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”And then the day came,

when the risk

to remain tight

in a bud

was more painful

than the risk

it took
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SummaryThe development and productivity of plants depend on integrating environmentalcues with endogenous regulatory programmes. This integration is particularly criti‑cal in crops because abiotic and biotic stresses affect growth and yield by interferingwith the functionality of energy producing organelles, i.e. mitochondria and chloro‑plasts. Chloroplasts and mitochondria play central roles in plants’ responses to stressthrough retrograde signalling pathways that adjust nuclear transcription in responseto organelle function. In addition to metabolite‑ and redox‑based signals, proteins lo‑calised in organelles and the nucleus such as WHIRLY1 may act as mobile signallingcomponents, that connect organelles and the nucleus. Transgenic barley plants withaltered levels of WHIRLY1 are affected in chloroplast development, stress responsesand defence signalling. For comparison, the roles of WHIRLY2 which is targeted tomitochondria remained unknown so far.This study addresses the question, which of the multiple conserved motifs andamino acid residues of WHIRLY1 contribute to its roles in development and stress re‑sponses. Homozygous barley lines expressing WHIRLY1 variants with mutations inspeciϐic motifs and amino acid residues with proposed roles in DNA binding and redoxregulation were generated. In addition, the plastid targeting peptide sequence wasremoved in one variant. Homozygous complemented lines were characterised undercontrolled light and temperature conditions, as well as under drought stress and in‑fection with powdery mildew (Blumeria graminis f. sp. hordei). Loss of the plastidtargeting peptide produced the most consistent phenotypic effects. During droughtstress, plants lacking plastid‑targeted WHIRLY1 exhibited a delayed decline in PSII efϐi‑ciency and chlorophyll content compared with other variants and the wild type. Afterinoculation with powdery mildew, these plants had the highest leaf infection. These re‑sults indicate that the presence of WHIRLY1 in chloroplasts is required for appropriateresponses to stress.To functionally characterizeWHIRLY2, CRISPR/Cas9was used to generateWHIRLY2knockoutmutants (why2) in the barley cultivar ’Golden Promise’. HomozygousmutantsofWHIRLY2 with a complete disruption of the gene were not obtained suggesting thatcomplete loss of WHIRLY2 function may compromise the viability of barley plants.
xiii





ZusammenfassungDie Entwicklung und Produktivität von Pϐlanzen hängt von der Integration von Um‑weltsignalenmit endogenen Regulationsprogrammen ab. Diese Integration ist bei Nutz‑pϐlanzen besonders wichtig, da abiotische und biotische Stressfaktoren das Wachstumund den Ertrag beeinträchtigen, indem sie die Funktionalität der energieproduzieren‑den Organellen, d. h. Mitochondrien und Chloroplasten, beeinträchtigen. Chloroplastenund Mitochondrien spielen eine zentrale Rolle bei der Stressreaktion von Pϐlanzendurch retrograde Signalwege, die die Transkription im Zellkern als Reaktion auf die Or‑ganellenfunktion regulieren. Zusätzlich zu metaboliten‑ und redoxbasierten Signalenkönnen Proteine, die in Organellen und im Zellkern lokalisiert sind, wie z. B. WHIRLY1,als mobile Uǆ berträger von Organellensignalen an den Zellkern fungieren. TransgeneGerstenpϐlanzen mit veränderten Mengen an WHIRLY1 zeigen Veränderungen in derChloroplastenentwicklung sowie in der Reaktion und Resilienz gegenüber Stress. ImUnterschied zu WHIRLY1 ist die Rolle von WHIRLY2, das in Mitochondrien importiertwird, noch unbekannt.Diese Arbeit befasst sich mit dem Beitrag einzelner konservierter Motive und Ami‑nosäurereste von WHIRLY1 auf dessen Einϐluss auf die Chloroplastenentwicklung unddas Verhalten gegenüber Stress. Es wurden homozygote Gerstenlinien erzeugt, dieWHIRLY1‑Varianten mit Mutationen in bestimmten Motiven und Aminosäureresten ex‑primieren, denen eine Rolle bei der DNA‑Bindung und der Redoxregulation zugeschrie‑ben wird. Darüber hinaus wurde bei einer Variante die Peptidsequenz entfernt, die fürden Import in die Plastiden benötigt wird. Die homozygoten komplementierten Linienwurden unter kontrollierten Licht‑ und Temperaturbedingungen sowie unter Trocken‑stress und Infektion mit Mehltau (Blumeria graminis f. sp. hordei) charakterisiert. DerVerlust des Plastiden‑Targeting‑Peptids führte zu den schlüssigsten phänotypischenEffekten. Während Trockenstress zeigten Pϐlanzen ohne Plastiden‑Targeting‑Peptidvor dem WHIRLY1‑Protein im Vergleich zu anderen Varianten und dem Wildtyp einenverzögerten Rückgang der PSII‑Efϐizienz und des Chlorophyllgehalts. Nach Inokulati‑on mit Mehltau wiesen diese Pϐlanzen die stärkte Infektionsrate auf. Diese Ergebnissedeuten darauf hin, dass das Vorhandensein von WHIRLY1 in Chloroplasten für eineangemessene Stressreaktion erforderlich ist.Um WHIRLY2 funktionell zu charakterisieren, wurden mit CRISPR/Cas9 WHIRLY2‑xv



Zusammenfassung
Knockout‑Mutanten (why2) in der Gerstensorte ‚Golden Promise‘. erzeugt. Da keine ho‑mozygotenWHIRLY2‑Mutanten vonmit einer vollständigenUnterbrechungdesGens er‑haltenwurden, scheint ein vollständiger Verlust desWHIRLY2‑Proteins bei Gerste auchzu einem Verlust der Lebensfähigkeit zu führen.

xvi



1 Introduction

1.1 Plant development and environmentPlant growth and performance are strongly inϐluenced by environmental conditionsthat directly affect photosynthesis and chloroplast functions. Light, temperature, wa‑ter availability, nutrient supply, and photoperiod determine carbon assimilation rates,thereby constraining biomass production and yield (Jarvis & Lopez‑Juez, 2013; Lynch,2022). As sessile organisms, plants must continuously adjust chloroplast activity andphotosynthetic metabolism to ϐluctuating environmental conditions to sustain growth(Franklin, 2009).Among these ϐluctuating conditions, light is the primary driver of chloroplast func‑tion, providing the energy required for photosynthetic electron transport and carbonϐixation. Light availability regulates chlorophyll accumulation, photosynthetic proteinabundance and thylakoid organisation,which together determinephotosynthetic capac‑ity (Pogson et al., 2015; Johnson & Wientjes, 2020). Temperature further modulatesphotosynthesis by affecting enzyme kinetics, membrane ϐluidity, and the stability of thephotosynthetic apparatus. Both heat and chilling impair chloroplast performance out‑side the optimal range (Dusenge et al., 2019; Shi et al., 2022). Water and nutrient avail‑ability inϐluence photosynthetic efϐiciency by limiting CO2 uptake, electron transport,and metabolic ϐluxes, and therefore restrict carbon assimilation and biomass produc‑tion (Lopez‑Bucio et al., 2003; Lynch, 2022).
1.2 Chloroplast development and photosynthesisChloroplasts deϐine the metabolic capacity of photosynthetic tissues by linking light en‑ergy conversion to carbon metabolism. Through the light reactions in the thylakoidmembrane, photosynthetic electron transport generates ATP andNADPH that drive CO2ϐixation in the chloroplast stroma. The products of photosynthesis are subsequentlychannelled into central metabolic pathways, which provide carbon skeletons and reduc‑ing power required for nitrogen and sulphur assimilation, lipid and amino acid biosyn‑thesis, and the formation of precursors for hormones and secondarymetabolites (Jarvis& Lopez‑Juez, 2013; Pogson et al., 2015). As a result, the establishment of functional

1



Introduction
chloroplasts represents a critical developmental transition, that enable plant tissuesto move from reliance on stored reserves to sustained photoautotrophic metabolismthat supports growth, differentiation and environmental responsiveness (Dubreuil etal., 2018).The acquisitionof thismetabolic capacity depends ona tightly regulatedprogrammeof chloroplast differentiation. In photosynthetic tissues, chloroplasts develop from un‑differentiated proplastids through coordinated processes that include thylakoid mem‑brane formation, pigment biosynthesis and the stepwise assembly of photosyntheticprotein complexes (Waters & Langdale, 2009; Jarvis & Lopez‑Juez, 2013). Chloroplastbiogenesis proceeds sequentially, with structural components of the thylakoid systemand core photosynthetic complexes forming before full photosynthetic efϐiciency isachieved. This staged progression is evident during de‑etiolation, where light exposuretriggers rapid thylakoid development and photosystem assembly, while optimisationof photosynthetic performance occurs later as chloroplast maturation and metabolicintegration continue (Pipitone et al., 2021).The photosynthetic apparatus is assembled through a highly coordinated biogeneticprocess, during which multi‑subunit protein complexes are progressively integratedinto the thylakoid membrane. Photosystem I (PSI) and photosystem II (PSII), the cy‑tochrome b₆f complex, and ATP synthase comprise both plastid‑ and nuclear‑encodedsubunits, the synthesis, import, and membrane insertion of which must be preciselysynchronised during chloroplast development (Waters & Langdale, 2009). Assemblyproceeds in a stepwise manner. It begins with the formation of reaction‑centre cores,followed by the incorporation of antenna proteins, cofactors and electron carriers. Thisestablishes a functional photosynthetic electron‑transport chain within the developingthylakoid network (Pipitone et al., 2021). The process is dependent on precise coordina‑tion between chloroplast gene expression, nuclear control and thylakoid organisation(Waters & Langdale, 2009; Pipitone et al., 2021). Disruption at any stage of this process,whether in protein synthesis, membrane biogenesis or complex assembly, compromisesphotosynthetic functionality.Chloroplast development and photosynthetic function are regulated by environmen‑tal conditions, where light acts as a primary external signal. Other than serving as theenergy source forphotosynthesis, light controls chloroplast biogenesis by regulating the

2



Introduction
expression and accumulation of photosynthetic proteins and pigments, and inϐluencingthylakoid formation andphotosystemassembly (Waters&Langdale, 2009; Pogson et al.,2015). Alterations in light intensity or quality therefore lead to adjustments in photo‑synthetic performance and are accompanied by changes in chloroplast structure, redoxstate andmetabolic activity, all of which reϐlect the dynamic acclimation of chloroplaststo their prevailing light environment (Taylor et al., 2022).Because photosynthetic electron transport is inherently light dependent, ϐluctua‑tions in photosynthetic activity not only alter photosynthetic performance but also havedirect consequences for the redox state of the chloroplast. When the capacity for car‑bon assimilation does not match the rate of light‑driven electron ϐlow, excess reduc‑ing power accumulates within the photosynthetic electron transport chain, and leadsto perturbations in chloroplast redox balance and enhanced production of reactive oxy‑gen species (ROS; Pogson et al., 2015; Taylor et al., 2022. Such redox imbalances are acommon feature of chloroplasts exposed to non‑optimal environmental conditions andare closely associated with changes in chloroplast function and acclimation responses.The establishment and long‑term maintenance of photosynthetic competence de‑pend on tightly coordinated gene expression between the nuclear and plastid genomes.Most proteins required for chloroplast structure, thylakoid organisation and photosyn‑thetic activity are encoded in the nucleus, synthesised in the cytosol, and afterward im‑ported into the organelle (Jarvis & Lopez‑Juez, 2013). At the same time, plastid geneexpression remains indispensable, since the plastid genome encodes core subunits ofthe photosynthetic complexes as well as components of the plastid transcription andtranslation machinery required for chloroplast protein synthesis (Pogson et al., 2015;Zhang et al., 2023).
1.3 The plastid genome and nucleoidsChloroplasts contain their own genome that originated from the cyanobacterial ances‑tor of plastids. The plastid genome encodes a limited but essential set of gene products,primarily core subunits of the photosynthetic complexes, which are indispensable forphotosynthetic electron transport and energy conversion. It also encodes ribosomalRNAs, transfer RNAs, and a small number of proteins required for plastid gene expres‑sion and organelle maintenance (Bock, 2007; Stern et al., 2010). Despite its strongly3



Introduction
reduced gene content, plastid gene expression is essential for the establishment andmaintenance of photosynthetic competence, process which necessitates precise coordi‑nation with nuclear gene expression (Woodson & Chory, 2008).Plastid DNA is not uniformly distributed within the organelle but is organised intodiscrete nucleoprotein structures called nucleoids. Plastid nucleoids consist of plastidDNA associated with RNA and a diverse set of proteins involved in DNA organisation,transcription, RNA processing, and translation (Pfalz et al., 2006; Yu et al., 2014). Thesestructures are partly analogous to bacterial nucleoids but display distinct features thatreϐlect the integration of plastid gene expression into the eukaryotic cellular context(Sato, 2001).The composition and organisation of plastid nucleoids are dynamic and can varybetween plastids with different functional states. Proteomic analyses have shown thatnucleoid‑associated protein composition differs with changes in transcriptional andtranslational activity, including proteins involved in RNA metabolism and ribosomebiogenesis (Majeran et al., 2012).Expression of the plastid genome relies on two transcription systems: the plastid‑encoded RNA polymerase (PEP), which primarily transcribes photosynthesis‑relatedgenes, and the nuclear‑encoded RNA polymerase (NEP), which contributes mainlyto the expression of housekeeping genes and early plastid transcription (Stern et al.,2010; Yu et al., 2014). Following transcription, plastid RNAs undergo extensive post‑transcriptional processing, such as RNA editing, splicing, and maturation, before beingtranslated by plastid ribosomes (Barkan, 2011). Efϐicient plastid protein synthesis istherefore dependent on the coordinated function of nucleoid‑associated processes.Although plastids retain their own genome, the majority of proteins required forplastid gene expression, nucleoid organisation, and chloroplast function are encoded inthe nuclear genome and imported into the organelle after cytosolic synthesis. Thisrequires precise coordination between nuclear and plastid gene expression to en‑sure proper stoichiometry of protein complexes and functional integration of plastid‑encoded and nuclear‑encoded components (Jarvis & Lopez‑Juez, 2013; Richardson &Schnell, 2020).

4



Introduction
1.4 Environmental challenges affecting chloroplast functionChloroplasts act as sensors of environmental change (Pfannschmidt et al., 2020). Thelight reactions in the thylakoid membranes are functionally linked to the dark (carbonϐixation) reactions in the stroma. Photosynthesis depends on maintaining a balance be‑tween these processes under changes in CO2 levels, temperature, light, and water avail‑ability (Pfannschmidt et al., 2020). Environmental ϐluctuations that disturb this balancecan change photosynthetic electron ϐlux and the redox state of the photosynthetic com‑ponents, which can act as plastid‑derived signals during acclimation (Pfalz et al., 2012).Drought can constrain photosynthesis by limiting CO2 availability through stomatalclosure, the earliest drought response and one of the main limiting factors of photosyn‑thesis under mild to moderate drought conditions (Flexas & Medrano, 2002). Droughtalso affects chloroplastmetabolism and can cause oxidative stresswhen combinedwithadditional abiotic stress factors (Chaves et al., 2009). Reduced CO2 availability and car‑bon ϐixation can promote imbalances in photosynthetic electron transport and accumu‑lation of ROS in chloroplasts (Pfannschmidt et al., 2020).Temperature stress affects chloroplast performance and the effects depend onwhether temperatures exceed or fall below the physiological optimum (Dusenge et al.,2019). High temperatures destabilise thylakoid membranes and impair PSII function,leading to reduction of photosynthetic efϐiciency (Shi et al., 2022). Low temperaturesslow enzymatic reactions and reduce metabolic rates, thus increasing susceptibility tophotoinhibition even under moderate light conditions (Shi et al., 2022).Atmospheric CO2 is consumed in stromal carbon reactions, therefore changes in CO2levels affect the balance between light‑driven electron transport and carbon assimila‑tion (Pfannschmidt et al., 2020). High CO2 levels can partially alleviate photosyntheticlimitations by stimulating carbon assimilation and reducing photorespiration (Dusengeet al., 2019). However, they can also affect the respiratory metabolism and daytime car‑bon gain, particularly under stress conditions, which indicate complex interactions be‑tween CO2 availability and other environmental factors (Bunce, 2021; Burgess, 2023).Light stress occurs when the amount of absorbed light exceeds the capacity of thephotosynthetic machinery to use it (Pfannschmidt et al., 2020). This excess excitationenergy disturbs the balance between the light‑capturing and carbon‑ϐixing reactions ofthe chloroplast, alters electron ϐlow and the internal redox state, and can generate ROS5



Introduction
that are potentially damaging to the cell (Pfannschmidt et al., 2020). Under prolongedor excessive light, these effects increase the risk of photoinhibition, especially at PSII(Sharma et al., 2023; Didaran et al., 2024). These light‑induced changes also contributeto plastid‑derived signalling that allows the chloroplast to communicate stress to therest of the cell during acclimation (Pfannschmidt et al., 2020; Foyer & Hanke, 2022).Chloroplast function is highly sensitive to environmental stress (Pfannschmidt et al.,2020). Drought, temperature extremes, and changes in CO2 availability disturb electrontransport, carbon assimilation, and redox balance, thereby limiting photosynthetic per‑formance (Flexas &Medrano, 2002; Chaves et al., 2009; Dusenge et al., 2019). The com‑bined effects of these stresses position chloroplasts as the main determinants of plantphysiological responses to changing environmental conditions (Dusenge et al., 2019).
1.5 Communication between organelles and nucleusBecause environmental stress has a signiϐicant impact on chloroplast performance,there is a need for mechanisms that can communicate changes in the functional stateof organelles to the nucleus. This enables a coordinated response in gene expression(Pfannschmidt et al., 2020). Anterograde pathways direct organelle biogenesis throughnuclear encoded factors, whereas retrograde signalling from the chloroplasts and mito‑chondria enables plants to adjust nuclear transcription according to the functional stateof these organelles (Chan et al., 2016; Pfannschmidt et al., 2020).Mitochondrial retrograde regulation communicates the energetic and redox statusof the organelle to the nucleus (Pfannschmidt et al., 2020). Arabidopsis NAM, ATAF1/2,and CUC2 (ANAC) transcription factors act as key regulators. Upon mitochondrial dys‑function, they translocate to the nucleus and activate mitochondrial dysfunction stimu‑lon genes such as Alternative oxidase 1a (AOX1a; De Clercq et al., 2013; Ng et al., 2013.Mitochondrial retrograde signalling interacts with chloroplast‑derived pathways, andtogether they shape nuclear responses to metabolic and environmental stress (Wanget al., 2020).Chloroplasts play a dominant role in stress‑responsive retrograde signalling. Duringchloroplast development, biogenic signals report the progress of plastid differentiationto the nucleus (Woodson et al., 2011). Under environmental stress, operational retro‑grade pathways modify nuclear gene expression to maintain chloroplast performance6
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(Estavillo et al., 2011; Crawford et al., 2018). These include 3’‑phosphoadenosine 5’‑phosphate (PAP) signalling under drought and high light (Estavillo et al., 2011), singlet‑oxygen pathways mediated by EXECUTER1 and EXECUTER2 (Lee et al., 2007; Wang etal., 2016; Dogra et al., 2019; Li et al., 2023), redox‑dependent responses of the photosyn‑thetic electron transport chain (Pfannschmidt et al., 2020) and chloroplast proteosta‑sis pathways that detect misfolded or mistargeted proteins and activate a chloroplast‑speciϐic unfolded protein response (Llamas & Pulido, 2022; Jeran et al., 2025). Collec‑tively, these pathways link photosynthetic performance to nuclear gene expression andwhole‑plant acclimatisation (Dietz et al., 2016; Foyer & Hanke, 2022).Although considerable progress has been made, many primary signals involved inoperational retrograde signalling remain unidentiϐied. In addition tometabolite‑, redox‑and ROS‑based signals, growing evidence suggests that certain dual‑localised proteinsmay also contribute to retrograde communication by relaying information about theorganelle functional status to the nucleus (Krause et al., 2012; Krupinska et al., 2020;Pfannschmidt et al., 2020).
1.6 The WHIRLY protein familyWHIRLY1 represents a plastid‑derived protein that has been involved in plastid‑to‑nucleus retrograde signalling and belongs to a conserved family of WHIRLY proteinsin plants. Members of the WHIRLY family are present in higher plants and representa versatile group of single‑stranded nucleic acid‑binding proteins whose functionsvary depending on the cellular context and species (Krupinska et al., 2022; Taylor etal., 2022). Comparative genomic analyses show that most angiosperms encode twoWHIRLY genes (Desveaux et al., 2005). In dicots, examples include both species withthe typical twoWHIRLY genes and species that encodemore than two. For example, Ara‑
bidopsis thaliana has threeWHIRLY genes (Desveaux et al., 2002; Desveaux et al., 2004;Krause et al., 2005), whereas Solanum lycopersicum (tomato) contains two, WHIRLY1andWHIRLY2 (Akbudak & Filiz, 2019). Some dicots possess more than three WHIRLYgenes. For instance, Fragaria spp. (strawberry) carries up to ϐive WHIRLY genes (Hu& Shu, 2021), and the allotetraploid Brassica napus carries six (Wang et al., 2024). Incontrast, the genomes of monocots generally encode only two proteins. Major cerealssuch as Triticeae (Liu et al., 2023) and Zeamays (maize; Prikryl et al., 2008) each encode7
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shows no homology to DNA‑binding proteins from other kingdoms (Desveaux et al.,2005). This absence of homology suggests a unique mechanism for recognising single‑stranded nucleic acids in a sequence‑independent manner.The functional importance of conserved motifs is best illustrated by the KGKAALsequence, where research in potato and Arabidopsis has associated speciϐic residuesto higher‑order assembly and genome protection. The conserved lysine (K67) withinthe KGKAAL DNA‑binding motif (DBM) of the potato mitochondrial WHIRLY2 is essen‑tial for higher‑order assembly and genome protection. WHIRLY2 tetramers assembleinto 24‑mers on long ssDNA via inter‑tetramer interactions involving K67. Substitut‑ing this residue with alanine (K67A) abolishes 24‑mer formation and cooperative bind‑ing to long ssDNA without affecting tetramer structure or binding to short ssDNA (Cap‑padocia et al., 2012). In Arabidopsis, mutation of the corresponding lysine (K91) inWHIRLY1 fails to rescue the DNA‑damage sensitivity of why1 why3mutants exposed tociproϐloxacin, despite normal protein accumulation and ssDNA binding (Cappadocia etal., 2012). These ϐindings indicate that conserved lysine‑dependent oligomerisation iscrucial for genome protection.The molecular versatility of WHIRLY proteins arises from their ability to bind tossDNA in a non‑sequence‑speciϐic manner, which enables interactions with a widerange of nucleic‑acid substrates. Structural modelling indicates that RNA can adopt aDNA‑like conformation within the WHIRLY binding pocket, explaining the capacity ofWHIRLY proteins to bind both DNA and RNA (Cappadocia et al., 2010). RNA binding isgenerally weaker, consistent with observations thatWHIRLY proteins associate broadlywith DNA but only with speciϐic RNA subsets in vivo (Prikryl et al., 2008).
1.6.1 WHIRLY1The dual‑localised WHIRLY1 protein is processed in chloroplasts and later detected inthe nucleus, where it modulates transcription in response to organelle status (Krupin‑ska et al., 2020). This dual localisation led to the proposal that WHIRLY1 participatesin chloroplast‑to‑nucleus retrograde signalling (Krause & Krupinska, 2009; Foyer et al.,2014; Krupinska et al., 2020). Among the proposed retrograde signalling mechanisms,WHIRLY1 has received particular attention because of its dual localisation and its hy‑pothesised redox‑responsive behaviour. It is suggested that WHIRLY1 oligomers dis‑9
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sociate into monomers under chloroplast redox perturbation. They, then translocate tothe nucleus and activate stress‑responsive genes (Figure 2; Foyer et al., 2014). Althoughthis model remains hypothetical and has not been experimentally validated in barley, itprovides a conceptual framework for investigating which conserved WHIRLY1 motifsor amino acid residues may contribute to stress‑dependent signalling.

