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Chapter I: Introduction

1.1. Light absorption by pigments in the photosynthetic

apparatus

Light energy from the sun is the main source of energy on the earth captured in higher plants
by different pigments like chlorophyll, carotenoids, and flavonoids. Light absorption by a
pigment happens rapidly in a femtosecond. The light energy absorbed by this pigment will
cause the electron to jump to a higher-energy orbital. The latter is called the excited state,
which has a very short lifetime. The excited pigment must get back to its ground state by losing
energy. Therefore, either the excess energy or the excited electron can be transferred to an
adjacent molecule. This transfer can be done very efficiently if pigment molecules are in the

proper distance to each other.

In the photosynthetic apparatus, two photosystems (PS), PS | and PS Il are large pigment-
protein complexes linked together by the cytochrome complex beg/f. These complexes are
operating in series and make the photosynthetic electron transport chain (e.g. Duysens, 1951;

1989; Foyer and Harbinson, 1994). PS | and PS Il contain a collection of chlorophyll and
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carotenoid molecules, as the core antenna, associated with different proteins. As an extended
antenna and in addition to the core antenna, there are two light-harvesting complexes (LHC)
in close contact with PS | and PS Il. Since the pigments in the antenna are in close association,
the excitation energy can pass from one to another through resonance or radiationless energy
transfer and eventually reach the chlorophyll in the reaction center (Gaffron and Wohl, 1936;
Knox, 1996; Andrews et al., 2015). In the reaction center, the trapped excitation energy
initiates an electron transfer chain converting the light energy to chemical energy (e.g.
Rosengqvist and van Kooten, 2003). This energy is eventually used to fix atmospheric CO; onto
Ribulose-1,5-bisphosphate (RuBP) to produce 3-phosphoglycerate (3-PGA), which is reduced
to triose phosphates (TPs) and later converted to sugar or starch as end products of
photosynthesis. Moreover, during photosynthesis molecular oxygen is also released into the

atmosphere.

The fate of absorbed light energy in PS Il

As noted earlier, the excited pigment is unstable and must get back to its ground state by
losing the excitation energy. But converting this energy to chemical energy by photosynthesis
is not the only possible pathway which absorbed light can pass through. Absorbed light energy
in PS Il can go into three complementary pathways. As mentioned above, a portion of
absorbed energy can be used in photochemistry, the remaining energy may be either
thermally dissipated through regulated non-photochemical quenching (NPQ) or lost via
fluorescence or non-regulated heat dissipation (Hendrickson et al., 2004; Klughammer and

Schreiber, 2008).

The portion of energy going through each pathway depends on the light conditions that the
plants were exposed to (Figure 1). These three complementary pathways are in competition.
This means if one pathway gets a higher portion of the energy, the other ones will get less,
e.g. under low light conditions, higher portion of energy goes through the photochemistry.
However, under high light conditions, when the electron flow in CO, assimilation,
photorespiration and the water-water cycle (Asada, 2000; Ort and Backer, 2002; Curien et al.,
2016) cannot take over the high energy flow, the photochemical quantum vyield is
downregulated (Asada, 2006) and the regulated non-photochemical quenching receives the

larger portion (Hendrickson et al., 2004) (Figure 1).
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Light absorption exceeding the plants' photosynthetic capacities for electron transport and
CO; assimilation is called excess excitation energy (EEE) which has to be dissipated through
the other pathways of regulated and non-regulated energy dissipation to avoid or reduce EEE.
Exposure to excessive light can cause electron or energy transfer to oxygen producing
different powerful oxidants such as singlet oxygen and superoxide or hydrogen peroxide,
known as reactive oxygen species (ROS) (Asada, 2006). If ROS formation cannot be avoided or
already formed ROS cannot be gotten under control, this excess energy may eventually cause

photoinhibition of PS Il or photooxidation of membrane lipids.

‘ ~  Highlight —

Low light
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Figure 1. Schematic model for the fate of absorbed light energy in PS Il under low and high light. F
stands for chlorophyll fluorescence, P stands for photochemistry and NPQ stands for non-
photochemical quenching.
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Chlorophyll fluorescence

Besides driving photosynthesis and heat dissipation, excited chlorophylls within pigment-
protein complexes and in the light-harvesting complexes can reach the ground state by re-
emitting the excess energy as light, which is called chlorophyll fluorescence. Moreover, since
the three pathways for the fate of absorbed light energy are complementary, the yield of
chlorophyll fluorescence emission provides comprehensive information about the quantum

yields of photochemistry and heat dissipation of energy, too.

The portion of chlorophyll fluorescence in the fate of absorbed light energy is small. However,
since it has a different spectrum with a longer wavelength peak than the absorbed light
(Maxwell and Johnson, 2000), exposing the leaf to a known wavelength and measuring the
amount of re-emitted light at the longer wavelength can quantify the amount of chlorophyll
fluorescence. At room temperature and wavelengths below 700 nm, PS | contribution to
fluorescence is negligible, hence, the variation in chlorophyll fluorescence signals under these
conditions is assumed to arise only from PS Il (Butler, 1978; Baker, 2008; Murchie and Lawson,
2013). Chlorophyll fluorescence measurement, using the Pulse Amplitude Modulated
fluorescence method (Schreiber, 1986; Schreiber and Bilger, 1987), is a simple non-invasive
technique that is widely used to gain detailed information about the PS Il efficiency and

whether plants are under stress or not (Butler, 1978; Bjérkman and Demmig, 1987).

To gain information about photochemical and regulated non-photochemical quenching by
heat dissipation (NPQ), these two processes must be distinguished from each other. One
possible method is to switch off one of these contributors (Maxwell and Johnson, 2000).
Photochemistry can be nearly zero when all PS Il reaction centers are light saturated and
closed (Bradbury and Baker, 1981; Quick et al., 1984; Rosengvist and van Kooten, 2003). Then
the extent of NPQ from chlorophyll fluorescence can be determined. In non-stressed plants
which were kept in darkness, the NPQ is minimized (Maxwell and Johnson, 2000). By exposing
a pre-darkened leaf to a high-intensity flash of saturating light for a short time, the maximum
chlorophyll fluorescence (Fm) in the absence of photochemistry can be achieved. In this
condition, NPQ is assumed to be zero. Comparing Fu with the steady-state fluorescence
before the saturating light (Fo), is an estimation of the maximum quantum yield of PS Il (Butler,

1978; Baker, 2008) (Table 1).
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In the presence of light driving photosynthesis (actinic light), maximal chlorophyll fluorescence
(FmM') can also be achieved by saturating pulses providing information about PS I
photochemical quantum yield ®(PSll) and heat dissipation under actinic light (Genty et al.,
1989) (Table 1). Similar to ®(PSll), one can formulate quantum vyield of regulated non-
photochemical quenching, ®(NPQ). This parameter depends on different environmental
factors as well as internal ones and can be calculated from Fn' values relative to the maximum
chlorophyll fluorescence from the pre-darkened leaf (Fm) (Maxwell and Johnson, 2000) (Table

1).

In principle, all guantum yields of a process must add up to 1. A quantum yield complementing
the sum of ®(PSIl) and ®(NPQ) to 1, is called ®(NO) (Genty et al., 1996; Klughammer and
Schreiber, 2008). It includes non-regulated non-photochemical quenching observed at dark

adapted state and chlorophyll fluorescence (Genty et al., 1996; Klughammer and Schreiber,

2008)
Pre-darkened leaf
Dpsii = (Fv—Fo)/Fm
d(PSII) Efficiency of PS Il photochemistry
Dpsii = Fv/Fm
Leaf under actinic light
d(PS II) Efficiency of PS Il photochemistry D psii = (Fm'-F)/Fu'

®(NPQ) | Efficiency of regulated non-photochemical quenching ®Onpq = F/Fr'- F/Fm

Efficiency of non-regulated non-photochemical
®(NO) _ Dno=F/Fum
guenching

Table 1. Some fluorescence parameters for the pre-darkened leaf or leaf under photosynthetic (actinic)
light (Genty et al., 1996; Maxwell and Johnson, 2000; Klughammer and Schreiber, 2008)

1.2. Light acclimation

Acclimation in general involves all the processes that change in plants to cope with the
fluctuations in environmental conditions. Appropriate acclimation happens first by sensing the
variations in the environment and subsequently by the appropriate molecular programs as a

response to these variations. In other words, acclimation is a consequence of adjustments at
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transcriptional, translational, and post-translational levels (Kloppstech, 1997) leading to
changes at various levels, such as photosynthesis as well as anatomical and morphological

levels, too (Givnish, 1988).

Chloroplasts are endosymbiotic organelles with prokaryotic ancestors. During evolution, a
larger part of their prokaryotic genomes was eventually lost or transferred to the nucleus.
Consequently, the majority of 3000 to 4000 different plastid proteins (Fey et al., 2005) are
nuclear-encoded and imported into the chloroplasts after being synthesized at 80S ribosomes
in the cytoplasm. However, the plastid genome of higher plants still encodes a minute part of
their proteome, about 50 proteins (Green, 2011). An adjustment in the composition of the
photosynthetic apparatus in response to e.g. variable light intensities requires both changes

in the nucleus as well as plastid-encoded proteins.

Hence, as plants have two more genomes from their mitochondria and chloroplasts besides
their nuclear genome, environmental changes sensed by them must first be communicated to
the nucleus. The latter is mediated through organelles to nucleus retrograde signaling
orchestrating the gene expression in both organelles and nucleus in response to the

environmental stimuli.

The most variable environmental factor, light, as the only energy source for photosynthesis
varies over different orders of magnitude in the short and long term. Therefore, acclimation
ensures efficient electron transport under different conditions to provide energy (Fey et al.,
2005) and adjusts the rate of ATP and NADPH production to the rate of their utilization in the

Calvin cycle (Foyer et al., 2012).

Light acclimation of plants may take place at various levels, such as at the canopy, plant, leaf,
and also at anatomy, morphology, and biochemistry levels (Givnish, 1988). It has been well
established that plants growing under different intensities of light are displaying distinct

photosynthetic activity and efficiency (Boardman, 1977).

High light acclimated plants usually have a higher rate for the photosynthetic light response
(Givnish, 1988), electron transport (Boardman et al., 1975; Boardman, 1977) and maximum
photosynthetic CO; assimilation or so-called photosynthetic capacity (Lichtenthaler et al.,

2007). In other words, due to the acclimation of their photosynthesis to higher irradiance
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and, in comparison to low light-grown plants, the portion of energy that goes through
photochemistry pathways is larger than the other two pathways, regulated and non-
regulated non-photochemical quenching, in these plants. They also show an increase in
RubisCO content and in the other components of the Calvin cycle (Dietz, 2015). They have
thicker leaves with higher leaf mass per area (Givnish, 1988; Lichtenthaler et al., 2007),
higher total chlorophyll (chlorophyll a+b) and carotenoid content per leaf area (Lichtenthaler

et al., 2007).

Chloroplast to nucleus retrograde signaling

Besides its function in the conversion of light energy to chemical energy, the chloroplast is a
redox sensor of environmental conditions such as light quality and quantity, temperature, and
nutrient availability which can affect the photosynthetic electron transport efficiency and
energy production. The sensing of environmental changes plays an important role in triggering
acclimatory responses toward fluctuating environmental conditions by coordinating nuclear

and chloroplast gene expression through retrograde signaling.

The redox state of components of the electron transport chain, especially the plastoquinone
(PQ) pool and cytochrome be/f complex, are important factors in acclimatory adjustments of
the photosynthetic machinery in both short and long terms. For example, the cytochrome bg/f
complex-associated protein kinase STN7 is suggested to sense the redox state of PQ and
regulate the distribution of LHCs between PS | and PS Il. This kinase is also involved in long-

term responses mediating nuclear and chloroplast gene regulation (Foyer et al., 2014).

