollen viability assay

A combined staining with fluorescine diacetate (FDA) and propidium iodide (Pl) was used to
assess viability of control and drought-stressed pollen. For each sample, a minimum of nine
anthers originating from a single inflorescence were dissected and placed in a 1.5 ml tube filled
with staining solution (FDA: 10 pl/ml FDA and 20% sucrose (w/v) in 1x PBS; PI: 20 pl/ml PI
and 20% sucrose (w/v) in 1x PBS). Samples were vortexed and incubated at RT in the dark
for 5 min. After brief centrifugation, the pellet with stained pollen was pipetted into a fresh 1.5
ml tube and washed with 1x PBS with 20% sucrose. The washing step was repeated one time
before and pollen were mounted on a microscope slide. Pollen were visualized with an Axio

11



Chapter | — Material and methods

Scope.A1 (Carl Zeiss, Oberkochen, Germany) mounted with filters that cover the emission
spectra of FDA (517) nm and PI (617 nm), respectively, and imaged with an Axiocam 512 color
camera (Carl Zeiss, Oberkochen, Germany). Only those pollen were considered as viable
which exhibited a strong green FDA fluorescent signal and weak red autofluorescence signal

for PI, respectively.

2.2.9 RNA extraction

For RNA extraction, stage W8.5, W8.75 stamen material was collected at days two and three
of the drought-stress treatment, respectively. Stage W9 stamen material was collected one
day after the end of the stress. Stage W9.25 and W9.35 stamen material was collected two to
three days after the end of the stress treatment. For each replicate, we collected stamens from
13 — 15 florets of one individual inflorescence for stages W8.5 and W8.75 and 7 — 9 florets
from one individual inflorescence for W9, W9.25 and W9.35, respectively. Stamen material
was collected in 1.5 ml tubes and immediately frozen in liquid nitrogen. Samples were grinded
at 30/s frequency for 1 min using a TissueLyser Il (Qiagen, Venlo, Netherlands). Tube-holders
were pre-cooled for 10 min at -80 °C and soaked in liquid nitrogen before grinding. RNA
extraction was conducted following the method described by Onate-Sanchez and Vicente-
Carbajosa (2008) with some modifications. RNA was resuspended in 24 yl DEPC-water and
6 pl of DNase mix (3 pl 10x DNase buffer, 3 yl DNase | (RQ1 RNase-free DNase by Promega,
Madison, USA)) and incubated for 60 min at 37 °C. Subsequently, 70 ul DEPC-water, 10 pl
sodium-acetate (pH 5.2, 3 M) and 400 ul 100% ethanol were added. Samples were mixed by
inversion, centrifuged for 20 min at 4 °C. The supernatant was discarded and the pellet was
washed with 70% ethanol. RNA was resuspended in 10 — 50 yl DEPC-water and quantified
using the Qubit assay (Thermo Fisher Scientific, Waltham, USA) following the manufacturer’s

instructions.
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2.2.10 Oligonucleotides

All used oligonucleotides have been used in the study by Amanda et al. (2022).

Table 1. Oligonucleotides used in this study.

ID Oligonucleotide sequence Target Target
name
P683 | TGGAGAGGCAGGGGTTGGAT HORVU.MOREX.r2.1HG0062140 HXK5
P684 | TGCTGCGTTTGTACCAGTGCC | HORVU.MOREX.r2.1HG0062140 HXK5
P685 | TCTCGATGTTGGAACCATAGCG | HORVU.MOREX.r2.3HG0205730 Msg38
P686 | TGAAAGCACCGCACAGCAGG HORVU.MOREX.r2.3HG0205730 Msg38
P679 | TTGGGAGGCAGTCTGGAACA HORVU.MOREX.r2.3HG0256400 Cyt-C
P680 | TGAGGCTTCTTCAGTCCAGGGA | HORVU.MOREX.r2.3HG0256400 Cyt-C
P681 | TCACAAGCACAAGGGCCACAC | HORVU.MOREX.r2.1HG0075760 | AGP-L1
P682 | AGGTGCGGTGAATGTGGCGA HORVU.MOREX.r2.1HG0075760 | AGP-L1
P62 | AGCTTGGCCTGCACTCTCTG HORVU.MOREX.r2.3HG0246760 ADP
P63 | CCCTTCACCAGATGTCGCGC HORVU.MOREX.r2.3HG0246760 ADP

2.2.11 cDNA synthesis and qRT-PCR
RNA was diluted to a 200 ng/ul concentration and cDNA was synthesized with 500 ng total

RNA using 80 units of the M-MLV Reverse Transcriptase RNase H(-) (Promega, Madison,

USA) in a 10 pl reaction volume. Subsequently, cDNA was diluted with 190 pl of H.O.
gRT-PCR was performed in 384-well plates with 6.25 ng cDNA using 0.25 units of the GoTaq®
G2 Hot Start Polymerase (Promega, Madison, USA) and 0.5X SYBR Green | (Thermo Fisher
Scientific, Waltham, USA) in a 10 pl reaction volume. LightCycler® 480 Il (Roche, Basel,
Switzerland) was used to run the gqRT-PCR. We selected the putative ADP-ribosylation factor
gene HVADP (HORVU.MOREX.r2.3HG0246760) as normalization factor of gene expression
levels. Raw data was analyzed with the LingRegPCR 2020.0 software (Ruijter et al., 2009) and

expression values were calculated in Microsoft Excel 2019.
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2.2.12 Transcriptome analysis

We performed two separate transcriptome analyses of Scarlett control and drought-stressed
stamens, one including stamens at stages W8.5 and W8.75, and the second including stamens
at stages W9.25 and W9.35. For each stage, four biological replicates per treatment were
collected. RNA was obtained as described in 2.2.9. Both transcriptome analyses were

conducted as described below.

Sample processing, including ribosomal RNA depletion, library preparation and RNA
sequencing (20 million 150-bp single reads per sample), was conducted at the Max Planck
Genome Centre in Cologne with a HiSeq 2500 System (lllumina, San Diego, USA). RNAseq
transcripts were quality-checked with FastQC v0.11.5 and reads were trimmed with
Trimmomatic v0.35 (Bolger et al., 2014) using following parameters: ILLUMINACLIP:
Trimmomatic-0.35/adapters/TruSeq3-SE.fa:2:30:10 LEADING: 3 TRAILING: 3 HEADCRORP:
10 SLIDINGWINDOW: 4:15 MINLEN: 50. We quantified RNAseq transcripts with the mapping-
based mode of Salmon v1.4 (Patro et al., 2017). Previously, we created a decoy-aware index
of the predicted confidence transcriptome in the Morex V2 genome (Monat et al., 2019), using
the entire genome as decoy sequence. Output *.sf files were fused and downstream analysis
was conducted with R software. Transcripts were filtered for >1 counts per million (cpm) in at
least three replicates. We used the TMM method of edgeR package (Robinson et al., 2010)
for data normalization and assessed clustering of replicates according to all expressed genes
with principal component analysis and Euclidean distances plotted with pheatmap.
Differentially expressed genes (DEGs) between control and drought at each stage were
obtained with an approach using the limma package (Ritchie et al., 2015). In short, counts
were transformed to log2 cpm values with the voom function and a linear model was created
by applying the limFit function on the transformed data. Differences between the groups (log
fold-changes) were displayed as contrasts of the fitted linear models with P adjustment for
false discovery rate (FDR). Subsequently, DEGs were filtered for a |fold change (FC)| = 1.5
and FDR-adjusted P < 0.05. We performed hierarchical clustering on DEGs utilizing Pearson
correlation coefficients as distance metric. Heatmaps were created with the annHeatmap 2
function of the Heatplus package. Gene Ontology (GO) enrichment in each DEG hierarchical
cluster was performed with the weigh01 algorithm of the TopGO package (Alexa et al., 2006)
and the de novo GO term annotation of the Morex V2 high confidence transcriptome received
from J. Zhong (Zhong et al., 2021). Moreover, statistical significance of enrichment in gene
categories related to auxin, sugar transport and energy metabolism under drought across all
investigated stages was evaluated by Fisher’s exact test in R. We independently confirmed
the enrichment in those categories using the manually and semi-automatically curated

resources by Amanda et al. (2022).
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2.2.13 Metabolite profiling and starch measurements

Sample material was collected in five independent experiments. We dissected stamens from
19 — 34 florets coming from three inflorescences for each W9 — W9.5 control replicate. For
each W9.35 drought replicate, 29 — 46 florets from four to five inflorescent were pooled. Every
replicate contained stamen material originating from one single experiment, except for two
W9.35 drought replicates, in which stamens of two experiments were pooled. Stamens of each
replicate were collected in a 1.5 ml tube. Fresh weight was measured and samples were
immediately frozen in liquid nitrogen. In total, 5 — 9 control replicates per stage and five W9.35

drought replicates were analyzed, respectively.

Metabolite profiling and starch measurements were conducted in the group of Prof. Dr. Alisdair
Fernie at the Max Planck Institute of Molecular Plant Physiology in Potsdam and performed as
described by Amanda et al. (2022). In brief, gas chromatography (GC)-mass spectrometry
(ChromaTOF software v1.00, Pegasus driver 1.61; LECO, St. Joseph, USA) was conducted
for metabolite profiling as previously described (Michard et al., 2017). Xcalibur software
(Thermo Fisher Scientific, Waltham, USA) was used to evaluate the chromatograms and mass
spectra. Metabolite identification was manually verified using the mass spectral and retention
index collection of the Golm Metabolome Database (Kopka et al., 2005). Peak heights of the
mass fragments were normalized based on the fresh weight of the sample and the added
amount of an internal standard (ribitol). Relative levels of each metabolite were calculated as
the ratio between each log transformed replicate and the mean of all nine log transformed

control replicates at stage W9.35.

Stamen starch measurements of the same barley stamen samples were performed as
previously described (Rosado-Souza et al., 2019). In short, the pellet was resuspended in 1
ml of deionized water. Subsequently, the sample was divided in two aliquots, which were boiled
at 95 °C in a water bath for 20 min. Samples were then cooled and spinned at 20,000 g for 1
min and the water was discarded. Subsequently, 50 ml of starch digestion mix (200 mM sodium
acetate, 6.3 U/ml amyloglucosidase, 50 U/ml a-amylase, freshly prepared) was added to the
first aliquot for digestion at 37 °C for 4 h. Afterwards, 100 ml of glucose assay mix (100 mM 2-
(4-[2-hydroxyethyl]-1-piperazinyl)-ethanesulfonic acid-KOH (HEPES-KOH), pH 7.5, 2 mM
MgClz, 20ml 10 mM ATP, 20ml 10 mM NAD+, 0.3ml 1500 U/ml hexokinase) was added to both
digested and undigested samples to bring them to a final volume of 200 ml in a 96-well flat-
bottom microtiter plate. An absorbance plot of glucose standards at 340 nm was obtained to
determine the linear range and calculate the slope of the standard curve. Baseline absorbance
of samples at 340 nm was recorded. Next, 0.45 U of Glucose 6-phosphate dehydrogenase
(G6PDH) was added and absorbance at 340 nm was again recorded again as ODG6PDH.
The starch content was calculated as (ODG6PDH of digested samples- ODG6PDH of
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undigested samples) — (ODbaseline of digested samples - ODbaseline of undigested

samples).

2.2.14 Statistical analysis

Statistical tests and values of n are described in the figure legends. Differences of means
between control stages were tested in Excel 2019 with one-tailed Student’s t-tests after
evaluating homogeneity of variances with F-tests. Significant differences between means in
multiple comparisons were tested by Kruskal-Wallis ANOVA and a subsequent Conover-Iman
test with Bonferroni correction. All tests were performed with a significance threshold of
P<0.05. Compact letter display in figure 2F and figure 8 was obtained with the multcompView

package in R. Plots were created using the R package ggplot2.
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2.3 Results

2.3.1 Staging the phase of stamen maturation in barley cultivar Scarlett

The barley inflorescence (“spike”) is hidden inside the leafy pseudostem during most of its
development. Under our greenhouse conditions, it extrudes out of the sheath of the last (flag)
leaf only after fertilization. Thus, destructive dissection is required to determine the exact
stages of stamen development in a given inflorescence, which prevents further
experimentation. Therefore, we established first a non-destructive method to predict stamen
development in hidden Scarlett inflorescences, based on three tiller features: the flag leaf
sheath extension out of the penultimate leaf, the distance of the hidden spike tip to the auricle
of the penultimate leaf, and the perceived length of the hidden spike (Figure 1A). These
features correlated with advancing anther and pistil development as determined with our
previously modified Waddington (W) morphological scale (Figure 1B, C) (Amanda et al., 2022).
Scarlett anthers at stage W7.5 harbor either tetrads or recently released microspores (Figure
1D), which represent the end of meiosis. At stages W8 and W8.25, the thickening wall and
expansion of free microspores indicate the initiation of stamen and pollen maturation (Figure
1D).
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Figure 1. Morphological scale of stamen maturation in cultivar Scarlett under normal greenhouse
conditions. A) Tiller morphology and features used to predict floral organ development. Bar, 5 cm. B)
Modified Waddington (W) scale of pistil and anther development and its correlation with external tiller
features. The hidden spike tip is positioned below or above the auricle of the penultimate leaf at early or
late stages, respectively, resulting in negative or positive auricle-to-spike-tip distances. C) Stamen and
pistil morphology between stages W7.5 and W9.5. Bar, 500 um. D) Male gametophytes visualized
through fresh anthers mounted in perfluorperhydrophenanthren. Arrowheads indicate tetrads (W7.5,
left), recently released microspores (W7.5, right) and expanding free microspores with thicker cell walls
(W8 and W8.25). Bars, 200 ym.
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2.3.2 Short-term drought stress during the phase of stamen maturation affects
vegetative and reproductive development