Figure 2. Schematic representation of WHIRLY1‐dependent retrograde signalling from the chloro‐
plast to the nucleus. Under normal conditions, WHIRLY1 forms 24‐mer oligomers that bridge the
thylakoid membranes and the chloroplast nucleoid. Environmental stimuli that alter the redox state
of the photosynthetic apparatus trigger the monomerization of WHIRLY1. The monomers subse‐
quently translocate to the nucleus, where theymodulate nuclear gene expression. Reproduced from
Foyer et al. (2014).

WHIRLY1 also fulϐils well‑characterised functions in the nucleus. In Arabidopsis,WHIRLY1 contributes to telomere‑length homeostasis by inhibiting telomerase activ‑ity. Loss of WHIRLY1 results in progressive telomere elongation despite normal de‑velopment (Yoo et al., 2007). In addition, WHIRLY1 in Arabidopsis enhances salicylic‑acid (SA)–mediated immune responses through a pathway parallel to the nonexpressorof pathogenesis‑related genes 1 (NPR1)‑dependent signalling (Desveaux et al., 2004;Desveaux et al., 2005). Although Arabidopsis why1 mutants show no visible develop‑mental phenotypes, WHIRLY1 inϐluences the expression of biotic‑ and abiotic‑stress‑responsive genes during early development (Nguyen, 2023). It also modulates the al‑ternative splicing of numerous transcripts, particularly under oxidative stress (Nguyen,2023). WHIRLY1 therefore functions as both a transcriptional and post‑transcriptionalregulator.In plastids, WHIRLY1 has been shown to participate in RNA‑related processes. Inmaize, WHIRLY1 localises to both the chloroplast stroma and thylakoid membranes,where it binds DNA and RNA and is required for proper RNA splicing and ribosome10
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assembly, though not for DNA replication or general transcription (Prikryl et al., 2008).Consistent with a close association with plastid gene expression machinery, proteomicanalyses of plastid transcriptionally active chromosomes (pTAC) identiϐied pTAC1 as ahomolog of p24 subunit of PBF‑2 (Pfalz et al., 2006). Later, pTAC1was conϐirmed to cor‑respond to WHIRLY1 (Grabowski et al., 2008). In Arabidopsis, WHIRLY1 andWHIRLY3further contribute to plastid genome stability by preventing illegitimate recombinationbetween short direct repeats. This is shown by the variegated leaves and rearrangedplastid genomes of the double‑knockout why1 why3 mutants (Maréchal et al., 2009).Similarly, in Oryza sativa (rice), WHIRLY1 regulates the expression of genes involvedin chloroplast and ribosome development as well as chlorophyll synthesis (Qiu et al.,2022). These functions are essential to early chloroplast development and seedling vi‑ability (Qiu et al., 2022).As introduced in the section above, conserved motifs contribute signiϐicantly toWHIRLY1 protein function. In barley and maize, WHIRLY1 proteins, which containan N‑terminal PRAPP motif cause nucleoid compaction and growth retardation in
Escherichia coli, whereas their Arabidopsis and potato homologs, which lack this motif,do not. Introducing the PRAPP motif into Arabidopsis WHIRLY1 is sufϐicient to confernucleoid‑compacting activity (Oetke et al., 2022). Although its physiological role inplastids remains unknown, the PRAPP motif is characteristic of the poaceae WHIRLY1proteins and may inϐluence plastid transcription and ribosome formation, given thecentral role of plastid nucleoids in DNA maintenance and ribosome biogenesis (Pfalzet al., 2006; Bohne, 2014; Sun et al., 2024).The conserved cysteine at position 165 (C165) and the putative copper‑bindingmotif (pvCBM; Figure 3) are of particular interest in the context of redox regulation.WHIRLY1 has been proposed to function analogously to NPR1 in Arabidopsis whichswitches between oligomeric and monomeric states in response to redox changes(Foyer et al., 2014). WHIRLY1 similarly forms tetramers that can assemble into higher‑order oligomers in chloroplasts (Cappadocia et al., 2012). Changes in chloroplast redoxstate have been proposed to regulate oligomer dissociation and the subsequent accumu‑lation of theWHIRLY1monomers in the nucleus (Foyer et al., 2014). Whether C165 andpvCBM contribute to redox‑ or metal‑dependent regulation remains to be determined.The plastid transit peptide (PTP) of WHIRLY1 directs chloroplast targeting. It en‑
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ablesWHIRLY1 to enter chloroplasts, where the protein supports plastid genomemain‑tenance, RNA splicing and nucleoid organisation (Isemer et al., 2012a; Krupinska et al.,2022). Removing or inactivating the PTP abolishes these chloroplast functions and con‑ϐinesWHIRLY1 to the nucleus (Isemer et al., 2012a). Variation in the PTPmay thereforemodulate WHIRLY1 localisation and function.
1.6.2 WHIRLY2The current understanding of WHIRLY2 and its functions is less comprehensive thanthat of WHIRLY1. Nevertheless, several studies have begun to elucidate its subcellularlocalisation and functional signiϐicance. WHIRLY2 localises primarily to mitochondria,where it associates with mitochondrial nucleoids and regulates organellar gene expres‑sion (Krause et al., 2005; Maréchal et al., 2008). Within mitochondria, WHIRLY2 con‑tributes to nucleoid organisation and genome stability. In its absence, mitochondrial ul‑trastructure becomes aberrant, with fewer cristae, lower electron density, and reducedrespiration (Golin et al., 2020). Arabidopsis why2mutants exhibit unpacked mitochon‑drial DNA (mtDNA), which conϐirms that WHIRLY2 is required for mtDNA compaction(Golin et al., 2020). Although why2 knockouts show no visible phenotype, overexpres‑sion ofWHIRLY2 in Arabidopsis causes dwarϐism, shortened siliques, and altered mito‑chondrial RNA proϐiles. These results indicate that ArabidopsisWHIRLY2 plays a role inmitochondrial RNAprocessing and energy regulation (Maréchal et al., 2008). Both over‑expression and loss of WHIRLY2 disrupt respiration and increase mtDNA copy numbermore than tenfold, causing a decrease in ATP production (Cai et al., 2015). Overexpres‑sion under a pollen‑speciϐic promoter further impairs pollen‑tube growth due to ROSaccumulation and ATP depletion (Cai et al., 2015). These ϐindings demonstrate thatWHIRLY2 abundance must be tightly regulated, since optimal levels are essential formaintaining mitochondrial morphology, respiration, and energy homeostasis.Under abiotic stress, WHIRLY2 supports mitochondrial stability and redox balanceacross species. In tomato, WHIRLY2 enhances drought tolerance by preserving mito‑chondrial function, reducing ROS accumulation, sustaining photosynthesis, and inter‑acting with the mitochondrial recombinase recombination protein A 2 (RECA2; Menget al., 2020). In Arabidopsis, WHIRLY2 promotes salt‑stress tolerance by facilitatingmtDNA repair and redox signalling. Its absence disrupts mitochondrion–nucleus com‑12
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munication and compromises mitochondrial function (Negroni et al., 2024). The wheattranscription factor WHIRLY2‑6A acts as a positive regulator of drought tolerance. Itsoverexpression in transgenic Arabidopsis results in higher chlorophyll content and im‑proved growth under drought stress. In contrast, silencing ofWHIRLY2‑6A inwheat pro‑duces a severe wilting phenotype accompanied by elevated H2O2 and O2‑ levels and re‑duced activities of the antioxidant enzymes superoxidedismutase (SOD), catalase (CAT),and ascorbate peroxidase (APX; Yu et al., 2025). In addition to its mitochondrial role,WHIRLY2 also affects broader cellular processes. In Arabidopsis, it regulates carbon al‑location by controlling starch metabolism and the expression of jasmonate‑related and
SUGARSWILL EVENTUALLY BE EXPORTED TRANSPORTER (SWEET), which affect senes‑cence and seed development (Huang et al., 2020).In summary, WHIRLY2 plays an important role in maintaining mitochondrial archi‑tecture, nucleic‑acid metabolism, and stress adaptation. Its functions are conservedacross multiple plant species, and precise control of its expression is essential for pre‑serving mitochondrial integrity, energy production, and overall cellular homeostasis.Although theWHIRLY2 gene in barley has been identiϐied and shown to have a distinctexpression proϐile (Grabowski, 2008), there is no published loss‑of‑function study ofWHIRLY2 in barley and no detailed characterisation of its roles in nucleoid organisa‑tion or stress responses. Given the functional importance of WHIRLY2 in other species(Golin et al., 2020; Huang et al., 2020; Negroni et al., 2024) and its potential replace‑ment of WHIRLY1 in the barley why1 mutant, generating why2 mutants in the ‘GoldenPromise’ background is a necessary step towards understanding its contribution toplastid/mitochondrial development, organelle–nucleus communication, and stress tol‑erance.
1.6.3 WHIRLY proteins in barleyThe barley genome encodes twoWHIRLY proteins, WHIRLY1 andWHIRLY2 (Grabowskiet al., 2008). Although they share conservedmotifs, they differ in sequence and localisa‑tion. Immunohistochemical and immunogold analyses showed that WHIRLY1 residesin plastids and nuclei of the same cell with similar molecular mass in both compart‑ments (Grabowski et al., 2008; Grabowski, 2008). Analogous to WHIRLY1 of Arabid‑opsis in transcriptionally active chromosomes (Pfalz et al., 2006) and to WHIRLY1 of13
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subcellular location, thereby linking organelle status to nuclear processes (Krause et al.,2012). In barley, although WHIRLY1 is present in chloroplasts, it does not behave asa stable component of the core plastid transcriptional machinery. Instead, experimen‑tal evidence suggests that WHIRLY1 strongly associates with RNA, particularly intron‑containing transcripts, which is consistent with a role in plastid RNA metabolism (Mel‑onek et al., 2010). At the same time, nucleic acid binding by WHIRLY1 has also beendemonstrated in the nucleus, supporting a dual functional capacity depending on sub‑cellular context (Krupinska et al., 2014b). Within this model, WHIRLY1 is proposed tohave distinct functions associated with different cellular compartments (Krause et al.,2012).RecentClusteredRegularly InterspacedShort PalindromicRepeats (CRISPR)/CRISPR‑associated protein 9 (Cas9) why1 knockout mutants showed that WHIRLY1 is not es‑sential for chloroplast formation but is required for orderly chloroplast development.Mutants exhibit heterogeneously developed chloroplasts within cells, delayed green‑ing and reduced photosynthetic capacity, associated with disorganised nucleoids anddisturbed protein homeostasis (Krupinska et al., 2024). Loss of WHIRLY1 leads todownregulation of numerous nucleoid‑associated proteins, including transcriptionalcomponents, ribosomal proteins, ATP synthase, caseinolytic protease subunits andRuBisCo, and to increased plastid DNA content and higher expression of plastid DNApolymerase (POP; Krupinska et al., 2014a; Krupinska et al., 2024). These ϐindings sug‑gest thatWHIRLY1 contributes to the structural organisation of plastid nucleoids, whichhave been described as functional platforms for macromolecular assembly processes,including ribosome biogenesis (Bohne, 2014).WHIRLY1 has been involved in the regulation of nuclear gene expression, particu‑larly in response to stress. In barley, WHIRLY1‑dependent phenotypes under nutrientlimitation, high light intensity andoxidative stress are associatedwith impaired acclima‑tion to environmental cueswithout affecting the retrograde signalling pathways that areassociated with plastid protein homeostasis (Comadira et al., 2015; Kucharewicz et al.,2017; SƵwida‑Barteczka et al., 2018; Saeid Nia et al., 2022; Krupinska et al., 2024). Con‑sistent with this, WHIRLY1‑dependent nuclear responses have been observed duringbiotic stress, where accumulation of WHIRLY1 in the nucleus has been found to corre‑late with changes in defence‑related transcriptional programmes (Frank et al., 2024).
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Beyond its role in stress‑associated nuclear responses, WHIRLY1 has been directlyassociated with the regulation of senescence and hormone‑dependent transcription. Inbarley,WHIRLY1 binds toW‑box elements in the promoter of the senescence‑associatedgene 40 S40, thereby repressing its expression prior to the onset of visible senescence(Krupinska et al., 2014b). During drought, WHIRLY1 modulates ABA‑related signallingby affecting gene expression and chromatin structure. Overexpression of WHIRLY1delays drought‑induced senescence by suppressing the expression of barley genes9‑cis‑epoxycarotenoid dioxygenase 1 (NCED1) and (S40) and by reducing ABA accu‑mulation. In contrast, knockdown of WHIRLY1 also delays senescence, but abolishesdrought‑induced histone acetylation at the barley S40 gene. This indicates that bal‑anced levels of WHIRLY1 are required for ABA‑mediated gene regulation (Janack et al.,2016).Recent work has extended the role ofWHIRLY1 to include nutrient and redox home‑ostasis, particularly iron metabolism. Under high light conditions, RNA interference‑mediated knockdown ofWHIRLY1 (RNAi‑W1) barley exhibits reduced accumulation ofiron‑dependent proteins, including PSI and PSII subunits, nitrite reductase, cytochromef, and Fe‑superoxide dismutase, despite having a normal total iron content. This sug‑gests that there aredefects in chloroplast iron allocation andutilisation (Krupinska et al.,2025). Increased FERRITIN 1 (FER1) transcript and protein levels suggest the seques‑tration of free iron to limit oxidative damage as a compensatory response. As free ironpromotes ROS formation, the absence of WHIRLY1 indirectly increases oxidative stress,necessitating ferritin‑mediated detoxiϐication (Krupinska et al., 2025). Overall, studieson barley identify WHIRLY1 as a multifunctional DNA/RNA‑binding protein that mod‑ulates stress‑responsive nuclear gene expression and developmental transitions ratherthan being a core component of plastid‑derived retrograde signalling pathways.

1.7 Targeted mutagenesis in barleyBarley is one of the world’s major cereal crops and a well‑established genetic modelfor temperate small‑grain species, supported by a high‑quality reference genome andadvanced genetic resources (Alqudah et al., 2020; Schreiber et al., 2020). Since thelate 1990s, efϐicient Agrobacterium tumefaciens–mediated transformation of barley hasbeen established, particularly using immature embryos of the spring cultivar ‘Golden16
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Promise’ (Tingay et al., 1997). Continuous optimisation of this system has enabled rou‑tine generation of stable transgenic barley lines with predictable transgene integrationand inheritance, providing a robust platform for functional genomics and genome edit‑ing studies (Hensel et al., 2008; Kumlehn et al., 2009).The CRISPR/Cas9 genome‑editing technique is a precise, sequence‑speciϐic methodfor creating targeted mutations in plants, including cereals (Belhaj et al., 2015; Ma etal., 2016; Chen & Gao, 2020; Montecillo et al., 2020). CRISPR/Cas9 uses a guide RNA(gRNA) to direct the Cas9 nuclease to a complementary genomic sequence adjacentto a protospacer‑adjacent motif (PAM). There, Cas9 introduces a double‑strand break,which is predominantly repaired by error‑prone non‑homologous end joining. This canresult in small insertions or deletions that disrupt gene function (Doudna & Charpen‑tier, 2014; Belhaj et al., 2015; Ma et al., 2016; Chen&Gao, 2020). CRISPR/Cas9 has beenwidely used to generate loss‑of‑function alleles for yield‑related, architectural, disease‑resistant, and stress‑tolerant traits in cereals (Ma et al., 2016; Chen & Gao, 2020; Ahmaret al., 2023).In barley, CRISPR/Cas9 systems are typically introduced using the same Agrobac‑

terium‑mediated immature embryo transformation pipelines developed for classicaltransgenesis (Gasparis et al., 2018; Hinchliffe & Harwood, 2019). A simple and efϐicientCRISPR/Cas9 platform has been developed in barley. This platform uses binary vectorsthat carry an intron‑optimised Cas9 and one or more gRNAs. These are used in combi‑nation with Agrobacterium‑mediated transformation of immature embryos to induceheritable mutations at one or more loci (Gasparis et al., 2018). Subsequent studieshave used this platform to generate knockout lines for various barley genes, conϐirminghigh mutation frequencies in primary transformants and enabling the recovery of ho‑mozygous mutants in subsequent generations (Gasparis et al., 2018; Galli et al., 2022;Garcia‑Gimenez et al., 2020).
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high assembly efϐiciency, and successful validation in barley and wheat demonstratethat the CasCADE system is well suited for targeted mutagenesis in cereals.These developments demonstrate that combining highly optimised Agrobacterium‑mediated transformationof immaturebarley embryos (particularly the ‘GoldenPromise’cultivar) with an expanding range of CRISPR‑based genome‑editing tools provides a re‑liable framework for generating stable gene‑knockout lines in this species (Hensel etal., 2008; Bartlett et al., 2008; Marthe et al., 2015; Gasparis et al., 2018; Hinchliffe &Harwood, 2019). Modular cloning systems, such as CasCADE (Hofϐie, 2023), whichfacilitate the assembly of multiple gRNAs and various Cas9 variants, further expand therange of methods available for targeted mutagenesis in barley. These methods providea robust foundation for targeted reverse genetic research in barley.
1.8 Aims of the studyDespite extensive research into the role ofWHIRLY1 in chloroplast development, senes‑cence and stress responses, the molecular basis of its diverse functions remained un‑clear. The functional relevance of individual WHIRLY motifs and conserved residueshas not been tested, and it is unclear how they contribute to the observed developmen‑tal and stress‑related phenotypes.This study uses a genetic complementation approach with modiϐiedWHIRLY1 vari‑ants to assess the contribution of speciϐic domains and motifs in vivo. Since there is noWHIRLY2 loss‑of‑function mutant available in barley, a targeted mutant was generatedto enable analysis of its potential role in organelle function and stress responses.The ϐirst objective of this study is to elucidate the speciϐic contributions of individualconserved motifs and amino acid residues within theWHIRLY1 protein. The respectivespeciϐic aims are as follows:

1. Establish homozygous why1‑complemented barley lines. Homozygous lines willbe established for the seven transgenic barley genotypic variants generated bycomplementing why1 mutants with modiϐied WHIRLY1 sequences. Each trans‑genic line contains a deϐined modiϐication in the WHIRLY1 coding sequence, in‑cluding speciϐic deletions or amino acid substitutions. Homozygosity will be ver‑iϐied according to Mendelian segregation analysis, with a 3:1 phenotypic segrega‑19
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tion ratio, assuming a single‑locus transgene insertion.2. Assess stress responses of why1‑complemented homozygous lines with muta‑tions in diverse motifs under controlled light and temperature conditions.3. Assess drought stress responses in why1‑complemented homozygous lines withmutations in diverse motifs by measurements of photosynthesis parameters andleaf lengths.4. Determine whether and which modiϐications of the WHIRLY1 gene affect the re‑sponse to Blumeria graminis f. sp. hordei (Bgh).Recent genetic analyses indicate that WHIRLY1 is not essential for chloroplast for‑mation. To investigate whether WHIRLY2 is responsible for chloroplast development,the WHIRLY2 gene will be mutated by genome editing. Accordingly, the second objec‑tive of this study is to generate a loss‑of‑function mutant ofWHIRLY2 (why2) in barley‘Golden Promise’ using the CRISPR/Cas9 gene‑editing system.

20



2 Results

2.1 Generation and characterisation of homozygouswhy1‐complemented

linesThe Hordeum vulgare L. (barley) ‘Golden Promise’ why1 mutant was generated at theLeibniz Institute of Plant Genetics and Crop Plant Research (IPK) to investigate the roleof the WHIRLY1 protein in abiotic and biotic stress responses. Since WHIRLY1 is a mul‑tifunctional protein (Krupinska et al., 2022), thewhy1mutant was complemented withmodiϐiedWHIRLY1 sequences carrying targeted mutations in speciϐic conserved motifsand amino acid residues, in order to determine their individual contributions to proteinfunction. The resulting lines are hereafter referred to as why1‑complemented variants(Table 1).Previous studies have investigated WHIRLY1 function using complementary ap‑proaches, but none has generated and characterised complementation lines in plantain barley. With the exception of the ΔPTP variant in Arabidopsis (Isemer et al., 2012a),such lines have not been produced in any other plant species. In Arabidopsis plastidlocalisation is required for WHIRLY1‑mediated enhancement of ABA responsivenessduring germination. Seedlings expressing only the nuclear isoform of WHIRLY1, i.e.a truncated version lacking the PTP, were as insensitive to ABA as the why1 mutant(Isemer et al., 2012a). The ΔPTP variant generated in the present study was thereforeexpected to behave similarly to the Arabidopsis why1 mutant. Structural and biochem‑ical analyses showed that the conserved lysine residue within the DBM is required foroligomerisation and DNA binding in Arabidopsis, predicting that its substitution wouldseverely impair WHIRLY1 function (Cappadocia et al., 2012). Accordingly, a strongmutant phenotype was expected for the K97A variant in barley, where the conservedlysine K97 is replaced with alanine. The PRAPP motif was identiϐied as a determinantof nucleoid compaction in barley and maize WHIRLY1 through site‑directed mutagen‑esis and heterologous expression in Escherichia coli (Oetke et al., 2022). Since correctnucleoid organisation is required for proper chloroplast development and function(Powikrowska et al., 2014), the ΔPRAPP variant was expected to display an impairedphenotype. The in planta consequences of PRAPP deletion in barley have not beeninvestigated prior to this study. Similarly, the variants targeting the conserved cysteine21
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residue (C165A) and the computationally predicted copper‑bindingmotif (pvCBM),mo‑tivated by the proposed redox‑sensing role of WHIRLY1 involving cysteine‑mediateddisulϐide bridge formation (Foyer et al., 2014), have not been investigated in any plantsystem to date. A K97AΔCBM double mutant was also included to assess potential com‑binatorial effects. Together with a line expressing the full‑length WHIRLY1 sequenceas a complementation control, these seven why1‑complemented barley lines representthe ϐirst in planta investigation of WHIRLY1 functional domains.To ensure reliable results, lines that were homozygous for the transgene wereidentiϐied before phenotypic and physiological characterisation. Homozygosity wasestablished by analysing the segregation of the hygromycin phosphotransferase (hpt)selectable marker in the second transgenic generation (T2) families derived from in‑dependent ϐirst transgenic generation (T1) plants of each why1‑complemented variant.Based on Mendelian inheritance of a single transgene locus, it was expected that T2families from hemizygous T1 parents would segregate at a ratio of 3:1 (hpt‑positive:hpt‑negative). The majority of T2 families showed no signiϐicant deviation from this ex‑pected ratio (Table A1).Based on the segregation analysis, four to six independent T2 families per variantwere selected for further propagation. Individual T2 plants that were positive for the
hpt selectable marker were advanced to the third transgenic generation (T3), and theresulting T3 families were again screened for hpt marker segregation. T3 families inwhich all seedlingswere hpt‑positivewere considered homozygous at the hpt locus andused for subsequent analyses.In contrast to the other variants, homozygous lines for the ΔCBM and K97AΔCBMvariants could not be obtained within the timeframe of this study due to biological andexperimental constraints. For these variants, only three independent events (families)were generated per construct. This number is insufϐicient for a reliable assessment ofthe 3:1 segregation ratio (Table A1). In addition, these variants had exceptionally longgeneration times. As a result, although T2 grains were successfully harvested, advance‑ment to the T3 generation could not be completed. Homozygous lines for the ΔCBM andK97AΔCBM variants remain to be established in future work.In total, homozygous lines were successfully selected from ϐive of the seven why1‑complemented variants. Due to space limitations in the greenhouse and particularly