Environment-induced perturbations in photosynthesis may result in the generation of
hydrogen peroxide (H202) and superoxide (*0~,) at PS | and singlet oxygen (*0-) at PS II, known
as reactive oxygen species (ROS). ROS molecules are considered as signal transductors or
triggers of some signaling pathways, transducing information from chloroplast to the nucleus
through retrograde signaling. Because H,O;itself can leave the chloroplast and can translocate
to the nucleus (Exposito-Rodriguez et al., 2017), it is suggested to act as a direct retrograde
signal. *0™2 and 0, are considered to be required for the signal transduction pathways due to

their short half-lives (Chan et al., 2016).
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Intriguingly, while high levels of 0, are formed in plants under excessive light causing
photoinhibition of PS Il, H,0; and *O7; can constantly be produced at the PS | site and prior to
photoinhibition. These ROS are shown to cause different changes in nuclear gene expression.
For instance, in the study by Laloi et al. (2006) by transferring flu mutant of Arabidopsis
thaliana from darkness to light, both 10, and H,0, were produced in these mutants leading to
distinct changes in the expression of the nuclear genes. Moreover, it was shown that plastid-
generated H;0; affects nuclear gene transcription in a distinct way from H,0; generated from
any other compartments (Sewelam et al., 2014). Therefore, ROS-mediated retrograde
signaling transfers clear detailed messages to the nucleus on which compartments or

photosystems are under stress or have perturbed function.

Besides ROS, other products of chloroplasts can be involved in retrograde signaling. For
instance, under severe high light stress, an enhanced amount of 0, showed to cause the
production of volatile B-carotene-derived oxidation products which can affect nuclear gene

expression in a similar way to 'O, (Chan et al., 2016).

Moreover and in addition to many other possible ways, proteins that are dually located in the
plastid and nucleus of the same cell are suggested by many studies to be involved in
chloroplasts and nuclear genomes communication (Bobik and Burch-Smith, 2015). Among

them, the DNA-binding WHIRLY1 protein is a promising candidate.

1.3. The DNA-binding protein WHIRLY1 is dually localized in

the chloroplast and nucleus of the same cell

The WHIRLY1 protein is a nuclear-encoded plastid protein that belongs to the small family of
WHIRLY ssDNA/RNA binding proteins found in angiosperms. They share a characteristic
secondary structure and a conserved DNA binding domain. The WHIRLY1 protein is found in
both chloroplast and nucleus of the same cell (Grabowski et al., 2008) and is associated with

DNA and/or RNA in both organelles (Prikryl et al., 2008; Melonek et al., 2010).

Crystal structure analysis of WHIRLY1 and 2 (Desveaux et al., 2002; Cappadocia et al., 2008)

showed that WHIRLY proteins, together with melted double-strand DNA, form tetrameric
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complexes. In this complex, each monomer binds to a symmetrical inverted repeat sequence
of one DNA strand causing the quaternary structure of tetramers. This structure exhibits a

whirling appearance which is the reason for the name of this protein (Desveaux et al., 2002).

A study in barley by Grabowski et al. (2008) using immunogold analysis together with a specific
antibody against WHIRLY1 clearly showed that the WHIRLY1 protein is dually located in the
chloroplast and nucleus of the same cell with the same molecular weight. The latter means
that nuclear-located WHIRLY1 must have been processed first inside chloroplasts and then

translocated to the nucleus (Isemer et al., 2012).

Initially, Desveaux et al. (2000) identified the WHIRLY1 protein as a subunit of a factor binding
to the PR-10a gene promotor in potato and therefore this protein was initially named PR-10a
binding factor 2 (PBF-2) (Desveaux et al., 2002). Most plant species like Hordeum vulgare have
two members of this family but some other species like Arabidopsis thaliana have three
WHIRLY proteins. The WHIRLY1 and 3 proteins were predicted to be targeted to chloroplasts,

whereas WHIRLY?2 is targeted to the mitochondria (Desveaux et al., 2005; Krause et al., 2005).

There is an amino acid motif consisting of six amino acids, Lys-Gly-Lys-Ala-Ala-Leu, KGKAAL,
on both R-strands of protomer which is critical for WHIRLY1 and DNA interaction (Desveaux
et al., 2002; Krause et al., 2009) and is highly-conserved by all WHIRLIES in all plants (Desveaux
et al., 2005). The second lysine of this motif was shown to be important for the hexamerization
of WHIRLY1 tetramers to 24-mers which creates hollow sphere structures with 12 nm

diameter (Cappadocia et al., 2012).

The plastid-located WHIRLY1 protein is an architectural nucleoid-association

protein

The WHIRLY1 protein is an abundant protein of chloroplast nucleoids, detected also in the
proteome of transcriptionally active chromosomes (TAC), and therefore named also pTAC1
(Melonek et al., 2010; Majeran et al., 2012). In A. thaliana both WHIRLY1 and WHIRLY3 have
been found in the TAC (Pfalz et al., 2006). The TAC was shown to have a large overlap with
nucleoids (Melonek et al., 2016) and in fact, co-localization of WHIRLY1 in nucleoids was

shown to be in accordance with the detection of this protein in the TAC (Melonek et al., 2010).

9
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The WHIRLY1 protein as a major nucleoid-associated protein (Pfalz et al., 2006, Melonek et
al.,, 2010; Majeran et al., 2012) was shown to be required for the compact structure of
nucleoids (Krupinska et al., 2014) mediated by a proline-rich motif, i.e. Pro-Arg-Ala-Pro-Pro,
PRAPP, which specifically exists in Poaceae family members (Krupinska et al., 2014; Oetke et

al.,, 2022).

Due to the uniform and sequence-unspecific distribution of WHIRLY1 over the plastid genome,
the involvement of the WHIRLY1 protein in the regulation of plastid gene transcription is
rather unlikely (Melonek et al., 2010). Moreover, and due to the detection of the WHIRLY1
protein in the nucleoids (TAC), it was suggested that plastid-located WHIRLY1 is more likely to
be involved in RNA rather than DNA metabolism (Prikryl et al., 2008; Melonek et al., 2010).

The nucleus located WHIRLY1 protein regulates nuclear genes transcription

As mentioned before, the WHIRLY1 protein has been initially found to bind to the promoters
of stress responses and senescence genes in the nucleus when it regulates the expression of
target genes. For example, it is a repressor of senescence-associated genes, S40, and WRKY53
genes, in barley and Arabidopsis, respectively (Miao et al., 2013; Krupinska et al., 2014), or
functions in an opposite way as an activator of certain pathogen-response genes (Desveaux et

al., 2000, Krupinska et al., 2014).

Unlike transcription factors that bind to the dsDNA, the WHIRLY1 protein is known to be an
ssDNA binding protein that binds to the melted regions of the promotors and is suggested to
regulate the accessibility of transcription factors, such as WRKY, to the promoters, and in this
way affecting specific nuclear gene transcription (Krupinska et al., 2022). It has been proposed
that the WHIRLY1 protein in both chloroplast and nucleus might be involved in chromatin

remodeling (Krupinska et al., 2022).

Dually located proteins, like WHIRLY proteins, may be initially located in the mitochondria
and plastids, but under certain circumstances, they may translocate to the nucleus as signal
transductors (Krause and Krupinska, 2009; Foyer et al., 2014). Therefore, they are promising

candidates to be involved in the organelles to nucleus retrograde signaling.
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The role of WHIRLY1 protein in retrograde signaling

In chloroplasts, the WHIRLY1 protein is the major organizer of nucleoids that are attached to
the thylakoid membrane (Foyer et al., 2014) (Figure 2). This is an interesting position for a
protein with a putative role in retrograde signaling and for the coordination of photosynthetic
electron transport function with nuclear gene expression. It is tempting to suggest that the
WHIRLY1 protein is involved in the perception of the redox state of the electron transport
chain due to its location (Foyer et al., 2014). This is in accordance with the fact that the
WHIRLY3 protein, corresponding to the WHIRLY1 protein in barley (Krupinska et al., 2022), is
known to be a redox-affected protein in the chloroplast (Stréher and Dietz, 2008; Foyer et al.,

2014).

WHIRLY1 and WHIRLY3 proteins both share a conserved cysteine residue in a conserved
position which is probably involved in disulfide bridge formation between two WHIRLY
proteins (Foyer et al., 2014). Cysteine residue reduction or even phosphorylation by the same
kinases that are activated when the PQ pool is reduced could also be involved in the
destabilization of the protein oligomer structure (Foyer et al., 2014). Stress-induced redox
changes occurring in the photosynthetic apparatus have been hypothesized to induce
WHIRLY1 translocation from chloroplasts to the nucleus (Foyer et al., 2014). High rates of
reduction of components in the electron transport chain such as the PQ pool and the
cytochrome bg/f complex, may destabilize the oligomer (24-mer) structure of WHIRLY1, and
consequently, monomers may translocate to the nucleus as signal transductors by an

unknown mechanism (Figure 2).
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Figure 2. Schematic model explaining that environmental stimuli-induced redox signals from the
photosynthetic apparatus may be perceived by the 24-mer WHIRLY1 protein and consequently
destabilize the oligomer structure to its monomers. These monomers were suggested to translocate to
the nucleus as signal transductors (Foyer et al., 2014). This figure is adapted from Foyer et al. (2014).
Investigations with plants having altered amounts of the WHIRLY1 protein are in accordance
with the proposed role of this protein in communication between chloroplast and nucleus.
For example, it was shown in tomato that overexpression of WHIRLY1 protein enhanced CO;
assimilation rate and RubisCO content under chilling conditions in comparison to WT plants.
In contrast, plants with an RNAi-mediated knockdown of SIWHIRLY1 protein had lower
RubisCO content with decreased photosynthesis in comparison to WT (Zhuang et al., 2020).
SIWHIRLY1 was also demonstrated to increase tomato tolerance to chilling stress by regulating
starch degradation and also protecting PS Il (Zhuang et al., 2019). However, there is a lack of
evidence for the involvement of the WHIRLY1 protein in acclimatory processes through

retrograde signaling in monocots.

RNAi-mediated WHIRLY1 knockdown barley plants (W1) were shown to have a stay-green
phenotype under high light (Kucharewicz et al., 2017), although they accumulated a high
amount of senescence promoting hormones such as salicylic acid (SA) and abscisic acid (ABA)
(Pérez-Llorca and Munné-Bosch, 2021). This result suggests that the WHIRLY1 protein must
have a function downstream of SA and ABA signaling (Foyer et al., 2014). On the other hand,
these hormones are known to be important for the high-light acclimation of plants (Dietz,
2015). Therefore, W1 plants with a higher amount of SA and deficiency in WHIRLY1 protein
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are an excellent model to investigate the possible role of the WHIRLY1 protein in high light

acclimation of barley plants through retrograde signaling.

1.4. Objectives of this study

In this thesis, the major objective was to investigate the involvement of WHIRLY1 in high light
acclimation through either retrograde signaling or its impact on the nucleoid compactness in
more detail by comparing barley wild-type plants with an RNA-mediated knockdown of the
HvWHIRLY1 gene (W1) and also later with the line overexpressing HYWHIRLY1 gene, oeW1

plants.

Due to its effect on nucleoid compaction, the potential impact of the chloroplast-nucleus
located WHIRLY1 protein on the protection of DNA from UV-B radiation in both nucleus and
chloroplast was investigated and presented in Chapter Il in a manuscript which has been

submitted to Physiologia Plantarum.

To check WHIRLY1 contribution in the light acclimation of barley plants through retrograde
signaling, different photosynthetic parameters such as CO; assimilation rate, maximum
photosynthesis (Pmax), RubisCO content, and its in vivo activity were analyzed in both WHIRLY1
deficient and wild-type leaves growing under low and high irradiance and at different
developmental stages. Additionally, light acclimation was also investigated at the level of leaf
morphology, too. Since the W1 plants showed delayed chloroplast development (Kucharewicz
et al., 2017; Krupinska et al., 2019), light acclimation was studied at different developmental
stages. The corresponding results are presented in Chapter Il as a published paper in the
journal of Planta (Saeid Nia et al., 2022; https://doi.org/10.1007/s00425-022-03854-x) with

the right for secondary publication, in this thesis, from the publisher.

Barley plants deficient in WHIRLY1 protein have been shown to be impaired in acclimation to
high light (Saeid Nia et al., 2022) and might thereby be prone to photoinhibition. However,
W1 plants did not show any decline in their maximum quantum vyield of PS Il when grown
under high light (Kucharewicz et al., 2017). In this thesis, further investigations were done to
elucidate how WHIRLY1 deficient barley plants can survive the high irradiance while avoiding

photoinhibition despite their lower photosynthetic capacity (Saeid Nia et al.,, 2022). The
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manuscript with corresponding results, presented in Chapter IV, which has been submitted to

Planta.