Next, we established a system to perform short-term drought treatments during the stamen
maturation phase in pairs of Scarlett plants grown in 1-liter pots under greenhouse conditions
(see details in Methods). We began experiments approximately 6 weeks after sowing, when
the flag leaf sheath of the first tiller started extending and we could tag and predict the stage
of stamen development in the first three tillers. Maintaining the soil water content at ~25% in
control pots sustained the relative water content of the penultimate leaf above 90% (Figure
2A). Instead, withholding water dropped the soil water content to around 0% after 2 days and
to completely undetectable levels after 3 days, which ultimately reduced the average leaf water
content to 57% (Figure 2A). Moreover, drought-stressed plants exhibited leaf wilting and
reduced height by the end of the 3-day treatment (Figure 2B). Thereafter, we re-watered these
plants, maintained them at control levels and examined spike morphology approximately two
weeks later. Control inflorescences appeared mostly well hydrated and with grain-filled
spikelets (Figure 2C, D). Although some inflorescences from drought-stressed plants also
appeared hydrated, they showed various degrees of empty (sterile) spikelets (Figure 2C).
Moreover, other inflorescences either carried a fraction of pale and dehydrated spikelets,
predominantly at the top of the spike, or were completely dehydrated, thin and stunted (Figure
2C). Inflorescences that were stressed at earlier stages of stamen maturation tended to show
more hydrated morphologies, while partial and fully dehydrated inflorescences tended to occur
more often when the drought stress was started at later stages of stamen maturation (Figure
2D). However, the frequencies of the different (de)hydration types show some variability
between different experiments, so that we cannot conclude that the initial stage of a drought-
stressed inflorescence unequivocally determines the final hydration status. While drought
seems to elicit an overall fatal stress in fully dehydrated spikelets, we hypothesize that it
specifically impairs the development of floral organs in hydrated-but-sterile spikelets.
Therefore, we quantified the impact of drought on the fertility of hydrated spikelets. When the
treatment started at stages W7.5 and W8 — W8.25, some inflorescences were completely
sterile (58% and 42% of all spikes analyzed, respectively), while the fertility of the rest dropped
an average of 73% and 55%, respectively (Figure 2E). Spikelet fertility declined an average of
20% when the treatment started at W8.5 — W8.75, while it remained unaffected when started
at stage W9 or later (Figure 2E). These findings suggest that inflorescences at the early phase
of stamen maturation undergo drought-sensitive processes that are essential for later fertility,
whereas inflorescences at later stages are more robust to drought stress, as long as they do
not reach a critical dehydration point. We selected stages W8 — W8.25 as starting point of all
subsequent drought experiments of this work, to specifically target the stamen maturation

phase and avoid spikelets that had not exited meiosis.
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Figure 2. Effects of drought stress applied during Scarlett’s stamen maturation phase. A) Soil
water content (dash lines) and relative water content of the first tiller's penultimate leaf (solid lines) under
control and drought stress conditions during a 3-day period. Data pooled from three independent
experiments (n= 48 [leaf relative water content] and 24 [soil water content]) and plotted as mean +SD.
Asterisks indicate significant differences between control and drought at each time point (one-tailed t-
test). Soil water content at day 2 was detectable in only 15 out of 24 drought samples. ND, not
detectable. B) Representative plant morphology three days after the start of a drought trial. Bar, 5 cm.
C) Representative spike morphologies around two weeks after the end of a drought trial. Bars, 1 cm.
D) Frequency of spike hydration phenotypes around two weeks after the end of four independent
experiments (Exp.). Frequencies were calculated within all inflorescences predicted to be at the same
W stage at the start of the drought stress, and are presented separately for each experiment. Stages
W7 — W7.5 and > W9 were not found in every experiment. E) Final fertility of hydrated spikelets after
the drought treatments start (t0) at different maturation W stages. Fertility calculated as the ratio of filled
spikelets over the total number of spikelets. Box plot whiskers represent +1.5x the interquartile range;
triangles, means; horizontal lines, medians; circles, individual measurements. Data pooled from four
independent experiments. Numbers above the boxes correspond to sample sizes (n) for each group.
Asterisks indicate significant differences between control and drought at each stage, determined with
one-tailed t-tests. F) Grain set in cross-pollination tests, calculated as the number of grain-filled spikelets
over the total number of crossed spikelets. Letters indicate significant differences between the crosses
determined with a Conover-Iman test after a Kruskal-Wallis ANOVA indicated differences between
crosses (P < 0.05). Box plot features as in (E).
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To clarify if drought impairs the development of male and/or female reproductive organs, we
conducted reciprocal crosses between control and drought-treated plants. The efficiency of
hand-pollinated control crosses was highly variable and only achieved an average grain setting
rate of 45% (Figure 2F). Yet, when we pollinated pistils of drought-treated plants with fresh
control pollen, grain set was significantly reduced to 18% (Figure 2F). Moreover, most spikes
of control plants that were pollinated with drought-stressed pollen showed no grains (Figure
2F). These results indicate that defects in the development or function of both male and female
floral organs can contribute to the loss of fertility induced by drought from the early phase of
barley stamen maturation. Nevertheless, male fertility defects alone explain most of the

reduced grain production under drought.

We also followed the progress of stamen and pistil morphology in a 6-day time course during
and after the drought treatment. Floral organs of control florets advanced approximately by
one to two Waddington stages per day (Figure 3A). During the first three days of treatment,
the morphology of stamens and pistils in all drought-stressed florets was undistinguishable
from the control, and progressed at the same pace to reach stages W8.75 and W9 (Figure 3A).
Thereafter, only 28% of the drought-treated florets examined between days 4 and 6 continued
this trend, showing a normal morphology and reaching the end of maturation by day 6
(“drought, unaffected stamens”, Figure 3A). Instead, the remaining 72% of the florets in the
stress group exhibited an altered stamen morphology (“drought, affected stamens”, Figure 3A).
Still, regardless of the stamen morphology, we did not observe a slowdown in floret
development according to the Waddington scale, which is mainly based in pistil features. In
contrast, short-term drought stress causes visible changes in plant morphology (Figure 1A).
Hence, we matched the Waddington stages of the inflorescences collected during the 6-day
time course to the flag leaf sheath extension and the auricle-to-spike-tip distance of their tillers.
These two length features were significantly reduced in drought-treated tillers from stages
W8.75 and W8.5 onwards, respectively (Figure 3B). Since these stages occur mainly during
the first days of the time course, these results show that drought starts impairing vegetative
growth of tiller tissues during the stress treatment, whereas drought-induced changes in floret

and stamen morphology occur later, after the end of the stress period.

21



Chapter | - Results

6 4
°

47 *
o

54
Q-A.ogo & %
.5 8 75

Waddington stage Waddington stage

9.5 | Sample type « eee
@ Control
9.35 4 @ Drought, unaffected stamens . Qoo o o
® Drought, affected stamens
% 9257 sample size Qoo e e ° e
i’é 9+ : 150 . ° o [ XX ) .o o o
£ 8751 @15 .. . cee
8
= 85 o e )
8-8.25 o
7.54
T T T T T T
1 2 ™3 4 5 6
Re-watering
Day after tO
n= 7 7 13 10 23 22 26 26 19 21 6 8 n= 7 7 1310 23 22 26 26 19 21 6 8
18 P=8.7E-5*% 10 H P=3. 5E 4*
- Control o . - Control
— 16 1[0 Drought P=3.0E-10% € | 3 Drought
£ B3 Droug o A S 64 B3 oroug P=1.6E-9%
L 14 H P=3.2E-17* ® 4
c o -
S 424 5 5 P=44E-14%
é 104 P=3.5E-19% 2 o P=3.8E-13%
) = o 7
£ g PIOES . T -2 PeeTES: o
Q =
5 ° g -4P=0013 8 o
5 £ -6 °
& o -84
[ E]
<

Figure 3. Progression of Scarlett reproductive and vegetative development under drought.
A) Time course of stamen maturation stages according to our modified Waddington scale. B) Flag leaf
sheath extension and auricle-to-spike-tip distance of tillers with inflorescences at different Waddington
stages. Box plot features as in Figure 2E. Asterisks indicate significant differences between control and
drought at each stage (one-tailed t-test). All data in this figure originates from 10 independent
experiments.
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2.3.3 Short-term drought during stamen maturation blocks pollen starch
accumulation

We then focused on identifying the specific defects that drought induces in stamen maturation
and that ultimately account for the loss in male fertility. First, we investigated pollen starch
accumulation, an essential feature of cereal crops that is required for pollen fertility (Saini et
al., 1984; Dorion et al., 1996; Jin et al., 2013) and that occurs at late stamen maturation stages
in barley (Amanda et al., 2022). Under control conditions, starch becomes visible as individual
granules in Scarlett pollen at stage W9.35 and fills the entire pollen grain at stage W9.5.
Concomitantly, anthers increase in size and change color from green to yellow (Figure 4).
Drought-treated stamens that maintain a mostly normal morphology also accumulate pollen
starch between stages W9.35 and W9.5 (Figure 4, unaffected). In contrast, drought-affected
anthers not only appear pale yellow and smaller from stage W9.25 but also display no starch
at any maturation stage (Figure 4, affected). From here on, we used this obvious change in
stamen morphology as indicator of failed pollen starch accumulation caused by drought stress.
However, we have not formally tested if pollen grains from drought-unaffected stamens are
fertile. Even if they appear to accumulate starch normally, they could be impaired in other

functions necessary for fertility, such as pollen tube germination or growth.
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Figure 4. Stamen morphology and pollen starch filling during late maturation stages. Each panel
displays reproductive organs (left, bars: 1 cm) and potassium iodide staining in whole anthers (middle,
bars: 500 pym) or in pollen grains (right, bars: 50 um). lodide reveals starch deposition with a purple or
dark blue color.
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Second, we evaluated the products of pollen mitosis with DAPI staining of pollen nuclei. This
revealed that both control and drought-affected pollen contain a vegetative nucleus and two
sperm cells at stage W9.5 (Figure 5A), indicating that pollen mitosis occurred under drought.
Third, we quantified pollen viability with a double staining of fluorescein diacetate (FDA) and
propidium iodide (PI), which distinguish alive and dead cells, respectively (Figure 5B).
We found that, in average, 86% of control and 78% of drought-affected pollen are viable, with
only a slight difference between the treatments (P = 0.053, Figure 5C). Together, the results
support that the majority of pollen grains survive the stress and are able to complete two rounds
of mitosis. However, drought impairs pollen starch accumulation in 72% of all spikelets and we
conclude that this is a major cause of reduced male fertility and grain set under this stress.

A B PI C

100

Control

Pollen viability (%)
~
o
1

Control  Drought

Drought

Figure 5. Characterization of pollen at stage W9.5. A) DAPI staining of pollen nuclei. vN, vegetative
nucleus. sN, sperm cell nuclei. Bars, 10 um. B) Pollen viability in control or drought-affected stamens
(confirmed failure of starch accumulation) assayed simultaneously with fluorescein diacetate (FDA) and
propidium iodide (PI) dyes. FDA fluoresces (green) in viable cells. Arrowheads indicate pollen with only
background fluorescent signal, and thus considered non-viable or dead. Instead, Pl accumulates inside
dead cells and increases the intensity of fluorescence (red, arrowheads). Note that all pollen grains have
a relatively high red signal, a combination of both autofluorescence and emission from Pl accumulated
on the surface of viable cells (images obtained with a normal epifluorescence microscope). Bars, 200
pm. C) Quantification of pollen viability determined by FDA-PI staining. Each data point is the ratio of
viable pollen counted from three different florets in one inflorescence. Significance of difference between
control and drought was determined with a one-tailed t-test. n = 4 inflorescences (598 and 464 total
pollen grains scored for control and drought, respectively).
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2.3.4 Short-term drought affects auxin signaling and energy metabolism in
maturing stamens

To study the consequences of drought in gene expression, we analyzed the transcriptome of
Scarlett stamens at stages W8.5 and W8.75, collected on days two and three of the treatment,
respectively. Principal component analysis of all gene expression data revealed that the
differences between the transcriptomes of W8.75 stamens under drought and all other
samples explained 51% of the total variance (Figure 6A). The second component separated
control stamens at W8.75 from the other samples and explained 27% of the variance, probably
reflecting the developmental differences between the two stages analyzed. Sample distance
analysis confirmed this overall separation of the transcriptomes (Figure 6B). We identified
5,598 differentially expressed genes [DEGs, |fold change (FC)| = 1.5; FDR-adjusted P < 0.05]
between control and drought samples and their number increases from 1,008 at stage W8.5
to 5,183 at W8.75. Altogether, the data indicates that, by the third and final day of drought,
when the relative water content in vegetative tissues reaches a minimum, the transcriptome of

maturing stamens undergoes a major reprogramming.

Furthermore, the principal components, sample distances and hierarchical clustering of DEGs
(Figure 6A — C) show that one replicate at each stage of drought-treated stamens are outliers,
with a transcriptional profile lying between the control and the rest of the drought samples. This
suggests that such replicates did not receive the full extent of the drought treatment or were

less affected by it.