22



Results
the long generation times, the total time required to select all the homozygous lineswas approximately 2.5 years.
Table 1. List of why1‐complemented variants, constructs, and phenotypic outcomes

Variant Construct Expected phenotype Observed
phenotype

Generation
timeb

Controla WHIRLY1prom::WHIRLY1
Green; full rescuing of the
WHIRLY1 function, normal
chloroplast development.

green 6 months

K97A WHIRLY1prom::WHIRLY1K97A

Green; impaired stress
response due to monomer
accumulation in the
nucleus.

green 6 months

ΔPTP WHIRLY1prom::WHIRLY1ΔPTP

Xantha‐to‐green; without
the PTP WHIRLY1 cannot
localise to chloroplasts,
impairing their
development.

xantha‐to‐green 11 months

ΔPRAPP WHIRLY1prom::WHIRLY1ΔPRAPP

Xantha‐to‐green; reduced
compaction of plastid
DNA impairing chloroplast
development.

green 4.5 months

C165A WHIRLY1prom::WHIRLY1C165A

Green; impaired sensing
of stress‐associated redox
changes in the
photosynthetic apparatus.

green 4.5 months

ΔCBM WHIRLY1prom::WHIRLY1ΔCBM
Green; impaired stress
response since plants
might not respond to SA.

xantha‐to‐green 11 months

K97AΔCBM WHIRLY1prom::WHIRLY1K97AΔCBM

Green; impaired stress
response due to monomer
accumulation in the
nucleus and insensitivity
to SA.

xantha‐to‐green 13 months

aVariants highlighted in green represent those successfully advanced to homozygosity. No homozygous lines
could be selected from the ΔCBM and K97AΔCBM variants due to the limited number of spikes produced.
bGeneration times represent the average duration of two successive generations required to advance plants
to homozygosity.The generation times for the different why1‑complemented variants exceeded thethree to four months typically observed for wild‑type barley ‘Golden Promise’ (here‑after “wild type”) in greenhouse conditions. This variation in generation time was notuniform across variants, and it correlated with the observed phenotype. Variants dis‑playing a green phenotype, i.e. the control, K97A, ΔPRAPP, and C165A, completed theirlife cycle within 4.5 to 6 months. In contrast, xantha‑to‑green variants, i.e. ΔPTP, ΔCBM,and K97AΔCBM required substantially longer generation times of 11 to 13 months (Ta‑ble 1; Figure 5). This difference was evident also at awn emergence, which occurred
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approximately 2.5 months after sowing (MAS) in the green phenotype variants and af‑ter more than 8 months in the xantha‑to‑green variants. In all the variants, regardlessof the time of awn emergence, grain maturity was reached approximately threemonthslater. For comparison, in the wild type, awn emergence occurs about 50 DAS.
2.1.1 Morphological parametersThe why1‑complemented variants were cultivated at different times and in differentgreenhouse chambers, resulting in variable environmental conditions that introducedconfounding variables. Therefore, the interpretation of quantitative morphologicaltraits such as plant height, spike number, or tiller number would have been unreliable.The primary objective of this part of the study was the production of homozygous lines,and the observations presented here are accordingly qualitative (Figure 5).At 5.5 MAS, the C165A variant plants had already completed their life cycle andwere ready for harvesting (Figure 5). The foliage was yellowish and the tiller num‑ber was reduced. This is consistent with the shorter generation times observed forgreen‑phenotype variants. The other green‑phenotype variants, the control, K97A, andΔPRAPP, also completed their life cycle within a comparable timeframe (Table 1). Incontrast, the K97AΔCBM variant, despite being of the same age, remained at a substan‑tially earlier developmental stage, with green foliage and actively growing tillers.Similarly, the ΔPTP variant had not yet reached maturity at 7 MAS and maintaineda largely green, dense tiller cluster. The wild type, the why1 mutant, and the controlvariant all formed comparable basal tiller clusters with multiple culms emerging fromthe plant base. The wild type, documented at an earlier developmental stage, displayedfewer and more widely spaced tillers (Figure 5).Plant height also varied across genotypes. The wild type reached 89 cm at 2 MAS.Among plants documented at 5.5 months or older, the C165A variant was the tallest(70 cm), followed by the control (67 cm). The why1 mutant was the shortest (48 cm),while the ΔPTP (59 cm) and K97AΔCBM (56 cm) variants showed intermediate heights(Figure 5).

24







Results
were detected across all variants, at approximately 25 kDa and 35 kDa. The 25 kDa bandcorresponds to the mature WHIRLY1 protein and was present in all variants, althoughits abundancewas reduced in the ΔPTP variant. A second band at approximately 35 kDawas consistently detected in all variants. Its identity remains to be determined.
2.1.3 Physiological characterization of the why1‐complemented linesThe homozygous why1‑complemented variants were characterised under both abioticand biotic stress conditions. Abiotic stresses included drought, continuous light, andhigh temperature. Biotic stresswas assessedusingpowderymildew (Blumeria graminisf. sp. hordei, Bgh isolate CH4.8), the most prevalent fungal pathogen of barley.
2.1.3.1 Combined exposure to continuous light and high temperatureFour of the why1‑complemented variants, the control, ΔPRAPP, C165A, and K97A, dis‑played no obviousmorphological differences compared to thewild type under standardgreenhouse conditions. All four variants produced green leaves, developed comparableroot systems, and completed their life cycle within similar generation times, with noapparent differences in overall plant architecture or early seedling development. Sincethese variants could not be distinguished based on morphology alone, their responsesto environmental conditions known to inϐluence chloroplast development were investi‑gated to uncover potential functional differences. Speciϐically, seedlings were exposedto high temperature in combination with continuous light, conditions known to impairchloroplast development in grasses. Primary leaf length and chlorophyll content wereassessed in 14 DAS seedlings under deϐined light and temperature conditions. Chloro‑phyll contentwas determined by imaging three representative primary leaves per plant,while primary leaf lengthwasmeasured for all germinated seedlings of each family (seeSection 4.2.7.1).
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Primary and secondary leaf greenness was assessed from photographs of three rep‑resentative leaves of each family. Growth under high temperature and continuous lightwas associated with reduced primary leaf greenness and impaired seedling develop‑ment compared to plants grown under normal conditions (Figure 9; Figure A7). Chloro‑sis was observed in the primary leaves of several seedlings and, in severe cases, com‑plete bleaching and tissue necrosis were recorded. Despite these stress symptoms, noclear differences in primary leaf greenness were evident between the wild type and the

why1‑complemented variants at 34 °C. However, K97A seedlings had a higher propor‑tion of green non‑necrotic primary leaves compared to the other why1‑complementedvariants. A similar pattern was observed for family E641 of the ΔPRAPP variant, inwhich 83% of primary leaves were green (Figure 10B).In addition to these phenotypic effects, two additional observations were made inseedlings grownat 34 °Cunder continuous light. First, germination rateswere generallylower than under normal conditions for most families. On average, only 68% of sowngrains germinated at high temperature, whereas under normal conditions, more than90% of the sown grains germinated. This effect was particularly evident in the C165Avariant where germination rates approached 100% under normal conditions, but de‑creased to 50% or lower at 34 °C (Figure 10). Second, secondary leaf emergence wasdelayed in seedlings grown under continuous light and at 34 °C. Under normal growthconditions, all seedlings had developed both the second and third leaves by day 14. Incontrast, at 34 °C, most seedlings had not yet formed a third leaf, and a substantial pro‑portion lacked a fully expanded second leaf (Figure 10C). To quantify this effect, the rateof second leaf emerged was calculated as the proportion of germinated plants that haddeveloped a second leaf.
2.1.3.2 Drought sensitivityTo assess the impact of drought on photosynthetic performance, PSII efϐiciency andchlorophyll contentwere quantiϐied in plants exposed towater deϐicit starting at 11DASand monitored for 33 to 41 days, depending on their developmental progression (seeSection 4.2.7.2). Soil water content was measured every two days before watering theplants (Figure 11C, Figure 12C, Figures A3C‑A5C). Lower SWC values reϐlect a higherconsumption of water by the plants. 32
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clined rapidly, reaching values close to zero by 33 DAS. SWC continued to fall, reachingapproximately 14% by 23 DAS and approximately 13% by 33 DAS. In the ΔPTP vari‑ant, FV/FM was approximately 0.50 at 11 DAS and increased to approximately 0.78 by23 DAS. Chlorophyll content followed a similar trajectory, rising from approximately30% to 65% of the wild‑type level by 21 DAS. Both parameters remained relatively sta‑ble until 31 DAS, after which they declined rapidly, reaching values close to zero by37‑41 DAS. SWC in the ΔPTP variant was again higher than in the other lines, at ap‑proximately 17.5% at 23 DAS, declining to approximately 13% by 41 DAS (Figure 11;Figure 12; Figures A3‑A5).
Table 2. Quantification of drought‐induced changes in photosynthesis‐related parameters using
Euclidean distance and root mean square error

PSII efÏciency Chlorophyll content Soil water content
Normal

conditions
Drought
conditions

Normal
conditions

Drought
conditions

Normal
conditions

Drought
conditions

Line Family EDa RMSEa ED RMSE ED RMSE ED RMSE ED RMSE ED RMSE

WT GPa 0.000b 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Control

E55 0.050 0.014 0.386 0.112 12.943 3.736 15.433 4.455 29.410 7.133 13.743 3.333

E94 0.127 0.037 0.170 0.049 9.407 2.716 14.897 4.300 7.282 1.766 10.812 2.622

E95 0.115 0.033 0.278 0.080 14.240 4.111 17.909 5.170 16.838 4.084 13.089 3.174

∆PRAPP

E621 0.333 0.096 0.368 0.106 9.975 2.879 23.566 6.803 12.998 3.152 15.417 3.739

E640 0.218 0.063 0.057 0.017 4.744 1.370 23.417 6.760 7.760 1.882 10.716 2.599

E641 0.029 0.008 0.070 0.020 3.792 1.095 14.074 4.063 9.063 2.198 10.298 2.498

C165A

E952 0.154 0.045 0.162 0.047 18.717 5.403 5.764 1.664 7.250 1.758 7.544 1.830

E960 0.165 0.048 0.570 0.165 22.848 6.596 15.895 4.588 14.692 3.563 10.274 2.492

E967 0.129 0.037 0.139 0.040 14.436 4.167 14.260 4.116 14.844 3.600 13.211 3.204

K97A

E840 0.069 0.020 0.058 0.017 10.458 3.019 14.963 4.319 7.862 1.907 16.498 4.001

E841 0.062 0.018 0.125 0.036 11.475 3.313 12.317 3.556 11.231 2.724 10.664 2.586

E842 0.078 0.022 0.291 0.084 7.646 2.207 3.992 1.152 8.325 2.019 12.672 3.073

∆PTP

E898 0.428 0.124 1.556 0.449 65.276 18.843 63.021 18.193 39.936 9.686 14.384 3.489

E899 0.474 0.137 1.477 0.426 57.077 16.477 60.785 17.547 31.365 7.607 19.422 4.711

E900 0.412 0.119 1.452 0.419 56.835 16.407 59.359 17.135 31.958 7.751 15.570 3.776
aGP, cultivar Golden Promise; ED, Euclidean distance; RMSE, root mean square error
bColour formatÝng is done with blue showing the highest values and red showing the lowest values.

To quantitatively assess differences between the ϐive why1‑complemented variantsand the wild type, Euclidean distances (ED) and root mean square error (RMSE) were35
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calculated for the PSII efϐiciency, chlorophyll content, and soil water content. This anal‑ysis revealed a clear and consistent pattern. The largest deviations occurred betweenthe wild type and the ΔPTP variant under both control and drought conditions. A simi‑lar patternwas found for chlorophyll content. Four of thewhy1‑complemented variantsexhibited comparable tendencies, whereas the ΔPTP variant deviated signiϐicantly. Aswith PSII efϐiciency, the most pronounced differences in chlorophyll content were againdetected between the wild type and the ΔPTP variant (Table 2).The consistently higher SWC values in the ΔPTP variant under both conditions sug‑gested reduced water consumption, which could be related to differences in leaf size.To assess this, primary leaf length wasmeasuredwasmeasured using ImageJ at 11 DAS,the ϐirst day ofmeasurements. The ϐinal primary leaf length of the ΔPTP variant (n = 66)was approximately 73% of the wild‑type length (n = 20). To conϐirm that this lengthdid not increase in the following days, measurements were also taken at 13 DAS and15 DAS, showing that the lengths of both the ΔPTP variant and the wild type remainedunchanged. These results conϐirmed that ΔPTP primary leaves are indeed shorter thanthose of the wild type.
2.1.3.3 Microscopic quantification of powdery mildew infectionThe response ofwhy1‑complemented transgenic variants to powderymildewwas quan‑tiϐied using the machine‑learning‑assisted phenotyping platform BluVision Micro. Fivetransgenic variants and the wild type were inoculated with Blumeria graminis f. sp.
hordei (Bgh) isolate CH4.8, and fungal development was assessed 48 hours after inoc‑ulation. Colony number and median colony area were quantiϐied by automated imageanalysis (see Section 4.2.8).The number of Bgh CH4.8 colonies was signiϐicantly higher in all three families ofthe ΔPTP variant compared to the wild type and the remaining why1‑complementedvariants (Figure 13A, Figure 13C). Mean colony numbers in the ΔPTP families rangedfrom83.0 (E899) to 102.1 (E898), compared to 23.4 in thewild type andmeans rangingfrom 19.5 to 44.2 in the remaining variants.Median colony area showed a less consistent pattern than colony number. The fullstatistical groupings are shown in Figure 13B. The biggest difference was observed inthe E900 family of the ΔPTP variant, which had a signiϐicantly largermedian colony area36
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By contrast, barley contains only two WHIRLY proteins, WHIRLY1 and WHIRLY2. Thissuggests reduced functional redundancy and potentially more pronounced phenotypicconsequences upon loss of WHIRLY2.
Table 3. gRNA spacer sequences targeting theWHIRLY2 gene

Label Ordered gRNA spacer Sequence inWHIRLY2

gRNA 1 gTCAAAGATGCTCTCTGGAGa TCAAAGATGCTCTCTGGAG
gRNA 2 aCTTCCCGGCAGTTGGACAAb TCTTCCCGGCAGTTGGACAA
gRNA 3 ATCCATTATCACTGCCAAGc TATCCATTATCACTGCCAAG
gRNA 4 GCACATCATGGGCTGGGACC GCACATCATGGGCTGGGACC

aThe gRNA 1 sequence identified by CRISPOR (Haeussler et al., 2016; Concordet & Haeussler, 2018) as a good
guide starts with a thymine (T). Since we know that guides are more efÏcient when they start with a guanine,
it was added to the beginning of the gRNA spacer sequence when ordering it.
bFor guide efÏciency reasons, the first thymine was replaced with adenine.
cFor guide efÏciency reasons, the first thymine was removed so that the guide starts with adenine.The WHIRLY2 function has mainly been addressed using overexpression or knock‑down approaches (Meng et al., 2020; Taylor et al., 2022). In barley, previous attemptsto downregulate WHIRLY2 expression using RNA interference were unsuccessful, pre‑venting functional analysis of this protein. Therefore, targeted gene knockout using theCRISPR/Cas gene‑editing systemwas employed to generatewhy2mutant lines, allowingdirect assessment of WHIRLY2 function in barley.To this end, four gRNA spacer sequences were designed to target the second, fourth,sixth, and eighth exon of the WHIRLY2 gene (Table 3; Figure 14). Individual gRNA ex‑pressionmodules were assembled for each target site and subsequently combinedwitha Cas9 expression cassette and a placeholder (dummy) module to generate a higher‑order construct using a manual modular assembly system optimised for RNA‑guidedCas endonucleases in monocots (Hofϐie, 2023; see Section 4.2.4). The resulting con‑struct was then introduced into a binary vector suitable for Agrobacterium‑mediatedstable transformation (Figure 14B, Figure 14C).To identify optimal CRISPR gRNA sequences for targeting the WHIRLY2 gene inbarley ‘Golden Promise’, candidate guides were selected using the CRISPOR web tool(Haeussler et al., 2016; Concordet & Haeussler, 2018). In addition, the secondary struc‑ture of each guide in combination with the scaffold sequence was predicted using theRNAfold web server (Hofacker et al., 1994; Lorenz et al., 2011) to assess guide accessi‑bility and structural compatibility.
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mutation type or zygosity (Figure 17).
Table 4. Sequencing analysis of the M0 and M1 why2 knockout mutant plants using TIDEa

Generation Exon Plant
number

Total
efÏciency (%) R2 Mutation

type

Indel
frequency

(%)
p‐value Indel size

range

M
0
pl
an

ts

2
19 52.0 0.97 −1 46.3 0 50

32 90.4 0.90 −1 34.2 1.10E‐226 50
−42 48.2 0

6

3 14.5 0.90 −1 4.0 8.10E‐05 50
−6 7.8 1.50E‐14

4 45.4 0.95 −1 20.2 5.50E‐294 50
−6 16.5 4.40E‐202

5 60.5 0.94 −1 28.4 0 50
−6 24.1 0

21 39.8 0.95 −1 30.7 0 50

36 47.9 0.94 +1G 40.2 0 50

38 49.9 0.92 −2 40.3 0 50
40 15.7 0.92 −6 13.2 7.10E‐47 50

8

8 51.6 0.92 −1 40.0 1.40E‐196 40

14 31.3 0.57 ns ns ns 40

21 64.2 0.90 −2 38.4 1.30E‐222 40
+1G 16.4 4.10E‐43

29 34.1 0.92 +1A 19.2 5.20E‐48 40

M
1
pl
an

ts

2

19‐55 52.4 0.95 −1 46.2 0 50

19‐56 52.9 0.95 −1 44.1 0 50

19‐57 53.3 0.95 −1 47.3 0 50

19‐60 52.6 0.95 −1 46.4 0 50

19‐61 51.2 0.95 −1 43.5 0 50

19‐70 53.3 0.96 −1 47.1 0 50

19‐72 51.1 0.95 −1 45.5 0 50

19‐74 51.4 0.95 −1 44.9 0 50

32‐100 54.2 0.91 −41 48.0 0 50

5‐224 37.3 0.96 +1C 31.4 0 30

4

21‐148 28.8 0.98 +1T 28.7 0 50

5‐224 75.2 0.97 −1 20.8 0 30
−15 53.3 0

4‐235 68.0 0.89 −1 19.4 2.10E‐246 40
−15 46.6 0

6 21‐131 38.0 0.95 −1 29.2 0 50

21‐134 37.8 0.95 −1 29.1 0 50

Continued on next page42
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Table continued from previous page

Generation Exon Plant
number

Total
efÏciency (%) R2 Mutation

type

Indel
frequency

(%)
p‐value Indel size

range

M
1
pl
an

ts

6

21‐138 51.9 0.94 −1 43.6 0 50

21‐148 37.8 0.95 −1 29.1 0 50

38‐161 49.0 0.95 −2 43.7 0 50

5‐222 28.0 0.95 +1G 20.2 3E‐228 50

5‐224 32.3 0.93 −3 24.1 0 50

4‐227b 92.9 0.93 −1 43.3 0 50
−6 42.0 0

4‐228 95.2 0.95 −6 90.1 0 50

4‐235 92.1 0.92 −1 42.9 0 40
−6 42.3 0

4‐237 93.3 0.93 −1 43.4 0 50
−6 43.5 0

4‐238 92.7 0.93 −1 43.2 0 50
−6 43.3 0

4‐240 95.6 0.96 −6 90.8 0 50

8

21‐131 66.1 0.86 −2 39.4 1.40E‐163 40
+1G 15.4 5.30E‐27

21‐134 46.1 0.87 −2 18.6 1.20E‐38 40
+1G 15.5 6.50E‐28

21‐138 64.6 0.87 −2 17.8 1.20E‐38 40
+1G 34.8 4.30E‐146

21‐140 47.5 0.87 −2 36.7 1.10E‐120 40

21‐147 63.4 0.87 −2 51.5 2.80E‐206 40

21‐148 48.2 0.87 −2 18.9 2.80E‐42 40
+1G 17.1 1.50E‐35

5‐224 40.0 0.88 −1 25.6 1.40E‐98 30
aThe TIDE method was used to characterize the mutations induced in the WHIRLY2 gene (Brinkman et al.,
2014).
bIn bold black are shown heterozygous biallelic plants. In bold green are shown the homozygous plants. The
first number in theM1 plant label shows theM0 parent plant number, e.g.: 4‐227 showsM1 plant 227, progeny
of M0 plant 4.To identify homozygouswhy2mutant plants, 24 grains were sown from each of ϐivemutant M0 individuals. These were plant 19 and 32 carrying indels in the second exon,plants 5 and 38 carrying indels in the sixth exon, and plant 21 carrying mutations inboth the sixth and eighth exons (Table 4). Leaf material from the resulting T1 seedlingswas collected for screening of the Cas9 expression cassette and for sequencing of PCRamplicons corresponding to each targeted site, following the same approach as for theM0 parent plants (Table A5).
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ϐicient leaf material for sequencing, these plants were allowed to grow further beforeproceeding with sampling. However, the affected seedlings developed severe necrosisand premature senescence and died ϐive to sixweeks after sowing. Although limited leafmaterial was collected, genomic DNA isolation was unsuccessful and sequence analysiswas not possible.
Table 5. Mutations at the cDNA and deduced protein sequence of the M0 and M1 why2mutant
plantsa

Nr. Label cDNA level
mutation

Deduced protein
sequence Affected protein region

1 cDNA_WHIRLY2 702 nucleotides 233 amino acids Unaltered reference protein

2 cDNA_2‐1gb c.75del p.(W25*) Organelle transit peptide, no WHIRLY domain

3 cDNA_2‐42 c.43_74del p.(R15Efs*18) Organelle transit peptide, no WHIRLY domain

4 cDNA_2+1c c.74_75insC p.(W25Cfs*19) Organelle transit peptide, no WHIRLY domain