Recently, a WHIRLY1 overexpressing line (oeW1) has been provided and it became possible to
investigate the effect of the higher amount of this protein on some parameters regarding
photosynthetic light acclimation and stress responses. The results of this study are presented

in Chapter V in a form of a manuscript that is published in Biorxive.
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Chapter Il: WHIRLY1 protein and
plastid DNA stability against UV-B
radiation
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WHIRLY1-mediated compaction of nucleoids reduces the formation
of cyclobutane pyrimidine dimers during exposure of chloroplasts to
UV-B radiation

Monireh Saeid Nia?, Christine Desel', Frauke Pescheck® Karin Krupinska?, Wolfgang Bilger?

Institute of Botany, Christian-Albrechts-University of Kiel, OlshausenstraRe 40, 24098 Kiel, Germany

Abstract

The single-stranded DNA/RNA binding protein WHIRLY1 is a major chloroplast nucleoid-
associated protein which was shown to be required for the compactness of nucleoids. Most
nucleoids in chloroplasts of barley plants with a knockdown of WHIRLY1 are less compact
compared to wild-type plants. To investigate whether WHIRLY1 may increase the stability of
plastid DNA by its function in plastid DNA packaging, primary foliage leaves, chloroplasts, and
nuclei from wild type and WHIRLY1 knockdown plants were exposed to UV-B radiation.
Thereafter, total genomic and plastid DNA were isolated, respectively, and analyzed for the
occurrence of cyclobutane pyrimidine dimers (CPDs), which is a parameter for genome
stability. The results of this study revealed that in chloroplasts the WHIRLY1-dependent
compaction of nucleoids prevented the formation of CPDs, whereas WHIRLY1 abundance had
no impact on the formation of CPDs in the nucleus.

Keywords: CPDs, DNA stability, nucleoids compactness, UV-BR, WHIRLY1

Introduction

Plants are obligatorily dependent on sunlight for their survival and can’t avoid being exposed
simultaneously to potentially harmful UV-B radiation (UV-BR). High irradiance in combination
with UV-BR shares the production of ROS with other environmental stress situations. ROS may
have many detrimental effects on plants (oxidation of DNA, proteins, lipids) and thereby
reduce growth (Takahashi et al., 2002; Frohnmeyer and Staiger, 2003). In addition to these
indirect effects, UV-BR has a direct photophysical damaging impact on genome integrity

leading to the inhibition of cell division and even cell death (Jansen et al., 1998).

UV-B radiation gives rise to different types of DNA damage, which can be mutagenic and
eventually lethal by impeding replication and transcription (Strid et al., 1994; Takahashi et al.,
2011). The most common damage of DNA induced by UV-BR is the formation of cyclobutane
pyrimidine dimers (CPDs). CPDs account for approximately 75% of DNA lesions, and further
pyrimidine adducts account for the remainder of the DNA lesions. CPDs are induced by UV-BR

between adjacent pyrimidines on the same DNA strand through dimerization (Mitchell &
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Narin, 1989; Takahashi et al.,, 2011). In plant cells, DNA is distributed among nuclei,
mitochondria, and plastids. UV-BR-induced CPD formation can occur in organelle DNA as well

as in nuclear DNA.

Plastids are descendants of cyanobacteria and contain multiple copies of a remnant
prokaryotic genome. The multiple copies of the genome together with RNA and proteins are
organized in structures that resemble bacterial nucleoids. These structures are remarkably
variable in number, shape, and distribution within different types of plastids (Powikrowska et
al., 2014). In proplastids, nucleoids are attached to the envelope membrane. During
chloroplast development, nucleoids change their position and become attached to thylakoid
membranes where unpacked DNA could be damaged by ROS formed as a byproduct of
photosynthetic electron transport (Prowikowska et al., 2014). Chloroplast nucleoids, however,
contain numerous DNA-binding proteins mediating the shaping and organization of the
nucleoid (Melonek et al., 2016, Krupinska et al. 2022). These so-called nucleoid-associated
proteins (NAPs) have replaced the histone-like proteins of bacteria such as the heat unstable
(HU) and histone-like nucleoid-structuring proteins (H-NS) (Kobayashi et al., 2016), which in
bacteria determine the shape and topology of nucleoids in response to internal and external
factors (Hotéwka & Zakrzewska-Czerwinska, 2020). These histone-like proteins are abundant
proteins binding unspecifically to DNA. They help the cell to quickly react to changing
conditions by coating and condensing the nucleoid thereby protecting the DNA from damage
and creating physical protection for the DNA (Hotéwka & Zakrzewska-Czerwinska, 2020). In a
Deinococcus radiodurans mutant lacking one of these NAPs the survival rate during UV

exposure was eightfold reduced (Wang et al., 2012).

While in tobacco the sulfite reductase has acquired a specific DNA binding motif conferring
nucleoid compaction (Cannon et al., 1999), at least in barley and likely other monocot species
WHIRLY1 is the major protein determining nucleoid architecture. WHIRLY1 belongs to the
small family of WHIRLY ssDNA-binding proteins being specific for angiosperms (Krupinska et
al., 2022). Using an antibody against maize WHIRLY1 the protein was found to unspecifically
bind to ptDNA by nucleic acid co-immunoprecipitation and, hence, was compared to the
bacterial HU (Krupinska et al., 2022). In barley, WHIRLY1 had been shown to be responsible
for the compaction of chloroplast nucleoids. Staining of DNA in leaf cells of barley plants with

an RNAi-mediated knockdown of the WHIRLY1 gene revealed that the nucleoid population is
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much more heterogeneous and that most nucleoids are significantly less compact than those
of wild-type plants (Krupinska et al., 2014). Accordingly, it was shown that WHIRLY1 is required
for the compact structure of nucleoids mediated by a proline-rich motif, i.e. Pro-Arg-Ala-Pro-
Pro, PRAPP, which specifically exists in Poaceae family members (Krupinska et al., 2014; Oetke
et al., 2022). Besides its role in architecture of chloroplast nucleoids, WHIRLY1 has also been

shown to act as transcription factor in the nucleus (Krupinka et al., 2022).

In line with the function of WHIRLY1 in compacting chloroplast nucleoids, WHIRLY1 deficiency
in barley WHIRLY1 knockdown plants (W1) resulted in nucleoids with heterogeneous sizes
which were mostly loosely packed (Krupinska et al., 2014). The target theory says that the
probability that a given target is hit by radiation is proportional to the volume of the target
(Ballarini, 2010). Hence, it was hypothesized that higher compaction of ptDNA in nucleoids
mediated by WHIRLY1 lowers the susceptibility of ptDNA towards UVBR-induced
photodamage. In this study, the potential impact of the chloroplast-nucleus located WHIRLY1
protein on the resistance of DNA towards UV-B radiation in chloroplasts and nuclei prepared

from WHIRLY1 deficient barley plants and wild-type plants was investigated.

Material and methods

Plant material and growth conditions

In this study, Hordeum vulgare L., cv. “Golden Promise” as wild-type (WT) and the RNAI-
mediated WHIRLY1 knockdown line of barley having a minute amount of WHIRLY1 (RNAi-W1-
7 = W1) (Krupinska et al., 2014) were used. Growth conditions were as described before by
Saeid Nia et al. (2022). Plants were grown side by side and under irradiances of about 250-350
umol photon m=2 s measured by a quantum sensor (Li-185 A, Li-Cor Biosciences, Lincoln, NE,
USA) in the leaf plane.

UV screening pigments

In vivo UV screening of the adaxial side of primary foliage leaves exposed to UV-B was
determined with a Xenon-PAM fluorometer (Walz, Effeltrich, Germany) before UV-B
exposure. The technical information about the setup of optical filters, light source, sample

holder, and fluorescence detector has been described by Burchard et al. (2000) and Pescheck
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et al. (2010). Detached primary leaves were kept in petri dishes and on wet filter paper for this

measurement.

Isolation of intact chloroplasts

About 250 primary leaves from each genotype were harvested very early in the morning and
before the onset of illumination to minimize the formation of starch granules. Isolation of
intact chloroplasts was done in dim light and in a cold room at 4°C with the method described

by Gruissem et al. (1986).

Intact chloroplasts from each genotype were counted three times using a hemocytometer
(Thoma, Germany) under a brightfield microscope (Microscope: Axiophot, Plan-Apochromat,
20x/0.45, Zeiss, Jena, Germany; camera: Olympus DP7, Olympus, Japan; image recorded by
CELLAF software version 5.1, Olympus). Before UV-B exposure, the isolated chloroplasts were

diluted in GM buffer until a final density of about 12 * 10° chloroplasts per pl.

Isolation of nuclei

About 250 primary foliage leaves of each genotype were harvested at the same time of the
day as described for chloroplasts. Leaves were kept on ice and the nuclei isolation was done

at dim light in a cold room (4°C) according to Pilartz and Jeske (2003).

For quantification of isolated intact nuclei, 2 pl of nuclei suspension from each genotype was
mixed with 2 pl DAPI solution (1 pg mlt) on the hemocytometer, and intact nuclei were
counted under a fluorescence microscope (Microscope: Axiophot, Plan-Apochromat,
20x/0.45, Zeiss; camera: Olympus DP7, Olympus, Japan; image recorded by CELLAF software
version 5.1, Olympus; Filter: Filter set 02 with excitation: G 365, beamsplitter: FT 395 and
emission: LP 420, Zeiss). This procedure was repeated three times. For exposing intact nuclei
to UV-B, the isolated nuclei were kept in 1x GB buffer (as described by Pilartz & Jeske, 2003)

at a final density of about 13 * 103 nuclei per pl.

UV-B exposure

For the induction of DNA damage, chloroplasts or nuclei were pipetted in multiwell plates (Cell

culture plate, 24-well, Sarstedt, Germany) while detached primary leaves were placed on wet
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filter paper in petri dishes. Exposure to UV-B radiation was done for one hour. To minimize
the repair of DNA damage by the photolyase enzyme via UV-A and blue light-dependent
photoreactivation, UV-B lamps with a fairly low contribution of UV-A and blue light were used.
UV-B radiation was provided by fluorescent tubes (TL40/12RS, Philips, Amsterdam,
Netherlands) which were installed in a growth cabinet (GroBanks, CLF plant climatics,
Emersacker, Germany). Desired irradiances were obtained by a variable distance towards the
fluorescent tubes, whose output was tuneable. A portable UV-B sensor (Veit et al., 1996) was
used to measure UV-B irradiance. This sensor was calibrated against a DM150 double
monochromator spectroradiometer (Bentham Instruments, Ltd, Reading, UK). Incident UV-B
irradiances were 13, 6, and 13 W m for leaves, chloroplasts, and nuclei respectively. Each

exposure experiment was conducted three times.

In the case of chloroplasts or nuclei, each marked well in the multiwell plates was filled by 1
ml of either isolated chloroplasts or nuclei suspension in a random arrangement. Multiwell
plates were kept on ice during the UV-B exposure. Plates were turned clockwise and the

solution in the wells also was very gently mixed every quarter of an hour.

During UV-B exposure, plates and petri dishes were covered with WG 295 glass filters (Schott,
Mainz, Germany) whereas controls were covered with UV-excluding plexiglass filters (GS 321,
R6hm, Darmstadt, Germany, Tsoxat 390 nm). After UV-B exposure of primary leaves, segments
approximately 1 cm in length were excised at a position of 1.5 cm below the tip of primary
leaves and leaf segments were immediately frozen in liquid nitrogen. In case of chloroplasts
or nuclei, the suspensions from at least 6 wells of each genotype were pooled in one tube,
respectively, and were centrifuged at 2000 x g for 2-3 minutes to sediment the chloroplasts
or nuclei, respectively. Afterwards, the supernatants were discarded and pellets were

immediately frozen in liquid nitrogen. Frozen samples were kept at -80 °C until DNA isolation.

DNA isolation and detection of cyclobutane pyrimidine dimers

DNA extraction from frozen leaf segments, chloroplasts, and nuclei was done as described by
Pescheck et al. (2014). In the case of DNA isolation from chloroplasts and nuclei, 500 ul of
extraction buffer was added directly to the frozen pellet. The detection of cyclobutane

pyrimidine dimers (CPDs) was done as described by Pescheck et al. (2014). UV-B-induced DNA
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damage was shown in the graphs as the numbers of detected CPD by immunoblotting per

megabase pair of DNA (CPDs Mb™1).