DEGs form seven clusters (Figure 6C, D), four (1, 2, 5 and 7) of which contain mostly drought-
downregulated genes (65% of all DEGs), while the remaining clusters harbor drought-
upregulated genes (Figure 6C, D). To investigate the putative role of DEGs, we conducted a
gene ontology analysis on each cluster. Upregulated clusters are enriched for genes related
to water and osmotic stress responses, proline synthesis, trehalose metabolism, and signaling
through the stress hormones jasmonate (JA), ethylene and ABA (Table 2). These upregulated

pathways may represent stamens’ attempts at resisting the drought stress.
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Figure 6. Transcriptomic analysis of Scarlett stamens under drought. A) Principal component
analysis of normalized expression levels (counts per million, cpm) of all expressed genes. B) Heatmap
of Euclidean distances between samples calculated from normalized cpm values of all expressed genes.
C) Hierarchical clustering of DEGs. Each column is a biological replicate (n = 4 per treatment and stage).
Scale represents mean-centered cpm values. D) Expression profiles of all DEGs within each cluster.
Z-scores are mean-centered and scaled transcript levels in cpm. Light-colored thin lines connect
Z-scores at each stage of individual transcripts. Dark-colored thick lines connect the mean Z-Scores
across all transcripts at each stage.

26



Chapter | - Results

Table 2. Representative TopGO categories of upregulated genes under drought.

GO ID Term weight01Fisher | Cluster
GO0:1901001 | Negative regulation of response to salt stress 0.00248 3
G0:1902584 | Positive regulation of response to water 0.00256 3

deprivation
GO0:0070413 | Trehalose metabolism in response to stress 0.00643 3
GO0:0005992 | Trehalose biosynthetic process 0.02704 3
G0:0055129 | L-proline biosynthetic process 0.00013 6
G0:2000022 | Regulation of jasmonic acid mediated signaling 0.01501 3
pathway
GO0:0009871 | Jasmonic acid and ethylene-dependent 0.0027 3
systemic resistance
G0:0009723 | Response to ethylene 0.01039 6
G0:0009738 | Abscisic acid-activated signaling pathway 0.00412 6
G0:0009737 | Response to abscisic acid 0.00443 6
GO0:0031098 | Stress-activated protein kinase signaling 0.02065 3
cascade 0.0091 4
0.00293 6

Clusters 1 and 7 contain the genes most strongly downregulated by drought at stage W8.75.
These two clusters differ only because cluster 7 genes seem expressed at lower levels already
at stage W8.5, while downregulation of cluster 1 genes is obvious only at W8.75. Both clusters
include, among others, genes associated to auxin signaling and carbohydrate metabolism
(Table 3). These categories are in agreement with a recent report that barley pollen produces
auxin to boost the expression of energy-generation pathways, which in turn sustain the
production of pollen starch (Amanda et al., 2022). In that work, the authors curated all barley
genes associated to auxin signaling, sugar transport and heterotrophic ATP production, and
found specific subsets that are likely induced by auxin and expressed at high levels during the
starch filling stages W9.25 and W9.35.

Table 3. Representative TopGO categories of downregulated genes under drought.

GOID Term weight01Fisher Cluster
GO0:0005975 | Carbohydrate metabolic process 6.20E-07 1
0.00208 7
GO0:0006006 | Glucose metabolic process 0.00362 1
1.40E-11 7
GO0:0030388 | Fructose 1,6-bisphosphate metabolic 0.00675 1
process
G0:0009734 | Auxin-activated signaling pathway 0.01218 1
0.00782 7
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Therefore, we followed the expression kinetics of all genes from these categories under
drought in the W8.5 and W8.75 stamen transcriptomes, and in additional transcriptomes at
W9.25 and W9.35, which we collected on days 2 and 3 after the end of the stress, and focusing
exclusively on stamens with drought-induced altered morphology. At these later stages,
drought affects the expression of 12,188 genes, which represent 62% of the entire
transcriptome (19,584 detected transcripts) and a two-fold increase in the number of DEGs
from stage W8.75. Overall, we detected a significant enrichment of genes related to auxin
signaling, sugar transport, heterotrophic ATP production and starch metabolism (Table 4).
Clustering the fold-change data for all these genes unveiled three expression patterns (Figure
7A). First, drought causes a strong downregulation of gene subsets in all categories at stages
W9.25 and/or W9.35. Several genes in these subsets already show reduced expression at
W8.75, particularly in the auxin response, sucrose degradation and glycolysis categories.
Second, a few subsets contain genes downregulated only at W8.75 (auxin response, ARF and
glycolysis). Finally, drought also upregulates the expression of gene subsets in almost every
category.

Table 4. Enrichment of drought-induced differentially expressed genes (DEGs) related to auxin
response, sugar transport, ATP production and starch metabolism. Numbers of genes are pooled

across all stages W8.5 — W9.35. Significance of enrichment of each category was determined using
Fisher's exact test (P < 0.05).

sher
Category Annotated Expressed DEGs P value of Fisher's

genes genes exact test
Auxin response 150 84 68 0.006995
Sugar transport 96 60 49 0.01549
Energy production and 263 239 198 2.469E-07
starch metabolism

Barley pollen synthesizes bioactive auxin through the flavin monooxygenase HvYUCA4.
Moreover, the expression of the HvYUC4 gene is controlled both developmentally and through
an auxin-mediated positive feedback loop (Amanda et al., 2022). Given the lower expression
of auxin signaling genes under drought, we used qRT-PCR to test if drought also reduces the
expression of HvYUC4. We found 10- to 100-fold downregulation of HvUC4 transcripts under
drought at the three stamen maturation stages tested (Figure 7B). A similar effect was also
confirmed for two energy production genes (HvHXKS, glycolysis; HvCyt-C, electron transport
chain) and the starch synthesis gene HVAGP-L1 (Figure 7B), previously shown to depend on
auxin accumulation (Amanda et al., 2022). In sum, our analyses support that drought may
impair pollen starch accumulation by blocking normal expression of genes required for auxin
synthesis and signaling, sugar transport and utilization, heterotrophic energy production, and

starch synthesis.
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Figure 7. Drought stress during stamen maturation affects the expression of genes related to
auxin signaling, sugar transport and energy metabolism. A) Heatmaps of log2 fold change values
(FC, black solid line) of genes from different pathways that are differentially expressed under drought at
least at one Waddington stage. Dashed black lines indicate log2 FC values of +/- 1.5, representing the
threshold of significance for up- and downregulation. Blank cells without a trace line indicate no
expression of a gene at a particular stage B) gqRT-PCR of representative DEGs. Box plot features and
statistics as in Figure 2E, except for drought stage W9, which shows the mean, SD and the individual
data points of only four samples. Total number of biological replicates per sample is a pool from two

independent experiments.
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To test this interpretation, we evaluated the dynamics of sugars, pyruvate and TCA cycle
organic acids in maturing stamens and assessed whether drought affects the levels of those
metabolites at the starch-filling stage W9.35. Under control conditions, the contents of sucrose,
glucose, fructose and trehalose decline after stage W9.25 (Figure 8A). This correlates with an
increase in succinate, the entry point from the TCA cycle into the mitochondrial electron
transport chain, at W9.35 and W9.5. On the other hand, pyruvate, citrate and malate tend to
decline from stages W9-W9.25, similar to the sugars, while oxoglutarate remains stable (Figure
8A). However, citrate levels increase sharply at final stage W9. This kinetics supports that
starch accumulation in pollen grains correlates with increased sugar utilization and channeling

of TCA cycle intermediates into succinate to support energy production.

In drought-affected stamens, all sugars are significantly lower at stage W9.35 compared to
control stamens (Figure 8A). Accordingly, the increase of succinate levels after stage W9.25
cannot be sustained, although pyruvate and oxoglutarate remain unchanged (Figure 8A).
Overall, this suggests that drought leads to the disruption of photosynthate acquisition by the
stamen sink-tissue, which in turn reduces the flow of succinate into the electron transport chain
for ATP generation. However, drought-affected W9.35 stamens over accumulate citrate to

relative levels similar to W9.5 control stamens (Figure 8A).

We confirmed that under control conditions starch levels of Scarlett stamens at stages W9 and
W9.25 are low (Figure 8B). However, they increase exponentially at W9.35 and W9.5 (Figure

8B). As expected, this increase fails to occur in drought-stressed stamens.
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Figure 8. Metabolite profiling of stamens during maturation. A) Log2 relative levels of
disaccharides, hexoses, pyruvate and TCA cycle organic acids calculated from the ratio of normalized
values of each replicate to the mean of control W9.35 values. B) Starch content. Box plot features as in
Figure 2E. Letters indicate significant differences between control stages determined with a Conover-
Iman test following a Kruskal-Wallis ANOVA (P < 0.05). Asterisks indicate significant differences
between control and drought at stage W9.35, determined with a one-tailed t-test. n= 6 (control W9); 7
(control W9.25, W9.5); 9 (control W9.35); and 5 (drought W9.35), except for pyruvate control W9.25

(n=6), where one outlier with the value 4.62 was excluded from the analysis.
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2.3.5 Pre-screening a collection of wild barley introgression lines in Scarlett for
short-term drought responses

In the next part of this study, we aimed to explore a subset of the barley introgression line
population S42IL to identify genotypes that show tolerance to drought stress at stages of
stamen maturation. The S42IL collection was created by a cross between cultivar Scarlett and
the wild barley accession ISR42-8 (Hordeum vulgare ssp. spontaneum), followed by
subsequent rounds of marker-assisted selection and backcrossing with Scarlett as recurrent
parent (von Korff et al., 2004; Schmalenbach et al., 2008). Each introgression line comprises
one or multiple marker-defined chromosomal regions of ISR42-8, collectively covering about
86.6% of the wild donor genome (Schmalenbach et al., 2008). We grew 53 of the lines (S42IL-
101 — S42IL-153) under our greenhouse conditions to determine flowering time and growth
uniformity. We found that S42IL-107, 108, 109 and 110 flowered earlier than the other lines,
as previously reported (Schmalenbach et al., 2009; Honsdorf et al., 2017). Moreover, S42IL-
107 and 108 are smaller and tiller less. The rest of the population showed a similar phenology
as Scarlett, which allowed the prediction of stamen developmental stages based on our
previously established developmental scale (Figure 1B). We conducted three drought-stress
experiments with a low number of samples in a subset of 16 introgression lines. These include,
among others, S42IL-121 and 143, since both have exhibited enhanced tolerance to drought
stress (Honsdorf et al., 2017; Muzammil et al., 2018), and S42IL-118, 119, 120 and 123, which
share overlapping genomic regions with S42IL-121 (Honsdorf et al., 2017).

Spikelet fertility was significantly reduced in Scarlett and seven introgression lines under
drought conditions (Figure 9A). Moreover, although the data was quite variable for the rest of
the lines, some appeared to show normal fertility under stress. We conducted further
experiments with better replication and a more accurate estimate of developmental stage at
the beginning of the experiment (W8 — W8.25), for the two most promising lines, S42IL-120
and 121, along with overlapping lines S42IL-119 and 123. However, we were not able to
recapitulate the results of the first screening and S42IL-120 displayed opposite results in
separate trials (Figure 9B). Thus, additional intensive screening of the complete S42IL

collection is required to identify reliable drought-tolerant genotypes.
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Figure 9. Screening of 16 introgression lines of the S42IL collection. A) Fertility of hydrated
spikelets when the treatments start at Waddington stages W8 — W8.75. Filled circles, individual data
points; vertical black lines, +SD; triangles, means. Scarlett data is pooled from three independent
experiments, while each S42 introgression line was tested in one experiment. Numbers below the plot
correspond to sample size (n, number of independent plants) for each group. Asterisks indicate
significant differences between control and drought in each line, determined with one-tailed t-tests. B)
Fertility of hydrated spikelets of selected S42ILs when the treatments start at stages W8 — W8.25. Lines
were tested in individual experiments with Scarlett as control genotype. Box plot features as in Figure
2E. Numbers above the plot correspond to sample size (n) for each group.

Furthermore, we conducted pilot screening experiments to explore drought tolerance during
stamen maturation in three fast-flowering barley genotypes that harbor the wild allele of
Photoperiod-H1 (Ppd-H1). S42IL-107 and Golden Promise Fast have been linked to drought
tolerance in vegetative tissues and young inflorescences (Honsdorf et al., 2017; Gol et al.,
2021), while GB2 is a Mediterranean accession that shows tolerance to heat stress during

stamen maturation (unpublished). Since the three genotypes develop very fast with a smaller
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plant size and lower tiller number than Scarlett, we had to adjust our scale of vegetative
features to predict stamen development (Figure 10A). Moreover, the lines require less watering
than Scarlett so that a soil water content of ~9% is sufficient to maintain the relative leaf water
content above 90% (Figure 10B). Yet, although drought-stress from early stages of stamen
maturation resulted in unmeasurable soil water content after 3 days with S42IL-107 and GPF
plants, the average leaf water content decreased only an average of 4% and 6%, respectively
(Figure 10B). Under these conditions, spikelet fertility remained at control levels in S42IL-107,
whereas it decreased 5% in GPF (Figure 10C). It should be noted, however, that these results
indicate that a short period of water scarcity during the early stamen maturation phase in

S42IL-107 or GPF does not cause the same levels of stress and spikelet sterility as in Scarlett.

We performed another experiment with 4 instead of 2 GPF plants per pot, to attempt increasing
the water demand in each pot. In this case, a 3-day water deficit caused not only a fast
depletion of soil water content but also a reduction in relative leaf water content to 75% (Figure
10B). Nevertheless, this is not yet close to the water deficit observed in Scarlett (57%, Figure
2A), which suggests that GPF is more resilient to water scarcity. Furthermore, even at 75%
leaf water content, the fertility of GPF spikelets was not different from the control (Figure 10C).
This result contrasts with the slight decrease in fertility observed under drought in the previous
experiment. This could be explained because in the second experiment the fertility values of
both control and drought samples were more widely spread, and half of the control samples

showed a mild fertility reduction.