5 cDNA_4‐1a c.291del p.(Q98Kfs*22) WHIRLY domain mutated and truncated

6 cDNA_4‐15 c.277_291del p.(F93_G97del) WHIRLY domain 5 amino acids shorter

7 cDNA_4+1t c.291_292insT p.(Q98Sfs*18) WHIRLY domain mutated and truncated

8 cDNA_6‐1g c.461del p.(G154Afs*10) WHIRLY domain mutated and truncated

9 cDNA_6‐2gg c.460_461del p.(G154Qfs*2) WHIRLY domain truncated

10 cDNA_6‐3 c.460_462del p.(G154del) WHIRLY domain without G154

11 cDNA_6‐6 c.460_465del p.(G154_S155del) WHIRLY domain without G154 and S155

12 cDNA_6+1g c.461_462insG p.(S155Qfs*2) WHIRLY domain mutated and truncated

13 cDNA_8‐1g c.607del p.(D203Tfs*?) pvCBM mutated and nonstop mutation

14 cDNA_8‐2gg c.606_607del p.(W202*) pvCBM truncated

15 cDNA_8+1a c.608_609insA p.(D203Efs*16) pvCBM truncated

16 cDNA_8+1g c.607_608insG p.(D203Gfs*16) pvCBM truncated

aAlterations at the complementary DNA (cDNA) and protein level in different why2 knockout mutants were
described according to the Human Genome Variation Society (HGVS) recommendations for the description of
sequence variants (Den Dunnen et al., 2016).
bLabels follow this format: cDNA_affected exon number ± number of nucleotides deleted (‐) or inserted (+),
with specific nucleotides indicated for one‐ or two‐nucleotide indels.The highest number of plants that did not survive belonged to the heterozygousbiallelic M0 plant 32. Among its 24 progeny, nine failed to survive, one did not germi‑nate, ϐive plants still carried the Cas9 expression cassette and were therefore excludedfrom further analysis, and eight were Cas9‑free but showed no detectable mutations.Only one single Cas9‑free individual, M1 plant 32‑100, carried a mutation consisting ofa 41‑nucleotide deletion spanning intron 1 and exon 2. Similar to the M0 parent plant
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32, this deletion is predicted to remove 31 nucleotides from the second exon.To further identify viable homozygous mutants, progeny from additional M0 plants3, 4, 5, and 40 were selected for sequencing. These plants carried single‑ and six‑nucleotide deletions, and it was hypothesized that homozygous individuals with in‑frame six‑nucleotide deletions might be viable. The viability of homozygous frameshiftmutations was uncertain.Sequencing analysis revealed that 23 progeny from these M0 plants carried indelsin one or more targeted exons (Table A5). For instance, plant 5‑222 carried heterozy‑gous mutations only in the fourth exon, whereas plant 5‑224 carried heterozygous mu‑tations in all four targeted exons. Most of the mutations were heterozygous. However,two plants, 4‑228 and 4‑240, were conϐirmed by Sanger sequencing and TIDE analysisas homozygous knockouts with in‑frame six‑nucleotide deletions. In addition, plants4‑227, 4‑235, 4‑237, and 4‑238 were identiϐied as heterozygous biallelic mutants, car‑rying both single‑ and six‑nucleotide deletions in each of their alleles. TIDE analysispredicted editing efϐiciencies exceeding 92% for all of the sequenced homozygous M1plants (Brinkman et al., 2014). Homozygous and homozygous diallelic genotypes werefurther conϐirmed by manual inspection of Sanger chromatograms (Table 4).The predicted consequences of these mutations at the protein level depend on theirposition within the WHIRLY2 coding sequence. As expected, frameshift mutations inthe second exon result in more severe effects. Indels at this position, introduced bygRNA 1, resulted in nonsense mutations and premature stop codons in both affectedplants which lead to severely truncated proteins. Translation is interrupted within theorganelle transit peptide (amino acids 1‑35; mutations 2 to 4 in Table 5; Figure 18).Mutations in the fourth exon targeted by gRNA 2 were detected in only three M1plants: 21‑148, 5‑224, and 4‑235 (mutation 5 to 7 in Table 5). Each plant carried adistinct mutation affecting the WHIRLY domain. Two plants harboured frameshift mu‑tations caused by either a single‑nucleotide deletion or insertion, both of which intro‑duced premature stop codons and resulted in truncation of theWHIRLY domain. In con‑trast, the third plant carried an in‑frame 15‑nucleotide deletion, leading to a WHIRLYdomain shortened by ϐive amino acids (Figure 18).
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Several mutant plants carried nonsense mutations in the sixth exon targeted bygRNA 3 (mutations 8 to 12 in Table 5). In all cases, frameshift mutations introducedpremature stop codons, truncating the predicted protein within the WHIRLY domain(amino acids 56–191), downstream the KGKAAL DBM. The DBM itself remained intact.In addition, a six‑nucleotide deletion was detected in the sixth exon in several plants.This in‑frame deletion resulted in the loss of two amino acids within the WHIRLY do‑main (mutation 11 in Table 5). As a result, the WHIRLY domain is slightly shorter, butall the rest of the WHIRLY2 protein is predicted to remain unaffected.Some mutant plants carried nonsense mutations in the eighth exon, targeted bygRNA4 (mutations13 to16 inTable5). Thesemutations resulted fromsingle‑nucleotideinsertions or deletions and introduced premature stop codons within the copper bind‑ing motif (amino acids 197–204). One particular single‑nucleotide deletion resulted ina nonstop mutation, which may lead to the production of a misfolded or dysfunctionalprotein.The why2 mutants 228 and 240 are homozygous for the same six‑nucleotide in‑frame deletion (c.460_465del; p.G154_S155del) within the WHIRLY domain. As thisdeletion does not disrupt the reading frame, the WHIRLY2 protein is expected to beproduced. The protein structures of wild‑type WHIRLY2 and the why2 in‑frame ho‑mozygous mutants (mutants 228 and 240) were predicted using AlphaFold‑Multimerv3. The resulting models display extended regions lacking deϐined secondary struc‑ture, corresponding to intrinsically disordered regions where no conϐident structuralprediction could be obtained (Figure 19A; Figure 19B).The two amino acids targeted for deletion are highlighted in red and are locatedwithin a loop region connecting two β‑strands. This loop is spatially distant from thessDNA‑binding site identiϐied in the WHIRLY structure (Cappadocia et al., 2010; PDBID: 3N1K), suggesting that the deletions are unlikely to directly impair ssDNA binding.Consistent with this, AlphaFold‑Multimer v3 predicts no effect of the deletions on theoverall tetrameric structure of WHIRLY2, in agreement with their location in a ϐlexibleloop region.
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3 DiscussionWHIRLY proteins are multifunctional single‑stranded nucleic‑acid binding factors thatcontribute to organellar genome maintenance and coordinate stress‑related signallingbetweenorganelles and thenucleus (Cappadocia et al., 2010; Krupinska et al., 2022; Tay‑lor et al., 2022). In barley, WHIRLY1 is dually localised to chloroplasts and nuclei andinϐluences chloroplast development, nucleoid‑associated processes, and nuclear stress‑related gene regulation, thus linking organelle function with defence and acclimationresponses (Desveaux et al., 2004; Grabowski et al., 2008; Melonek et al., 2010; Krupin‑ska et al., 2014b; Krupinska et al., 2014a, 2019; Frank et al., 2024).Despite this progress, it was unclear how individual conservedWHIRLY1motifs andresidues contribute to these functions in vivo. In addition, barley encodes a secondWHIRLYprotein,WHIRLY2,with an expressionproϐile that differs from that ofWHIRLY1.Until now, there are no studies that have addressed its role in barley development andstress responses usingwhy2mutants.This study investigated the functional contribution of conservedmotifs and residuesof the WHIRLY1 protein by analysing why1‑complemented barley variants under con‑trolled abiotic and biotic conditions and establishes CRISPR/Cas9‑generated why2mu‑tants in the barley ‘Golden Promise’ background which can serve as a foundation fortargeted functional studies of WHIRLY2 in barley.
3.1 Plastid localisation of WHIRLY1 is essential for chloroplast development

and stress responsesUnder normal and stress conditions, the ΔPTP variant displayed a xantha‑to‑green phe‑notype similar to that of thewhy1mutant. As in the case of thewhy1mutant (Krupinskaet al., 2024), the ΔPTP plants had leaves that eventually became green as leaves of thewild type, but its generation time was much longer.WHIRLY proteins are nuclear‑encoded proteins whose targeting properties dependon organelle targeting sequences (Krupinska et al., 2022). The PTP of WHIRLY1 pro‑motes selective import into plastids, as demonstrated by in vitro import assays inArabidopsis (Krause et al., 2005). In Arabidopsis, WHIRLY1 lacking the PTP accu‑mulates exclusively in the nucleus, whereas the full‑length protein localises to both the50
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nucleus and the plastid (Isemer et al., 2012a). In the mesophyll cells of barley leaves,WHIRLY1 is detected in both plastids and nuclei within the same cell (Grabowski etal., 2008; Krupinska et al., 2022), conϐirming the presence of both a native nuclearand plastid WHIRLY1. In regard to the subcellular localisation of the WHIRLY1ΔPTPprotein, which was not tested in the present work, it is likely that removing the PTPprevents the plastid import of WHIRLY1, based on established mechanisms of proteinimport into chloroplasts (Nakai, 2018; Richardson & Schnell, 2020). In fact, westernblot analysis showed that the WHIRLY1 protein abundance was reduced in the ΔPTPvariant (Figure A1). Nuclear‑encoded organellar precursors that fail to be imported areoften ubiquitinated and degraded by the cytosolic ubiquitin–26S proteasome systemto prevent cytosolic accumulation of unimported plastid‑targeted proteins (Lee et al.,2009; Lee et al., 2013).Plastid‑localisedWHIRLY1 supports proper chloroplast development (Krupinska etal., 2024). InWHIRLY1‑deϐicient plants (RNAi‑W1 andwhy1mutants), plastidWHIRLY1levels are reduced or absent, resulting in enlarged nucleoids, delayed chloroplast devel‑opment, and alterations in the plastid proteome (Krupinska et al., 2014a, 2019; Krupin‑ska et al., 2024). WHIRLY1 deϐiciency also impairs the coordinated assembly of plastid‑and nucleus‑encoded photosynthetic proteins (Krupinska et al., 2019, 2019). Thus, theabsence of plastidWHIRLY1 in the ΔPTP variant is likely to affect nucleoid organisationand delay the establishment of the photosynthetic machinery. In addition, WHIRLY1has been found to associate with intron‑containing plastid RNAs (Melonek et al., 2010),which suggests a role in post‑transcriptional regulation beyond its function as a DNA‑binding protein. Speciϐically, knockdown ofWHIRLY1 in barley leads to impaired splic‑ing of atpF transcripts. Unspliced precursor transcripts overaccumulate, whereas theabundance of spliced atpF RNA is reduced (Melonek et al., 2010). This ϐinding is consis‑tent with results frommaize, where why1mutants show a decreased ratio of spliced tounspliced atpF transcripts (Prikryl et al., 2008). A lack of plastidWHIRLY1would there‑fore result in impaired splicing of plastid transcripts. This would affect the synthesis ofphotosynthetic proteins such as the ATP synthase subunit encoded by atpF, and wouldcontribute to the delayed chloroplast development observed as the delayed greeningphenotype in the ΔPTP variant.Similarly to the barley why1 mutant, the ΔPTP families showed a signiϐicant reduc‑
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tion in chlorophyll accumulation and in primary leaves. In the why1 mutant, primaryleaves contained less chlorophyll than the wild‑type leaves throughout development.At 11 DAS, chlorophyll content was more than twofold higher in the wild type, and evenat 21 DAS the chlorophyll content of mutant leaves remained clearly below wild‑typelevels (Krupinska et al., 2024). Chlorophyll in the why1 mutant continued to increaseuntil 20 DAS, whereas in the wild type it had already reached its maximum by 8 DAS.Plants of the ΔPTP variant showed a similar slow greening phenotype. At 11 DAS theirleaves have about 30%of thewild‑type level and and at 21DAS it reached approximately63–65% of the wild‑type level. The continued increase until 21 DAS indicates a delayin chlorophyll accumulation relative to leaf development. Primary leaves of the ΔPTPfamilies were also shorter than those of the wild type, as in the why1 mutant. In the
why1 mutant, primary leaves reached only 65–75% of wild‑type ϐinal length (Krupin‑ska et al., 2024). In the ΔPTP families, primary leaf length was approximately 73% ofthe wild‑type length under similar conditions. This reduction in leaf length in the ΔPTPlines should, however, be interpreted cautiously. Unlike the why1 mutant, which lacksWHIRLY1 entirely, the ΔPTP variant may produce a truncatedWHIRLY1 protein lackingthe PTP sequence. This protein would be unable to enter the chloroplast. Chloroplastimport is thought to be a prerequisite for subsequent nuclear localisation in the wildtype (Krause & Krupinska, 2009; Isemer et al., 2012b), and therefore the subcellular lo‑calisation of the truncated protein in the ΔPTP variant remains unclear. The observedphenotype may reϐlect not only the absence of WHIRLY1 from plastids, but also the ef‑fects of a truncated WHIRLY1 that has not undergone chloroplast processing. Such aprotein could differ functionally from the mature form present in the nucleus of wild‑type plants.In addition to differences in greenness and primary leaf length, the ΔPTP plantshad signiϐicantly smaller root surface area compared to the wild type and the other
why1‑complemented variants under normal greenhouse conditions, whereas rootlength showed no signiϐicant differences. The impact on root morphology indicatesthat impaired plastid targeting ofWHIRLY1 might affect processes beyond chloroplastdevelopment in leaves. It has been found that barley growth depends on WHIRLY1abundance. By using independent WHIRLY1 overexpression lines with about 10‑foldor 50‑fold higher levels of WHIRLY1 protein, it was shown that lines with higher accu‑
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mulation exhibited stronger growth reduction, lower photosynthetic performance, aswell as hormone changes such as lower levels of cytokinins, and higher levels of jas‑monic acid (Frank et al., 2024). These ϐindings indicate that the presence of WHIRLY1in chloroplasts is required for normal plant growth and development. If the absence ofPTP leads to a lack of WHIRLY1 in plastids, this could also affect plant growth in gen‑eral and root growth in particular. One potential indirect route is a reduced supply ofphotosynthesis‑derived sugars from the shoot. The transport of sugars via the phloeminto the root and photosynthate from the cotyledons are necessary for root growth dur‑ing the early stages of development (Kircher & Schopfer, 2012; Wang et al., 2018). Thismeans that a shoot defect that reduces carbon assimilation or export would limit theavailability of carbohydrates to the roots. In Arabidopsis, plastid‑localised WHIRLY1contributes to ABA responsiveness during germination (Isemer et al., 2012a). BecauseABA regulates both seed germination and root growth (Liang et al., 2025b), altered ABAsensitivity could inϐluence early root development as well. Moreover, deϐiciencies inplastid translation or photosynthesis have been shown to impair root growth (Nakataet al., 2018; Duan et al., 2021).Under drought stress, the ΔPTP variantmaintained a high PSII efϐiciency and chloro‑phyll content for longer than the wild type and the otherwhy1‑complemented variants,despite similar soil water loss. It is possible that the ΔPTP plants are unable to perceiveor respond to drought stress, which would explain why PSII efϐiciency and chlorophyllcontent remained high despite similar soil water loss. This interpretation is supportedby the observation that under well‑watered conditions, no differences in PSII efϐiciencyor chlorophyll content were detected between the ΔPTP variant, the wild type, and thegreen‑phenotype variants suggesting that the effect is speciϐic to the stress responserather than a consequence of delayed chloroplast development. The same was foundfor the foliage leaves of the why1 mutant, which, under normal conditions, showed nosigniϐicant differences in PSII efϐiciency in comparison to thewild type (Krupinska et al.,2024). Therefore, the sustained photosynthetic performance of the ΔPTP variant un‑der drought most likely reϐlects an impaired ability to induce the stress and senescenceresponse, rather than a consequence of its xantha‑to‑green phenotype. A mechanisti‑cally plausible explanation is that the lack of plastid‑targeted WHIRLY1 impairs boththe sensing of stress and the communication of the stress situation to the nucleus. As

53



Discussion
a result, the associated nuclear transcriptional and epigenetic programmes that drivedrought‑induced senescence and photosynthetic downregulation are not activated. Infact, the behaviour of ΔPTP plants under drought conditions is similar to the previ‑ously reported senescence‑related phenotypes observed in barley lines with modiϐied
WHIRLY1 expression. In barley WHIRLY1 knockdown lines under drought stress, theinduction of senescence‑ and drought‑associated genes and the decline in chlorophylllevels are delayed in comparison to the wild‑type plants. In addition, a delay in the in‑duction of nuclear genes related to drought and senescence as well as in histone acety‑lation changes were also reported (Janack et al., 2016). Similarly, WHIRLY1 overex‑pression delayed the drought‑induced onset of senescence and resulted afterwards inhigher PSII efϐiciency and chlorophyll content than the wild type. This correlated withsuppressed drought induction of ABA biosynthesis genes such as NCED1, carotenoidcleavage dioxygenase 5 (CCD5), and carotenoid cleavage dioxygenase 8 (CCD8) and theABA‑responsive senescence gene S40, as well as with lower ABA accumulation. Accord‑ingly, reduced levels of the euchromatic marks H3K4me3 and H3K9ac at the promoter‑proximal regions and around the transcriptional start site ofNCED1 and S40 geneswereobserved (Manh et al., 2023). Taken together, these ϐindings suggest that WHIRLY1plays a broader role in stress sensing and communication between chloroplasts andthe nucleus, as the delayed senescence response in WHIRLY1 knockdown plants hasalso been observed under high light stress independently of drought (Kucharewicz etal., 2017).The ΔPTP seedlings were smaller than those of the wild type. However, this sizephenotype is unlikely to be caused by impaired PSII function as in theWHIRLY1 overex‑pression lines (Frank et al., 2024), because the PSII efϐiciency of ΔPTP plants remainsat wild‑type levels until day 33, when senescence begins in the wild type. Instead, thesmaller seedling size can be more likely associated with the root phenotype describedabove, i.e. fewer lateral roots and unchanged root length. The root system architectureis impaired which could cause a decrease of the absorptive surface area and potentiallythewhole‑plant sink strength leading to limited shoot biomass accumulation evenwhenPSII efϐiciency is still normal. After the onset of senescence under control conditions,PSII efϐiciency declines in the wild type but remains stable in the ΔPTP variant at leastuntil 41 DAS (Figure 12), which suggests delayed senescence in the ΔPTP variant and
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not a permanent difference in photosynthetic capacity.Taken together, the studies on barley drought resistance demonstrate that the plas‑tid localisation of WHIRLY1 is indispensable for a proper drought stress response. TheΔPTP phenotype observed in the present study indicates that it is not merely the abun‑dance of WHIRLY1 but its speciϐic localisation to chloroplasts that is the critical factor.The importance of plastid‑localised WHIRLY1 has also been demonstrated in otherplant species. In Arabidopsis, loss of plastid WHIRLY proteins results in chloroplastgenome instability and increased illegitimate recombination. This indicates a crucialrole of these proteins in plastid DNAmaintenance (Cappadocia et al., 2010; Lepage et al.,2013). In maize, complete loss of WHIRLY1 is required for chloroplast ribosome accu‑mulation and plastid RNA metabolism, and maize why1mutants exhibit severe defectsin chloroplast development (Prikryl et al., 2008), though it should be noted that thesephenotypes reϐlect the absence of WHIRLY1 from both plastids and the nucleus ratherthan a speciϐic loss of plastid targeting. Research comparing the full‑length WHIRLY1protein of Arabidopsis, which accumulates in both plastids and the nucleus, with aWHIRLY1 that accumulates only in the nucleus (as is hypothesised for WHIRLY1ΔPTP)found that the latter could not restore ABA responsiveness (Isemer et al., 2012a). Sincethe synthesis of ABA starts in plastids and ABA is an upstream regulator of drought‑induced stress responses (Estrada‑Melo et al., 2015), these results support the ideathat plastid‑targeted WHIRLY1 can modulate drought‑associated gene reprogrammingin the nucleus.Other than modulating drought‑associated gene reprogramming, plastid‑targetedWHIRLY1 might also contribute to defence mechanisms during the early stages ofpathogen infection. Upon powdery mildew inoculation, the ΔPTP plants were theonly variant that showed increased susceptibility to this pathogen. This result is notunexpected given previous ϐindings where WHIRLY1 abundance was shown to modu‑late powdery mildew susceptibility. In WHIRLY1 overexpression lines, fungal colonyformation was decreased, whereas in RNAi‑W1 barley lines, as in the ΔPTP variant, itwas increased (Frank et al., 2024).Although the number of established colonies was higher, there were no differencesin colony size among thewhy1‑complemented variants and thewild type at 48 hai. Twopossible explanations are that the differences in colony size may not yet be signiϐicant
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enough to be detected at this early time point (Orton & Brown, 2016; Lück et al., 2025),or that, once established, the fungal colonies grow at similar rates in all variants (God‑frey et al., 2010; Lück et al., 2025).The ΔPTP phenotypes under normal and stress conditions support amodel inwhichplastid‑localised WHIRLY1 contributes to coordinating chloroplast function with nu‑clear stress responses. WHIRLY1 has been detected in both chloroplasts and nuclei(Grabowski et al., 2008) and experiments in which an haemagglutinin (HA)‑taggedversion of Arabidopsis WHIRLY1 was expressed from the plastid genome of tobaccodemonstrated that a plastid‑synthesised WHIRLY1 protein can be translocated fromchloroplasts to the nucleus (Isemer et al., 2012b). Furthermore, phosphorylation ofWHIRLY1 by Calcineurin B‑Like‑Interacting Protein Kinase 14 (CIPK14) promotes itsaccumulation in the nucleus and alters its plastid–nuclear distribution (Ren et al., 2017),demonstrating that this process is regulated. Since plastids generate retrograde signalsthat inϐluence nuclear gene expression (Estavillo et al., 2011; Woodson et al., 2011), amechanistic possibility consistent with the above ϐindings is thatWHIRLY1 participatesin plastid‑to‑nucleus communication. Plastid‑localised WHIRLY1 could either undergomodiϐication within chloroplasts prior to relocation to the nucleus, or associate withplastid‑derivednucleic acids or othermolecules and thus contribute to the transmissionof plastid status to the nucleus. Deletion of the plastid transit peptide in the ΔPTP con‑structwould prevent chloroplast import and therefore eliminate any plastid‑dependentprocessing or plastid‑associated interactions occurring before nuclear localisation. Asa result, ΔPTP phenotypes may reϐlect not only loss of WHIRLY1 function within chloro‑plasts but also the absenceof a plastid‑dependentmodiϐication required for the functionof WHIRLY1 in the nucleus. The use of a why1 knockout background for the generationof the why1‑complemented variants ensured that the observed ΔPTP phenotypes re‑ϐlect the functional properties of the modiϐied WHIRLY1ΔPTP protein itself withoutcontribution from the endogenous WHIRLY1. Direct experimental evidence whetherWHIRLY1 carries or transmits a plastid‑derived signal in this manner is currently lack‑ing. To address this, it would be necessary to determine the subcellular distribution ofWHIRLY1, assess chloroplast redox status and reactive oxygen species levels, and anal‑yse downstream nuclear responses, such as stress‑responsive microRNAs and changesin hormone signalling.
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The otherwhy1‑complemented variants, the ΔPRAPP, K97A, C165A and control vari‑ants, displayed normal greening and were indistinguishable from the wild type undernormal greenhouse conditions. Similarly, under drought stress, these variants followedthe wild‑type pattern of declining PSII efϐiciency and chlorophyll content, and when in‑fected with powdery mildew, colony number was not signiϐicantly different from thewild type. These ϐindings indicate that the PRAPP motif and the conserved residuesK97 and C165 are not required for chloroplast development, stress responses underdrought conditions, as well as for early resistance to powdery mildew. Instead, theymay contribute to molecular processes that do not result in visible developmental orphysiological changes.In addition to the stress assays that have been discussed so far, the why1‑comple‑mented variants also differed in terms of generation times (Table 1). The green pheno‑type variants reached maturity within 4.5 to 6 months, whereas the wild type requiredonly 3 to 4 months to mature under the same greenhouse conditions. For comparison,the three xantha‑to‑green variants, the ΔPTP investigated here, as well as the ΔCBMand K97AΔCBM that could not be advanced to homozygosity within the duration of thiswork, exhibited a signiϐicant delay inmaturation. All three of themhad generation timesof 11 to 13 months, i.e. two or more years are needed to obtain homozygous lines fromthese variants. The xantha‑to‑green variants showed a signiϐicant delay in awn emer‑gence (BBCH 49; Lancashire et al., 1991) compared to the green variants and the wildtype, whereas the period from awn emergence to grain maturity was similar among all

why1‑complemented variants at approximately three months. This similarity suggeststhat the phenotypic differences among them occurred before awn emergence ratherthan during grain ϐilling and ripening. However, this period was substantially longerthan in the wild type, where grain maturity is typically reached within 10 to 30 daysof awn emergence, which shows that development after awn emergence was also de‑layed in the variants relative to the wild type. These signiϐicant differences in genera‑tion time could be attributed to the crucial role that chloroplasts have in photosyntheticcarbon assimilation and energy production. Chloroplast development requires properplastid gene expression (Pfalz et al., 2006). Since this process is linked to plastid‑to‑nucleus retrograde signalling, any disruption in it may also alter developmental pro‑gression through changes in nuclear gene expression (Estavillo et al., 2011;Woodson et
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al., 2013). WHIRLY1 has been shown to contribute to plastid nucleoid organisation andplastid gene expression (Melonek et al., 2010; Krupinska et al., 2014a). Therefore thelack of plastid WHIRLY1 in the ΔPTP variant could explain the delayed development offully functional chloroplasts and the longer generation time. The developmental delayand xantha‑to‑green phenotype of the ΔCBM and K97AΔCBM variants suggest that theputative CBM motif may also play a role in chloroplast development, though its contri‑bution remains unclear without further investigation of the homozygous lines.
3.2 Specific WHIRLY1 motifs modulate early developmental stages under