Staining of nucleoids

Leaf cross-sections were produced from the primary foliage leaf of 10 d old plants by a hand
microtome at a 2-2.5 cm distance from the tip. Sections were immediately fixed by 4% (w/v)
paraformaldehyde in phosphate-buffered saline pH 7.4 (PBS) overnight at 4°C. After washing
with buffer, the sections were stained with SYBR®Green (1:5000, S7563 InvitrogenTM) for 45
min at room temperature. After washing with 1x PBS, the sections were transferred onto a

slide, capped with PBS/glycerol (v/v: 1:1).

Imaging was done at Leica SP5 confocal microscope system with an HCX PL APO CS63.0 x 1.2
W objective. Excitation was done by an argon laser line at 488 nm (6% power). Emission was
detected between 510-570 nm (HV 768V) and 690-760 nm (HV 510V). Z stacks with six layers
were taken in a window of 61.57 x61.57 um and a depth of 5 um (1024 x 1024, 8-Bit). A

minimum of four stacks out of different regions of the specimen were taken from each sample.

Statistical analysis

UV-B transmittance and UV-B induced DNA lesions in total, nuclear and plastid DNA isolated
from leaf segments, nuclei, and chloroplasts, respectively, were compared in wildtype and
transgenic plants by the t-test. In case of failure in the normality test or equal variance test,
the Mann-Whitney Rank Sum test was used by Sigmaplot 13 (Systat Software GmbH, Erkrath,

Germany).

Results and discussion

Morphology of nucleoids in chloroplasts

Using laser scanning microscopy, the compaction of nucleoids in the leaves was investigated
(Fig. 1A). The observed fluorescence signals from chloroplast nucleoids and nuclei were similar
to those reported previously (Krupinska et al., 2014). Microscopic analysis of nucleoid
morphology (Fig. 1A) revealed that the major portion of the nucleoid population in the
chloroplasts of transgenic barley plants with an RNAi-mediated knockdown of WHIRLY1 (W1)

21



Chapter i

was obviously less compact than that of wild-type plants (WT). The residual amount of
WHIRLY1 in these plants, amounting to about 1% of the wild type level, likely was responsible
for packaging of few nucleoids resulting in a rather heterogeneous nucleoid morphology
(Krupinska et al. 2014). The repeated staining of nucleoids confirmed that this trait is

preserved in plants of the barley W1 line used in this study.

UV-B screening in leaves

In order to investigate whether UV-screening of the leaves used for isolation of chloroplasts
and nuclei differed between W1 and WT plants, the epidermal UV-B transmittance was
investigated. Although the thickness of leaves differed between WHIRLY1 deficient and wild-
type leaves (Saeid Nia et al., 2022), no significant difference in epidermal UV screening was
detected (Fig. 1B). Similarly, and in accordance with this result, it was shown by Saeid Nia et
al. (see Chapter IV) that WT and W1 plants did not differ in their content of flavonoids being
one of the main groups of screening pigments (Agati et al., 2009). Altogether, these results
suggest that the same amount of UV-B could penetrate through the epidermis and reach the

mesophyll cells in the WT and W1 plants.

DNA lesions in plastid, nuclear and total DNA

After UV-B exposure, no significant differences between genotypes in CPDs were detected in
DNA isolated from UV-B-exposed primary leaves (Fig. 1 C). Exposed to a similar amount of UV-
B, nuclei were shown to be 60 times more sensitive than the leaves, but also here, no
significant differences between WT and W1 mutant were detected. However, in chloroplasts,
W1 mutants displayed a three times higher CPD formation than the WT (Fig. 1C). Nucleoid
compaction by WHIRLY1 in WT plants decreased the volume exposed to UV-B radiation. In
contrast, WHIRLY1 deficiency caused loosely packed nucleoids with a higher volume in the
chloroplasts which consequently have a higher chance to get hit by UV-BR (Ballarini, 2010).
Moreover, since in this study the experimental setup that kept isolated chloroplasts and nuclei
on ice during UV-B exposure, strongly minimized the contribution of any enzymatic repair
processes to the impact of UV-B on DNA, our results suggest that WHIRLY1 in barley
chloroplasts protects ptDNA against UV-B-induced formation of CPDs most probably by its

structural impact on the compactness of nucleoids. This reminds to the situation in the
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radiation-resistant bacterium Deinococcus radiodurans, where a mutant lacking a histone-like
protein binding to DNA was much more sensitive to UV exposure than the wild type (Wang et

al.,, 2012).
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Fig. 1 (A) Staining of chloroplast nucleoids in leaf sections from WT and W1 plants by SYBR Green. The bar
represents 5 um. (B) Epidermal UV-B transmittance in percent measured in WT and W1 plants. Columns are
means + standard deviation of n=20-21 leaves from three independent experiments, each comprising 6-7
leaves. (C) Total DNA lesion, detected as CPDs Mb™?, induced by UV-B exposure of primary leaves, nuclei, and
chloroplasts. Columns are means * standard deviation of 12-13 leaves, 14 nuclei samples (each sample is a pool
of at least 6 samples), and 6 chloroplast samples (each sample is a pool of at least 6 samples) from three
independent UV-B exposure experiments, each comprising 4-5 leaves, 4-5 nuclei samples, and 2 chloroplast
samples, respectively. Statistical significance was tested for epidermal transmittance and CPDs in chloroplasts
using a t-test. For CPDs detected in leaves and nuclei, a Mann-Whitney rank sum test was used. n.s, not
significant; *** p < 0.001.
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In comparison to chloroplasts, CPD formation in nuclei was not significantly different in nuclei
prepared from the WHIRLY1 deficient plants than in WT. The function of WHIRLY1 in the
nucleus is different than in chloroplasts. The packaging of DNA in the nucleus is mediated by
histones and the chromatin compaction is regulated by posttranslational modifications of
histones. WHIRLY1 is known as the repressor or activator of nuclear genes and has been found
to bind to promoters of stress responses and senescence-associated genes (Krupinska et al.,
2022). WHIRLIES might contribute to the regulated accessibility of promoters for transcription
factors (Krupinska et al., 2022), but they obviously don’t play a role as chromatin architects in
the nucleus. Accordingly, and by considering the physical protecting role of WHIRLY1 via its
architectural role, presence or absence of WHIRLY1 protein in the nuclei (in WT and W1 plants,
respectively) most probably might not have any effect on UV-BR-induced CPD formation in

nuclear DNA.

The absolute CPD formation was in intact leaves much lower than in the isolated organelles.
This difference reflects the presence of UV screening compounds and the complex optical
properties within leaves. Furthermore, the leaf damage mirrors the proportions between
nuclear and organellar DNA, which are about 50% for each. This diluted presumably the

difference between WT and W1 that would follow from the chloroplast data.

Comparison between UV-B induced CPD formation in nuclear and plastid DNA showed that
although nuclear DNA was irradiated with two times of the dose received by the plastid DNA,
it showed a roughly 10 times higher damage. An explanation of the reduced damage in
chloroplasts could be the absorption of UV-B radiation by chlorophyll. The absorption spectra
of chlorophyll a and b reach well into the UV-B spectral region (Bilger et al., 2001) and it has
even been speculated that chlorophyll might initially in the evolution have served as UV-
protectant before it was recruited by photosynthesis as a light-harvesting pigment
(Mulkidjanian & Junge, 1997). Therefore, the chlorophyll in the chloroplast suspension may

have competed effectively with the plastid DNA for absorption of UV-B radiation.

It is well-known that chloroplast nucleoids are dynamic structures changing in shape and
organization during development and likely also in response to environmental change. In this
study it has been shown for the first time that the high compactness of nucleoids can

effectively prevent the formation of CPDs, the most important lesions induced by UV-BR. The

25



Chapter i

importance of nucleoid restructuring during plant responses to environmental change

deserves more attention in research.
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Abstract

Main conclusion In accordance with a key role of WHIRLY1 in light-acclimation mechanisms, typical features of
acclimation to high light, including photosynthesis and leaf morphology, are compromised in WHIRLY1 deficient
plants.

Abstract Acclimation to the environment requires efficient communication between chloroplasts and the nucleus. Previous
studies indicated that the plastid-nucleus located WHIRLY 1 protein is required for the communication between plastids
and the nucleus in situations of high light exposure. To investigate the consequences of WHIRLY1 deficiency on the light
acclimation of photosynthesis and leaf anatomy, transgenic barley plants with an RNAi-mediated knockdown of HvWHIRLY1
were compared to wild-type plants when growing at low and high irradiance. While wild-type plants showed the typical light
acclimation responses, i.e. higher photosynthetic capacity and thicker leaves, the WHIRLY 1 deficient plants were not able to
respond to differences in irradiance. The results revealed a systemic role of WHIRLY | in light acclimation by coordinating
responses at the level of the chloroplast and the level of leaf morphology.

Keywords WHIRLY 1 - High light acclimation - Photosynthetic capacity - Carboxylation efficiency - RubisCO abundance -
Leaf thickness - Leaf mass per area (LMA)

Introduction

Due to their sessile way of life, plants continuously encoun-
ter dynamic environmental conditions and their survival
depends on appropriate responses to these variations (Nel-
son and Ben-Shem 2004; Dietzel and Pfannschmidt 2008).
Chloroplasts are important sensors of environmental changes
(Kleine et al. 2021) such as high light (Munné-Bosch 2019).
Compounds produced by chloroplasts act as retrograde sig-
nals regulating nuclear gene expression to allow for accli-
mation to the environment (Chan et al. 2016; Pfannschmidt
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et al.2020). Plants may encounter stress-induced damage, if
the acclimation is not achieved (Dietz 2015).

Acclimation to the environment involves mechanisms
ensuring efficient photosynthesis by adjustments in the
composition of the photosynthetic apparatus consisting of
plastid and nucleus-encoded proteins (Bjorkman 1981; Race
et al. 1999; Allen et al. 2011) as well as by changes in the
morphology of leaves (Givnish 1988; Terashima et al. 2006;
Poorter et al. 2009; 2019) such as increased leaf thickness
and leaf mass per area (LMA).

Plants acclimated to high irradiance have a higher
photosynthetic capacity, defined as leaf area-based light
and CO, saturated rate of CO,-fixation, than low light
acclimated plants (Boardman et al. 1975; Lichtenthaler
et al. 2007; Athanasiou et al. 2010). Acclimation involves
changes in the abundance or organization of protein com-
plexes in thylakoid membranes (Zivcak et al. 2014), a
higher rate of electron transport (Leong and Anderson
1984a; Evans, 1987), higher levels of photosystem II
(PSII), cytochrome b/f complex (Leong and Anderson
1984a, b), together with higher photophosphorylation
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rate (Murchie and Horton 1997) as well as a greater con-
centration of different components of the Calvin—Benson
cycle, especially ribulose-1,5-bisphosphate carboxylase/
oxygenase (RubisCO) (Leong and Anderson 1984a, b;
Foyer et al. 2012; Vialet-Chabrand et al. 2017; Poorter
et al. 2019).

The acclimation of photosynthesis in response to changes
in the environment is based on massive changes in gene
expression. The majority of about 3000 different plastid
proteins is nuclear-encoded. Their transcription during high
light is controlled by various signal compounds produced
by chloroplasts such as ROS, cyclocitral, methylerythriol
cyclodiphosphate (MEcPP), and phosphoadenosine 5'-phos-
phate (PAP) (Pfannschmidt et al. 2020). In recent years, it
became obvious that also dually located plastid-nucleus
proteins such as the DNA binding protein WHIRLY| are
involved in the communication between chloroplasts and the
nuclear genomes (Bobik and Burch-Smith 2015; Krupinska
et al. 2020). In transplastomic tobacco plants, WHIRLY 1
was shown to translocate from chloroplasts to the nucleus
(Isemer et al. 2012). It has been hypothesized that the trans-
location of WHIRLY 1 from chloroplasts to the nucleus is
induced upon stress-associated redox changes in the pho-
tosynthetic apparatus (Foyer et al. 2014). To investigate its
role in plastid-nucleus communication, barley plants with
a very strongly reduced level of WHIRLY1 were prepared
by RNAi-mediated knockdown of HvWHIRLY!I (Krupin-
ska et al. 2014). Leaves of one of these lines, i.e. RNAi-
WHIRLY 1-7, contain only about 1-5% of the WHIRLY 1
amount of wild-type leaves (Krupinska et al. 2014). These
plants showed retardation of all phases of leaf development
including senescence. While high irradiance was able to
promote senescence of wild-type leaves, it barely affected
the senescence of the WHIRLY'1 deficient plants (Kucha-
rewicz et al. 2017). When the WHIRLY | deficient plants
were grown in continuous light of different irradiances, their
leaves showed severe symptoms of oxidative stress (Swida-
Barteczka et al. 2018) such as bleaching, reduction of PSII
efficiency, and the accumulation of ROS. The severity of
these symptoms, that are typical for oxidative stress result-
ing from excess excitation energy in chloroplasts, correlated
with the amount of residual WHIRLY'1. The phenotype
of the WHIRLY 1 deficient leaves suggested that they are
impaired in acclimation to light. 3

This study aimed to investigate the involvement of
WHIRLY 1 in retrograde signaling during high light accli-
mation of the photosynthetic apparatus in more detail. For
this purpose, photosynthetic parameters such as CO, assimi-
lation rate, RubisCO content, and its in vivo activity were
characterized in both WHIRLY1 deficient and wild-type
leaves at different irradiances and different developmental
stages. In addition, acclimation was investigated at the level
of leaf morphology. The results revealed that acclimation of
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the photosynthetic apparatus as well as of leaf morphology
require a high abundance of the WHIRLY 1 protein.