Next, we applied our adjusted drought treatment approach on accession GB2, which resulted
in the same depletion of soil and leaf water content just described in GPF (Figure 10B).
However, in this case, there was a clear reduction in spikelet fertility (on average 61% of control
values, Figure 10C). In sum, under more water demanding conditions, drought stress causes
a similar reduction of leaf water content in GPF and GB2 but has contrasting effects on spikelet
fertility in both genotypes. This may support the hypothesis that GPF is more resilient to short-
term drought and suggests the two genotypes as a potential pair of contrasting lines for further

analyses. However, additional tests are needed to verify these results.
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Figure 10. Screening of fast-flowering barley genotypes for short-term drought responses. A)
External tiller features correlating with modified Waddington (W) stages W8 — W8.75 in three fast-
flowering barley genotypes. Features as defined in Figure 1A — B. B) Soil water content (dashed lines)
and leaf relative water content (solid lines) under control and drought stress conditions and two
experimental setups (2 or 4 plants per pot). Each plot represents a single experiment (n= 4 — 9 [leaf
relative water content] and 3 — 6 [soil water content]) and displays means + SD. Asterisks indicate
significant differences between control and drought at each time point (one-tailed t-test). NA, no data
available; ND, not detectable. C) Fertility of hydrated spikelets. Treatments started at early stamen
maturation stages (W8 — W8.75). Each box plot represents a single experiment. Box plot features as in
Figure 2E. Asterisks indicate significant differences between control and drought at each stage,
determined with one-tailed t-tests. Numbers above the plot correspond to sample size (n) for each group.
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2.4 Discussion

2.4.1 Effects of drought stress on barley stamen maturation

In this work, we established a method to apply a short-term water deficiency stress during
barley stamen maturation. In cultivar Scarlett, this simulated drought wave strongly reduces
the leaf relative water content and visibly stunts vegetative growth (Figure 2A, B; Figure 3B),
yet plants survive the stress and continue their life-cycle. Still, in some cases, the stress leads
to full dehydration of individual spikelets or complete inflorescence (Figure 2C), suggesting
that drought may be fatal for spikelet tissues when it exceeds a critical level. Similar abnormal
morphology of whole spikelets has been documented in rice after a one-week drought
treatment during stamen development (Jin et al., 2013). Our results show that initiating drought
stress during the early stamen maturation phase causes a dramatic loss of spikelet fertility,
while no or only slight effects are seen when the stress starts at advanced maturation stages.
Wheat inflorescences show a similar stage-specific response to short-term water deficiency (Ji
et al., 2010).

Based on our reciprocal crosses, defects in both male and female reproductive structures
cause the reduction in spikelet fertility under drought, although male sterility is seemingly the
maijor contributor to the loss of spikelet fertility (Figure 1F). This agrees with the accepted view
that development of male organs in cereals is the reproductive process most vulnerable to
drought stress (Dolferus et al., 2011; Yu et al., 2019). Moreover, several studies have
documented that drought does not affect ovule fertility (Bingham, 1966; Saini and Aspinall,
1981; Jiet al., 2010). Nevertheless, recent pollination experiments with drought-stressed pistils
have shown significant reduction in grain set of four wheat genotypes (Onyemaobi et al., 2017).
Future work should examine drought-treated pistils throughout maturation to identify potential
morphological abnormalities. Furthermore, assays investigating stigma receptivity could test if

drought disturbs the interaction between pollen and pistils.

Our work also shows that drought stress from the early stages of barley stamen maturation
does not impair pollen viability or prevents the completion of the two rounds of pollen mitosis.
However, it results in lack of pollen starch (Figure 4, Figure 8B), which is also in line with
studies in other cereals (Ji et al., 2010; Jin et al., 2013). Moreover, anthers that harbor starch-
less pollen are pale and seem smaller than normal (Figure 4), indicating that drought not only
affects male gametophyte development but also anther sporophytic tissues. In the past, similar
abnormal anther morphology upon pre-heading drought stress was described in rice (Liu and
Bennett, 2011).

Staining of pollen originating from stamens with a drought-affected morphology showed that
the male gametophytes were able complete two round of mitotic divisions and were mostly

viable (Figure 5). Thus, we assume that developing the majority of microspores is able to
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survive our drought-stress treatment but is unable to drive processes required for starch
synthesis at terminal maturation stages. We conclude that the inability to accumulate starch
under drought is the most important cause of male sterility in barley cultivar Scarlett.
Remarkably, we did find that a proportion of drought-treated stamens maintain a normal
morphology and harbor pollen that accumulate starch (Figure 4). We hypothesize that this is
the pollen that contributes to the partial and variable grain set that we observed under drought.
This should be tested with further pollination experiments with drought-treated stamens
bearing either starch-full or starch-less pollen. It is possible that the variable fertility between
inflorescences of independent plants reflects differences in water deficiency between pots and
plants. However, the partial fertility within inflorescences indicates that some spikelets may
withstand the stress better than others. Small differences in developmental timing between
spikelets of the same inflorescence could explain their sink capacity, that is, spikelets that are
more developmentally advanced could be stronger sinks than their slightly younger
counterparts and benefit first from the limited carbohydrate resources under water deficiency.
To attempt identifying molecular mechanisms or processes of stamen maturation that favor
pollen starch accumulation in some spikelets, it would be interesting to compare
transcriptomes of drought-affected versus drought-unaffected stamens. Among the early-
stage transcriptomes that we analyzed in this work, we found at each early stage one drought-
treated replicate with transcriptional profiles intermediate between the control and the rest of
the drought samples. We hypothesize that such replicates contained stamens less affected by
the water stress and that would go on to have normal morphology and starch accumulation at
later stages (recall that at early stages W8.5 and W8.75 morphology alone cannot distinguish

affected from non-affected stamens).

2.4.2 Impact of drought on stamen carbon metabolism and energy generation
Carbon in the form of sugars is essential to fuel energy generation and starch synthesis in
heterotrophic pollen (Ruan et al., 2010; Liu et al., 2021). Accordingly, we found that, as Scarlett
stamen maturation proceeds, sugars decrease while pyruvate levels remain constant,
indicating a continuous flux of glycolytic intermediates into pyruvate production. On the other
hand, sugars are reduced in drought-affected stamens at the starch-filling stage W9.35. Similar
results have been reported for wheat anthers under drought at late maturation stages, and for
rice anthers under combined drought and heat stress [but not heat alone] (Dorion et al., 1996;
Li et al., 2015). Together, our data indicates that short-term drought stress leads to impaired
photoassimilate supply to barley stamens, which manifests in a mild anther carbon starvation.
This is likely a consequence of hampered photosynthesis in leaves of drought-stressed plants,
which results in decreased photoassimilate production and altered transport of sugars to the
sink tissues (Farooq et al., 2009; Basu et al., 2016; Du et al., 2020).
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Our transcriptome analysis revealed that the expression of genes encoding sugar transporters
in stamens is extensively altered under drought stress (Figure 7A). In rice, the R2R3 MYB
transcription factor encoding gene CSA regulates sugar partitioning into anthers and is crucial
for male fertility (Zhang et al., 2010). Our data shows that the barley ortholog of CSA is
downregulated during drought at stage W8.75 but upregulated at post-stress, starch-filling
stages W9.25 and W9.35. A similar increased expression of CSA was observed in response
to low sucrose content in anthers under combined heat and drought stress (Li et al., 2015). On
the other hand, the barley ortholog of the rice monosaccharide transporter OsMST8, a direct
target of CSA (Zhang et al., 2010), shows an opposite trend (upregulated during drought but
downregulated at stage W9.25), which does not agree with the observed expression of HYCSA.
Similarly, a homolog of the sucrose transporter gene SUT1, which is critical for pollen
development in cucumber and rice (Hirose et al., 2010; Sun et al., 2019), is also repressed at
later stages. Overall, the data suggests that drought-induced downregulation of critical gene
sugar transporter genes emerges after the stress. We hypothesize that this may be one the

main causes of lower sucrose import and hexose availability in drought-stressed stamens.

Invertases perform the hydrolytic cleavage of sucrose into hexoses that subsequently undergo
hexokinase-mediated phosphorylation, the initial step of hexose utilization pathways including
glycolysis or starch synthesis (Roitsch and Gonzalez, 2004; Claeyssen and Rivoal, 2007; Ruan
et al.,, 2010). Genes participating in sucrose degradation were mostly downregulated in
drought-treated stamens (Figure 7A). Among them, one cell wall invertase encoding gene,
which is highly expressed at all investigated stages under control conditions, was consistently
repressed in drought-treated stamens after stage W8.5. Similarly, its rice ortholog OsCIN2,
was irreversibly downregulated by meiotic drought stress in previous studies in rice (Ji et al.,
2005; Jin et al., 2013). Our analysis also revealed that drought negatively regulates glycolysis,
pyruvate metabolism as well as starch synthesis at late maturation stages post drought stress.
Accordingly, the expression of the hexokinase gene HvHXK5 and the ADP-glucose
pyrophosphorylase large subunit gene HVAGP-L1, a key player in starch synthesis, was not
altered or even upregulated during the treatment, respectively, but significantly downregulated
in drought-affected stamens at stages W9.25 and W9.35. Overall, these results suggest that
drought disrupts sugar utilization and mobilization processes that are relevant for male
gametophyte development, which is in agreement with findings in previous studies (Dorion et
al., 1996; Jin et al., 2013; Lamin-Samu et al., 2021). Strikingly, our metabolite profiling showed
that pyruvate levels remain unaffected in drought-treated stamens, which might be a result of
decreased conversion of pyruvate into downstream metabolites or increased generation of

pyruvate through alternative sources like alanine (O’Leary, 2021).
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Reaching the terminal stages of maturation, barley pollen increases mitochondrial respiration
to produce high amounts of ATP (Amanda et al., 2022), one of the major limiting factors of
starch synthesis (Geigenberger et al., 2004). The mitochondrial TCA cycle is a central
component of energy production as it channels pyruvate, the product of glycolysis, into an
interconversion sequence of organic acids that provides reducing equivalents for the ATP
generating electron transport chain (Fernie et al., 2004; Zhang and Fernie, 2018). Previously,
it has been speculated that failure to use sugars under drought may result in lack of energy for
developing microspores (Nguyen et al., 2010). In our work, drought negatively affects the
expression of the majority of genes related to the TCA cycle, electron transport chain and ATP
synthesis (Figure 7). Moreover, we found reduced levels of the TCA organic acid succinate in
drought-affected stamens (Figure 8A). Succinate is the entry point to the electron transport
chain (Fernie et al., 2004; Schertl and Braun, 2014) and reaches highest levels in normal barley
stamens at starch-filling stages W9.25 and W9.35. Thus, it likely plays an important role in
energy production at terminal stages of stamen and pollen maturation. Accordingly, drought-
induced reduction in succinate levels in stamens could disrupt the mitochondrial electron
transport chain, leading to insufficient ATP generation and hampered pollen starch synthesis.
On the other hand, drought-affected stamens over accumulate the TCA intermediates citrate
and malate (Figure 8A). Both organic acids are essential players in plant metabolism are key
compounds of numerous metabolic pathways such as gluconeogenesis or synthesis of amino
acids, fatty acids, hormones or flavonoids (Fatland et al., 2005; Zhang and Fernie, 2018; Lee
et al., 2021; Tahjib-Ul-Arif et al., 2021). Malate and citrate have been demonstrated to increase
in leaf and fruit tissues under water-deficit in numerous plant species and are associated with
alleviation of drought stress-induced damage (Timpa et al., 1986; Guicherd et al., 1997;
Saglam et al., 2010; Levi et al., 2011; Obata et al., 2015; Nahar and Ullah, 2018). While studies
in ash imply a role of malate in osmotic adjustment under drought (Guicherd et al., 1997),
citrate is considered to participate in antioxidative defense and osmoprotection in response to
a variety of abiotic stresses including drought (Tahjib-Ul-Arif et al., 2021). For instance,
exogenous application of citrate increased leaf antioxidative enzyme activity, content of the
compatible osmolyte proline and improved vyield traits of drought-stressed cotton plants
(Gebaly et al., 2013). Osmotic adjustment through accumulation of compatible solutes like
sugars, amino acids and organic acids, as well as the antioxidant defense are two common
strategies of plant drought tolerance (Farooq et al., 2009; Singh et al., 2019). Interestingly,
mature stamens contain increased citrate levels at stage W9.5, when pollen seemingly
reaches a mostly dehydrated state that precedes anther opening (Amanda et al., 2022).
Therefore, it is possible that malate and citrate are general protective molecules to face low
water states in barley pollen and/or anthers, perhaps at the expense of their function in the
TCA cycle.
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In summary, our transcriptome and metabolite data support a model where maturing barley
stamens are active sugar consumers to respond to the high demand of energy and building
blocks for starch synthesis. Accordingly, insufficient sugar supply after short-term drought
stress results in altered flux of succinate into the electron transport chain, reduced energy
generation and, ultimately, failure of pollen starch accumulation. The transcriptomic data
indicates that drought stress alters processes related to energy and starch synthesis from
stage W8.75. Moreover, starch accumulation is obvious from stage W9.25. Still, it will be
important to carry on additional metabolite analyses in drought-stressed stamens at all
development stages considered here (W8.5 to W9.25), in addition to W9.35, to test whether
drought stress immediately alters the stamen metabolome during the treatment (stages W8.5,

W8.75) or only at later stages of development.