combined high temperature and continuous lightThe absence of a signiϐicant difference in primary leaf length under both normal andthe combined high temperature and continuous light conditions suggests that thistrait is unlikely to be determined by the motifs and residues modiϐied in the WHIRLY1protein. However, a comparison of the lengths of the primary leaves of each why1‑complemented variant at high temperature and continuous light conditions with theprimary leaf lengths at normal conditions, showed that all three K97A families and oneC165A family had signiϐicantly shorter primary leaves at high temperature and contin‑uous light conditions. These results suggest that both K97 and C165 are important forleaf growth under stress conditions.The conserved lysine residue, part of the DBM (K97 in barley WHIRLY1, analogousto K91 in Arabidopsis WHIRLY1 and K67 to potato WHIRLY2), is critical for the DNArepair function of WHIRLY proteins (Cappadocia et al., 2010; Cappadocia et al., 2012).Structural studies in potato showed that K67 of the WHIRLY2 protein is required forhigher‑order assembly of WHIRLY tetramers into 24‑mers upon binding long ssDNAwithout major changes of the tetrameric protein structure or short ssDNA binding(Cappadocia et al., 2012). Mutation of this residue in Arabidopsis WHIRLY1 (K91) in‑terfered with the repair of DNA double‑strand breaks (Cappadocia et al., 2012). Thesubstitution of K97 with alanine could disrupt WHIRLY1’s ability to form higher‑ordercomplexes on ssDNA and thereby its role in DNAdouble‑strand break repair. Under con‑tinuous light and high temperature, chloroplasts are expected to experience increasedphotooxidative stress (Sun et al., 2016; Wang et al., 2018; Liang et al., 2025a) that po‑
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tentially could induce DNA lesions. WHIRLY1K97A may fail to prevent microhomology‑mediated rearrangements, leading to an unstable plastid genome. Plastid genomeinstability and impaired chloroplast function can further enhance ROS accumulationand the activation of retrograde stress signalling (Lepage et al., 2013). This can inducethe expression of defence genes and shift metabolism towards stress tolerance as in the
WHIRLY1 overexpression lines that upregulate defence at the expense of growth (Franket al., 2024). In the K97A variant, DNA damage under stress could similarly affect retro‑grade signalling, leading to limited cell proliferation or hormone levels. This, in turn,could result in shorter leaves.WHIRLY1 also affects nuclear regulation of chloroplast development (Krupinska etal., 2022). RNAi‑W1 barley leaves showed different levels of transcription factors in‑volved in chloroplast development and cell morphogenesis and fewer chloroplast pro‑teins (Karpinska et al., 2022). If K97A changes would affect WHIRLY1 activity or stabil‑ity, this could reduce the efϐiciency of plastid gene expression via PEP/NEP‑dependenttranscription, RNA metabolism, or nucleoid organisation, leading to a lower photosyn‑thetic efϐiciency, thus limiting the resources needed for leaf growth.Continuous light can induce chlorosis and impair photosynthetic performance(Velez‑Ramirez et al., 2014; Liang et al., 2025a). High temperature, on the other hand,can destabilise thylakoidmembranes andprotein complexes, and accelerate chloroplastturnover (Wang et al., 2018). A dysfunctional WHIRLY1 under these stress conditionscould compromise the chloroplast’s capacity to preserve plastid genome integrity.Another phenotype observed at high temperature and continuous light conditionswas a reduced germination rate that varied from 41.6% to 87.5%, for all the variantsdespite prior cold stratiϐication being applied to the grains. Cold stratiϐication is knownto accelerate germination by lowering seed ABA levels and increase gibberellin (GA)‑synthesis genes (Gubler et al., 2008; Tuan et al., 2018). If these cold pre‑treated grainsare then exposed to stress conditions, stratiϐicationmay provide some protection by ac‑tivating stress responses, however, it could not fully counteract the effects of high tem‑perature (Ullah et al., 2022) and continuous light (Roth‑Bejerano et al., 2008; Gubler etal., 2008) on barley germination. There are studies showing that continuous blue light(Hoang et al., 2014) and continuous far‑red light (Burger, 1965) inhibit barley germi‑nation under the different temperatures tested. However, in these studies, the highest
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temperatures tested were 30 °C and 25 °C respectively, and barley grains were not coldstratiϐied. The lower germination rates observed here most likely reϐlect the combinedinhibitory effects of high temperature and continuous light, which cold stratiϐicationalone could not fully counteract.Germination is impaired by both substitutions, but to different extents and underdifferent conditions. C165A caused the most signiϐicant reduction at high temperature,with germination decreasing from98%under normal conditions to approximately 50%at 34 °C. In contrast, K97A showed the lowest germination among all the variants un‑der control conditions (79%) and the second‑lowest under high temperature (68%; Fi‑gure 10). This suggests distinct functional roles for the two conserved residues. Themost straightforward interpretation of the K97A substitution is that it affects higher‑order protein assembly, since the equivalent lysine residue in ArabidopsisWHIRLY1 hasbeen shown to be necessary for forming 24‑mer complexes (Cappadocia et al., 2012).The stronger phenotype of C165A at high temperatures is more difϐicult to attribute toa simple structural defect and might be better explained by a role in stress‑responsiveregulation. It has been proposed that the conserved cysteine may participate in redox‑dependent changes in the oligomerisation state ofWHIRLY1 (Foyer et al., 2014), thoughthis remains hypothetical. One possibility is that C165 contributes to stress‑sensitiveprotein interactions that become less stable at high temperatures. However, the presentdata do not reveal whether the C165A effect is caused by changes in redox responsive‑ness, protein stability, or another aspect of WHIRLY1 function.Overall, the germination phenotypes suggest that both residues are crucial for thepositive impact of WHIRLY1 on germination but are unlikely to act via the same mecha‑nism. In Arabidopsis, a truncated WHIRLY1 lacking the plastid transit peptide, whichaccumulates exclusively in the nucleus, cannot restore ABA responsiveness during ger‑mination inwhy1mutants, whereas the full‑length protein present in both plastids andnucleus can (Isemer et al., 2012a). If, as hypothesised, the WHIRLY1ΔPTP protein inbarley is similarly unable to enter plastids, the germination phenotypes of K97A andC165A may reϐlect impairment of speciϐic aspects of plastid WHIRLY1 function that arerequired for ABA‑dependent germination responses depending onwhether stress is ap‑plied.High temperature and continuous light stress also caused a delay in the emergence
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of secondary leaves in all of the investigated variants as well as the wild type. Thisindicates that this response reϐlects a general effect of the growth conditions ratherthan a genotype‑speciϐic phenotype. Both, high temperature and continuous light areknown to affect plant development. Temperature inϐluences plant development in astage‑dependent manner (Granier et al., 2002), and continuous light can cause physio‑logical stress (Velez‑Ramirez et al., 2014; Sun et al., 2016; Wang et al., 2018; Liang et al.,2025a). Even though barleyWHIRLY1 has been associated with early leaf developmentand coordination of plastid and nuclear gene expression (Krupinska et al., 2019; Karpin‑ska et al., 2022; Saeid Nia et al., 2022), andWHIRLY1 deϐiciency affects light‑dependentdevelopmental responses, such as senescence progression and acclimation to high light(Kucharewicz et al., 2017; SaeidNia et al., 2022), the delay in all plant lines including thewild type, suggests that WHIRLY1 is not a major determinant of leaf emergence underthese conditions.
3.3 CRISPR/Cas9 editing ofWHIRLY2 and phenotypic consequencesThis study established the ϐirst targeted genetic modiϐications ofWHIRLY2 in barley us‑ing CRISPR/Cas9 gene‑editing technology. The resulting mutant lines carried eitherframeshift mutations predicted to disrupt protein function or in‑frame deletions withinthe WHIRLY domain of the WHIRLY2 protein. Cas9‑free T1 plants carrying stable mu‑tations (M1 plants) were selected for phenotypic and genotypic analysis. Frameshiftmutations were found only in heterozygous state in the genotyped mutants from mul‑tiple independent M0 events. One Cas9‑positive M0 plant carried heterozygous biallelicframeshift mutations, with each allele carrying a different mutation. Homozygous in‑frame or frameshift mutants could not be obtained from M0 plants. In the next gen‑eration, M1 mutants carrying homozygous in‑frame deletions and heterozygous bial‑lelic mutations were obtained. In the latter, one allele carried a premature stop codoncaused by a single‑nucleotide deletion, while the other carried an in‑frame deletionof two amino acids. The inability to obtain biallelic frameshift Cas9‑free mutants inthis generation, whether homozygous or heterozygous, suggests that complete loss ofWHIRLY2 function may compromise plant viability during early development.Under normal greenhouse growth conditions, all genotyped why2 mutants wereindistinguishable from the wild type with respect to greenness and overall vegetative61
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morphology. The genotyped mutants are therefore unlikely to represent complete lossof WHIRLY2 function, which may explain the absence of a visible phenotype. WhetherWHIRLY2 is required for normal vegetative growth under these conditions cannotbe determined from the current mutant lines. The lack of a vegetative phenotype in
why2 mutants has also been observed in Arabidopsis. Loss‑of‑function Arabidopsis
why2 lines display disorganised mitochondrial nucleoids and reduced cristae density(Golin et al., 2020) but develop normally under normal conditions (Maréchal et al.,2008; Golin et al., 2020). Such ϐindings suggest that changes in mitochondrial structuredo not always lead to visible defects during vegetative growth. Instead, phenotypicconsequences become apparent under conditions of highmitochondrial demand (Golinet al., 2020). Overexpression studies further illustrate thatWHIRLY2 abundance affectsmitochondrial function (Maréchal et al., 2008; Cai et al., 2015).The predicted severity of the effect of the mutations depends on their positionwithin the WHIRLY2 gene. Frameshift mutations in the second exon are predictedto introduce premature stop codons truncated within the organelle transit peptide, up‑streamof theWHIRLY domain (Figure 3B). If themRNA resulting from the transcriptionof the WHIRLY2 carrying these premature stop codons can escape degradation by thenonsense‑mediated decay mechanism (Urquidi Camacho et al., 2020; Bagherian et al.,2025) this could lead to the synthesis of a very short truncated protein. However, in themajority of cases nonsense‑mediated decay (NMD) reduced the abundance of aberranttranscripts and thus limits the synthesis of truncated proteins (Urquidi Camacho et al.,2020; Krzyszton et al., 2025). In contrast, frameshift mutations occurring in the fourth,sixth, or eighth exon after glycine in position 154 (G154) locatedwithin theWHIRLY do‑main do not disrupt the conserved DNA‑bindingmotif andmay retain partial structuralor functional properties if the truncated protein is synthesised. In plants, transcriptscontaining premature stops are targeted byNMDwhen they contain a strong plant NMDsignal, especially a long 3’ UTR or a 3’ UTR intron located more than 50 nt downstreamof the stop codon. In Arabidopsis, long 3’ UTRs that trigger NMD are generally longerthan 350 nt, although there are exceptions, and the efϐiciency of intron‑based NMD in‑creases with the distance between the stop codon and the downstream intron (Kalynaet al., 2012; Nyiko et al., 2013). Transcripts containing premature stop codons havebeen able to escape degradation and yield truncated proteins (Kralova et al., 2024).
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For instance, an Arabidopsis study on the cytokinin receptor Cytokinin Response 1 /Arabidopsis Histidine Kinase 4 (CRE1/AHK4) showed that an intron‑retention isoformintroducing a premature stop codon was translated in planta into a truncated receptorthat lacks the C‑terminal receiver domain. A premature stop codon in the second exonwould be expected to leave a longer downstream region and therefore a longer 3’ UTRand splice junctions than a premature stop codon in the fourth, sixth, or eighth exon.This is consistent with the observation that the non‑surviving T1 regenerants werepredominantly progeny of the M0 mutants carrying frameshift mutations in the secondexon. However, the association between frameshift mutations in the second exon andnon‑survival of the progeny does not prove causality.In contrast to the phenotypes described above, a subset of T1 progeny from fourindependent M0 plants was characterised by delayed germination, reduced plant size,severe necrosis, and premature senescence. Unlike the why2mutants described above,which were genotyped and conϐirmed to carry mutations, these plants died before ge‑notypingwas possible, leaving their genetic status unresolved. Whether this phenotyperesulted fromWHIRLY2mutations or was a consequence of factors such as somaclonalvariation or segregation distortion remains unclear. Given the role of WHIRLY2 in mi‑tochondrial genome maintenance (Maréchal et al., 2008), biallelic loss‑of‑function mu‑tations could impair early development. However, without genotypic conϐirmation, acausal relationship cannot be established. Interestingly, a phenotype similar to that ofthe non‑surviving regenerants, smaller plants and accelerated leaf senescence, was alsoobserved in the WHIRLY2 overexpression lines in Arabidopsis (Maréchal et al., 2008).This similarity in phenotypes, observed under both reduced and increased WHIRLY2levels, suggests that mitochondrial function is sensitive to WHIRLY2 abundance. In theoverexpression lines, mtDNA abundance andmtDNA‑encoded transcript levels were re‑duced, leading to decreased activity of respiratory chain complexes containing mtDNA‑encoded subunits. The lack of a vegetative phenotype in the Arabidopsiswhy2mutantswas attributed to a third WHIRLY protein, WHIRLY3, which is dually targeted to bothchloroplasts and mitochondria. In mitochondria, WHIRLY3 is thought to compensatefor the absence of WHIRLY2 only in the vegetative parts of the plant (Golin et al., 2020).Barley does not have a WHIRLY3 homolog. Therefore, the consequences of WHIRLY2loss may be more severe in barley than in Arabidopsis. The Arabidopsis why2mutants
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were also characterised by impaired germination, which suggests that early develop‑ment may be sensitive to the absence of the WHIRLY2 protein. The delayed germina‑tion, necrosis, and premature senescence observed in the non‑surviving regenerantssupport the hypothesis that they carried biallelicWHIRLY2 loss‑of‑function mutations.These ϐindings suggest that WHIRLY2 plays a more critical role in maintaining the sta‑bility of the mitochondrial genome during the early stages of barley development thanit does in Arabidopsis. This could reϐlect differences between species in the ability ofmitochondrial DNA repair pathways to compensate for the absence of WHIRLY2.The most direct evidence of a link between biallelic frameshift mutations and non‑survival of progeny comes from plant 32, which was the only M0 plant to carry hetero‑zygous biallelic frameshift mutations, with a different mutation in each allele (see Ta‑ble 4). Of the 24progenyof plant 32, nine diedbetween six and eightweeks after sowing,and only one Cas9‑free heterozygous mutant survived (Figure 17; Table A4; Table A5).Eight progeny carried no mutations, which conϐirms that some gametes transmitted awild‑type allele. The M0 plant 32 itself showed no visible phenotype. This can be attri‑buted to somatic mosaicism, a well‑documented consequence of CRISPR/Cas9 editingin primary transformants, where the genotype identiϐied in leaf tissue may not reϐlectthe germline genotype uniformly. In such plants, editing occurs after cell lineages arealready established, and different cell populations therefore carry different genotypes(Jang et al., 2016; Impens et al., 2022). The high proportion of non‑surviving progenyfrom plant 32, compared to non‑surviving progeny from heterozygous M0 parents, isconsistent with a higher probability of inheriting two non‑functional alleles from a pa‑rent carrying frameshift mutations in both alleles.In contrast to frameshift mutations, plants carrying the biallelic in‑frame muta‑tion p.G154_S155 deletion in the WHIRLY domain (corresponding to the sixth exonof WHIRLY2) remained viable and displayed no visible developmental phenotype un‑der standard growth conditions. Structural modelling using AlphaFold‑Multimer v3predicted that the deleted residues were located within a surface‑exposed loop of theWHIRLY domain and did not disrupt the core fold or tetramer assembly. WHIRLYproteins function as oligomeric DNA‑binding complexes that are involved in nucleoidorganisation (Cappadocia et al., 2010; Cappadocia et al., 2012). Therefore, maintain‑ing the core structure and predicted DNA‑binding surfaces of WHIRLY2 is expected to
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preserve at least some of its mitochondrial genome maintenance activity. Modiϐica‑tions in surface‑exposed regions may affect higher‑order assembly or protein‑proteininteractions. However, structural modelling is only predictive, therefore experimentalanalyses will be necessary to determine whether the two‑amino acid deletion affectsWHIRLY2 function. Assays examining oligomer formation, DNA‑binding afϐinity, andprotein‑protein interactions could clarify whether the mutation affects mitochondrialgenome maintenance, under stress conditions or at speciϐic developmental stages.
3.4 Distinct roles of WHIRLY1 and WHIRLY2 in barleyThe results of this study help to clarify the roles of WHIRLY1 and WHIRLY2 in barley.WHIRLY1 which is required for normal chloroplast development and overall plant de‑velopment, contributes to drought responses and early resistance to powdery mildew.These functions depend on its correct plastid targeting. The analysis of WHIRLY1 vari‑ant lines indicates that not all conserved motifs and residues contribute equally to de‑velopment and stress responses. Deletion of the PTP caused a delayed chloroplast de‑velopment and stress responses that differed from the wild type and the rest of the in‑vestigated variants. The presence of WHIRLY1 in plastids is important for its activitynot only in the plastids but also in the nucleus. By contrast, substitutions in conservedresidues such as K97 and C165 did not compromise normal development apart from amodest delay in maturation compared to the wild type. Their effects became apparentonly under speciϐic conditions, such as combinedhigh temperature and continuous lightstress. In addition, the generation time is longer in the absence of WHIRLY1 and in
why1‑complemented variants than in the wild type, and was most severely affected inthe xantha‑to‑green variants. Plastid targeting therefore may be a crucial requirementfor WHIRLY1 function, whereas the conserved residues modulate stress‑associated re‑sponses rather than contribute to chloroplast development.In contrast, the why2 mutant lines did not display obvious vegetative differencesfrom the wild type under standard growth conditions. Although WHIRLY2 has beenassociatedwith themaintenanceof themitochondrial genome inother species (Maréchalet al., 2008; Golin et al., 2020), conϐirmed biallelic WHIRLY2 loss‑of‑function mutantscould not be obtained in this study, which suggests that complete loss of WHIRLY2function may compromise plant viability. As a result, the lack of a visible phenotype in65
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the surviving mutant lines should be interpreted cautiously.Overall, the data support a functional divergence betweenWHIRLY family membersin barley. WHIRLY1 plays a dominant role in chloroplast development and stress regu‑lation. WHIRLY2 is likely involved in mitochondrial processes, but its contribution maybe more evident under stress conditions, during early development, or during phaseswhen the metabolic demand is high. Future work that enables recovery and valida‑tion of biallelic frameshift mutants of WHIRLY2, should clarify whether such mutantsexist. In addition, appropriate tissue‑culture controls are essential in order to distin‑guish the effects of CRISPR/Cas9‑inducedWHIRLY2mutations from the variation intro‑duced during transformation and regeneration. These controls could include wild‑typeplants that have been regenerated using the same tissue‑culture procedure, as well asplants that have been transformed using an empty vector.
3.5 Conclusions and outlookThis study analysed the functional relevance of conserved WHIRLY1 motifs and aminoacid residues and generated targeted CRISPR/Cas9WHIRLY2mutants in barley.The most consistent phenotype was observed in the ΔPTP variant. Deletion of theplastid transit peptide resulted in delayed greening during early development, reducedroot area under greenhouse conditions, a delayed decline in PSII efϐiciency and chloro‑phyll content during drought, and increased colony numbers after infection with pow‑dery mildew. These ϐindings suggest that the PTP and therefore, the plastid targetingof WHIRLY1, are required for proper chloroplast development and stress responses inbarley. In contrast, the K97A, C165A and ΔPRAPP variants did not show any develop‑mental differences from the wild type under normal conditions. Under high temper‑ature and continuous light, however, speciϐic motif‑dependent effects were observed,including shorter primary leaves and reduced germination. These results suggest thatthe conserved residues K97 and C165might play a role in stress sensitivity during earlydevelopment, but are not important for chloroplast development.FrameshiftWHIRLY2mutations were detected in theM0 generation in heterozygousstates, either monoallelic, where only one allele carried a mutation or biallelic, whereboth alleles carried different mutations. Homozygous plants carried only in‑framedeletions. All conϐirmed Cas9‑free mutants obtained in this study were green and in‑66
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distinguishable from the wild type under the conditions tested. In‑frame deletions of
WHIRLY2 do not cause obvious vegetative phenotypes under normal greenhouse con‑ditions. Nevertheless, since biallelic frameshift mutants could not be recovered, thepossibility that complete disruption ofWHIRLY2 gene may affect plant survival cannotbe excluded.Several questions remain open. First of all, the subcellular localisation of theWHIRLY1ΔPTP protein needs to be immunologically tested on plastid and nucleusfractions. Although some observations suggest that the ΔPTP variant resembles the
why1 mutant, the difference in generation time indicates potential functional diver‑gence. A comparison of plastid and nuclear transcript proϐiles among the wild type,
why1 mutant, and ΔPTP variant would therefore help determine whether WHIRLY1can inϐluence nuclear gene expression independently of its plastid localization. Second,the stress‑dependent molecular mechanisms downstream of WHIRLY1 were not exam‑ined. Using the why1 mutant and the wild type as controls, measurements of plastidand nuclear transcript proϐiles, chloroplast redox state, hormone levels (such as ABAand SA), and stress‑responsive gene expression would help determine whether thepresence ofWHIRLY1 in plastids is associated with differences in the timing of drought‑associated responses and the activation of defence processes that restrict fungal entryand establishment. Finally, the why2 mutants require comprehensive investigationsunder abiotic and biotic stress conditions. Since biallelic frameshift mutations were notobtained despite extensive screening of M0 lines and their progeny, further screeningcould help determine whether complete loss‑of‑function why2mutants are obtainableand whether such loss of function affects barley viability. In addition, detailed mito‑chondrial analyses should include assessment of mitochondrial nucleoid organisation,mtDNA copy number and recombination patterns, mitochondrial gene expression, res‑piratory complex activity, oxygen consumption rates, mitochondrial ultrastructure.Such assays would clarify whether CRISPR/Cas9‑induced WHIRLY2 mutations im‑pair mitochondrial genome stability, respiration, or early developmental processes.However, these effects would be expected only if the mutations lead to a reduction ofWHIRLY2, which should be veriϐied by assessing WHIRLY2 protein abundance using aspeciϐic antibody.By establishing the importance of plastid targeting for WHIRLY1 function, identify‑
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ing residue‑speciϐic effects under stress conditions, and generating targeted why2 mu‑tants, this study provides a foundation for further investigation ofWHIRLY protein func‑tion in barley.
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4 Materials and Methods