Materials and methods
Plant material and growth conditions

Grains of Hordeum vulgare L., cv. “Golden Promise” wild-
type (WT) and the WHIRLY 1 deficient plants prepared by
RNAi-mediated knockdown of HYWHIRLY 1 (W1) (Krupin-
ska et al. 2014) were sown in soil (Einheitserde ED73, Ein-
heitswerk Werner Tantau, Uetersen, Germany). Pots were
kept in darkness at 6 °C for three days to synchronize germi-
nation and were then transferred to climate chambers (John-
son Control, Mannheim, Germany) equipped with ceramic
metal halide lamps (CMT360LS WBH EYE Iwasaki Elec-
tric Co., Japan). Plants were grown in a light/dark regime of
16/8 h, and a temperature of 21 °C and ca. 60% air humidity.
Photosynthetic photon flux densities incident on the leaf sur-
face were either 350-500 pmol m~2 s™' (high light, HL) or
40-70 pmol m~2 s~ (low light, LL), which corresponded to
horizontal irradiances of 1000 or 150 umol m™*s™". Trradi-
ances incident on the adaxial and abaxial sides of the leaves
were measured using a quantum sensor (Li-185 A, Li-Cor
Biosciences, Lincoln, NE, USA). This was done for every
individual primary leaf. The area between 1.5 and 3 cm
below the tip of the primary leaves was used for all meas-
urements. Ten-day-old primary leaves were used for most
measurements if not otherwise mentioned.

Gas exchange measurements

Light dependences of the CO, assimilation rate (A) at the
constant CO, concentration of 1500 ppm and A/C; curves at
a PPFD of either 1000 pmol m~2 s~ or 1500 pmol m 2 5™
(selected based on preliminary measurements of photosyn-
thetic light dependencies with the aim to assure light satura-
tion but to avoid photoinhibitory damage) were measured by
a portable Gas Exchange Fluorescence System GFS-3000
(Heinz Walz GmbH, Effeltrich, Germany). The instrument
was set up at 750 umol min~" flow rate, a cuvette tempera-
ture of 21 °C, and 60% relative humidity. Attached primary
leaves of both genotypes grown either in HL or LL were
measured at different developmental stages from day 10
until day 19. A stable photosynthesis rate was induced at
380 ppm CO, and a PPFD of 100 pmol m~2 57! for about
10 min, followed by a stepwise increase in irradiance until
light saturation of photosynthesis was reached. Afterwards,
CO, was reduced from 380 to 50 ppm in five steps. The
in vivo activity of RubisCO can be indicated by the car-
boxylation efficiency (CE) of RubisCO, and calculated as the
initial slope of the A/C; curve determined at an internal CO,
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concentration (C;) below 200 ppm (von Caemmerer and Far-
quhar 1981; Cheng and Fuchigami 2000). CO, concentration
was set back to 380 ppm and increased stepwise to a maxi-
mum of 2000 ppm to measure the photosynthetic capacity
(Prmax) Which is defined here as the light and CO, saturated
rate of CO,-fixation per leaf area (Oguchi et al. 2003; Atha-
nasiou et al. 2010; Townsend et al. 2018) and was measured
at light saturation in the presence of 2000 ppm CO,.

The leaf segment area included in the cuvette was deter-
mined from a photograph using Image] software (US
National Institutes of Health, Bethesda, Maryland, USA)
to correct the photosynthetic rate according to the equa-
tions provided in the manual (Walz GmbH). Errors that
might be caused by CO, absorption in the cuvette at very
low CO, concentrations were corrected by measuring the
same parameters, as done for leaves, in the absence of a leaf
according to Long and Bernacchi (2003).

Leaf segments used for gas exchange measurements were
frozen in liquid nitrogen and kept in a freezer at — 80 °C to
be later analysed for their RubisCO content (see the section
on determination of RbcL abundances by SDS-PAGE).

Non-invasive measurements of chlorophyll contents

Chlorophyll contents were measured non-invasively by a
Dualex Scientific instrument (Force A, Paris, France). Meas-
urements at three points between 1.5 and 3 cm below the tip
in each leaf were averaged. Readings of the Dualex instru-
ment were calibrated by extraction of leaf segments and
determination of chlorophyll contents by HPLC (see below).
The calibration function determined by linear regression was
Chl [nmol cm‘2] = 1.0381 X Dualex reading + 8.7495.

HPLC analysis of chlorophyll contents

Exactly 1 cm long leaf segments from the area between 1.5
and 3 cm below the tip were cut in the climate chamber
under growth irradiance. After a quick determination of the
segments’ widths, they were immediately frozen in liquid
nitrogen and stored at— 80 °C. To extract pigments, frozen
segments were ground with 0.9 ml 80% (v/v) acetone (pre-
pared with an aqueous solution of 30 mM Tris-buffered at
pH 7.8) and 5-6 glass beads in a Geno Grinder (Type 2000;
SPEX CertiPrep, Munich, Germany). After centrifugation
for six minutes at 12,000 rpm at 4 °C (Kendro Biofuge
fresco, Osterode, Germany), the pellets were extracted two
more times with 0.3 ml of pure acetone. Finally, 0.05 ml of
the combined supernatants were used for pigment analysis
using an Agilent 1100 HPLC system (Waldbronn, Germany).
As described by Nichelmann et al. (2016), pigment separa-
tion was done using a Hypersil ODS-column (4.6 X 250 mm,
5 um particle size, Thermo Fisher Scientific Inc., Waltham,
U.S.A.) using a mobile phase consisting of a gradient from

25% solvent A (10 mM Tris buffer (Roth) at pH 7.8) to 100%
solvent B (100% acetone (Roth)). Chl a and b were identified
through their retention time and absorption spectra moni-
tored by a photodiode array detector (Agilent). Chlorophyll
a and b were externally calibrated using the equations of
Porra et al. (1989). For further details, see Nichelmann et al.
(2016).

Determination of the amount of the large subunit
of RubisCO (RbcL) by SDS-PAGE

Proteins were extracted from a pool of 3-6 leaf segments.
SDS-PAGE was performed with samples adjusted to five
different protein concentrations (20, 15, 8, 4, and 2 g
per lane) using 16% (w/v) polyacrylamide gels (Laemmli
1970). Gels were stained in colloidal Coomassie (Dyballa
and Metzger 2009). To estimate the amount of RubisCO,
gel photographs were analyzed by Imagel software. Signal
intensities of different bands were plotted against protein
concentrations loaded on the gels. For the initial linear rela-
tionship between both parameters, a linear regression was
calculated and its slope considered as the relative amount
of RubisCO per protein. This was then related to leaf area
by multiplication with the amount of total proteins per leaf
area (relative content of RubisCO cm™2). All the values were
normalized to the relative amount of RubisCO in low light-
grown WT plants at day 10 (as 100%) in each independent
experiment and accordingly, the final values are presented
as % relative RubisCO cm™2.

Leaf morphology
Leaf cross section

Resin embedding for morphological and ultrastructural
analyses A mid part of a primary foliage leaf was cut into
several 2-3 mm broad transverse stripes and fixed with 1%
glutaraldehyde in 200 mM Hepes, pH 7.4, initially under
moderate vacuum pressure. For resin embedding, stripes
were cut further into 2-3 mm broad longitudinal segments.
These were post-fixed with 1% osmium tetroxide (Roth,
Karlsruhe, Germany) in 1.5% aqueous potassium ferricya-
nide (Merck, Darmstadt, Germany) for 1 h on ice, followed

. by incubation with 2% aqueous uranyl acetate (Science

Services, Miinchen, Germany) for 1.5 h at room tempera-
ture, protected from light. Tissue was dehydrated using a
graded ethanol series (50-70-80-90-96-100-100%), each
step for 15-30 min, followed by acetone (100%), 2% 30 min,
and then gradually infiltrated with epoxy resin diluted with
acetone (25-50-75-100%), each step for minimum 12 h.
Finally, tissue was flat embedded in silicone molds and resin
was heat polymerised at 70 °C for 24 h. Sections were cut
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using a Leica UC7 ultramicrotome and Diatome diamond
knives.

Semithin, 500-nm epon sections were transferred on
water drops onto Superfrost Plus glass slides (Gerhard Men-
zel GmbH, Braunschweig, Germany), which were placed
on a heated plate (90 °C) to allow water to evaporate and
sections to adhere. Adhered sections were stained with Rich-
ardson’s solution (alkaline solution of azure IT and methyl-
ene blue (Sigma-Aldrich)) for about 60 s at 90 °C and then
washed with water. Stained sections were mounted with a
Leica CV mount reagent, and imaged in a Zeiss Primostar
upright microscope equipped with an Axiocam 105 color
camera and the ZEN 3.2 software (Zeiss, Oberkochen, Ger-
many), using 10x and 40X Plan-Achromat objectives.

Leaf thickness

Leaf thickness was determined in manual cross-sections
by bright field microscopy (Microscope: Axiophot, Plan-
Apochromat, 10x/0.45, Zeiss; camera: Olympus DP7,
Olympus, Japan; image recorded by cell*F software version
3.1, Olympus) for two sections per sample and the average
of these two measurements was used.

Leaf mass per area (LMA)

The LMA was calculated as the ratio between leaf dry mass
and area. Leaf segments taken at 1.5-3 cm below the tip
were scanned and the area determined using the Sigma Scan
Pro 5 software (Systat Software, San José, CA). Afterwards,
the leaf segments were dried in a laboratory oven at 60 °C
for 24 h before dry weight was determined on a lab scale
(AW-224, Sartorius, Germany).

Transmission electron microscopy (TEM) for analysis
of cytoplasm/cell volume

Ultra-thin, 80-nm epon sections were transferred onto form-
var coated slot grids, and contrasted with saturated aque-
ous uranyl acetate for 10 min, followed by 0.2% lead citrate
for 3 min. Sections were inspected in a Tecnai G2 Spirit
BioTWIN transmission electron microscope (FEI, now
Thermo Fisher Scientific), operated at 80 kV, and equipped
with a LaB6 filament, an Eagle 4 kx4 k CCD camera and.
a TIA software (both FEI, now Thermo Fisher Scientific).
The volume fraction of cytoplasm in mesophyll cells was
determined by a stereological analysis of electron micro-
graphs. Images were collected at 890 X magnification by
systematic uniform random (SUR) sampling. In the Fiji
software (Schindelin et al. 2012), 15 and 30 umz square test
grids were used for point counting to estimate the area of the
cytoplasm and of cell profiles, respectively. For each leaf,
between 15 and 23 electron micrographs were analysed. The
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cytoplasm to cell volume fraction was calculated as a ratio
between the total count of points over the cytoplasm and the
total count of points over the reference area of cells. For each
sample group, at least three leaves were analysed to obtain
three estimates.

Statistical analysis

For the statistical analysis, Sigmaplot 13 (Systat Software
GmbH, Ekrath, Germany) or GraphPad PRISM (Prism 9
for Windows, version 9.2.0 (332), GraphPad software, San
Diego, California USA) was used. One-way, two-way (with
the factors of genotype and light conditions), or three-way
ANOVA (with the factors of genotype, light conditions,
and age) were used to analyze the data and the Holm—Sidak
method was used for post hoc analysis. All the graphs were
prepared using Sigmaplot 13 software.