2.4.3 Effects of drought on expression of genes related to ABA

Plant hormones are essential regulators of reproductive development under adverse
conditions (Yu et al., 2019). ABA is one of the most conspicuous hormones in plant abiotic
stress responses and it accumulates in reproductive tissues under drought stress, which has
been associated with reduced male fertility (Morgan, 1980; Ji et al., 2011; Liu and Bennett,
2011; Dong et al., 2017). Not unexpectedly, we found an enrichment of upregulated genes
related to ABA in drought-stressed stamens, including two 9-cis-epoxy-carotenoid
dioxygenases (NCEDs) that are involved ABA synthesis (Huang et al., 2018). One of them,
HvNCED1, was upregulated 30-fold in drought-treated stamens at stage W8.75 and remained
highly upregulated at later stages. Importantly, two genes encoding cytochrome P450 family
ABA 8"-hydroxylases, which are essential for ABA catabolism by converting ABA to phaseic
acid (Kushiro et al., 2004), were downregulated at different stages of the drought treatment
and during pollen starch-filling. Together, our results are essentially similar to previous findings
in drought-susceptible wheat cultivars (Ji et al., 2011) and indicate that drought stress
increases ABA content in barley stamens. In past studies, it was demonstrated that ABA
regulates male reproductive development by repressing crucial players in carbohydrate
metabolism such as invertases (Oliver et al., 2007; Ji et al., 2011). Thus, ABA in drought-
affected stamens may contribute to the downregulation of sugar utilization genes that are

essential for the normal development and function of heterotrophic barley pollen.

2.4.4 Effects of drought on auxin synthesis, response and signaling

Auxin and its signaling pathway are indispensable for floral organ formation (Nemhauser et al.,
2000; Cheng et al., 2006) and regulates several aspects of male reproductive development
such as pollen development, anther dehiscence and filament elongation (Nagpal et al., 2005;
Cheng et al., 2006; Cecchetti et al., 2008). Past research has already investigated the role of

auxin in reproductive development under abiotic stress including heat (Sakata et al., 2010) or
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drought (Lamin-Samu et al., 2021). In rice, decreased YUC-mediated IAA synthesis, lower IAA
content and impaired auxin signaling in panicles has been considered a major cause of spikelet
sterility in response to drought at the anthesis stage (Sharma et al., 2018). In barley, the
accumulation of IAA in stamen during the terminal phase of maturation, necessary for pollen
starch synthesis, is determined by the flavin monooxygenase encoding gene HvYUC4, also
called MSG38. Non-functionality of MSG38 results in significantly reduced IAA levels in barley
stamens, lack of pollen starch and male sterility (Amanda et al., 2022). Our RNA-Seq and qRT-
PCR data show that MSG38 expression is significantly downregulated after rewatering, at
stages W9.25 and W9.35, which is precisely the peak phase of MSG38 expression in normal
barley stamens (Amanda et al., 2022)., Thus, we propose that drought-induced downregulation
of MSG38 may impede auxin synthesis and accumulation in Scarlett stamens. Furthermore,
half of auxin response genes that were consistently downregulated in msg38 stamens (see
chapter Il) also show lower expression in drought-stressed stamens. Members of the ARF
transcription factor family bind to auxin responsive elements (AuxREs) present in the
promoters of auxin-induced genes to regulate their expression (Liscum and Reed, 2002; Li et
al., 2016). In our study, three drought-repressed ARFs are regulated by MSG38 (discussed in
chapter Il) at similar maturation stages, indicating that the transcriptional effects of drought not
only affect auxin synthesis genes but also auxin signaling genes. Importantly, 115 out of 198
drought-responsive genes related to energy metabolism were also found to be dependent on
auxin (Amanda et al., 2022; chapter Il). This supports that drought partially mimics the
physiological and molecular effects of impaired auxin synthesis in the msg38 mutant. Thus,
impaired MSG38-mediated auxin synthesis and signaling are also major factors underlying
hampered energy metabolism and pollen starch synthesis under drought. However, in clear
contrast to drought stress, msg38 mutant stamens over accumulate sugars, which supported
the interpretation that auxin signaling is not required for stamen sugar acquisition but rather to
promote sugar utilization (Amanda et al., 2022). Moreover, these authors proposed that sugar
accumulation and signaling may trigger auxin synthesis in barley pollen. Our work with drought
provides circumstantial support to that model: lower sugar acquisition on drought-treated
stamens may directly prevent MSG38 expression and, therefore, auxin production and
signaling. In this scenario, failed starch accumulation in drought-stressed pollen is
compounded by a reduction in both photosynthate acquisition and the hormone that boosts

carbon utilization.

Furthermore, we found that barley orthologs of Arabidopsis’ AtARF6 and AtARF8 were both

downregulated in drought-stressed stamens at stage W8.75. In Arabidopsis, ARF6 and ARF8

regulate the maturation of the gynoecium and stamen. Double-loss of function mutant arféarf8

exhibits arrested floral organ development (Nagpal et al., 2005). Thus, drought may also impair

other MSG38-independent pathways of auxin signaling that are needed for successful stamen
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and pistil maturation. It is also possible that drought impacts hormone pathways that interact
with auxin-signaling genes, hence alter their expression. For instance, direct crosstalk between
ABA and auxin signaling in plant tissues such as roots is well documented (Harris, 2015;
Emenecker and Strader, 2020).

2.4.5 Barley germplasms with varying drought tolerance

Exploiting exotic germplasms is key to identify genetic resources that confer tolerance against
abiotic stresses such as drought (Zamir, 2001; Honsdorf et al., 2017). In wheat and rice,
studies have already successfully identified tolerant germplasm by applying transient waves
of drought during stages shortly before anthesis (Liu et al., 2006; Ji et al., 2010). Here, we
aimed to assess drought tolerance during stamen maturation of 16 barley genotypes
originating from the wild barley introgression line population S42IL, which has shown to harbor
valuable genetic resource that confer drought tolerance in vegetative tissues or early
reproductive development (Muzammil et al., 2018; Gol et al., 2021). However, we were unable
to consistently reproduce independent drought-stress experiments with some of these lines.
Remarkably, line S42IL-121 is drought-tolerant during juvenile and grain-filling stages and the
tolerance was associated to an unknown quantitative trait locus on chromosome 4H (Honsdorf
et al., 2014; Honsdorf et al., 2017). Thus, it might be attractive to perform further testing to
determine whether these lines reliably show spikelet fertility when subjected to drought during
stamen maturation. To ensure precise application of drought waves at different stages of
stamen development as in Scarlett, it will be important to establish individual scales for floral

development in these lines.

We also identified two early flowering lines that appear to show contrasting responses to short-
term drought, namely Golden Promise Fast (tolerant) and GB2 (susceptible). These can be
used to identify mechanisms that maintain spikelet fertility under drought stress. Further
investigations will require reciprocal crosses to test whether the susceptibility of GB2 to drought
stress lies within the female and/or male organs. Both GPF and GB2 contain the wild allele of
the flowering time gene Ppd-H1, which was associated to drought tolerance during early
inflorescence development (Gol et al., 2021). This suggests that the tolerance of GPF to

drought stress during stamen maturation involves a different mechanism.
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2.5 Conclusion

This work shows that pollen sterility due to failed starch accumulation is a major determinant
of barley spikelet sterility after a 3-day drought treatment started at the beginning of stamen
maturation. Moreover, our evidence suggests that the starch accumulation defect is associated
with decreased sugar content in stamens, which suggests that drought impairs carbon supply
from photosynthetic tissues to the anther sinks. Lower carbon supply is in turn associated to
lower expression of sugar transport genes. Furthermore, water deficiency has additional,
compounding effects on the expression of genes required for auxin synthesis and signaling,
as well as genes on all metabolic pathways related to sugar utilization and heterotrophic energy
production. Auxin normally boosts energy pathways in barley pollen; thus, the impairment of
both processes under drought supports their connectivity and importance in pollen function
and development. We also found that genes participating in ABA homeostasis are altered in
response to drought stress, suggesting an accumulation of ABA in drought-affected stamens.
We suggest that drought-induced disruption of auxin and ABA signaling networks is also a

critical factor in preventing pollen fertility after drought.
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3 Chapter Il — The role of auxin in barley stamen maturation

3.1 Introduction

Male reproductive development in flowering plants takes place in the stamens and is controlled
by a sequence of precisely coordinated events that ensure successful formation of the male
gametophyte (Scott et al., 2004; Wilson et al., 2011; Hafidh and Honys, 2021). In cereals, the
post-meiotic phase of male reproductive development, called microgametogenesis or pollen
maturation, includes crucial milestones of pollen development such as construction of the
pollen wall, asymmetric mitosis and starch accumulation (Christensen et al., 1972; Eady et al.,
1995; Lee et al., 2020). The latter serves as energy storage for germination and growth of the
pollen tube (Clement et al., 1994; Lee et al., 2020), and, therefore, is a reliable indicator of
pollen fertility in cereals. Energy availability and respiration rate are determinants for starch
production in heterotrophic tissues (Dickinson, 1968; Geigenberger et al., 2004). Thus, as non-
photosynthetic structures, pollen grains change their metabolism at late stages of maturation
to a state of high energy production to enable starch synthesis (Amanda et al., 2022). To
perform this transition, the pollen relies on the sporophyte, which provides photosynthetic
assimilates, mainly in the form of sucrose (Ruan et al., 2010; Liu et al., 2021). To date, various
molecular players involved in anther and pollen carbon metabolism have been identified (Liu
et al., 2021). However, the regulatory mechanisms that underlie the timely expression of the

corresponding genes and protein factors during pollen maturation are poorly understood.

Plant hormones are key signaling molecules that integrate environmental cues to regulate
growth and development (Ozga et al., 2016). There is extensive evidence that they are of great
importance for male reproductive development (Ozga et al., 2016). For example, in
Arabidopsis, JA activates MYB21 and MYB24, two R2R3 MYB transcription factors that are
crucial for pollen maturation, anther dehiscence and filament elongation (Mandaokar et al.,
2006; Song et al., 2011; Reeves et al., 2012). Gibberellin (GA) signaling regulates programmed
cell death of tapetal cells as well as pollen wall deposition through the MYB transcription factor
GAMYB (Aya et al.,, 2009). Moreover, GA promotes filament growth in Arabidopsis,

presumably by increasing the expression of JA synthesis genes (Cheng et al., 2009).

The hormone auxin is also required for multiple aspects of male reproduction (Sundberg and
Ostergaard, 2009). IAA, the most abundant bioactive auxin in plants, is predominantly
synthesized via the tryptophan-dependent pathway (Kasahara, 2016). First, tryptophan is
converted to indole-3-pyruvic acid (IPA), which is subsequently transformed into IAA via flavin
monooxygenases of the YUCCA (YUC) family (Mashiguchi et al., 2011). Auxin synthesis
through Arabidopsis’ YUC2 and YUCG6 genes is necessary for pollen mitosis (Yao et al., 2018).
Additionally, auxin regulates the timing of anther dehiscence and filament elongation
(Cecchetti et al., 2008), and the pollen-specific auxin transporter PIN-FORMED 8 regulates
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auxin homeostasis and male gametophyte development (Ding et al., 2012). Moreover, ARFs,
central players of auxin signaling, are crucial for successful male development. Arabidopsis’
ARF17 is essential for pollen viability and pollen wall patterning (Yang et al., 2013), whereas
ARF6 and ARF8 are necessary for stamen maturation and filament growth (Nagpal et al.,
2005). Maturing rice anthers contain high levels of IAA and express auxin synthesis and -
signaling genes (Hirano et al., 2008). Even if there is extensive evidence of the importance of
auxin in pollen and stamen development (Salinas-Grenet et al., 2018), it is not fully understood
yet which molecular processes in male reproductive tissues are regulated by auxin. Therefore,
studying the molecular landscape on a transcript and protein level could assist greatly in

uncovering putative candidate targets of auxin signaling.

Recently, Amanda et al. (2022) reported reduced IAA levels in stamens of the barley mutant
male sterile genetic 38 (msg38), carrying a loss-of-function allele of the pollen-specific auxin
synthesis gene HvYUC4. This results in lack of pollen starch accumulation and male sterility,
and is associated to decreased expression of carbon metabolism genes and reduced levels of
important organic assimilates required for energy production during stages of pollen starch
accumulation (Amanda et al., 2022). Together, the data indicates that auxin controls the timing
and buildup of pollen starch by regulating central carbon metabolism, thus ensuring completion

of male gametophyte development (Amanda et al., 2022).

In this chapter, we extend the studies of the msg38 barley mutant to provide additional insight
into the implications of auxin accumulation in stamens for barley stamen and pollen
development. Our aims were to (i) perform comparative transcriptome analysis of msg38
stamens at developmental stages W8.5, W8.75 and W9 to identify early auxin-mediated
processes and investigate the expression kinetics of auxin-responsive and carbon metabolism
genes at stages prior to pollen starch synthesis; (ii) analyze the proteome and
phosphoproteome of normal and msg38 stamens at stages W9, W9.25 and W9.35 to examine
posttranscriptional and posttranslational changes in proteins involved in auxin response, auxin

signaling and carbohydrate metabolism.
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3.2 Material and methods

3.2.1 Plant material

The barley cultivar Bowman and segregating populations of msg38 were obtained from the
GRIN-USDA seed bank. The spontaneous mutation was found in the cultivar Ingrid
(Franckowiak and Hockett, 1988; Franckowiak and Lundqvist, 2012) and was backcrossed at
least six times into the cultivar Bowman (Druka et al., 2011). In this study, we used the

introgression line, designated as msg38.

3.2.2 Growth conditions

Barley seeds were sown in 96-well trays filled with a 1:1 mix of soil ED 73 Einheitserde®
(Einheitserdewerke Werkverband e.V., Sinntal-Altengronau, Germany) to BVB Substrates (1:1
vermiculite to coconut fiber). One week later, seedlings were transplanted to round 1-liter pots,
filled with the above described substrate. Plants grew in a controlled greenhouse chamber
under long-day conditions (16 h light at 22°C, 8 h dark at 18°C, light intensity: 100 yEinsteins

m?2s™).