4.1 Materials

4.1.1 Reagents, enzymes, kits, and antibodiesThe PCR reagents used in this work were provided by Promega GmbH, Walldorf, Ger‑many. Type IIP and IIS restriction enzymes, ligases, and their respective buffers wereprovided by the New England Biolabs GmbH (NEB), Frankfurt am Main, Germany andThermo Fisher Scientiϐic Inc., Waltham, MA, USA. The plasmid miniprep kits were pro‑vided byMacherey‑Nagel GmbH&Co. KG, Düren, Germany andThermoFisher ScientiϐicInc., Waltham,MA, USA. Kits and other reagents used for protein analysiswere providedby Bio‑Rad Laboratories GmbH, Feldkirchen, Germany and EMDMillipore Corporation,Burlington,MA, USA. The antibodieswere providedbyAgriseraAB, Vännäs, Sweden andThermo Fisher Scientiϐic Inc., Waltham, MA, USA.
4.1.2 MicroorganismsTheEscherichia coli strainMach1chemically competent cells (F–φ80 lacZΔM15ΔlacX74hsdR(rK–, mK+) ΔrecA1398 endA1 tonA, (Thermo Fisher Scientiϐic Inc., Waltham, MA,USA)were used for the cloning of the CRISPR/Cas9 construct. The Agrobacterium tume‑

faciens (syn. Rhizobium radiobacter) strain AGL1 (AGL0 recA::bla pTiBo542ΔT Mop+CbR) were used for the cloning of the CRISPR/Cas9 construct and for the stable trans‑formation of immature barley embryos. Blumeria graminis f. sp. hordei isolate CH4.8(Bgh CH4.8) was used for the powdery mildew assay of the why1‑complemented vari‑ants.
4.1.3 VectorsIn Table 6 are listed all the vectors generated in this work. The backbone vectors andthe pre‑assembled vector CPGE_VEC00084, which provided the Cas9 expression cas‑sette, and CPGE_VEC00089, which served as an auxiliary module containing a multiplecloning site, were generated byHofϐie (2023). CPGE_VEC000113was cloned at the DNACloning Service e.K., Hamburg (dna‑cloning.com).
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Table 6. Expression‐competent vectors generated for targeting theWHIRLY2 gene

Vector name Backbone Insert(s)

Pol III
promoter
driving
gRNA

Pol II
promoter
driving
Cas9

Cas9 variant Plant selection
cassette

Bacterial
selection
marker

Terminator(s) Vector role

CPGE_VEC00284 CPGE_VEC00058 gRNA expression
unit 1 OsU3 – – – AmpR (bla) U3 terminator

(poly‐T)

gRNA expression
module; cloning
intermediate

CPGE_VEC00285 CPGE_VEC00059 gRNA expression
unit 2 OsU3 – – – AmpR (bla) U3 terminator

(poly‐T)

gRNA expression
module; cloning
intermediate

CPGE_VEC00286 CPGE_VEC00060 gRNA expression
unit 3 OsU3 – – – AmpR (bla) U3 terminator

(poly‐T)

gRNA expression
module; cloning
intermediate

CPGE_VEC00287 CPGE_VEC00061 gRNA expression
unit 4 OsU3 – – – AmpR (bla) U3 terminator

(poly‐T)

gRNA expression
module; cloning
intermediate

CPGE_VEC00288 CPGE_VEC00070 Multi‐gRNA
expression unit OsU3 – – – SpecR/SmR

(aadA)
U3 terminator

(poly‐T)

Multi‐gRNA
expression

module; cloning
intermediate

CPGE_VEC00289 CPGE_VEC00072
Cas9 expression
unit; multi‐gRNA
expression unit

OsU3 ZmUbi1 SpCas9 (maize
codon‐optimised) – AmpR (bla)

gRNA: U3
terminator

(poly‐T); Cas9: nos,
35S

Expression‐
competent
assembly

intermediate

CPGE_VEC00290 CPGE_VEC00113
Cas9 expression
unit; multi‐gRNA
expression unit

OsU3 ZmUbi1 SpCas9 (maize
codon‐optimised)

2×35S::hpt
(HygR)

SpecR/SmR
(aadA)

gRNA: U3
terminator

(poly‐T); Cas9: nos,
35S; Plant

selection marker:
Rbcs‐E9

Final expression
vector

70



Materials and Methods
4.1.4 PrimersThe primers used in this work are listed in Table 7. Primers were designed using thePCR Primer Design tool (Euroϐins Genomics Europe Shared Services GmbH, Ebersberg,Germany). The gRNA spacer oligonucleotides were selected using the CRISPOR webtool (Haeussler et al., 2016; Concordet & Haeussler, 2018). They were synthesised byBiolegio BV (Zaltbommel, the Netherlands).
Table 7. Primers used in this study

Name Typea Nucleotide sequence (5’ → 3’) Target/Binding site Purpose of use

CPGE_PRM00045 Fwd GGAGAGGACACGCTGAAATC CaMV 35S enhanced
promoter

PCR genotyping
why1‐complemented

mutants

CPGE_PRM00047 Rev GTGTCGTCCATCACAGTTTG hpt gene
PCR genotyping

why1‐complemented
mutants

CPGE_PRM00001 Fwd TTTAGCCCTGCCTTCATACG ZmUbi1 promoter
PCR genotyping of
CRISPR/Cas9‐edited

regenerants

CPGE_PRM00011 Rev TTAATCATGTGGGCCAGAGC Cas9 gene
PCR genotyping of
CRISPR/Cas9‐edited

regenerants

CPGE_PRM00009 Fwd GCTCACATGTTCTTTCCTGCG Vector backbones of all
levels

PCR genotyping and
sequencing of

CRISPR/Cas9 constructs

CPGE_PRM00010 Rev CACCTGACGTCTAAGAAACC Vector backbones of all
levels

PCR genotyping and
sequencing of

CRISPR/Cas9 constructs

PBC_PRM00142 Fwd GGCATGCACATACAAATGGA ZmUbi1 promoter PCR genotyping of
CRISPR/Cas9 constructs

CPGE_PRM00237 Fwd TGGCGTCAAAGATGCTCTCTGGAGb gRNA spacer 1 forward Cloning of gRNA1 level 0
construct

CPGE_PRM00238 Rev AAACCTCCAGAGAGCATCTTTGAC gRNA spacer 1 reverse Cloning of gRNA1 level 0
construct

CPGE_PRM00239 Fwd TGGCACTTCCCGGCAGTTGGACAA gRNA spacer 2 forward Cloning of gRNA2 level 0
construct

CPGE_PRM00240 Rev AAACTTGTCCAACTGCCGGGAAGT gRNA spacer 2 reverse Cloning of gRNA2 level 0
construct

CPGE_PRM00241 Fwd TGGCATCCATTATCACTGCCAAG gRNA spacer 3 forward Cloning of gRNA3 level 0
construct

CPGE_PRM00242 Rev AAACCTTGGCAGTGATAATGGAT gRNA spacer 3 reverse Cloning of gRNA3 level 0
construct

CPGE_PRM00243 Fwd TGGCGCACATCATGGGCTGGGACC gRNA spacer 4 forward Cloning of gRNA4 level 0
construct

Continued on next page71
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Table continued from previous page

Name Typea Nucleotide sequence (5’ → 3’) Target/Binding site Purpose of use

CPGE_PRM00244 Rev AAACGGTCCCAGCCCATGATGTGC gRNA spacer 4 reverse Cloning of gRNA4 level 0
construct

CPGE_PRM00245 Fwd CTTTGACTTGTTCTCGCCC
WHIRLY2 genomic locus,

upstream of gRNA
spacer 1

PCR genotyping and
sequencing of

CRISPR/Cas9‐edited
regenerants

CPGE_PRM00246 Rev CTGCTTGTGACCAGTTTCC
WHIRLY2 genomic locus,
downstream of gRNA

spacer 1

PCR genotyping and
sequencing of

CRISPR/Cas9‐edited
regenerants

CPGE_PRM00247 Fwd ACAGCCTGCTACATGCTTC
WHIRLY2 genomic locus,

upstream of gRNA
spacer 2

PCR genotyping and
sequencing of

CRISPR/Cas9‐edited
regenerants

CPGE_PRM00248 Rev AACCTTCCTTCCCTCTTGAC
WHIRLY2 genomic locus,
downstream of gRNA

spacer 2

PCR genotyping and
sequencing of

CRISPR/Cas9‐edited
regenerants

CPGE_PRM00249 Fwd ACAGCCTAACAGTGAAGACC
WHIRLY2 genomic locus,

upstream of gRNA
spacer 3

PCR genotyping and
sequencing of

CRISPR/Cas9‐edited
regenerants

CPGE_PRM00250 Rev TTAACCACACATGCACACC
WHIRLY2 genomic locus,
downstream of gRNA

spacer 3

PCR genotyping and
sequencing of

CRISPR/Cas9‐edited
regenerants

CPGE_PRM00251 Fwd GCAGAAGACAAATGAACGCC
WHIRLY2 genomic locus,

upstream of gRNA
spacer 4

PCR genotyping and
sequencing of

CRISPR/Cas9‐edited
regenerants

CPGE_PRM00252 Rev GAACAGACACGAGAGAAACAC
WHIRLY2 genomic locus,
downstream of gRNA

spacer 4

PCR genotyping and
sequencing of

CRISPR/Cas9‐edited
regenerants

aFwd, Forward; Rev, Reverse.
bAdapter sequences are underlined.

4.1.5 Plant materialIn this work, barley Hordeum vulgare L. ‘Golden Promise’ referred to as the “wildtype” was used as a control. Immature barley embryos used for the Agrobacterium‑mediated stable transformation also originate from the wild type. T1 grains of the
why1‑complemented variants, homozygous grains of RNAi‑W1 (Melonek et al., 2010),and of the why1 barley knockout mutant (Krupinska et al., 2024) were obtained from
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the group of Prof. Dr. Karin Krupinska (Plant Cell Biology, Christian Albrecht Univer‑sity of Kiel). The T3 homozygous grains of the why1‑complemented variants and the
why2 mutants were generated during this work. All mutant lines used here, exceptthe why1‑complemented variants, were generated in the ‘Golden Promise’ background.The why1‑complemented variants were generated in the why1mutant background.
4.2 Methods

4.2.1 Greenhouse cultivation of barley plantsBarley H. vulgare L. ‘Golden Promise’ wild type, why1‑complemented variants, and/or
why1 knockout mutants and RNAi‑W1 were used in all assays. Before sowing, barleygrains were stratiϐied at 4 °C overnight. Only for homozygosity selection of the why1‑complemented variants and the CRISPR/Cas9 regenerants and their progeny, the grains(and regenerants) were ϐirst sown in Floragard Floraton 3 soil (Floragard VertriebsGmbH, Oldenburg, Germany) and cultivated for two weeks and afterwards, transferredto Einheitserde ED73 (Einheitserde Werkverband e.V., Sinntal‑Altengronau, Germany)supplemented with 7% (v/v) sand and 4 g l‑1 Osmocote® Exact Standard 3‑4 M (ICLGroup Ltd., Heerlen, The Netherlands). Plants were grown in this substrate until ma‑turity. For the drought assay, after stratiϐication, the grains were sown in 500 g of Ein‑heitserde ED73 (Einheitserde Werkverband e.V., Sinntal‑Altengronau, Germany) with‑out additional supplementation. For the root assay, grainswere sown in vermiculite sup‑plemented with Hoagland’s nutrient solution containing ferric ethylenediaminetetra‑acetic acid (EDTA) for two weeks (5 mM KNO3, 5 mM Ca(NO3)2, 1 mM KH2PO4 (pH 6.0),1 mM MgSO4, 10 µM MnCl2 · 4H2O, 1 µM ZnSO4 · 7H2O, 0.5 µM CuSO4, 30 µM H3BO3,1 µM Na2MoO4 · 2H2O, 0.5 µM Co(NO3)2 · 6H2O, 27 µM ferric EDTA). Plants were grownin greenhouse chambers under controlled conditions. Day and night heating tempera‑tures were set to 18 °C and 16 °C, respectively. Day and night ventilation temperatureswere maintained at 21 °C and 19 °C, respectively. Plants were grown under a 16‑h light/ 8‑h dark photoperiod with a light intensity of 350 µmol m‑2 s‑1.
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4.2.2 Climate chamber cultivation of barley plantsExperiments combining different temperature and light conditions were conducted intype L2 growth chambers (Poly Klima GmbH, Freising, Germany). Grains were coldstratiϐied for 3 days at 6 °C in darkness before transfer to Einheitserde ED73 (Einheit‑serde Werkverband e.V., Sinntal‑Altengronau, Germany) or vermiculite supplementedwith Hoagland’s nutrient solution (described in Section 4.2.1). Growth conditions re‑lated to the speciϐic conditions of temperature and light are described in Section 4.2.7.1.
4.2.3 Generation and selection of homozygous why1‐complemented linesSegregation of the hygromycin phosphotransferase (hpt) selectable marker, which con‑fers resistance to hygromycin B, was analysed in progeny derived from independentlyregenerated primary transformants (T0). Mendelian inheritance of a single transgenelocus was assumed, corresponding to an expected segregation ratio of 3:1. For eachof seven independent constructs, spikes harvested from 12–14 independent T0 plantswere used to generate ϐirst transgenic generation T1 families, where each family rep‑resents the selfed progeny of a single T0 plant. For segregation analysis, 11 T1 grainsper family were sown. After 14 days of growth, leaf material was collected from in‑dividual T1 seedlings’ leaves, genomic DNA was isolated and the presence or absenceof the hpt gene was determined by PCR (see Section 4.2.5) using hpt‑speciϐic primers(Table 7). Each T1 family was assessed for the number of hpt‑positive and hpt‑negativeseedlings and evaluated against the expected 3:1 segregation ratio. Because family sizeswere small (typically 11–12 seedlings, occasionally fewer due to failed germination),deviation from the expected segregation ratio was tested using an exact binomial test.For comparison, chi‑squared (χ²) values were additionally calculated (Table A1). OnlyT1 families exhibiting segregation consistent with single‑locus Mendelian inheritancewere advanced. From each such family, four to six T1 plants were selected and grownto maturity. All remaining plants from these families, as well as all families that didnot conform to the expected segregation ratio, were discarded. Grains harvested fromeach kept T1 plant were kept separate and constituted T2 grain families. For eachwhy1‑complemented variant, four to six independent T2 families were analysed. From eachT2 family, 12 T2 grains were sown and screened at 14 days for the presence of hpt by
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PCR as described in Section 4.2.5.2. T2 families in which all tested seedlings were hpt‑positive were classiϐied as homozygous for the hpt transgene. All other T2 families werediscarded. From each homozygous T2 family, four to six T2 plants were grown to matu‑rity. The T3 grains harvested from these plants were considered homozygous and wereused for characterisation experiments under normal or stress conditions.
4.2.4 Generation of why2 CRISPR/Cas9 mutants

WHIRLY2 knockout mutants (why2) were generated in the barley Hordeum vulgare L.’Golden Promise’ background using the CRISPR/Cas9 gene‑editing system.
4.2.4.1 Design of guide RNA spacer oligonucleotidesGuide RNAs (gRNAs) targeting WHIRLY2 were designed based on the H. vulgare refe‑rence genome (GCA_902500625). Candidate target sites were selected using theCRISPOR online tool (Haeussler et al., 2016; Concordet & Haeussler, 2018) with theSpCas9 NGG protospacer adjacent motif. Guide RNAs with high predicted on‑targetactivity and low off‑target potential were selected. The potential off‑target sites of theselected gRNAs were then assessed in silico using the same tool, based on the samereference genome (Table A3). To ensure compatibility with the standard gRNA scaffold,the secondary structure of the selected gRNAs was evaluated using RNAfold (Hofackeret al., 1994; Lorenz et al., 2011). Based on these results, four guides, gRNA1, gRNA2,gRNA3, and gRNA4, were selected to target the second, fourth, sixth, and eighth exonsof the WHIRLY2 gene, respectively. Next, adapters suitable for Golden Gate cloningaccording to the method described in Hofϐie (2023) were added: TGGC for the forwardgRNA spacer oligonucleotides and AAAC for the reverse gRNA spacer oligonucleotides(Table 7).
4.2.4.2 Assembly of CRISPR/Cas9 constructsAmodularGoldenGate‑basedCRISPR/Cas9vector system formonocot plants, followingthe CasCADE system described by Hofϐie (2023), was used to assemble a CRISPR/Cas9plasmid construct targeting the barleyWHIRLY2 gene. Cloningwas performed in succes‑sive assembly levels (Level 0–II), followedby integration into a binary vector suitable for75
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Agrobacterium‑mediated transformation of immature barley embryos. Annealing of thegRNA spacer nucleotides was done by mixing 5 µl of the forward and 5 µl of the reverseoligonucleotide (Table 3). The mixture was incubated at 95 °C for 5 min. Afterwards,the oligonucleotides were hybridised at room temperature for 20 min.

Level 0 assembly. Each of the four annealed gRNA spacer oligonucleotides wasassembled into each of the four respective generic gRNA module vectors (Table 6).Cut‑ligation reactions were performed in a total volume of 10 µl using 15 ng of therespective destination vectors CPGE_VEC0058, CPGE_VEC0059, CPGE_VEC0060, andCPGE_VEC0061 (vectors pIK1–pIK4 inHofϐie 2023), 1.5 µl 10 µMannealed gRNA spaceroligonucleotides, 1x CutSmart® Buffer (New England Biolabs, NEB; Cat. No. B7204),0.5 µl of 10 mM ATP (NEB; Cat. No. P0756), 10 units of BsaI‑HF (NEB; Cat. No. R3535),and 200 units of T4 DNA Ligase (NEB; Cat. No. M0202). Reactions were incubated inan Eppendorf Mastercycler® nexus X2 (Eppendorf AG, Hamburg, Germany) using al‑ternating cycles of 37 °C for 5 min and 22 °C for 10 min, repeated 10 times, followed bya ϐinal incubation at 37 °C for 30 min and enzyme inactivation at 75 °C for 15 min. Theresulting ligation products were transformed into chemically competent Escherichia
coli Mach1(Thermo Fisher Scientiϐic Inc., Waltham, MA, USA) by heat shock accord‑ing to the manufacturer’s instructions, following the method originally described by“Studies on transformation of Escherichia coli with plasmids” (1983). Transformantswere selected on Luria‑Bertani, Miller formulation (LB; Sambrook et al., 1989) agar(10 g l‑1 tryptone, 5 g l‑1 yeast extract, 10 g l‑1 NaCl, 15 g l‑1 agar), with 100 µg ml‑1 car‑benicillin. For colony PCR, individual colonies were picked directly from the selectiveagar plates and used as template DNA. The colony PCR conditions are described in Sec‑tion 4.2.5.2, with modiϐications in the annealing temperatures adjusted to the primerpair used. The correct clones were propagated in LB liquid culture with 100 µg ml‑1carbenicillin, and the plasmid DNA was isolated using the NucleoSpin Plasmid Mini Kit(Macherey‑Nagel GmbH & Co. KG, Düren, Germany) according to the manufacturer’s in‑structions. The sequence integrity of the gRNA cassettes was then conϐirmed by Sangersequencing (Microsynth AG, Balgach, Switzerland). The veriϐied constructs for gRNAmodules 1 to 4 were designated CPGE_VEC00284, CPGE_VEC00285, CPGE_VEC00286and CPGE_VEC00287, respectively.

Level I assembly. The four individual Level 0 gRNA modules, CPGE_VEC00284,
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CPGE_VEC00285, CPGE_VEC00286 and CPGE_VEC00287, were assembled into a multi‑gRNA expression unit using the generic gRNA assembly vector CPGE_VEC00070, whichallows the combination of up to four gRNA expression units via Esp3I‑compatible over‑hangs (Table 6). Cut‑ligation reaction conditions and cycling parameters were identicalto those used for Level 0 assembly, except that 5 units of Esp3I (NEB; Cat. No. R0734)were used. The molar insert‑to‑vector ratio was approximately 10:1. Ligation productswere transformed into E. coliMach1 cells as described for level 0 assembly and selectedon LB agar containing spectinomycin (100 µg ml‑1). Correct assembly was assessed bycolony PCR using the appropriate primers (Table 7). The correct clones were propa‑gated in LB liquid culture with spectinomycin (100 µg ml‑1). Plasmid DNA was isolatedas described for level 0 assembly and analysed by restriction digestion. The digestionreaction was performed in a 10 µl volume using 1× rCutSmart Buffer (NEB; Cat. no.B6004), 4 units of EcoRI‑HF (NEB; Cat. no. R3101), 4 units of BamHI‑HF (NEB; Cat. No.R3136), and 4 units of PvuI‑HF (NEB; Cat. no. R3150), with 200 ng of plasmid DNA. Re‑actionswere incubated under conditions recommended by themanufacturer. Sequenceintegrity was conϐirmed by Sanger sequencing (Microsynth AG, Balgach, Switzerland).The veriϐied multiplex gRNA construct was designated CPGE_VEC00288.

Level II assembly. To assemble the complete gRNA/Cas9 expression unit, the mul‑tiplex gRNA cassette CPGE_VEC00288was combined with a preassembled Cas9 expres‑sion module, CPGE_VEC00084, and an auxiliary module containing a multiple cloningsite, CPGE_VEC00089, in the transformation vector CPGE_VEC00072 (Table 6). Assem‑bly reactions were carried out using BsaI‑mediated cut–ligation, as described in thelevel 0 assembly. Reactionmixtures contained approximately 75 ng of CPGE_VEC00072and 80‑90 ng of each insert vector, corresponding to an overall insert‑to‑vector ratio ofapproximately 3:1. Ligation productswere transformed into E. coliMach1 cells as previ‑ously described and selected on LB agar containing carbenicillin (100 µg ml‑1). Correctassembly was assessed by colony PCR, and the correct clones were propagated in liquidculture with carbenicillin (100 µg ml‑1). Plasmid DNA was isolated as previously de‑scribed and analysed by restriction digestion. Digestion reactions were performed asdescribed in level I assembly with only EcoRI‑HF (NEB; Cat. no. R3101) and BamHI‑HF(NEB; Cat. No. R3136). Sequence integrity was conϐirmed by Sanger sequencing (Mi‑crosynth AG, Balgach, Switzerland). The veriϐied gRNA/Cas9 construct was designated
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CPGE_VEC00289.

Final assembly. For plant transformation, the fully assembled gRNA/Cas9 ex‑pression unit CPGE_VEC00289 was transferred into the binary destination vectorCPGE_VEC00113 (Table 6) by SϐiI‑mediated digestion followed by ligation. Both vec‑tors were digested separately using SϐiI FastDigest (Thermo Fisher Scientiϐic; Cat. No.FD1824) in FastDigest buffer at 50 °C for 2 h, using approximately 1 µg plasmid DNAper reaction. Digested fragments were ligated at an approximate insert‑to‑vector ratioof 10:1 using 400 units T4 DNA ligase (NEB; Cat. No. M0202) and 1x T4 DNA ligasereaction buffer (NEB; Cat. No. B0202) in a 10 µl reaction. Ligation reactions weretransformed into Escherichia coli Mach1 cells as previously described and selected onLB agar containing spectinomycin (100 µg ml‑1). Correct assembly of the ϐinal con‑struct CPGE_VEC00290 was conϐirmed by restriction digestion as described for level Iassembly using 4 units of EcoRI‑HF (NEB; Cat. No. R3101) and 4 units of NotI‑HF (NEB;Cat. No. R3189). The resulting binary construct was introduced into Agrobacterium

tumefaciens (syn. Rhizobium radiobacter) strainAGL1by electroporation. In pre‑chilledelectroporation cuvettes, 100ngof the plasmidDNAwasmixedwith 50µl of electrocom‑petent AGL1 cells. Electroporation was performed using an Eppendorf electroporator2510 device (Eppendorf AG, Hamburg, Germany) set to 2.4 kV. Immediately afterwards,500 µl Super Optimal brothwith Catabolite repression (SOC)medium (20 g l‑1 tryptone,10 g l‑1 yeast extract, 17 mM NaCl, 2.5 mM KCl, and 10 mMMgCl2) was added, and cellswere allowed to recover for 3 h at 28 °C and 180 rpm. Transformed cells were plated onMG/L agarmedium (Tingay et al., 1997; 5 g l‑1 mannitol, 1 g l‑1 L‑glutamic acid, 0.25 g l‑1KH2PO4, 0.10 g l‑1 NaCl, 0.10 g l‑1 MgSO4·7H2O, 1 ng ml‑1 biotin, 5 g l‑1 tryptone, 2.5 g l‑1yeast extract, biotin 1 µg l‑1, pH 7.0, 15 g l‑1 agar), containing 100 µg ml‑1 carbenicillin,50 µg ml‑1 rifampicin, and 100 µg ml‑1 spectinomycin, and incubated at 28 °C for 48 h.Single colonies were used to inoculate 5 ml MG/L liquid cultures and were grown for48 h at 28 °C prior to plasmid isolation. Plasmid DNA isolation was performed usingthe GeneJET™ Plasmid Miniprep Kit (Thermo Fisher Scientiϐic Inc., Waltham, MA, USA)according to the manufacturer’s instructions. Correct assembly of the binary constructCPGE_VEC00290 was conϐirmed by restriction digestion as described above.
78



Materials and Methods
4.2.4.3 Transformation of barley and plant regenerationImmature barley embryos were transformed via Agrobacterium with CPGE_VEC00290according to the protocol described by Marthe et al. (2015), with modiϐications as de‑scribed below.