Results
Photosynthetic gas exchange
Light dependency of CO, assimilation

The CO, assimilation rate (A) at saturating light (in the
presence of 380 ppm CO,) in barley wild-type (WT) plants
showed significantly (analyzed for the A values at maximum
irradiance by two-way ANOVA, Tab. S1, P<0.001) higher
values for plants grown in high light in comparison to low
light at day 10 (Fig. la).

While photosynthesis of 10-day-old wild-type plants
showed significant responses to growth irradiance,
WHIRLY 1-deficient transgenic plants (W1) did not show
acclimation and had even significantly (P=0.008) lower
rates of CO, assimilation when grown under HL than LL
(Fig. 1b). Both, in HL and LL, the CO, assimilation rates of
the WHIRLY | deficient plants were significantly (P <0.001)
lower than those of the wild type (Fig. |b).

A/C;curve

To further analyze photosynthesis, CO, assimilation rate
was measured at saturating irradiance employing different
CO, concentrations. The increased assimilation rate in wild-
type plants grown under high light in comparison to those
from low light was especially obvious in the presence of a
high CO, concentration (Fig. 2a) In the WHIRLY 1 deficient
plants, no acclimation of CO, assimilation rate was detect-
able (Fig. 2b). High light-grown W1 plants showed even
lower A than LL-grown plants, indicating potential photoin-
hibitory damage.

33



Chapter

Planta (202) 255:84 Page5of1s 84
o0 3: WT 0 A 3: WT
m.
' g
_ + 1
0 % 2 F 5 s 3
L ] m.?*
n L
4 o
E‘m- w1 :_.?l]-- Wi
< < )
30 1 50 4
‘}.
20 20 |
10 ; ; % a7 %
% “'ﬁ
033 b 0 b
"]I m am mlm 1600 0 sm 11:-;11 mlm} 2000
PFD, pmol m? s C; ppm

Fig.1 (), sssimilation rabe a5 a function of incident imadiance
(PFLY) measured in the presence of 380 ppm 00, i LL (filled sym-
bolsh and HL {open symbals) grown plants for both WT () and W1
b} at day 10 afer sowing. Depicted values are means + standand
deviation of #=%15 leawes in total from three independent experi-
ments each comprising 3-5 leaves

Besides the large difference in CO, saturated assimilation
rate, also the initial slope of the A/C; curves, reprasenting
carboxylation efficiency (CE), showed a positive light acchi-
mation in WT lzaves and was clearly lower in W 1 plants.

Non-invasive analysis of chlorophyll contents

WHIRLY | deficient plants showed a delayed chloroplast
development which was apparent in their chlorophyll con-
tents, which were determined non-invasively (Fig. 3b). In
total, 10-day-old WT plants did not show significant differ-
ences (Three-wiy ANOVA. Tab. 52, P=0.28%) in their leal
chlorophyll content when plants grown under LL and HL
wene compared (Fig. 3a). However, in contrast to the rather
stable chlorophyll content of wild-type plants grown in low
light over time {no statistical difference), chlorophyll con-
tents of high light-grown wild-type plants decreased strongly
from day 13 to day 19 (P <0.0001).

In the W1 plants, chlorophyll content increased signifi-
cantly (P« 0.0001, for both LL and HL plants) from day 10
tvday 15 (Fig. 3b) which is in accordance with the reported
delayed chloroplast development (Krupinska et al. 2019).

Fig.2 Ci}, assimilation rate as & function of internal O0; concen-
tration () measured in LL (filled symbols) and HL {open symbeols)
grown plants for both WT @) and W1 i(h) at day 10 with [00-
1500 pmiol m-2 5-1 light a5 the saturating light. Depicted values are
meens + standard devistion of a=9-15 lkeawes in total from thres
independent experiments each comprising 3-5 leaves

Three-way ANOVA analysis (Tab. 52) showed significant
differences between WT and W1 plants grown under either
low or high light at days 10 and 15 (P <0.0001).

Because of the potential developmental influsnce on pho-
tosynthesis, all (0, assimilation rakes at different irradiances
and CO, concentrations were also calculated per chlorophyil
content of 10-day-old primary leaves of WT and W plants
{Supplementary data Fig. 81 and Fig. 82, respectively ) and
showed similar tendencies as the results calculated per leaf
arzd (Figs. | and 2).

Photosynthetic capacity

To further investigate whether the delay in chloroplast
development was responsible for the observed differences
in photosynthesis, the photosynthetic capacity (P} and
carboxylation efficiency (CE) were also measured in 15- and
|9-day-old WT and transgenic plants grown under low and
high irradiances.

Wild-type plants grown under high light showed sig-
nificantly (three-way ANOVA, Tab. 83, P <0.0001) higher

&) springer

34



Chapter

84 Page6of15

Planta (2022) 255:84

50 -

40 4

30 -

20

10 4

50 -

40

Chl content, nmol cm?

30 1

20

10 1

b
8 10 12 14 16 18 20
Days after sowing (das)

0 L

Fig.3 Chlorophyll content as a function of days after sowing in WT
(a) and W1 (b) plants grown under low (LL, filled symbols) and high
light (HL, open symbols). Depicted values are means + standard devi-
ation of n=23-37 leaves in total from three independent experiments
each comprising 7-13 leaves

maximum photosynthesis as compared to the low light-
grown WT (Fig. 4a). Despite of the significant difference
(P=0.001) between HL and LL grown WT plants at day 15,
the P, values decreased in older HL-grown WT leaves and
showed similar values (no significant difference, P=0.999)
as LL-grown WT plants at day 19.

In 10-day-old transgenic plants, P, values did not dif-
fer significantly (P=0.909) between plants grown under
low and high light. P, had an increasing tendency at
days 15 and 19 showing virtually the same values in both
groups (Fig. 4b). In addition, there were no significant dif-
ferences between WT and W1 plants, neither in LL nor in
HL (P>0.9999 in both cases) on day 19. However, at days
10 and 15, high light-grown W1 plants showed significantly
lower photosynthetic capacity compared to that of WT
(P<0.0001 and P=0.0115, respectively). The results show
that even after full leaf development, the photosynthetic
capacity of WHIRLY 1 deficient HL plants never exceeded
that of LL-grown WT plants. The larger difference in pho-
tosynthetic capacity at early stages of development is likely
caused by the delayed chloroplast development which is also
obvious by lower F,/F,, values (Krupinska et al. 2019).
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Fig.4 Maximum photosynthesis of primary foliage leaves of LL
(filled symbols) and HL (open symbols) grown plants for both WT
(a) and W1 (b) plants as a function of days after sowing in saturat-
ing light and at 2000 ppm CO,. Depicted values are means + standard
deviation of n=9-15 leaves in total from threc independent experi-
ments each comprising 3-5 leaves

The differences in the responses of photosynthetic capac-
ity of WT and W1 plants to higher irradiance can be clearly
seen in the starch granule formation in their chloroplasts
(Fig. S3). Only WT plants from HL conditions showed
appreciable starch granules.

RubisCO limited photosynthesis

A similar developmentally affected time course was
observed when carboxylation efficiency (CE) was calcu-
lated (Fig. 5). CE in high light-grown WT plants was signifi-
cantly (three-way ANOVA, P <0.0001) higher than in low
light-grown WT plants (Fig. 5a). But afterward, CE values
declined to values similar to those of low light-grown ones
at day 19 (no significant differences, P=0.983 for 15 days
and P=0.504 for 19 days).

In WHIRLY ! deficient plants, CE in 10-day-old plants
from the high light group was significantly (three-way
ANOVA, Tab. S4, P=0.0027) lower than that of low light-
grown plants (Fig. 5b). While CE stayed almost constant
from day 10 to 19 in low light plants (P> 0.9999), these
values increased significantly in high light plants from day
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Fig.5 Carboxylation efficiencies (initial slope of A/C; curve, CE) as
a function of days after sowing in LL (filled symbols) and HL (open
symbols) grown plants for both WT (a) and W1 (b). Depicted values
are means + standard deviation of n=9-15 leaves in total from three
independent experiments cach comprising 3-5 leaves

10 to day 19 (P<0.0001) to become similar to those in LL
plants (P=0.983) (Fig. 5b).

In comparison to the wild type, the WHIRLY1 deficient
plants at day 10 showed significantly lower CE values grown
under either HL or LL (P <0.0001). No significant differ-
ences were detected in CE values of WT and W1 plants
at day 19 (P=0.440 for LL and P=0.985 for HL plants).
While CE values decreased during the development of wild-
type leaves, they slowly increased in the WHIRLY 1 deficient
plants at HL, but not at LL, and never reached the CE values
of WT at day 10.

RubisCO abundance

To investigate whether the low RubisCO activity of the

WHIRLY 1 deficient leaves indicated by CE could be a result
of a lower amount of RubisCO, RubisCO abundance was
analyzed by SDS-PAGE (Fig. 6a). 10-day-old WT plants
grown under high light had higher relative RbcL content
in comparison to low light grown ones (Fig. 6b). However,
in WT plants, the abundance of large subunits of RubisCO
in HL-plants decreased strongly from day 10 to day 19,

whereas it remained rather stable in low light-grown WT
plants during this time course (Fig. 6b).

RubisCO contents in LL-grown W1 plants showed simi-
lar levels as in LL-grown WT plants at 10 days. Neverthe-
less, RubisCO abundance in HL-grown transgenic plants
remained slightly lower than in LL-grown ones despite an
increase from day 10 to day 19 (Fig. 6¢) which ultimately
reached to similar values as in 10-day-old WT plants. While
RbcL abundance decreased during development in the WT,
it stayed almost stable in WHIRLY 1 deficient leaves being in
accordance with the observation that senescence processes
negligibly respond to HL in the WHIRLY [ deficient plants
(Kucharewicz et al. 2017).

RubisCO abundance and carboxylation efficiency

To investigate if carboxylation efficiency was dependent on
the RubisCO amount, CE calculated for day 10, 15, and 19
was plotted against the relative RbcL content per leaf area,
derived from SDS-PAGE, in the corresponding leaf seg-
ments (Fig. 7).

Overall, there was a correlation between RubisCO protein
contents and CE in the high light-grown plants. In contrast,
the RubisCO amount had no effect on carboxylation effi-
ciency in LL plants. The slopes of the regression lines for the
LL-grown plants did not differ significantly from zero (dot-
ted regression lines shown in Fig. 7). However, data points
from LL-grown WT leaves were shifted to higher CE values
as compared to those of W1 plants. The same was observed
for HL-grown plants.

Apparently, CE is not only dependent on the RubisCO
abundance, but also on other factors, presumably the activa-
tion state of the enzyme.

Leaf cross-sections and leaf mass per area (LMA)

Part of high light acclimation of area-based photosynthe-
sis is normally due to increases in leaf thickness (Givnish
1988; Murchie et al. 2005). In bifacial leaves, especially the
palisade parenchyma increases (Lichtenthaler et al. 1981).
Therefore, leaf anatomy was also investigated to further ana-
lyze the reasons for the lack of HL acclimation in W1 plants.

Leaf thickness and mass per area were determined for 15-
and 19-day-old plants (Fig. 8). As expected, leaf thickness
did not further change after day 10. While W1 leaves from
both LL and HL had a thickness not different from that of
LL grown WT leaves (Fig. 8c, d) (three-way ANOVA, Tab.
S5, P>0.9999 in case of all 3 days), HL-grown WT leaves
were about 20% thicker than LL grown leaves (P=0.0002,
P=0.0005 and, P<0.0001 for days 10, 15 and, 19, respec-
tively) (Fig. 8c). This was not caused by an increased
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number of cells but by an increased volume especially of the
layers close to the adaxial and abaxial epidermis (Fig. Ba, b).

Wild type planis grown in high light showed significantly
higher LMA than in low light (three-way ANOVA, Tah. S6,
P<0.0001 for all three days) (Fig. 8¢). Moreover, leaves of
wild-type plants had a stable leaf mass per area from day 10
to day 19 (Fig. 82). However, WHIRLY |-deficient trans-
genic plants showed the same leal mass per area at days 10
and 15 in both light conditions (P =0.9923 and P=0.0954,
respectively, Fig. &) with an increasing tendency leading to
a significant difference between LL and HL-grown trans-
genic plants (P =0.007) on day 19.