3.2.3 RNA extraction and transcriptome analysis

We analyzed the transcriptome of Bowman and msg38 stamens at stages W8.5, W8.75 and
WO. For each stage, stamens from 8 — 11 florets from one inflorescence were collected as one
replicate. In total, four replicates per genotype and stage were analyzed. Sample collection,
RNA extraction and transcriptome analysis were conducted as described in 2.2.9 and 2.2.12,

respectively.

To investigate the expression kinetics of MSG38-dependent auxin-responsive, sugar transport
and energy metabolism genes throughout an extended period of stamen maturation
(Waddington stages 8.5 — 9.35), we used Salmon output *.sf files of stages W8.5 — W9 and
stages W9.25, W9.35 generated by Amanda et al. (2022) in one analysis. Downstream
analysis was performed in R software as described in 2.2.12. Curated lists of genes related to
auxin, sugar transport, energy generation and starch metabolism were acquired from Amanda
et al. (2022).
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3.2.4 Preparation of total proteome, library and phospho-enriched samples

Stamen proteome and phosphoproteome analysis based on liquid chromatography-tandem
mass spectrometry (LC-MS/MS), including preparation of the total proteome, libraries and
phospho-enriched samples, as well as data acquisition and data analysis, was conducted in
the group of Dr. Hirofumi Nakagami at the Max Planck Institute for Plant Breeding Research

in Cologne.

Stamens of Bowman and msg38 were collected at stages W9, W9.25 and W9.35. For each
replicate, stamens of 9 — 14 florets of a single inflorescence were collected in a 1.5 ml tube
and immediately frozen in liquid nitrogen. In total, five biological replicates per genotype per
stage were collected. Samples were grinded as described in 2.2.9. Subsequently, 210 ul of
protein extraction mix containing 50 ul 4x PEB (Agrisera, Vannas, Sweden), 2 pl protease
inhibitor cocktail, 4 pl phosphatase inhibitor cocktail 2, 4 yl phosphatase inhibitor cocktail 3
(Sigma-Aldrich, St. Louis, USA) and 150 pyl ddH.O were added. Samples were centrifuged at
10,000 rpm for 3 min at 4 °C. The supernatant was transferred into a fresh 1.5 ml tube. The
concentration of protein extracts was determined using Pierce 660 nm protein assay. An
aliquot corresponding to 500 ug total protein extract from stamen was digested using a filter
aided sample preparation protocol adapted from Wisniewski et al. (2009). First, samples were
reduced by adding 1/10 vol of 1 M DTT (100 mM final) and samples were incubated for 30 min
at RT. Samples were then diluted with 8 M urea in 0.1 M Tris/HCI ph 8.5 (UA) to 800 pl and
loaded onto filters (Vivacon 500, 30 kDa cutoff (Sartorius, Gottingen, Germany)) followed by
centrifuging for 10 min at 14,000 g. Samples were then washed with UA and centrifuged for
10 min at 14000 g. Further, samples were alkylated using 100 ul 55 mm chloracetamide in UA
and incubation for 20 min in the dark, followed by centrifugation for 10 min at 14,000 g. After
washing 2x with UA and 2x with 100 mM Tris pH 8.5 1 mM CaCl., the filter was transferred to
a new tube and samples were digested with 2.5 ug LysC (1 pg/pl Lys-C (WAKO, Richmond,
USA) in 50 mM NHsHCO3 working solution diluted with UA to an enzyme-protein ratio 1:100)
for 2 h at RT. Next, 2.5 pg trypsin (1 pg/ul in 1 mM HCI, working solution diluted with UA to an
enzyme-protein ratio 1:100) was added, the samples were mixed and incubated overnight at
RT. After centrifugation, 50 yl of 100 mM Tris pH 8.5 1 mM CaCl, were added and samples
were centrifuged for 10 min at 14000 g. The flow through containing the peptides was acidified
with trifluoroacetic acid (TFA) to 0.5% final concentration and samples were desalted using
C18 SepPaks (1 cc cartridge, 100 mg (Waters, Milford, USA)). In brief, SepPaks were
conditioned using methanol (1 ml), buffer B (80% acetonitrile (ACN), 0.1% TFA) (1 ml) and
buffer A (0.1% TFA) (2 ml). Samples were loaded by gravity flow, washed with buffer A (1 x 1
ml, 1x 2 ml) and eluted with buffer B (2 x 400 ul). 80 ul of eluates were used for peptide

measurement and concentrated for total proteome analysis and fractionation.
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Phosphopeptide enrichment was conducted using metal-oxide chromatography (MOC) and
the protocol adapted from Nakagami (2014). The remaining samples were evaporated to a
sample volume of 50 pl and diluted with sample buffer (2 ml ACN, 820 pl lactic acid (LA), 2.5
bl TFA / 80% ACN, 0.1% TFA, 300 mg/ml LA, final concentrations) (282 ul). MOC tips were
prepared by loading a slurry of 3 mg/sample TiO; beads (Titansphere TiO. beads 10 ym; GL
Science Inc, Japan) in 100 yl MeOH onto a C8 micro column and centrifugation for 5 min at
1500 g. Tips were washed with centrifugation at 1,500 g for 5 min using 80 ul of solution B
(80% ACN, 0.1% TFA) and 80 pl of solution C (300 mg/ml LA in solution B). To simplify the
processing, samples tips were fitted onto a 96/500 pl deep well plate (Protein LoBind;
Eppendorf, Germany). After washing, MOC tips were transferred to a fresh plate, samples
were loaded onto the equilibrated tips and centrifuged for 10 min at 1,000 g. The flow through
was reloaded onto the tips and centrifugation was repeated. Tips were washed with
centrifugation at 1,500 g for 5 min using 80 pl of solution C and 3x 80 pl of solution B. For the
elution of the enriched phosphopeptides, the tips were transferred to a fresh 96/500 ul deep
well plate containing 100 pl/well of acidification buffer (20% phosphoric acid). Peptides were
eluted first with 50 pl elution buffer 1 (5% NH4+OH) and centrifugation for 5 min at 800 g,
followed by 50 ul of elution buffer 2 (10% piperidine) and centrifugation for 5 min at 800 g.
Next, the samples were desalted using StageTips with C18 Empore disk membranes (3 M)
(Rappsilber et al., 2003), dried in a vacuum evaporator, and dissolved in 10 pl 2% ACN, 0.1%
TFA (A* buffer) for MS analysis.

For the library samples, aliquots from all samples corresponding to 2 ug peptides (60 ug in
total) were mixed and submitted to SCX fractionation. To this end, StageTips were prepared
using 6 layers of SPE disk (Empore Cation 2251 material) activated with acetonitrile and 1%
TFA (100 ul each) and washed with buffer A (water, 0.2% TFA) (100 ul) by spinning 5 min
(1.5k x g). Next, samples were acidified to 1% TFA, loaded by centrifugation (10 min, 800 x g)
and washed with buffer A (5 min, 1.5k x g) (100 pl). Fractionation was carried out using an
ammonium acetate gradient (20% ACN, 0.5% TFA) starting from 25 mM to 500 mM for 9
fractions and two final elution steps using 1% ammonium hydroxide, 80% ACN and finally 5%
ammonium hydroxide, 80% ACN. All fractions were eluted by centrifugation (5 min, 500 x g)
using 2 x 30 pl eluent. The fractions were dried and taken up in 10 pyl A* buffer. Peptide
concentration was determined by Nanodrop and samples were diluted to 0.1 pg/ul for

measurement.

For the data-dependent analysis (DDA) analysis, the remaining eluted peptides from the 80 ul
aliquots were dried and then taken up in 10 pl A* buffer. Peptide concentration was determined

by Nanodrop and samples were diluted to 0.1 pg/ul for measurement.
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3.2.5 Proteome data acquisition by LC-MS/MS

Total proteome and fractionated (library) samples were analyzed using an EASY-nLC 1000
(Thermo Fisher Scientific, Waltham, USA) coupled to an Orbitrap Exploris 480 mass
spectrometer equipped with a FAIMS Pro interface (Thermo Fisher Scientific, Waltham, USA)
for field asymmetric ion mobility separation. Peptides were separated on a 50 cm yPAC column
(Thermo Fisher Scientific, Waltham, USA). Peptides were loaded on the column and eluted for
115 min using a segmented linear gradient of 5% to 95% solvent B (0 min : 5%B; 0-5 min ->
5%B; 5-65 min -> 20%B; 65-90 min ->35%B; 90-100 min -> 55%; 100-105 min ->95%, 105-
115 min ->95%) (solvent A 0% ACN, 0.1% TFA; solvent B 80% ACN, 0.1% TFA) at a flow rate
of 300 nl/min. Mass spectra were acquired in data-dependent acquisition mode with a TOP_S
method using a cycle time of 2 seconds. For field asymmetric ion mobility separation, two
compensation voltages (-45 and -60) were applied, the cycle time for each experiment was set
to 1 second. MS spectra were acquired in the Orbitrap analyzer with a mass range of 320-
1200 m/z at a resolution of 60,000 FWHM and a normalized AGC target of 300%. Precursors
were filtered using the “MIPS” option, the intensity threshold was set to 5000, Precursors were
selected with an isolation window of 1.6 m/z. HCD fragmentation was performed at a
normalized collision energy of 30%. MS/MS spectra were acquired with a target value of 75%
ions at a resolution of 15,000 FWHM, at an automated injection time and a fixed first mass of
m/z 100. Peptides with a charge of +1, greater than 6, or with unassigned charge state were
excluded from fragmentation for MS?, dynamic exclusion for 40 s prevented repeated selection

of precursors.

3.2.6 Phosphoproteome data acquisition by LC-MS/MS

Phospho-enriched samples were analyzed using an EASY-nLC 1200 (Thermo Fisher
Scientific, Waltham, USA) coupled to a Q Exactive Plus mass spectrometer (Thermo Fisher
Scientific, Waltham, USA). Peptides were separated on 16 cm frit-less silica emitters (New
Objective, 75 um inner diameter), packed in-house with reversed-phase ReproSil-Pur C18 AQ
1.9 um resin (Dr. Maisch, Ammerbuch-Entringen, Germany). Peptides were loaded on the
column and eluted for 115 min using a segmented linear gradient of 5% to 95% solvent B (0
min, 5% B; 0-5 min, 5% B; 5-65 min, 20% B; 65-90 min, 35% B; 90-100 min, 55%; 100-105
min, 95%, 105-115 min, 95%) (solvent A 0% ACN, 0.1% TFA,; solvent B 80% ACN, 0.1%FA)
at a flow rate of 300 nl/min. Mass spectra were acquired in data-dependent acquisition mode
with a TOP15 method. MS spectra were acquired in the Orbitrap analyzer with a mass range
of 300—1750 m/z at a resolution of 70,000 FWHM and a target value of 3x10° ions. Precursors
were selected with an isolation window of 1.3 m/z. HCD fragmentation was performed at a
normalized collision energy of 25. MS/MS spectra were acquired with a target value of 10° ions
at a resolution of 17,500 FWHM, a maximum injection time of 120 ms and a fixed first mass of

m/z 100. Peptides with a charge of +1, greater than 6, or with unassigned charge state were
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excluded from fragmentation for MS?, dynamic exclusion for 30 s prevented repeated selection

of precursors.

3.2.7 Deep proteome data analysis

Raw data were processed using MaxQuant software (version 1.6.3.4,
http://www.maxquant.org/) (Cox and Mann, 2008) with label-free quantification (LFQ) and
iBAQ enabled (Tyanova et al., 2016). Library samples and DDA samples were grouped into
separate parameter groups. In the group specific parameters, in the Misc. setting the Match

type for library samples was set to “match from” and for DDA to “match from and to”.

MS/MS spectra were searched by the Andromeda search engine against a combined database
containing the sequences from the barley Morex V2 genome (Monat et al., 2019), and
sequences of 248 common contaminant proteins and decoy sequences. Trypsin specificity
was required and a maximum of two missed cleavages allowed. Minimal peptide length was
set to seven amino acids. Carbamidomethylation of cysteine residues was set as fixed and
oxidation of methionine and protein N-terminal acetylation as variable modifications. The
match between runs option was enabled. Peptide-spectrum-matches and proteins were

retained if they were below a false discovery rate of 1% in both cases.

Statistical analysis of the MaxLFQ values was carried out using Perseus (version 1.6.14.0,
http://www.maxquant.org/). Quantified proteins were filtered for reverse hits and hits “only
identified by site” and MaxLFQ values were log2 transformed and samples were grouped by
condition and separated according to type of comparison (i. e. genotype or timepoint
comparison). Next, the data was separated for a mixed imputation processing: hits were filtered
for 4 valid values in one of the conditions, next the data was separated into two sets: one set
containing mostly missing at random (MAR) hits and the other set containing mostly missing
not at random (MNAR) hits by filtering the data for 1 valid hit in each group and splitting the
resulting matrices (Lazar et al., 2016). The resulting matrix with at least 1 valid hit in each
group is the MAR dataset, the matrix with the hits filtered out is the MNAR dataset. The missing
values of each dataset were then imputed using different options of the “imputeLCMD” R
package (Lazar, 2015) integrated into Perseus: the missing values from the MAR dataset were
imputed using a nearest neighbor approach (KNN, n=5), the missing values from the MNAR
dataset were imputed using the MinProb option (q=0.01. tune.sigma=1). After merging of the
imputed datasets two-sample Student’s t-tests were performed using a permutation-based
FDR of 5%. The Perseus output was exported and further processed using Excel and R

software.
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3.2.8 Phosphoproteomics data analysis

Raw data were processed wusing MaxQuant software (version 1.6.3.4
http://www.maxquant.org/) (Cox & Mann, 2008) with label-free quantification (LFQ) and iBAQ
enabled (Tyanova et al., 2016).