Preparation of the cocultivation medium. The K micro (1000×) stock was pre‑paredas follows: per100ml, 0.84gMnSO4·H2O,0.31gH3BO3, 0.72 gZnSO4·7H2O,12mgNa2MoO4·2H2O, 2.5 mg CuSO4·5H2O, 2.4 mg CoCl2·6H2O and 17 mg KI were used.
Plant acclimatisation. Regenerants were transferred to 9 cm‑diameter pots undergreenhouse conditions, as described in Section 4.2.1.

4.2.5 Genotyping

4.2.5.1 Genomic DNA isolationGenomic DNA was isolated from barley wild‑type, transgenic, and mutant leaf tissueusing a modiϐied protocol from Edwards et al. (1991). Leaf material was harvested us‑ing sterile scissors and forceps and transferred to 2.0 ml reaction tubes containing twometal beads (Ø 4 mm). Samples were immediately frozen in liquid nitrogen and eitherstored at −80 °C or processed immediately. Frozen tissue was homogenised using aMixer Mill MM 400 (Retsch GmbH, Haan, Germany) at 30 Hz for 2 min in pre‑cooledholders. Next, 400 µl extraction buffer (250 mM Tris‑HCl, pH 7.5, 250 mMNaCl, 25 mMEDTAat pH8.0, 5 g l‑1 SDS)was added, and samplesweremixed thoroughly by vortexing.Samples were kept on ice until all extracts were prepared. Protein and polysaccharideprecipitation was induced by the addition of 150 µl 3 m potassium acetate (pH 5.5), fol‑lowed by gentle inversion. After centrifugation for 5 min at maximum speed at roomtemperature, the supernatant was transferred to a fresh 1.5 ml tube. Genomic DNAwasprecipitated by adding 550 µl ice‑cold 100% isopropanol, mixing by inversion, and cen‑trifugation for 5 min at maximum speed. The resulting pellet was washed with 300 µl70% (v/v) ethanol, centrifuged again for 5 min, and air‑dried at room temperature for10–15 min. DNA was resuspended in 50 µl sterile deionised water. DNA samples wereused for PCR‑based genotyping, typically using 1 µl template per 25 µl reaction.
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4.2.5.2 PCR amplification and gel electrophoresisPCR reactions were carried out in a total volume of 10 µl containing 1× Green GoTaq Re‑actionBuffer, 2mMMgCl2, 0.2mMdNTPs, 0.25 µMof each primer, and 0.5 units GoTaq®G2 DNA Polymerase (Promega GmbH, Walldorf, Germany) and 10‑50 ng of templateDNA. The primers used are listed in Table 7. PCR ampliϐicationwas performed using thefollowing thermal cycling conditions: initial denaturation at 95 °C for 5 min, followedby 30 to 32 cycles of denaturation at 95 °C for 30 s, annealing at 58‑62 °C dependingon the primers used for 20 s, and extension at 72 °C for 60 s, with a ϐinal extension at72 °C for 5‑7 min. PCR ampliϐication was conducted on an Eppendorf Mastercycler®nexus X2 (Eppendorf AG, Hamburg, Germany). The PCR products were analysed by gelelectrophoresis in 1% agarose in 0.5x Tris‑borate‑EDTA (TBE) buffer at 140 V or 150 Vfor 20‑25 min.
4.2.6 Molecular characterisation of why2mutants

4.2.6.1 Sequence analysisGenomic DNA was isolated as described in Section 4.2.5.1 using primers speciϐic to theguides, with annealing temperatures adjusted to the primers and extension time ad‑justed to the expected amplicon length. Mutations were conϐirmed by Sanger sequenc‑ing (Microsynth AG, Glabach, Switzerland) and by the Tracking of Indels by DEcomposi‑tion (TIDE) method (Brinkman et al., 2014).
4.2.6.2 Prediction of protein sequence changesThe predicted effects of CRISPR/Cas9‑inducedmutations on theWHIRLY2 proteinwereanalysed in silico. Edited WHIRLY2 cDNA sequences were reconstructed based on thesequencing results, with insertions or deletions introduced at the predicted Cas9 cleav‑age site, three base pairs upstream of the NGG PAM. To evaluate changes to the proteinsequence, the modiϐied cDNA sequences were then translated into protein sequencesusing SnapGene software (version 8.2.1; www.snapgene.com), aligned to the wild‑typeWHIRLY2protein sequencewith the EMBL‑EBI Clustal Omega tool (Madeira et al., 2024)and visualised with Jalview (version 2.11.5.1; Waterhouse et al., 2009).
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4.2.6.3 Structural modellingStructural modelling and analysis of wild‑type WHIRLY2 and the why2 in‑frame homo‑zygous deletion mutants (mutants 4‑228 and 4‑240) were performed by Prof. Dr. Hol‑ger Gohlke of the Institute for Pharmaceutical andMedicinal Chemistry, Heinrich HeineUniversity Düsseldorf, using AlphaFold‑Multimer v3. The predicted tetrameric struc‑tures were analysed to determine the structural context of the deleted amino acids andtheir potential impact on WHIRLY2 assembly. Regions with low prediction conϐidence,represented as extended or unstructured segments in the models, were interpreted asintrinsically disordered regions. The positions of the deleted residues were assessedrelative to the ssDNA‑binding site based on publishedWHIRLY structural data (PDB ID:3N1K). In addition, the deleted residues were examined in the context of the publishedWHIRLY 24‑mer assembly (PDB ID: 3N1I) to evaluate potential interactions with neigh‑bouring chains from symmetry‑related tetramers.
4.2.7 Abiotic stress treatments

4.2.7.1 High‐temperature and continuous‐light treatmentTwelve barley grains each of wild‑type plants, why1 mutants (Krupinska et al., 2024),RNAi‑W1 lines (Melonek et al., 2010), and four why1‑complemented variants (control,ΔPRAPP, C165A, and K97A) were used per experiment. Experiments were conductedunder controlled conditions in growth chambers (see Section 4.2.2). Grains were sownrandomly to minimise positional effects, and trays with the germinated seedlings wererotated almost daily throughout the duration of the experiments. All experiments wereconducted in two independent biological replicates, and measurements were carriedout 14 days after sowing (DAS) while plants remained under their respective growthconditions. For experiments combining temperatures of 21 °C or 32 °C and continuouslight intensities of 150 or 400 µmol m‑2 s‑1, grains were sown in ED73 soil, and afterthe cold stratiϐication, seedlings were transferred for 3 days to 21 °C under continuouslight at 400 µmolm‑2 s‑1. Afterwards, they were placed under the abovementioned com‑binations of temperature and continuous light conditions. The relative humidity wasmaintained at 70%. In a second experimental group, grains were sown in vermiculitemixed with Hoagland’s nutrient solution. Following the cold stratiϐication, seedlings81
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were grown at 34 °C, continuous light intensity of 150 µmol m‑2 s‑1, and 70% relativehumidity. Control growth conditions were 16 h of 150 µmol m‑2 s‑1 light intensity at21 °C and 8 h darkness at 18 °C. The relative humidity was maintained at 65%. Allgerminated seedlings were included in the analyses. The length of primary leaves wasmeasured while leaves remained attached to the plant. For documentation, three pri‑mary and three secondary leaves per family, representing the average leaf length, wereselected for photography and qualitative assessment of leaf length and greenness. Ger‑mination rate, second‑leaf emergence rate, and the proportion of green versus bleachedprimary leaves were determined by visual assessment and calculated as proportions ofthe total number of germinated seedlings.
4.2.7.2 Drought stressSeven wild‑type grains of barley, as well as homozygous grains from each of three fa‑milies of each of the ϐive why1‑complemented variants (control, ΔPRAPP, C165A, K97Aand ΔPTP), were used for the drought stress assay. The experiments were conducted intwo independent biological replicates. The grains were sown in terracotta pots contain‑ing 500 g of ED73 soil and placed in greenhouse conditions (see Section 4.2.1). The potswere then watered with 0.2 litres of water to establish an initial SWC of 65%. Until 11days after sowing (DAS), the SWC of all plants wasmaintained at 65% bywatering as re‑quired. Drought stresswas applied at 11DAS bywithholdingwater, while control plantscontinued to be watered to compensate for water loss. From 11 DAS onwards, PSII efϐi‑ciency and chlorophyll content were measured in primary leaves every two days untilvalues approached zero. SWCwas recorded on the samemeasurement days. For plantsunder control conditions, SWC measurements were taken before watering. Pots wererotated on each measurement day to minimise positional effects.
4.2.8 Biotic stress treatmentThe response of homozygous why1‑complemented variants to powdery mildew wasanalysed using Blumeria graminis f. sp. hordei (Bgh) isolate CH4.8. Powdery mildewassays were performed in the group of Dr. Dimitar Douchkov (Biotrophy and Immunity,Leibniz Institute of Plant Genetics and Crop Plant Research, IPK, Gatersleben, Germany)
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according to the method described in Lück et al. (2025). Brieϐly, leaf segments from 14‑day‑old plants were inoculated with Bgh CH4.8, and fungal development was assessed48 hours after inoculation. Colony number and median colony area were quantiϐiedusing automated image analysis. The experiment was conducted in three independentbiological repetitions with four technical replicates per family of variant.
4.2.9 Physiological measurements

4.2.9.1 Photosystem II efÏciency measurementsThe DUAL‑PAM/F (HeinzWalz GmbH, Effeltrich, Germany) was used to measure photo‑system II (PSII) efϐiciency in theprimary leaves of plants under both control anddroughtconditions. Before measurements, the plants were left in darkness for 10 minutes toallow for dark adaptation. The DUAL‑PAM/F applies a saturating light pulse and calcu‑lates the maximum PSII efϐiciency as FV/FM. FM represents the maximum ϐluorescenceyield, whereas FV represents the variable ϐluorescence (FV = FM − F0), and F0 representsthe minimum ϐluorescence measured in the dark‑adapted state.
4.2.9.2 Relative chlorophyll content measurementsThe relative chlorophyll content of all primary leaves in both control and drought treat‑ments was measured using a SPAD‑502 instrument (Soil Plant Analysis Development,Konica Minolta Sensing Europe B.V., Munich, Germany). Measurements were taken atthe base, middle and tip of each leaf, and the average value was used. Chlorophyll con‑tent is expressed in SPAD units.
4.2.10 Protein analysis

4.2.10.1 Protein isolationProteins from leaf tissue were extracted using an extraction buffer containing 1.6%(w/v) SDS, 1 M urea, and 50 mM Tris/HCl (pH 7.6). Leaf material was frozen in liquidnitrogen and homogenised using mortar and pestle. Samples were incubated at 70 °Cfor 20 min. Insoluble material was removed by centrifugation at 16100 × g for 20 min.
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4.2.10.2 Protein quantificationProtein concentrationsweredeterminedusing theBio‑Rad®DCProteinAssay (Bio‑RadLaboratories, Inc., Hercules, CA, USA) according to the manufacturer’s instructions.
4.2.10.3 SDS‐PAGE and immunoblotÝngEqual amounts of protein from why1‑complemented lines were separated by SDS‑PAGE using hand‑cast 12%TGX Stain‑Free™ polyacrylamide gels (Bio‑Rad LaboratoriesGmbH, Feldkirchen, Germany) and a standard Tris‑glycine‑SDS buffer system. Follow‑ing electrophoresis, proteins were transferred onto PVDF membranes (Immun‑Blot®PVDF Membrane, Bio‑Rad Laboratories GmbH, Feldkirchen, Germany) using a semi‑dry blotting system (Pierce™ Power Blotter, Thermo Fisher Scientiϐic Inc., Waltham,MA, USA) and applying the three‑buffer transfer system described by “Electroblottingof multiple gels: a simple apparatus without buffer tank for rapid transfer of proteinsfrompolycrylamide to nitrocellulose” (1984). Membraneswere incubatedwith primaryantibodies recognising WHIRLY1 (goat polyclonal anti‑WHIRLY1, Agrisera, product no.AS16 3953) or RuBisCo large subunit (RbcL; rabbit polyclonal anti‑RbcL, Agrisera, prod‑uct no. AS03 037), using dilutions recommended by the manufacturer. After washing,membranes were incubated with a single horseradish peroxidase (HRP)‑conjugatedsecondary antibody, donkey anti‑goat IgG (H+L; Thermo Fisher Scientiϐic, product no.A15999). Immunoreactive proteins were detected using Immobilon® Western Chemi‑luminescent HRP Substrate (EMD Millipore Corporation) according to the manufac‑turer’s instructions, and chemiluminescent signal was imaged with a ChemiDoc™ MPImaging System (Bio‑Rad Laboratories GmbH, Feldkirchen, Germany). Western blotband intensities were quantiϐied by densitometric analysis using GelAnalyzer 23.1.1(http://www.gelanalyzer.com).
4.2.11 Statistical analysisAll data were tested for normal distribution using the Shapiro‑Wilk test and for homo‑geneity of variance using Levene’s test in SPSS (version 28; IBM SPSS Statistics). Dif‑ferences among genotypes were analysed usingWelch’s ANOVA followed by the Games‑Howell post hoc test in SPSS (version 28; IBM SPSS Statistics). Nonparametric analy‑84
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ses were conducted using the Kruskal‑Wallis test followed by Dunn’s post hoc test withBonferroni correction in R (version 4.5.1; R Core Team, 2025). To visualise statisticallysigniϐicant differences among genotypes, compact letter displays (CLDs) were gener‑ated in R (version 4.5.1; R Core Team, 2025) and are shown in the respective ϐigures aslowercase letters. All statistical tests were performed at a signiϐicance level of α = 0.05.Graphical visualisation of the data was conducted in OriginPro (version 2023b; Origin‑Lab Corporation).

85



ReferencesAhmar, S., Hensel, G., & Gruszka, D. (2023). CRISPR/Cas9‑mediated genome editing tech‑niques and new breeding strategies in cereals ‑ current status, improvements,and perspectives. Biotechnology Advances, 69, 108248. https://doi.org/10.1016/j.biotechadv.2023.108248Akbudak,M.A., &Filiz, E. (2019).Whirly (Why) transcription factors in tomato (Solanum
lycopersicumL.): Genome‑wide identiϐication and transcriptional proϐilingunderdrought and salt stresses.Molecular Biology Reports, 46, 4139–4150. https://doi.org/10.1007/s11033‑019‑04863‑yAlqudah, A. M., Sallam, A., Stephen Baenziger, P., & Borner, A. (2020). GWAS: Fast‑forwardinggene identiϐicationandcharacterization in temperate cereals: Lessonsfrom barley ‑ a review. Journal of Advanced Research, 22, 119–135. https://doi.org/10.1016/j.jare.2019.10.013Bagherian, M., Harris, G., Sathishkumar, P., & Lloyd, J. P. B. (2025). Start right to end right:Authentic open reading frame selection matters for nonsense‑mediated decaytarget identiϐication. Genes, 16. https://doi.org/10.3390/genes16111297Barkan, A. (2011). Expression of plastid genes: Organelle‑speciϐic elaborations on aprokaryotic scaffold. Plant Physiology, 155, 1520–32. https://doi.org/10.1104/pp.110.171231Bartlett, J. G., Alves, S. C., Smedley, M., Snape, J. W., & Harwood, W. A. (2008). High‑throughput Agrobacterium‑mediated barley transformation. Plant Methods, 4,22. https://doi.org/10.1186/1746‑4811‑4‑22Belhaj, K., Chaparro‑Garcia, A., Kamoun, S., Patron, N. J., & Nekrasov, V. (2015). Editingplant genomes with CRISPR/Cas9. Current Opinion in Biotechnology, 32, 76–84.https://doi.org/10.1016/j.copbio.2014.11.007Bock, R. (2007). Structure, function, and inheritance of plastid genomes. In Cell and

molecular biology of plastids (pp. 29–63). Springer. https ://doi .org/10 .1007/4735_2007_0223Bohne, A. V. (2014). The nucleoid as a site of rRNA processing and ribosome assembly.
Frontiers in Plant Science, 5, 257. https://doi.org/10.3389/fpls.2014.00257

86

https://doi.org/10.1016/j.biotechadv.2023.108248
https://doi.org/10.1016/j.biotechadv.2023.108248
https://doi.org/10.1007/s11033-019-04863-y
https://doi.org/10.1007/s11033-019-04863-y
https://doi.org/10.1016/j.jare.2019.10.013
https://doi.org/10.1016/j.jare.2019.10.013
https://doi.org/10.3390/genes16111297
https://doi.org/10.1104/pp.110.171231
https://doi.org/10.1104/pp.110.171231
https://doi.org/10.1186/1746-4811-4-22
https://doi.org/10.1016/j.copbio.2014.11.007
https://doi.org/10.1007/4735_2007_0223
https://doi.org/10.1007/4735_2007_0223
https://doi.org/10.3389/fpls.2014.00257


References
Brinkman, E. K., Chen, T., Amendola, M., & van Steensel, B. (2014). Easy quantitativeassessment of genome editing by sequence trace decomposition. Nucleic Acids
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Desveaux, D., Després, C., Joyeux, A., Subramaniam, R., & Brisson, N. (2000). PBF‑2 is anovel single‑stranded DNA binding factor implicated in PR‑10a gene activationin potato. The Plant Cell, 12, 1477–1489. https://doi.org/10.1105/tpc.12.8.1477Desveaux, D., Subramaniam, R., Després, C., Mess, J.‑N., Lévesque, C., Fobert, P. R., Dangl,J. L., & Brisson, N. (2004). A “Whirly” transcription factor is required for salicylicacid‑dependent disease resistance in Arabidopsis. Developmental Cell, 6, 229–240. https://doi.org/10.1016/S1534‑5807(04)00028‑0Didaran, F., Kordrostami, M., Ghasemi‑Soloklui, A. A., Pashkovskiy, P., Kreslavski, V.,Kuznetsov, V., & Allakhverdiev, S. I. (2024). The mechanisms of photoinhibi‑tion and repair in plants under high light conditions and interplay with abioticstressors. Journal of Photochemistry and Photobiology B: Biology, 259, 113004.https://doi.org/10.1016/j.jphotobiol.2024.113004Dietz, K. J., Turkan, I., & Krieger‑Liszkay, A. (2016). Redox‑ and reactive oxygen species‑dependent signaling into and out of the photosynthesizing chloroplast. Plant

Physiology, 171, 1541–50. https://doi.org/10.1104/pp.16.00375Dogra, V., Li, M., Singh, S., Li, M., & Kim, C. (2019). Oxidative post‑translational modiϐi‑cation of EXECUTER1 is required for singlet oxygen sensing in plastids. Nature
Communications, 10, 2834. https://doi.org/10.1038/s41467‑019‑10760‑6Doudna, J. A., & Charpentier, E. (2014). Genome editing. The new frontier of genomeengineering with CRISPR‑Cas9. Science, 346, 1258096. https://doi.org/10.1126/science.1258096Duan, L., Perez‑Ruiz, J. M., Cejudo, F. J., & Dinneny, J. R. (2021). Characterization of CY‑CLOPHILLIN38 shows that a photosynthesis‑derived systemic signal controls lat‑eral root emergence. Plant Physiology, 185, 503–518. https://doi.org/10.1093/plphys/kiaa032Dubreuil, C., Jin, X., Barajas‑Lopez, J. D., Hewitt, T. C., Tanz, S. K., Dobrenel, T., Schroder,W. P., Hanson, J., Pesquet, E., Gronlund, A., Small, I., & Strand, A. (2018). Establish‑ment of photosynthesis through chloroplast development is controlled by twodistinct regulatory phases. Plant Physiology, 176, 1199–1214. https://doi.org/10.1104/pp.17.00435Dusenge, M. E., Duarte, A. G., & Way, D. A. (2019). Plant carbon metabolism and cli‑mate change: Elevated CO2 and temperature impacts on photosynthesis, photo‑

89

https://doi.org/10.1105/tpc.12.8.1477
https://doi.org/10.1016/S1534-5807(04)00028-0
https://doi.org/10.1016/j.jphotobiol.2024.113004
https://doi.org/10.1104/pp.16.00375
https://doi.org/10.1038/s41467-019-10760-6
https://doi.org/10.1126/science.1258096
https://doi.org/10.1126/science.1258096
https://doi.org/10.1093/plphys/kiaa032
https://doi.org/10.1093/plphys/kiaa032
https://doi.org/10.1104/pp.17.00435
https://doi.org/10.1104/pp.17.00435


References
respiration and respiration. New Phytologist, 221, 32–49. https://doi.org/10.1111/nph.15283Edwards, K., Johnstone, C., & Thompson, C. (1991). A simple and rapid method for thepreparation of plant genomic DNA for PCR analysis. Nucleic Acids Research, 19,1349. https://doi.org/10.1093/nar/19.6.1349Electroblotting of multiple gels: A simple apparatus without buffer tank for rapid trans‑fer of proteins from polycrylamide to nitrocellulose. (1984). Journal of Biochem‑

ical and Biophysical Methods, 10, 203–209. https://doi.org/10.1016/0165‑022X(84)90040‑XEstavillo, G. M., Crisp, P. A., Pornsiriwong, W., Wirtz, M., Collinge, D., Carrie, C., Giraud,E., Whelan, J., David, P., Javot, H., Brearley, C., Hell, R., Marin, E., & Pogson, B. J.(2011). Evidence for a SAL1‑PAP chloroplast retrograde pathway that functionsin drought and high light signaling in Arabidopsis. The Plant Cell, 23, 3992–4012.https://doi.org/10.1105/tpc.111.091033Estrada‑Melo, A. C., Reid,M. S., Jiang, C.‑Z., et al. (2015). Overexpressionof anABAbiosyn‑thesis gene using a stress‑inducible promoter enhances drought resistance inpetunia. Horticulture Research, 2. https://doi.org/10.1038/hortres.2015.13Feierabend, J., & Mikus, M. (1977). Occurrence of a high temperature sensitivity ofchloroplast ribosome formation in several higher plants. Plant Physiology, 59,863–867. https://doi.org/10.1104/pp.59.5.863Flexas, J., &Medrano, H. (2002). Drought‑inhibition of photosynthesis in C3 plants: Stom‑atal and non‑stomatal limitations revisited. Annals of Botany, 89, 183–9. https://doi.org/10.1093/aob/mcf027Foyer, C. H., & Hanke, G. (2022). ROS production and signalling in chloroplasts: Corner‑stones and evolving concepts. The Plant Journal, 111, 642–661. https://doi.org/10.1111/tpj.15856Foyer, C.H., Karpinska, B., &Krupinska, K. (2014). The functions ofWHIRLY1andREDOX‑RESPONSIVE TRANSCRIPTION FACTOR 1 in cross tolerance responses in plants:A hypothesis. Philosophical Transactions of the Royal Society B: Biological Sci‑
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5 Appendix

5.1 Generation and characterisation of why1‐complemented variants

Table A1. Segregation analysis of the T1 why1 lines complemented with altered sequences of the
WHIRLY1 of barley