Relative cytoplasmic volume

In order to elucidate the reasons for the higher leaf mass per
area value in WT plants grown at HL, morphological and
ultrastructural analyses of keaf mesophyll were performed.
No differences in the number of cell layers were ohserved
between the samples when semi-thin resin sections were
imaged in a light microscope. Stereological analysis, based

&) springer

after sowing in WT (b} and W1 (ch grown under low and high light.
Yaluas are expressed in % of the values obtained for LL grown WT
leaves at day 0. Depicted values are means +standsrd deviation of
three indzpendant e xperimants

on electron micrographs of thin sections (Fig. 9a) however,
revealed that the cytoplasm to cell volume ratio was higher
in WT plants grown for 10 days under high light com-
pared to low light (wo-way ANOVA, Tab. 57, P<0.001)
{Fig. 9b). This difference between LL and HL conditions
wis not observed in the case of the WHIRLY | deficient
plants (P=0.673). Ultrastructural analysis therefore suggests
that the relative cytoplasmic volume increased in response lo
higher irradiance in WT plants, but not in transgenic plants
{Fig. 9b).

Discussion

Since decades, it has been discussed that the photosynthetic
apparatus is an environmental sensor involved in acclimation
to changes in irradiance (Anderson et al. 1995; Briutigam
etal. 2009; Dietz 2015) resulting in changes in nuclear gene
expression (Pogson et al. 2008; Pfannschmidt et al. 2020).
Due to its dual localization in chloroplasts and nucleus,
WHIRLY | is an excellent candidale for communication
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Fig.7 Relationship between carboxylation efficiency (CE) and rela-
tive RbcL content per leaf area derived from SDS-PAGE in WT (dia-
monds) and W1 plants (triangles) growing under low (filled symbols)
and high light (open symbols), at different developmental stages. The
lines were calculated by regression analysis, where the regressions for
the WT and W1 plants growing in low light were not significant, as
indicated by the dotted representation

between chloroplasts and nucleus. The results of previous
investigations with WHIRLY 1 deficient plants (Kuchare-
wicz et al. 2017; Swida-Barteczka et al. 2018) indicated that
WHIRLY1 augments the responsiveness of barley to light. It
remained an open question whether WHIRLY 1 boosts light
responses by a specific impact on photosynthesis or whether
it has a more general function in plant responses to light. To
investigate whether WHIRLY | affects light acclimation at
different levels, besides parameters of photosynthesis also
leaf morphology parameters related to high light acclimation
have been compared between barley WHIRLY1 deficient
plants and wild-type plants in a high light situation requiring
acclimation to avoid oxidative stress.

WHIRLY1 is important for acclimation
of photosynthesis to high light

It has been reported before that in WHIRLY1 deficient
plants, chloroplast development is delayed (Kucharewicz
et al. 2017; Krupinska et al. 2019). According to the leaf
chlorophyll contents observed in this study, maturity of
W1 leaves was reached after 15 days instead of 10 days as
observed in WT plants. Hence, photosynthesis should be
compared between the 15-day-old W1 leaves and the 10-day-
old wild-type leaves.

Acclimation of plants to high light involves an increase
in photosynthesis as measurable as the light saturated CO,
fixation rate and carboxylation efficiency (Bjérkman 1981;
Leong and Anderson 19844, b). Whereas wild-type barley
plants showed the expected increase in light saturated rate
of photosynthesis, WHIRLY 1 deficient plants had no higher
photosynthesis in high light compared to low light (Fig. 1).

Rather, the CO, assimilation rate was initially lower at high
light compared to low light, potentially due to oxidative
stress, which had been shown for these plants when they
were grown in continuous light of high irradiance (Swida-
Barteczka et al. 2018). An important mechanism for adjust-
ment of the capacity of photosynthetic dark reactions to the
high rate of delivery of NADPH, and ATP in high light
would be an increase in RubisCO concentration and activity
(Bjorkman 1981; Evans 1988). This had been shown for a
number of different species using in vitro measurements of
RubisCO activity. Indeed, in wild-type leaves at day 10, the
relative amount of the large subunit of RubisCO (RbcL) at
high light was higher than at low light as shown by SDS-
PAGE analyses (Fig. 6). With increasing age, P,,,, CE and
RbeL content declined strongly in WT leaves at HL, presum-
ably because of high light-promoted premature senescence,
which was apparent by the decline of chlorophyll content
after day 15 (Fig. 3). A decrease of the RubisCO content
accompanied by a decline in photosynthesis after the leaves
have reached full expansion has been reported for many
grasses (Mae et al. 1983; Makino et al. 1984; Suzuki et al.
2010). Also in rice, an age-related decline of photosynthetic
capacity (P,,,) together with a decrease of RubisCO content
was reported to be accelerated under high light (Makino
et al. 1985; Hidema et al. 1991, 1992; Murchie et al. 2002).
The decline in P, and RubisCO content in plants grow-
ing under high irradiance was shown to begin after full leaf
expansion (Evans 1983; Suzuki et al. 2009) or 3—4 days after
reaching the maximum values (Murchie et al. 2002). While
in the barley wild type, photosynthesis tended to decline
with increasing age of the fully expanded leaves, it increased
with age in the also fully expanded W1 leaves similarly in
LL and HL conditions. This increase in photosynthesis was
accompanied by an increase in chlorophyll content from day
10 on, leveling off after day 15. Despite the different kinet-
ics, the data on photosynthesis clearly show that WHIRLY 1
deficient plants lack the typical growth irradiance depend-
ent differences in maximum photosynthesis and carboxyla-
tion efficiencies. Rather, the missing high light acclimation
seems to have caused additional problems as photosynthesis
rates of HL plants tended initially to stay below those of LL
plants.

To investigate RubisCO activity in vivo, photosynthesis
was measured at intercellular CO, concentrations below
200 ppm (Long and Bernacchi 2003; Lombardozzi et al.
2018). The slope of the A/C; curve in this range, the so-
called carboxylation efficiency (CE), in W1 plants was
strongly reduced and did not respond to higher growth
irradiance (Fig. 5). In contrast, WT leaves displayed an
increased CE at HL, in parallel to higher amounts of RbcL
per area. Hence, WT leaves were able to acclimate RubisCO
activity to high light, whereas W1 leaves were not.
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Fig.8 Morphological analysis of WT and W1 primary foliage keaves growing under low light (LL) or high light (HL) conditions (a, b). Trans-
verse, 5X)-nm thin sections of kaves embedded in epon were stained with Richardson’s solution. Overview images taken with a x 10 objec-
tive (a) illustrate the thickness of Jeaves. Areas indicated with white squares were imaged with a x4 objective (b) and illustrate the shape of
mesophyll cells. Thickness and leaf mass per ama (LMA) of primary foliage leaves of WT (¢, ¢) and W1 (d. f) plants grown at low (filled sym-
bols) and high irradiance (open symbols) as a function of days after sowing. Depicted values am means + standard deviation of 9-20 leaves in
total from three independent experiments each comprising 3-7 leaves. The letiers indicate statistically different values at a significance kewel of
P=005, as determined by three-way ANOVA, followed by pairwise multiple means compearisons with the Holm-Sidak method
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A comparison of CE and RbcL content might indicate
how acclimation may have been achieved. In WT leaves at
high light, a correlation between CE and RbcL could be
observed (Fig. 7). Still considerable photosynthesis was
observed in the presence of an apparently very low level
of RbcL that cannot be properly quantified by colloidal
Coomassie Blue staining of gels. Nevertheless, at HL, the
CE of WT plants seemed to be at least partially depend-
ent on RbcL content. While in the WT, the relationship
between both parameters was altered by a senescence related
decline during the observation period, in W1 leaves during
the same period, the relationship between the two param-
eters was affected by an increase in photosynthetic activity.
Also here, a good correlation between both parameters was
observed, albeit at a much lower level of CE. In general, the
overall range of the observed RbcL amounts were similar
in both genotypes and both light conditions, indicating that
carboxylation activity in vivo, as reflected by CE, was to a
lesser extent governed by the amount of enzyme, but rather
by an additional factor, presumably the activation state of
RubisCO. These results suggest that carboxylation efficiency
is a function of different parameters like age and develop-
mental stage rather than only the amount of RubisCO in the
leaf. Moreover, the results suggest that RubisCO activation
is somehow controlled by the abundance of WHIRLY 1.

WHIRLY1 is also required for light acclimation of leaf
morphology

Besides the biochemical adjustments in chloroplast function,
acclimation to light involves also changes in the anatomy of
leaves (Givnish 1988; Lichtenthaler et al. 1981). Increased
photosynthetic capacity in high light acclimated plants is
followed by a higher carbon and nitrogen investment into
RubisCO together with leaf structural changes in order to
enable a faster rate of gas exchange (Seemann et al. 1987;
Murchie and Horton 1997; Oguchi et al. 2003).

While wild-type leaves followed the expected trend and
were thicker when grown at high light compared to low
light, leaves of WHIRLY1 deficient plants did not show a
light dependent change in thickness or leaf mass per area
(Fig. 8). In many species, sun leaves contain more pali-
sade layers and larger palisade cells than shade leaves (e.g.,

Lichtenthaler et al. 1981). Thicker leaves in high light accli- .

mated plants of Chenopodium album L. were reported to
be mainly caused by an elongation of palisade cells or an
increase in the number of palisade cell layers (Yano and
Terashima 2001, 2004). However, when leaf sections of
wild-type barley and WHIRLY 1 deficient plants were com-
pared after growth at different irradiances, no difference was
detected in the number of cell layers (Fig. 8a and b). Also,
the thicker leaves of high light-grown rice did not differ from
low light-grown rice with respect to cell number (Murchie

et al. 2005). It is likely, that dicotyledonous and monocoty-
ledonous plants differ in the strategies to increase leaf thick-
ness in high light. Histological analyses of images obtained
from ultrathin leaf sections revealed that in the mesophyll
of WT leaves from high light-acclimated plants the ratio
of cytoplasm/cell volume was twice as high as in leaves of
low light-grown plants (Fig. 9). In contrast, in the leaves of
the WHIRLY 1 deficient plants this ratio did not change in
response to irradiance. Organelles in the cytoplasm presum-
ably have a higher density than the vacuole (Poorter et al.
2009). Therefore, the higher LMA of high light-grown WT
leaves may be caused mainly by the higher cytoplasm/cell
volume ratio. In addition, the higher starch content of these
leaves may also contribute to the high LMA. Poorter et al.
(2009) reported that not leat volume per area but rather the
leaf density explains LMA in a large number of species,
including grasses. Together with the reduced thickness of
leaves, the low values obtained for the leaf mass per area
(LMA) indicate that the W1 plants even at high irradiance
have leaves morphologically resembling shade leaves.

The lack of acclimation to high irradiance of both pho-
tosynthesis and leaf morphology indicate that W1 plants
are unable to properly respond to light. This suggests that
WHIRLY 1 might be required either for an efficient function-
ality of the photosensory systems such as phytochromes and/
or signal transduction processes required for the appropriate
responses controlled by these systems. Investigations with
plants overexpressing PHYTOCHROME B (PHY-B) suggest
that light acclimation of both the photosynthetic apparatus
and leaf morphology are controlled by photoreceptors such
as PHY-B (Kreslavski et al. 2018). However, in an Arabi-
dopsis mutant lacking PHY-B, photosynthetic acclimation
has been shown to respond to light (Walters et al. 1999).
Therefore, besides photoreceptors, further light-measuring
mechanisms might be involved in light acclimation.