MS/MS spectra were searched by the Andromeda search engine against a combined database
containing the sequences from the barley Morex V2 genome (Monat et al., 2019) and
sequences of 248 common contaminant proteins and decoy sequences. Trypsin specificity
was required and a maximum of two missed cleavages allowed. Minimal peptide length was
set to seven amino acids. Carbamidomethylation of cysteine residues was set as fixed,
phosphorylation of serine, threonine and tyrosine, oxidation of methionine and protein
N-terminal acetylation as variable modifications. The match between runs option was enabled.
Peptide-spectrum-matches and proteins were retained if they were below a false discovery

rate of 1% in both cases.

Statistical analysis was carried out on phospho peptide level using the intensities obtained
from the “modificationSpecificPeptides” output using Perseus (version 1.5.8.5,
http://www.maxquant.org/). Quantified sites were filtered for reverse hits and contaminant hits
and results were filtered to retain only phospho-modified peptides. Intensities were log2
transformed and samples were grouped by condition and separated according to type of
comparison (i. e. genotype or timepoint comparison). After grouping the samples only those
sites were retained for the subsequent analysis that had 4 valid values in one of the conditions,
for the remaining hits intensities were normalized by subtraction of the median per column and
missing values were imputed from a normal distribution with a downshift of 1.8 and separately
for each column. Two-sample Student’s t-tests were performed using permutation-based FDR

of 0.05. The Perseus output was exported and further processed using Excel and R software.

3.2.9 Removal of redundant (phospho-)protein entries

In order to reduce redundancy of protein entries, we manually curated proteins related to auxin
response and signaling, sugar transport and energy production and starch metabolism, using
the previously acquired stamen transcriptomes as reference. Redundant proteins, which share
a peptide sequence with at least one more protein in the proteome, were kept in the analysis
if they were sufficiently supported by gene expression. A similar procedure was applied to
reduce the number of redundant phosphoproteins entries, using the stamen proteome as

reference.
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3.3 Results

3.3.1 Transcriptome analysis of Bowman and msg38 stamens during maturation
The transcriptional response to auxin in barley stamens was previously investigated at stages
W9.25 and W9.35, at which starch granule deposition in pollen takes place, in the mutant
msg38 and cultivar Bowman, its corresponding fertile counterpart (Amanda et al., 2022). To
define the kinetics of auxin-dependent molecular changes in across barley stamen maturation,
we obtained additional transcriptomes at stages W8.5, W8.75 and W9 in these two genotypes.
We detected 19,707 transcripts, covering ~60% of the annotated barley transcriptome.
Principal component analysis and mapping of Euclidean sample distances revealed that the
differences between stages account for the majority of total variance (Figure 11A, B). This may
indicate that the genotypic differences are not as pronounced as in W9.25 and W9.35
transcriptomes, where both genotype and stage explain a similar portion of the total variance
(Amanda et al., 2022). We identified 1,863 differentially expressed genes [DEGs, |FC| = 1.5;
FDR-adjusted P < 0.05] of which 38, 596 and 1503 were found at stages W8.5, W8.75 and
W9, respectively.

Hierarchical clustering distributed DEGs in 5 clusters (Figure 11C). The majority of DEGs
(61%) were downregulated in msg38 stamens and fell in clusters 2, 3 and 5, while the
remaining clusters contained genes upregulated in msg38 (Figure 11D). In Bowman, cluster 2
genes are expressed at very low levels in W8.5 stamens and then increase exponentially at
W8.75 and W9. This increase in gene expression takes place only mildly in msg38 stamens
(Figure 11D). On the other hand, Bowman genes in clusters 3 and 5 are already expressed at
medium levels in W8.5 and W8.75 stamens levels but then take sudden divergent paths at
W9: increased expression for cluster 5 genes and decreased expression in cluster 3. In msg38,
cluster 5 genes are already downregulated at stages W8.5, W8.75 and the increased
expression observed in Bowman at W9 does not take place. Cluster 3 genes are slightly
downregulated in msg38 at W8.5 and W8.75; however, the most remarkable feature of this
cluster is that the decreased gene expression observed in Bowman at W9 is even stronger in
msg38. Overall, cluster 5 seems to contain the earliest gene set activated by auxin in maturing
barley stamens. Moreover, GO analysis revealed that this cluster is enriched for genes related
to auxin catabolism and auxin signaling, such as Aux-IAAs, GH3s and SAURSs, which are
known to early respond to auxin (Abel and Theologis, 1996). In cluster 2 and 3, we found
multiple GO terms related to sugar metabolism. Since cluster 2 genes are activated from
W8.75, it is plausible that they are part of a second wave of auxin-dependent gene expression,
which goes on to increase exponentially, possibly all the way to the starch-filling stages W9.25
and W9.35. On the other hand, it is remarkable that sets of genes of the same category

contained in cluster 3, are actually switched off at stage W9.
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Figure 11. Transcriptomic analysis of Bowman and msg38 stamens. A) Principal component
analysis of normalized expression levels (counts per million, cpm) of all expressed genes. B) Heatmap
of Euclidean distances between samples calculated from normalized cpm values of all expressed genes.
C) Hierarchical clustering of DEGs. Scale represents mean-centered logz cpm values. Each column is
a biological replicate (n=4 per treatment and stage). D) Expression profiles of all DEGs within each
cluster. Z-scores are mean-centered and scaled transcript levels in cpm. Light-colored thin lines connect
Z-scores at each stage of individual transcripts. Dark-colored thick lines connect the mean Z-Scores

across all transcripts at each stage.
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Next, we explored the expression kinetics of MSG38-dependent genes associated to auxin
signaling, sugar transport and heterotrophic ATP production over the entire course of stamen
maturation, including the W8.5, W8.75 and W9 transcriptomes presented here, and the W9.25
and W9.35 transcriptomes reported by Amanda et al. (2022). We found 34 auxin-responsive
genes and 6 ARF genes that are differentially expressed in msg38 and most of which are
downregulated in at least one Waddington stage (Figure 12). These genes form subsets
according to their expression kinetics in msg38: Some are downregulated at all stages, while
others only at either early (W8.5 — W9) or late stages (W9.25 — W9.35). This confirms that
auxin signaling is already ongoing as early as W8.5 and that it has target genes that require

constant activation, while others have transient and stage-dependent expression.

Furthermore, there are 25 sugar transporter genes differentially expressed in msg38,
predominantly at stages W9.25 and W9.5, and mostly are downregulated in the mutant.
Moreover, no DEGs in this category occur at W8.5 (Figure 12). Energy generation genes follow
a similar trend: Although there are 125 DEGs in this category, none is found at W8.5, only
~10% show significantly altered expression in at stages W8.75 and W9 (a mix of up- and
downregulated transcripts), and the vast majority are differentially expressed (mostly
downregulated), only at W9.25 and W9.35 (Figure 12). These findings support that the
expression of energy genes that are dependent on auxin, mainly occurs during advanced
stamen maturation, at the height of pollen starch accumulation. Besides, we noticed that most
genes in these categories that were downregulated at stage W9 are involved in sucrose
degradation and glycolysis, suggesting that they are the first line of energy generation genes
that is activated by auxin. This agrees with the location of these processes at the top of the
pathways for heterotrophic energy production and with the over accumulation of sugars and

reduced pyruvate production in the msg38 mutant (Amanda et al., 2022).
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Figure 12. Differentially expressed genes related to auxin signaling, sugar transport and energy
metabolism. Heatmaps showing log2 fold change values (FC, black solid line) of genes from different
pathways that are differentially expressed in msg38 stamens at least at one Waddington stage. Dashed
black lines indicate log2 FC values of +/- 1.5, representing the threshold of significance for up- and
downregulation, respectively. FC values for stages W9.25 and W9.35 were acquired from Amanda et
al. (2022).

3.3.2 Comparative proteome analysis of Bowman and msg38 stamens during
advanced maturation

It is a common view that transcript levels and changes are not necessarily matched by protein
quantifications (Vogel and Marcotte, 2012). Thus, we tested the hypothesis that the
transcriptome changes activated by auxin result in measurable corresponding changes in the
stamen proteome. Thus, we used LC-MS/MS-based proteomics on Bowman and msg38
stamens, and detected 13,065 (8,689 non-redundant) proteins. Approximately 83% of these
proteins were also expressed as genes in at least one of the stages between W8.5 — W9.35.
Comparative analysis revealed 4,733 differentially abundant proteins [DAPs, |FC| = 1.5; FDR-
adjusted P < 0.05], between Bowman and msg38 stamens, of which 1,832, 2,179 and 3,093
are found at stages W9, W9.25 and W9.35, respectively. Only 1,326 (28%) auxin-dependent
DAPs showed significantly changed gene expression in the stamen transcriptome, indicating
that auxin-mediated posttranscriptional mechanisms influence the protein landscape in
stamens. Conversely, only 27% out of 4,873 identified DEGs at stages W8.5 — W9.35 also

were DAPs in the stamen proteome.
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Next, we focused on proteins related to auxin responses and carbohydrate metabolism. We
detected 14 auxin-signaling-related proteins in the entire proteome. This lower number is
explained because most of them are low-abundance transcription factors (Aux-IAAs or ARFs),
which are not detectable in standard proteomic analysis. Yet 9 of those 14 proteins were less

abundant in msg38 stamens (Figure 13), consistent with the transcriptome.

Furthermore, we found 34 sugar transport proteins, 12 of which are DAPs in msg38,
approximately half upregulated and half downregulated (Figure 13). Moreover, half of these 12
proteins show similar gene expression changes in the transcriptome. Additionally, the stamen
proteome contains 239 proteins related to heterotrophic ATP production and starch
metabolism, 77 of which are DAPs in msg38, mostly at lower levels in the mutant (Figure 13),
consistent with the findings of the transcriptome analysis (Figure 12; Amanda et al., 2022).
Approximately 80% of energy metabolism proteins with decreased abundance show reduced
transcripts of the corresponding genes. Thus, in contrast to the overall proteome, protein
abundance of these protein class is mostly dependent on gene expression and auxin synthesis
via HvYUC4-MSG38.
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Figure 13. Differentially abundant proteins related to auxin, sugar transport and energy
generation pathways. Heatmaps show log2 fold change values (FC, black solid line) of proteins from
different pathways that are differentially abundant in msg38 stamens at least at one Waddington stage.
Dashed black lines indicate logz FC values of +/- 1.5, representing the threshold of significance for up-
and downregulation, respectively.

56



Chapter Il — Results

3.3.3 Analysis of phosphoproteins involved in carbohydrate metabolism during
advanced stamen maturation

To further elucidate the regulatory effect of auxin on the function of proteins involved in sugar
transport and energy metabolism, we performed a phosphoproteome screen of stamens during
late maturation stages. We detected 4,249 (3,633 non-redundant) phosphopeptides
corresponding to 2,377 proteins of which 86% were also detected in the proteome. We
identified 1,663 differentially phosphorylated proteins [DPPs, |[FC| = 1.5; FDR-adjusted P <
0.05]. Among them, 956, 869 and 1039 show significantly altered phosphorylation at stages
W9, W9.25 and W9.35, respectively. Protein levels of 1,095 DPPs are not different between
Bowman and msg38, indicating that most DPPs reflect actual changes in phosphorylation

status and not simply protein abundance.

The data revealed 14 sugar transporters and 19 energy metabolism proteins with significantly
altered phosphorylation of one or more phosphosites at least at one Waddington stage during
late stamen maturation (Figure 14). Most of those DPPs (75%) are part of the sugar
transporter, sucrose degradation and glycolysis categories, and contain phosphosites with
decreased phosphorylation in msg38 stamens (Figure 14). However, half DPPs in the sugar
transporter category contained phosphosites with increased phosphorylation in the mutant
Overall, the data suggests that auxin-dependent protein phosphorylation is an important
mechanism to enhance sugar transport and top level pathways of energy production in

stamens during pollen starch filling.
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Figure 14. Auxin-dependent sugar transporter and energy generation phosphoproteins and their
phosphosites. Heatmaps show log2 fold change values (FC, black solid line) of phosphosites of
proteins from different pathways that are differentially phosphorylated in msg38 stamens at least at one
Waddington stage. Dashed black lines indicate logz FC values of +/- 1.5, representing the threshold of
significance for up- and downregulation, respectively. Each column represents a single phosphosite of
a protein. Individual proteins and their phosphosites are indicated by the black solid line below the
heatmaps. Asterisks indicate proteins that show similar changes in their abundance in msg38 stamens
as the phosphorylation status. Pd, Pyruvate decarboxylase; Sy, Starch synthesis; Sd, Starch
degradation.
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3.4 Discussion

Auxin has a critical role in various processes required for male reproductive development
(Sundberg and Jstergaard, 2009). In barley, stamens accumulate auxin during post-meiotic
development to enhance the expression of genes related to energy production at terminal
maturation stages W9.25 and W9.35, thereby ensuring that enough ATP is available for pollen
starch synthesis (Amanda et al., 2022). In this chapter, we analyzed the stamen transcriptome,
proteome and phosphoproteome of the cultivar Bowman and the auxin-deficient mutant msg38
at different stages of maturation, to gain additional insights into the auxin response and auxin-

regulated energy metabolism in barley stamens.