Variant Family Phenotype
Transgene (hpt) Segregation Binomial

exact test χ2‐value p‐value for
χ2‐test

presence absence observed expected

Control

E01 green 7 4 1.75:1 3:1 0.172 0.758 0.384

E02 green 8 3 2.67:1 3:1 0.258 0.030 0.862

E05 green 11 0 1 3:1 0.042 3.667 0.056

E08 green 6 0 1 3:1 0.178 2.000 0.157

E09 green 7 4 1.75:1 3:1 0.172 0.758 0.384

E10A green 7 4 1.75:2 3:2 0.172 0.758 0.384

E10B green 6 3 2.67:1 3:1 0.234 0.333 0.564

E11A green 6 2 3:1 3:1 0.311 0.000 1.000

E11B green 4 3 1.33:1 3:1 0.173 1.190 0.275

E12B green 6 4 1.5:1 3:1 0.146 1.200 0.273

E12C green 5 1 5:1 3:1 0.356 0.222 0.637

E12D green 2 1 2:1 3:1 0.422 0.111 0.739

∆PRAPP

E01A green 7 4 1.75:1 3:1 0.172 0.758 0.384

E02 green 5 2 2.25:1 3:1 0.311 0.048 0.827

E04A green 9 1 9:1 3:1 0.188 1.200 0.273

E05A green 10 1 10:1 3:1 0.155 1.485 0.223

E06A green 10 1 10:1 3:1 0.155 1.485 0.223

E07A green 10 1 10:1 3:1 0.155 1.485 0.223

E03 green 6 4 1.5:1 3:1 0.146 1.200 0.273

E04 green 6 3 2:1 3:1 0.234 0.333 0.564

E01 green 2 2 1:1 3:1 0.211 1.333 0.248

E03A green 6 4 1.5:1 3:1 0.146 1.200 0.273

E02 green 9 2 4.5:1 3:1 0.258 0.273 0.602

E04 green 7 4 1.75:1 3:1 0.172 0.758 0.384

E05 green 4 1 4:1 3:1 0.396 0.067 0.796

E06 green 11 0 1 3:1 0.042a 3.667 0.056

∆PTP

E01 white 1 6 1:6 3:1 0.001 13.762 0.000

E03 white 7 1 7:1 3:1 0.267 0.667 0.414

E07 white 7 3 2.33:1 3:1 0.250 0.133 0.715

E08 white 10 1 10:1 3:1 0.155 1.485 0.223

E02 white 10 1 10:1 3:1 0.155 1.485 0.223

E03 white 7 4 1.75:1 3:1 0.172 0.758 0.384

E03 white 6 4 1.5:1 3:1 0.146 1.200 0.273

Continued on next page105
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Variant Family Phenotype
Transgene (hpt) Segregation Binomial

exact test χ2‐value p‐value for
χ2‐test

presence absence observed expected

E07 white 10 0 1 3:1 0.056 3.333 0.068

∆PTP

E08 white 9 2 4.5:2 3:1 0.258 0.273 0.602

E09 white 7 4 1.75:1 3:1 0.172 0.758 0.384

E10 white 11 0 1 3:1 0.042 3.667 0.056

E11 white 6 5 1.2:1 3:1 0.080 2.455 0.117

E13 white 7 4 1.75:1 3:1 0.172 0.758 0.384

E18 white 7 4 1.75:1 3:1 0.172 0.758 0.384

C165A

E01B green 8 3 2.67:1 3:1 0.258 0.030 0.862

E05B green 8 2 4:1 3:1 0.282 0.133 0.715

E06C green 9 0 1 3:1 0.075 3.000 0.083

E09C green 11 1 11:1 3:1 0.127 1.778 0.182

E13B green 7 3 2.33:1 3:1 0.250 0.133 0.715

E14B green 9 3 3:1 3:1 0.258 0.000 1.000

E15B green 10 2 5:1 3:1 0.232 0.444 0.505

E16C green 9 2 4.5:1 3:1 0.258 0.273 0.602

E18B green 9 2 4.5:1 3:1 0.258 0.273 0.602

E19A green 6 6 1:1 3:1 0.040 4.000 0.046

E21 green 8 3 2.67:1 3:1 0.258 0.030 0.862

K97A

E01 green 7 3 2.33:1 3:1 0.250 0.133 0.715

E02 green 7 5 1.4:1 3:1 0.103 1.778 0.182

E05 green 5 4 1.25:1 3:1 0.117 1.815 0.178

E07 green 7 2 3.5:1 3:1 0.300 0.037 0.847

E09 green 6 4 1.5:1 3:1 0.146 1.200 0.273

E10 green 7 2 3.5:1 3:1 0.300 0.037 0.847

E11 green 8 2 4:1 3:1 0.282 0.133 0.715

E14 green 6 5 1.2:1 3:1 0.080 2.455 0.117

E17G green 9 2 4.5:1 3:1 0.258 0.273 0.602

E18A green 6 3 2:1 3:1 0.234 0.333 0.564

E21A green 10 1 10:1 3:1 0.155 1.485 0.223

E27A green 8 2 4:1 3:1 0.282 0.133 0.715

∆CBM
E16A white 2 3 1:1.5 3:1 0.088 3.267 0.071

E16D white 5 6 1:1.2 3:1 0.027 5.121 0.024

E30A white 5 5 1:1 3:1 0.058 3.333 0.068

K97A∆CBM
E24C white 1 11 1:11 3:1 0.000 28.444 0.000

E34A white 4 3 1.33:1 3:1 0.173 1.190 0.275

E34B white 7 5 1.4:1 3:1 0.103 1.778 0.182

aIn red are shown values statistically different from the 3:1 segregation ratio.
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Table A2. Pairwise comparisons of primary leaf length between genotypes

Genotype 1 Genotype 2 Welch’s ANOVA +
Games‐Howell p‐value

Kruskal‐Wallis + Dunn’s
p‐value

GP E27 0.0064a 0.0019
GP E55 0.1885 0.5621

GP E95 0.0345 0.0940

GP E621 0.7147 1.0000

GP E640 0.9496 1.0000

GP E641 0.4471 1.0000

GP E952 0.7792 1.0000

GP E960 1.0000 1.0000

GP E967 0.4886 1.0000

GP E840 0.5213 1.0000

GP E841 0.7794 1.0000

GP E842 0.5776 1.0000

E27 E55 0.7714 1.0000

E27 E95 0.9044 1.0000

E27 E621 0.6021 1.0000

E27 E640 0.1460 0.3922

E27 E641 0.2474 1.0000

E27 E952 0.5297 1.0000

E27 E960 0.0113 0.0497
E27 E967 0.7829 1.0000

E27 E840 0.6880 1.0000

E27 E841 0.2499 0.9371

E27 E842 0.3071 1.0000

E55 E95 1.0000 1.0000

E55 E621 1.0000 1.0000

E55 E640 0.9723 1.0000

E55 E641 0.9992 1.0000

E55 E952 1.0000 1.0000

E55 E960 0.2851 1.0000

E55 E967 1.0000 1.0000

E55 E840 1.0000 1.0000

E55 E841 0.9978 1.0000

E55 E842 0.9997 1.0000

E95 E621 0.9993 1.0000

E95 E640 0.7893 1.0000

E95 E641 0.9535 1.0000

E95 E952 0.9970 1.0000

E95 E960 0.0810 0.8649

E95 E967 1.0000 1.0000

E95 E840 0.9999 1.0000

E95 E841 0.9414 1.0000
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Genotype 1 Genotype 2 Welch’s ANOVA +
Games‐Howell p‐value

Kruskal‐Wallis + Dunn’s
p‐value

E95 E842 0.9749 1.0000

E621 E640 0.9999 1.0000

E621 E641 1.0000 1.0000

E621 E952 1.0000 1.0000

E621 E960 0.7946 1.0000

E621 E967 1.0000 1.0000

E621 E840 1.0000 1.0000

E621 E841 1.0000 1.0000

E621 E842 1.0000 1.0000

E640 E641 1.0000 1.0000

E640 E952 1.0000 1.0000

E640 E960 0.9754 1.0000

E640 E967 0.9965 1.0000

E640 E840 0.9988 1.0000

E640 E841 1.0000 1.0000

E640 E842 1.0000 1.0000

E641 E952 1.0000 1.0000

E641 E960 0.6050 1.0000

E641 E967 1.0000 1.0000

E641 E840 1.0000 1.0000

E641 E841 1.0000 1.0000

E641 E842 1.0000 1.0000

E952 E960 0.8472 1.0000

E952 E967 1.0000 1.0000

E952 E840 1.0000 1.0000

E952 E841 1.0000 1.0000

E952 E842 1.0000 1.0000

E960 E967 0.5805 1.0000

E960 E840 0.6207 1.0000

E960 E841 0.8626 1.0000

E960 E842 0.7039 1.0000

E967 E840 1.0000 1.0000

E967 E841 0.9999 1.0000

E967 E842 1.0000 1.0000

E840 E841 1.0000 1.0000

E840 E842 1.0000 1.0000

E841 E842 1.0000 1.0000
aThe p‐values in bold show the significant differences in primary leaf length between the dif‐
ferent genotypes.
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Table A3. Off‐target analysis for the guide sequences targetingWHIRLY2

Sequence + PAM Genomic position Strand

gRNA 1 CTCAAAGATGCTCTCTGGAGCGG CABVVH010000006.1:72676956‐72676978 +

off‐target 1 CTCAAAAACTCTTTCTGGAGAGG CABVVH010000002.1:239643494‐239643516 +

off‐target 2 GACAAAGGCGCTCTCTGGAGTGG CABVVH010000001.1:152052735‐152052757 −

off‐target 3 CTCAAGAATGATCTCAGGAGTGG CABVVH010000005.1:530961790‐530961812 −

off‐target 4 CTCAAAAGTTCTTTCTGGAGAGG CABVVH010000001.1:383598877‐383598899 −

off‐target 5 AACAAAGATGCGCTCAGGAGTGG CABVVH010000004.1:347945218‐347945240 −

off‐target 6 GTCAAAGACGCACTCTGGTGTGG CABVVH010000003.1:452663099‐452663121 +

off‐target 7 TTTAAAGATGATTTCTGGAGTGG CABVVH010000004.1:226723820‐226723842 +

off‐target 8 CTCAAAAGTGCTTTCTGGATAGG CABVVH010000006.1:132581421‐132581443 −

off‐target 9 TTGAAAAATGCTTTCTGGAGCGG CABVVH010000006.1:728456‐728478 +

off‐target 10 TTCAGTGATGCTCACTGGAGTGG CABVVH010000002.1:558868374‐558868396 +

gRNA 2 TCTTCCCGGCAGTTGGACAAAGG CABVVH010000006.1:72676630‐72676652 +

off‐target 1 ACTTCTCGGCAGATGAACAACGG CABVVH010000006.1:5956165‐5956187 +

off‐target 2 TTTTCCCGACAGCTAGACAAAGG CABVVH010000003.1:187625674‐187625696 +

off‐target 3 TCTTGCAGGCAATTGGACAGCGG CABVVH010000001.1:400850443‐400850465 −

off‐target 4 TCTTCTTGGCAGTAGGACGAGGG CABVVH010000004.1:216392394‐216392416 +

off‐target 5 TCTGCCTGGCAGTTGGACTTGGG CABVVH010000001.1:318249063‐318249085 −

off‐target 6 TCTGCTAGGCAGTTGGACGAAGG CABVVH010000002.1:442150044‐442150066 −

off‐target 7 TCTGCCTGGCCGTTGGACAGGGG CABVVH010000006.1:368782959‐368782981 +

off‐target 8 TCTTCTTGGCAGTTGGAAGAGGG CABVVH010000004.1:230543192‐230543214 −

off‐target 9 TCTTCCTGGCCGTTGGACTGGGG CABVVH010000004.1:491969658‐491969680 +

off‐target 10 TCGGCGCGGCAGCTGGACAAGGG CABVVH010000004.1:31160504‐31160526 +

gRNA 3 TATCCATTATCACTGCCAAGAGG CABVVH010000006.1:72675762‐72675784 −

off‐target 1 TCTACATTTTCACTGCCAAACGG CABVVH010000003.1:521438231‐521438253 +

off‐target 2 TAGCCACTATCATTGACAAGTGG CABVVH010000003.1:255018421‐255018443 +

off‐target 3 TAGCCACTATCATTGACAAGTGG CABVVH010000004.1:161471638‐161471660 +

off‐target 4 TCTCGATTATCACTGCAAAATGG CABVVH010000007.1:207052292‐207052314 +

off‐target 5 TCTCGATTATCACTGCAAAATGG CABVVH010000007.1:207045041‐207045063 +

off‐target 6 TAGCCATCATCAATGACAAGTGG CABVVH010000004.1:228991749‐228991771 −

off‐target 7 GATCCAATTTCACTGCCAGGAGG CABVVH010000006.1:370050126‐370050148 −

off‐target 8 TCTACATTATCAATGCCAATTGG CABVVH010000001.1:410520065‐410520087 −

off‐target 9 TTTTCATTATGACTACCAAGAGG CABVVH010000007.1:382990500‐382990522 +

off‐target 10 TATCCAATATGACAGACAAGTGG CABVVH010000003.1:314280923‐314280945 −

gRNA 4 GCACATCATGGGCTGGGACCAGG CABVVH010000006.1:72673916‐72673938 +

off‐target 1 GAACATTAAGGACTGGGACCAGG CABVVH010000002.1:133431433‐133431455 +

off‐target 2 GCTCACCATGGGCAGAGACCAGG CABVVH010000004.1:190790228‐190790250 +

off‐target 3 TCTCGTCATGGGCTGGGATCCGG CABVVH010000001.1:183953243‐183953265 −

off‐target 4 GCTCATCATGAGCAGGGACAGGG CABVVH010000003.1:565847126‐565847148 +

off‐target 5 CCACATCATAGGCTGACACCCGG CABVVH010000007.1:14037485‐14037507 +

off‐target 6 GCACATCAATGGCTGGGGCAAGG CABVVH010000003.1:6442544‐6442566 +

off‐target 7 GTACGTCATGTCCTGGGACCTGG CABVVH010000005.1:409246783‐409246805 −
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Sequence + PAM Genomic position Strand

off‐target 8 ACACATCATGCGCAGGGACACGG CABVVH010000004.1:304962709‐304962731 −

off‐target 9 CCACATCATGCAATGGGACCTGG CABVVH010000004.1:254501711‐254501733 +

off‐target 10 GCACGTCATGTGTTGGGATCTGG CABVVH010000005.1:316920857‐316920879 +
aThe first 10 off‐targets predicted by CRISPOR (Haeussler et al., 2016; Concordet & Haeussler, 2018) are
shown for each guide. The PAM sequence is shown in bold. The seed region is underlined. The mis‐
matches are shown in red.
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Table A4. Sequencing analysis of the potential why2 knockout T0 regenerants

T0 plant nr. Cas9 gRNA 1 gRNA 2 gRNA 3 gRNA 4

1 y n n n n

2 y n n n n

3a n n n y n

4 y n n y n

5 y n n y n

6 n n n n n

7 n n n n n

8 y n n n y

9 y n n n n

10 n n n n n

11 n n n n n

12 n n n n n

13 y n n n n

14 y n n n y

15 y n n n n

16 y n n n n

17 y n n n n

18 y n n n n

19 y y n n n

20 n n n n n

21 y n n y y

22 y n n n n

23 y n n n n

24 y n n n n

25 n n n n n

26 y n n n n

27 y n n n n

28 y n n n n

29 y n n n y

30 y n n n n

31 y n n n n

32 y y n n n

33 n n n n n

34 n n n n n

35 n n n n n

36 y n n y n

37 did not survive

38 y n n y n

39 n n n n n

40 y n n y n

41 y n n n n

Continued on next page120
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T0 plant nr. Cas9 gRNA 1 gRNA 2 gRNA 3 gRNA 4

42 n n n n n

43 y n n n n

44 n n n n n

45 y n n n n

46 n n n n n

47 y n n n n

48 n n n n n

49 n n n n n

50 n n n n n

51 n n n n n

52 n n n n n

aPlants carrying indels are shown in bold.
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Table A5. Sequencing analysis of T1 plants deriving from M0 heterozygous why2mutants

M0 parent
plant ‐ gRNA Plant nr.a Cas9b gRNA 1 gRNA 2 gRNA 3 gRNA 4

19‐1

53 n n n n n

54 nd nd nd nd nd

55 n y n n n

56 n y n n n

57 n y n n n

58 nd nd nd nd nd

59 nd nd nd nd nd

60 n y n n n

61 n y n n n

62 nd nd nd nd nd

63 nd nd nd nd nd

64 nd nd nd nd nd

65 y not sequenced

66 no germination

67 nd nd nd nd nd

68 y not sequenced

69 nd nd nd nd nd

70 n y n n n

71 nd nd nd nd nd

72 n y n n n

73 nd nd nd nd nd

74 n y n n n

75 no germination

76 y not sequenced

32‐1

77 n n n n n

78 n n n n n

79 y not sequenced

80 n n n n n

81 nd nd nd nd nd

82 nd nd nd nd nd

83 nd nd nd nd nd

84 no germination

85 n n n n n

86 y not sequenced

87 nd nd nd nd nd

88 y not sequenced

89 nd nd nd nd nd

90 nd nd nd nd nd

91 n n n n n

92 n n n n n

93 n n n n n
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M0 parent
plant ‐ gRNA Plant nr. Cas9 gRNA 1 gRNA 2 gRNA 3 gRNA 4

32‐1

94 y not sequenced

95 y not sequenced

96 n n n n n

97 nd nd nd nd nd

98 nd nd nd nd nd

99 nd nd nd nd nd

100 n y n n n

5‐3

101 nd nd nd nd nd

102 y not sequenced

103 no germination

104 no germination

105 no germination

106 y not sequenced

107 y not sequenced

108 y not sequenced

109 y not sequenced

110 nd nd nd nd nd

111 y not sequenced

112 nd nd nd nd nd

113 y not sequenced

114 y not sequenced

115 y not sequenced

116 n n n n n

117 n n n n n

118 y not sequenced

119 y not sequenced

120 y not sequenced

121 y not sequenced

122 y not sequenced

123 y not sequenced

124 no germination

21‐3+4

125 no germination

126 nd nd nd nd nd

127 y not sequenced

128 y not sequenced

129 y not sequenced

130 y not sequenced

131 n n n y y

132 no germination

133 no germination

134 n n n y y
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M0 parent
plant ‐ gRNA Plant nr. Cas9 gRNA 1 gRNA 2 gRNA 3 gRNA 4

21‐3+4

135 no germination

136 no germination

137 no germination

138 n n n y y

139 y not sequenced

140 n n n n y

141 y not sequenced

142 y not sequenced

143 y not sequenced

144 y not sequenced

145 y not sequenced

146 no germination

147 n n n n y

148 n n y y y

38‐3

149 y not sequenced

150 n n n n n

151 y not sequenced

152 y not sequenced

153 n n n n n

154 y not sequenced

155 y not sequenced

156 no germination

157 no germination

158 y not sequenced

159 no germination

160 n n n n n

161 n n n y n

162 nd nd nd nd nd

163 n n n n n

164 n n n n n

165 n n n n n

166 y not sequenced

167 no germination

168 no germination

169 no germination

170 nd nd nd nd nd

171 y not sequenced

172 no germination

40‐3
196 y not sequenced

197 y not sequenced

199 y not sequenced
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M0 parent
plant ‐ gRNA Plant nr. Cas9 gRNA 1 gRNA 2 gRNA 3 gRNA 4

40‐3

201 y not sequenced

202 y not sequenced

204 y not sequenced

205 n n n n n

206 n n n n n

209 y not sequenced

210 y not sequenced

211 n n n n n

212 n n n n n

5‐3

215 y not sequenced

216 y not sequenced

217 y not sequenced

218 y not sequenced

219 y not sequenced

220 y not sequenced

221 n n n n n

222 n n n y n

223 y not sequenced

224 n y y y y

225 y not sequenced

227 n n n y n

228 n n n y n

230 y not sequenced

232 y not sequenced

233 y not sequenced

235 n n y y n

236 y not sequenced

237 n n n y n

238 n n n y n

240 n n n y n

242 y not sequenced

243 y not sequenced

3‐3

247 n n n n n

249 n n n n n

250 n n n n n

251 n n n n n

253 n n n n n

254 n n n n n

257 n n n n n

259 n n n n n

260 n n n n n
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M0 parent
plant ‐ gRNA Plant nr. Cas9 gRNA 1 gRNA 2 gRNA 3 gRNA 4

3‐3

261 n n n n n

264 n n n n n

265 n n n n n

267 n n n n n
aPlants carrying indels are shown in bold.
bPlants still carrying the Cas9 cassette were not sequenced.
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AcknowledgmentsThis work was possible with the support of many people who I am happy to acknowl‑edge.First, I want to thank my two supervisors, Dr. Götz Hensel and Prof. Dr. KarinKrupinska, for the role they played in shaping this project. I want to thank Götz for hissupport, for always keeping the door of his ofϐice open whenever I had a question or adoubt, for replying to my emails even on weekends or while travelling, and for the feed‑back he provided throughout my doctoral research until the very end. I want to thankKarin for her support throughout the duration of my research, for her feedback on thisdissertation, for being thorough and tireless even after having retired, and for ϐilling ourmeetings with laughter. I am in awe of your energy and the love you have for science. Iwant to thank both of my supervisors, and especially götz, with whom I communicatedalmost every day, for creating an atmosphere of openness, understanding, and mutualrespect. I have learnt a great deal fromboth of you, and I ammost grateful for yourworkethic and example.For generating thewhy1‑complemented lines, I want to thank two technicians: AnkeSchäfer from the group of Prof. Dr. Krupinska at the ChristianAlbrecht University of Kielfor cloning the constructs used to transform barley with different WHIRLY1 variants,and Sabine Sommerfeld from the Leibniz Institute of Plant Genetics and Crop Plant Re‑search, IPK, Gatersleben for the Agrobacterium‑mediated transformation of barley withthese constructs.My thanks also go to Prof. Dr. Andreas P. M. Weber for his invaluable feedback onmy research during our TAC and institute meetings, and to appl. Prof. Dr. Jahns for hisfeedback during our TAC meetings and for allowing me to use his group’s resources forthe PSII measurements.I want to thank Dr. Stephanie Bethmann for teaching me how to use the DUAL PAM,how to perform the Western blotting techniques, and for being so generous with herhelp. I will always cherish our conversations. Danke, Stephi!I also want to thank Dr. Dimitar Douchkov of the Biotrophy and Immunity groupat the Leibniz Institute of Plant Genetics and Crop Plant Research, IPK, Gatersleben, forperforming the powdery mildew assay, and Prof. Dr. Holger Gohlke of the Institute forPharmaceutical and Medicinal Chemistry at Heinrich Heine University Düsseldorf for131



Acknowledgments
the modelling of the two in‑frame homozygouswhy2mutants.Several people made days in the lab and at the institute more enjoyable. I thank myfriend Pouneh joon, who was the ϐirst to welcome me with open arms and introduceme to the lab. I miss our walks at the Botanical Garden and your joyful dances whenyou were happy. I thank Hanna Gölmann. Having Bosnian and Albanian coffee withyou made me miss home less. Many other colleagues helped along the way, whether byanswering a question or showing me how to use a device. I thank you all.I have a special thank you for the greenhouse gardeners, Anja, Jochen, and Andrea,for the readiness with which they always helped.My family deserves more thanks than I can put into words. Very little of this wouldmean anything without you. We do science for people, and you are my most importantpeople. Ju dua shumë.Finally, I want to thank my ϐirst and best friend in Germany, Andrés, for helping mesee things more clearly when frustration got in the way. Times were easier because ofyou.
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