Our RNA-Seq analysis of msg38 and Bowman stamens revealed that auxin increasingly
regulates gene expression in stamens between stage W8.5 and W9, covering approximately
9% of the stamen transcriptome. This proportion increases to approximately 16% of all
expressed genes at subsequent stages W9.25 and W9.35 (Amanda et al., 2022), suggesting
that auxin mainly acts during the terminal maturation phase in barley stamens. Using both
transcriptome datasets, we investigated the expression kinetics of genes related to auxin
response, sugar transport and energy metabolism over an expanded time course of stamen
maturation (W8.5 — W9.35). We found that several auxin-response genes in msg38 stamens
were expressed at lower levels at earlier stamen maturation stages W8.5 — W9 (Figure 2),
which is consistent with the decreased IAA concentrations in msg38 stamens (Amanda et al.,
2022). Furthermore, the data revealed different groups of auxin response genes with distinct
expression patterns during stamen maturation (Figure 2). One set comprises consistently
downregulated auxin response genes, including putative Aux/IAAs and members of the auxin-
amido synthetase encoding GH3 family that plays a crucial role in auxin homeostasis (Aoi et
al., 2019). Furthermore, decreased expression of four GH3 genes at stages W9 — W9.35 is
supported by lower proteins levels at the same stages (Figure 3). We propose that these
primary auxin-response genes might be valuable reporters of the auxin status in developing
barley stamens. Moreover, some auxin-response genes were temporarily up- or
downregulated at stages W8.75 and W9, respectively, while others showed altered expression
only at stages W9.25 and W9.35 (Figure 2). This suggests that auxin may activate temporally
separate components of its signaling network that control different processes of stamen

maturation.

Proteins of the DNA-binding ARF family are key players in auxin-mediated gene expression
(Liscum and Reed, 2002; Li et al., 2016). In the past, it has been shown that ARFs are crucial
for male gametophyte development (Nagpal et al., 2005; Yang et al., 2013). Here, we identified
several ARF encoding genes that are regulated by auxin throughout during stamen maturation.

We propose that these ARFs are good candidates for auxin-mediated transcription factors
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required for pollen maturation in barley. It will be interesting to create loss-of function mutants
of some of these ARFs to test whether they exhibit the same male-sterile phenotype as msg38.
Furthermore, identification of ARF protein DNA-binding targets via ChIP-gPCR would open the
possibility to more precisely define the downstream cascade of auxin signaling in stamens and
test if the expression boost of energy metabolism genes is directly or indirectly controlled by

auxin.

We found that only few MSG38-dependent genes related to carbohydrate metabolism show
expression changes during earlier maturation stages W8.75 — W9. This contrasts with the
subsequent stages W9.25 and W9.35, when genes of sugar transport and every step of
heterotrophic ATP-generation pathways are downregulated (Amanda et al., 2022). This finding
supports the proposal by Amanda et al. (2022) that auxin shifts central carbohydrate
metabolism in stamens to a state of high energy production during the peak stages at starch
accumulation. It is thought that the effects of auxin depend on its local concentration (Teale et
al., 2006; Casanova-Saez et al., 2021), thus we propose that auxin may need to reach a
threshold concentration in stamens to boost the expression of genes participating in energy-
generation steps. This hypothesis might be supported by the observation that the
concentration of bioactive IAA in stamens of fertle Bowman stamens already increases
between stages W8 and W8.75/W9 by more than 10-fold (Amanda et al., 2022). Our data also
shows that multiple ARFs are downregulated in msg38 stamens at stages W8.75 and W9,
which is accompanied by decreased expression of energy-generation genes at stage WO.
Thus, it is possible that a critical auxin level in stamens might be reached around this phase of
maturation. Notably, most auxin-dependent energy generation genes identified at stage W9
are involved in sucrose degradation and glycolysis, suggesting that they are the earliest
processes of the stamen carbohydrate metabolism that are transcriptionally regulated by

auxin.

Our proteome analysis shows that the abundance of more than a third of detected stamen
proteins at stages W9 — W9.35 are regulated by auxin. However, the overall low overlap
between DEGs and DAPs suggests that most auxin-mediated changes in protein levels are
independently of gene expression. These findings are similar to studies Arabidopsis seedlings,
where |AA treatment of seedlings resulted in a global remodeling of the protein landscape but
only a small overlap between transcriptome and proteome analysis was found (Xing and Xue,
2012; Clark et al., 2019). Such discrepancies between transcript and protein abundance could
possibly be explained by posttranscriptional events that influence mRNA processing and
translation (Floris et al., 2009; Vélez-Bermudez and Schmidt, 2014; Clark et al., 2019). On the
other hand, we found a much better correspondence between transcriptome and proteome

when considering only genes and proteins of sugar metabolism and energy generation, that
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is, low abundance of these factors at the protein level in the msg38 mutant can mostly be
explained by decreased gene expression. This result emphasizes that auxin-mediated
increase in the expression of energy-generation genes translates into elevated protein levels,
thus promoting sugar utilization, mitochondrial respiration and ATP generation. On the other
hand, some downregulated energy-generation proteins do not show altered gene expression,
suggesting that auxin may also regulate proteins involved in stamen energy metabolism on a

posttranscriptional level.

Reversible protein phosphorylation carried out by kinases and phosphatases is a common
posttranslational modification to regulate protein activity (Li and Liu, 2021). In Arabidopsis,
multiple key anther development proteins are phosphorylated, suggesting that phosphorylation
is an important regulatory mechanism in male reproductive organ development (Ye et al.,
2016). Our data shows that auxin modulates the phosphorylation status in the majority of
detected phosphoproteins independently of their abundance, which suggests a central role for
auxin in posttranslational protein modification during stamen maturation. Our finding that
phosphorylation of several energy metabolism proteins requires auxin, further supports this
conclusion (Figure 14). The activity of some of these auxin-regulated phosphoproteins, such
as sugar transporters, invertases or pyruvate dehydrogenases, is known to be regulated by
phosphorylation (Holness and Sugden, 2003; Gao et al., 2014; Yamada et al., 2016). Thus,
we can hypothesize that auxin-mediated phosphorylation of energy metabolism proteins is an
additional mechanism that favors pollen starch accumulation, hence male gametophyte

development and function in barley.

Past studies have reported a connection between auxin and respiration rates in Arabidopsis
and tomato (Ilvanova et al., 2014; Batista-Silva et al., 2019). The work by Amanda et al. (2022)
and the findings in this chapter show that auxin also enhances components of sugar
metabolism and mitochondrial respiration in barley stamens during maturation. However, the
link between auxin and central carbon metabolism remains poorly understood (Batista-Silva et
al., 2019; Tivendale and Millar, 2022). Recently, it was demonstrated in rice that OsARF18 and
OsARF2 regulate the expression of the sucrose transporter OsSUT1 by binding to sucrose-
responsive elements in its promoter, providing evidence of a direct interaction between auxin-
signaling and carbohydrate transport (Zhao et al., 2022). On the other hand, it is possible that
auxin exerts its regulatory effect on the primary metabolism in stamens in a more indirect
manner. For instance, auxin was shown to activate the protein kinase TARGET OF
RAPAMYCIN (TOR) (Li et al., 2017; Schepetilnikov et al., 2017), which orchestrates plant
growth and development by controlling the carbon and energy metabolism (Xiong et al., 2013;
Dong et al.,, 2015). Alternatively, SnRK1 could also play a role in mediating the auxin-

dependent boost of energy metabolism in stamens. In fact, expression of the antisense SnRK1
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gene in transgenic barley caused abnormal pollen with no starch (Zhang et al., 2001).
However, it should be noted that the lack of pollen starch accumulation in the mutant pollen
could be a secondary consequence of the observed arrest in pollen development at the
binucleate stage (Zhang et al., 2001). Moreover, recent studies in peach roots suggest that
SnRK1 rather acts upstream of auxin signaling (Zhang et al., 2020). Clearly, further
investigations are needed to elucidate the crosstalk between auxin and its downstream targets

in developing stamens.

3.5 Conclusion

In summary, our results indicate that shifting the energy metabolism at stages of pollen starch
accumulation is a major function of auxin in stamens during post-meiotic maturation. During
this phase, auxin does not only act on a transcriptional but also on a posttranscriptional and
posttranslational level, underlining its role as central hormone participating in male
reproductive development. Our analysis reveals a set of auxin-related genes that might act as
critical mediators to drive the metabolic shift in stamens. Moreover, we present candidate
targets of auxin signaling and auxin-mediated phosphorylation that participate in sugar
metabolism and ATP generation, and may be essential for the metabolic shift in stamens. In
this study, we have focused on categories related to auxin and carbohydrate metabolism.
However, our data is a valuable resource to explore other processes of stamen and male

gametophyte development that are regulated by auxin.
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4 General discussion and conclusion

Providing sufficient food for the growing global population is one of the major challenges that
the world has to face in the coming decades. It is forecasted that climate change will facilitate
future environmental conditions that reduce crop productivity, thereby intensifying global food
insecurity and malnutrition. Drought, one of the most important abiotic stresses, can
significantly decrease yields of economically important cereal crops by impairing the
development of the stamens and male gametophytes. A common defect of drought stress-
induced male sterility is the failure of starch synthesis in developing pollen. In barley, pollen
starch accumulation is an essential prerequisite of male fertility that is controlled by the
hormone auxin. In this work, we investigated the effects of drought and the role of auxin in
barley stamen and pollen maturation. Understanding the molecular mechanisms that govern
important stamen maturation steps, such as pollen starch synthesis, and investigating their
role in regulating male development under drought, will help to develop new strategies to

improve yields in increasingly dry environments, thus contribute to future food security.

To our knowledge, this is the first report of the molecular effects of drought on barley stamen
maturation in a detailed stage-dependent manner. We show that barley spikelet fertility is
maintained when the drought stress occurs during the terminal phase of reproductive organ
development, whereas a drought spell started at the early stamen maturation phase
significantly reduces spikelet fertility. Our results indicate that male sterility is the major
contributor to loss of spikelet fertility under drought, however, female reproductive
development seems negatively affected too. Therefore, improving barley fertility and yield
under drought stress will require not only an understanding of the drought-induced defects on
the male side but also of drought-sensitive processes participating in female organ

development.

Our work shows that the absence of pollen starch accumulation is a major defect in drought-
stressed sterile barley pollen, which can be linked to impaired carbohydrate metabolism and
energy production. Accordingly, drought-affected stamens showed reduced expression of
sugar-metabolism and energy-production genes, of which half are regulated by auxin in the
msg38 mutant. Moreover, we found that drought downregulates genes related to auxin that,
based on the findings in chapter I, might be critical to enhance carbon metabolism and
respiration for the synthesis of pollen starch. Thus, the observed disruption of central carbon
metabolism in drought-affected stamens can be partly attributed to impaired auxin
homeostasis and signaling. We propose that regulation of auxin signaling offers a potential
mechanism to improve pollen starch synthesis and male fertility in barley under drought stress.
In rice, it was already reported that application of exogenous auxin on panicles positively

correlated with spikelet fertility under drought (Sharma et al., 2018).
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On the other hand, it should be noted that the adverse effects of drought on stamen
carbohydrate metabolism go beyond the control of MSG38. Most obviously, msg38 stamens
over accumulate sugars (Amanda et al., 2022) while drought-affected Scarlett stamens show
decreased sugar levels. Thus, further studies are needed to fully understand the molecular
effects of drought on stamen carbohydrate metabolism. Our results also indicate that drought
may result in the accumulation ABA in stamens and effects in the synthesis of other hormones
such as ethylene or JA. Therefore, it would be interesting to elucidate the role of those

hormones in male reproductive development under drought in future studies.

The comparative analyses of omics datasets between Bowman and the msg38 mutant,
conducted by Amanda et al. (2022) and in chapter Il of this work, suggest that upregulation of
sugar metabolism and energy production for pollen starch synthesis is a major function of auxin
in barley stamens. This is supported by the observations that i) msg38 stamens show altered
expression in relatively few genes at stages that precede the pollen starch-filling; ii) the auxin-
mediated increase in energy-production genes also leads to higher abundance of the
corresponding proteins; iii) auxin regulates the phosphorylation status, hence activity, of
proteins that perform essential steps in sugar metabolism and energy production. Moreover,
we identified MSG38-dependent auxin-response genes and ARFs that may convey the signal
to enhance the central carbon metabolism. Collectively, the candidate genes identified in this
work open the avenue for future in-depth studies. Knowledge of the auxin-signaling cascade
and its direct targets will not only help to understand the canonical array of events that lead to
successful maturation of the male gametophyte but also provide basis for engineering varieties

with robust pollen development under drought.

A more classical approach to improve crops is introgression breeding, which requires the
identification of tolerant genetic resources that can be found in exotic germplasms. Here, we
screened a subset of the introgression line population S42IL for drought tolerance, using our
established watering regime and short-term drought method. Among all tested S42IL
accessions, S42IL-120 and S42IL-121 showed the most robust spikelet fertility upon drought
in the initial screening. However, as the results of the initial screening could not consistently
be reproduced in repeated experiments, it is necessary to conduct further testing of these lines.
Additionally, extensive screening of the remaining genotypes of the S42IL collection could
expose other drought-tolerant accessions of the population. Drought stress under a slightly
changed watering regime reduced spikelet fertility in GB2 but not in GPF, suggesting them as
valuable pair of contrasting genotypes that could be used to identify mechanisms of drought
tolerance. Further experiments as conducted in this work could help to pinpoint the source of

vulnerability in GB2 and the molecular basis for enhanced drought tolerance in GPF.
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In summary, this dissertation gives novel insight into post-meiotic stamen and pollen
maturation under drought and presents hints of molecular mechanisms that can be potentially

used to engineer drought stress tolerance.
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