Indeed, development of chloroplasts and of leaf photosyn-
thetic structures were reported to be also controlled by light
that is perceived by the chloroplasts themselves (Lepisto and
Rintamiki 2012). While the impact of light on leaf thickness
is an early event in leaf development occurring before leaf
expansion has been stopped (Poorter et al. 2009), chloroplast
differentiation and photosynthesis can be still dynamically
adjusted to the local light environment in fully expanded
leaves (Yano and Terashima 2001). In the WHIRLY 1 defi-
cient barley plants, light acclimation is obviously impaired at
the two levels, i.e. the level of leaf morphology determined
at early development and at the level of chloroplast opera-
tion in fully developed leaves. This hints at a coordinative
role of WHIRLY 1 in translating information about the light
environment at early plant development into adjustments of
chloroplast structure and the photosynthetic apparatus that
match the preceding early light dependent adjustments in
leaf morphology. A role of WHIRLY 1 in coordinating the
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Fig.9 Ultrastructural analysis of mesophyll in primary leaves grown
under high or low light for 10 days. a Representative transmission
electron micrographs of primary leaf mesophyll in WT and W1 plants
grown under LL or HL. b The cytoplasm to cell volume ratio based
on a stereological analysis of electron micrographs shown in a. Col-

light response at early leaf development is in accordance
with its high abundance in undifferentiated cells at the base
of primary foliage leaves (Krupinska et al. 2014). This sys-
temic effect of WHIRLY | on leaves and chloroplasts makes
sense, as the plant cannot perform efficient photosynthe-
sis without having the appropriate leaf morphology. How
WHIRLY | mediates coordination of the processes at the
molecular level remains to be investigated.

The results of this study are in accordance with the find-
ings of previous investigations performed with WHIRLY 1
deficient barley plants (Kucharewicz et al. 2017; Swida-
Barteczka et al. 2018). Whereas the impact of WHIRLY 1

@ Springer

umns indicate mean + standard error based on three leaves. For each
leaf, between 15 and 23 electron micrographs were analysed. The
letters indicate statistically different values at a significance level of
P=0.05, as determined by Two-way ANOVA test, followed by pair-
wise multiple means comparisons with the Holm-Sidak method

on senescence (Kucharewicz et al. 2017) and photosynthesis
mediated ROS production at high irradiance (Swida-Bar-
teczka et al. 2018) could be the consequence of structural
changes in chloroplasts caused by the chloroplast nucleoid
associated WHIRLY L, this study shows that the impact of
WHIRLY on the responsiveness of plants to light is more
comprehensive comprising the two levels of leaf morphol-
ogy and chloroplast functionality. While a low level of
WHIRLY in barley is obviously sufficient to enable light
dependent chloroplast development, albeit at reduced rate,
the higher abundance in the wild type is required for coor-
dinated light acclimation at different levels.

41



Chapter lil

Planta (2022) 255:84

Page130f 15 84

Author contribution statement MS, WB and KK conceived
and designed research. Material preparation, conduction
of experiments and data analysis were performed by MS.
Transmission electron microscopy and leaf cross section was
done by UR. The first draft of the manuscript was written
by MS. All authors commented and revised the previous
versions of the manuscript. All authors read and approved
the final manuscript.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00425-022-03854-x.

Acknowledgements We are grateful to Dr. Marta Rodriguez-Franco
(University of Freiburg) for valuable suggestions on plant sample prep-
aration for transmission electron microscopy. We would like to thank
Ulrike Voigt (Institute of Botany/Central Microscopy, CAU Kiel, Ger-
many) for her technical support in morphological and ultrastructural
analyses as well as preparing seeds. Louis Scholz (Institute of Botany,
CAU Kiel, Germany) was of great help in measuring leaf thickness.
Further thanks to Jens Hermann (Institute of Botany, CAU Kiel, Ger-
many) for his technical support in HPLC analysis of leaf chlorophyll
contents. We also thank the two anonymous reviewers for their valuable
comments helping us to improve the manuscript.

Funding Open Access funding enabled and organized by Projekt
DEAL.

Data availability The data that support the findings of in this study are
available in the Supplementary Information of this article. The raw
datasets in this study are available from the first author or correspond-
ing author on reasonable request.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Allen JF, de Paula WBM, Puthiyaveetil S, Nield J (2011) A structural~
phylogenetic map for chloroplast photosynthesis. Trends Plant Sci
16:645-655. https://doi.org/10.1016/j.tplants.2011.10.004

Anderson JM, Chow WS, Park YI (1995) The grand design of photo-
synthesis: Acclimation of the photosynthetic apparatus to envi-
ronmental cues. Photosynth Res 46:129-139. hitps://doi.org/10.
1007/BF00020423

Athanasiou K, Dyson BC, Webster RE, Johnson GN (2010) Dynamic
acclimation of photosynthesis increases plant fitness in chang-
ing environments. Plant Physiol 152:366-373. hitps://doi.org/10.
1104/pp.109.149351

Bjorkman O (1981) Responses to different quantum flux densities.
In: Lange OL, Nobel PS, Osmond CB, Ziegler H (eds) Physi-
ological plant ecology. encyclopedia of plant physiology (new
serics), vol. 12/A. Springer, Berlin. https://doi.org/10.1007/
978-3-642-68090-8_4

Boardman NK, Bjérkman O, Anderson JM, Goodchild DJ, Thorne
SW (1975) Photosynthetic adaptation of higher plants to light
intensity: relationship between chloroplast structure, composition
of the photosystems and photosynthetic rates. In: Avron M (ed)
Proceedings of the 3rd international congress on photosynthesis,
vol. 3. Elsevier Amsterdam, p 1809-1823

Bobik K, Burch-Smith TM (2015) Chloroplast signaling within,
between and beyond cells. Front Plant Sci 6:781. https:/doi.org/
10.3389/fpls.2015.00781

Briutigam K, Dietzel L, Kleine T, Stroher E, Wormuth D, Dietz K1,
Radke D, Wirtz M, Hell R, Dormann P, Nunes-Nesi A, Schauer N,
Fernie AR, Oliver SN, Geigenberger P, Leister D, Pfannschmidt
T (2009) Dynamic plastid redox signals integrate gene expres-
sion and metabolism to induce distinct metabolic states in photo-
synthetic acclimation in Arabidopsis. Plant Cell 21:2715-2732.
hutps://doi.org/10.1105/tpc.108.062018

Chan KX, Phua SY, Crisp P, McQuinn R, Pogson BJ (2016) Learning
the languages of the chloroplast: retrograde signaling and beyond.
Ann Rev Plant Biol 67:25-53. https://doi.org/10.1146/annurev-
arplant-043015-111854

Cheng L, Fuchigami LH (2000) Rubisco activation state decreases with
increasing nitrogen content in apple leaves. J Exp Bot 51:1687-
1694. https://doi.org/10.1093/jexbot/51.351.1687

Dietz KJ (2015) Efficent high light acclimation involves rapid processes
at multiple mechanistic levels. ] Exp Bot 66:2401-2414. htips:/
doi.org/10.1093/jxb/eru505

Dietzel L, Pfannschmidt T (2008) Photosynthetic acclimation to light
gradients in plant stands comes out of shade. Plant Signal Behav
3:1116-1118. https://doi.org/10.4161/psb.3.12.7038

Dyballa N, Metzger S (2009) Fast and sensitive colloidal coomas-
sie G-250 staining for proteins in polyacrylamide gels. JOVE
30:e1431. https://doi.org/10.3791/1431

Evans JR (1983) Nitrogen and photosynthesis in the flag leaf of wheat
(Triticum aestivum L.). Plant Physiol 72:297-302. https://doi.org/
10.1104/pp.72.2.297

Evans JR (1987) The relationship between electron transport compo-
nents and photosynthetic capacity in pea leaves grown at different
irradiances. Aust J Plant Physiol 14:157. hitps://doi.org/10.1071/
PP9870157

Evans JR (1988) Acclimation by the Thylakoid membranes to growth
irradiance and the partitioning of nitrogen between soluble and
thylakoid proteins. Funct Plant Biol 15:93-106. https:/doi.org/
10.1071/pp9880093

Foyer CH, Neukermans J, Queval G, Noctor G, Harbinson J (2012)
Photosynthetic control of electron transport and the regulation
of gene expression. J Exp Bot 63:1637-1661. https://doi.org/10.
1093/jxb/ers013

Foyer CH, Karpinska B, Krupinska K (2014) The functions of
WHIRLY1 and REDOX-RESPONSIVE TRANSCRIPTION
FACTOR 1 in cross tolerance responses in plants: a hypothesis.
Philos Trans R Soc B 369:20130226. https://doi.org/10.1098/rstb.
2013.0226

Givnish T (1988) Adaptation to sun and shade: a whole-plant per-
spective. Aust J Plant Physiol 15:63-92. htips://doi.org/10.1071/
PP9880063

Hidema J, Makino A, Mae T, Ojima K (1991) Photosynthetic char-
acteristics of rice leaves aged under different irradiances from
full expansion through senescence. Plant Physiol 97:1287-1293.
https://doi.org/10.1104/pp.97.4.1287

Hidema J, Makino A, Kurita Y, Mae T, Ojima K (1992) Changes in the
levels of chlorophyll and light-harvesting chlorophyll a/b protein

@ Springer

42



Chapter

84 Page140of 15

Planta (2022) 255:84

of PS I in rice leaves aged under different irradiances from full
expansion through senescence. Plant Cell Physiol 33:1209-1214.
https://doi.org/10.1093/oxfordjournals.pcp.a078375

Isemer R, Krause K, Grabe N, Kitahata N, Asami T, Krupinska K
(2012) Plastid located WHIRLY | enhances the responsiveness of
Arabidopsis seedlings toward abscisic acid. Front Plant Sci 3:283.
hitps://doi.org/10.3389/fpls.2012.00283

Kleine T, Nzgele T, Neuhaus HE et al (2021) Acclimation in plants—
the Green Hub consortium. Plant J 106:23—40, https://doi.org/10.
1111/tpj.15144

Kreslavski VD, Los DA, Schmitt FJ, Zharmukhamedov SK, Kuznetsov
VYV, Allakhverdiev ST (2018) The impact of the phytochromes
on photosynthetic processes. Biochim Biophys Acta Bioenergy
1859:400-408. https://doi.org/10.1016/j.bbabio.2018.03.003

Krupinska K, Oetke S, Desel C, Mulisch M, Schifer A, Hollmann J,
Kumlehn J, Hensel G (2014) WHIRLY 1 is a major organizer of
chloroplast nucleoids. Front Plant Sci 5:432. https://doi.org/10.
3389/fpls.2014.00432

Krupinska K, Braun S, Saeid Nia M, Schifer A, Hensel G, Bilger W
(2019) The nucleoid-associated protein WHIRLY 1 is required for
the coordinate assembly of plastid and nucleus-encoded proteins
during chloroplast development. Planta 249:1337-1347. hitps:/
doi.org/10.1007/s00425-018-03085-z

Krupinska K, Blanco NE, Oetke S, Zottini M (2020) Genome commu-
nication in plants mediated by organelle-nucleus-located proteins.
Philos Trans R Soc B Biol Sci. https://doi.org/10.1098/rsth.2019.
0397

Kucharewicz W, Distelfeld A, Bilger W, Muller M, Munné-Bosch S,
Hensel G, Krupinska K (2017) Acceleration of leaf senescence
is slowed down in transgenic barley plants deficient in the DNA/
RNA-binding protein WHIRLY 1. J Exp Bot 68:983-996. hitps://
doi.org/10.1093/jxb/erw501

Laemmli UK (1970) Cleavage of structural proteins during the asscm-
bly of the head of bacteriophage T4. Nature 227:680-685. https:/
doi.org/10.1038/227680a0

Leong TY, Anderson JM (1984a) Adaptation of the thylakoid mem-
branes of pea chloroplasts to light intensities. 1. Study on the
distribution of chlorophyll-protein complexes. Photosynth Res
5:105-115. https://doi.org/10.1007/BF00028524

Leong TY, Anderson JM (1984b) Adaptation of the thylakoid mem-
branes of pea chloroplasts to light intensities. II. Regulation of
electron transport capacities, electron carriers, coupling fac-
tor (CF1) activity and rates of photosynthesis. Photosynth Res
5:117-128. hutps://doi.org/10.1007/BF00028525

Lepistd A, Rintamiki E (2012) Coordination of plastid and light sign-
aling pathways upon development of Arabidopsis leaves under
various photoperiods. Mol Plant 5:799-816. htps://doi.org/10.
1093/mp/ssr106

Lichtenthaler HK, Buschmann C, Déll M, Fietz HJ, Bach T, Kozel U,
Meier D, Rahmsdorf U (1981) Photosynthetic activity, chloroplast
ultrastructure, and leaf characteristics of high-light and low-light
plants and of sun and shade leaves. Photosynth Res 2:115-141.
https://doi.org/10.1007/BF00028752

Lichtenthaler HK, A¢ A, Marek MV, Kalina J, Urban O (2007) Dif-
ferences in pigment composition, photosynthetic rates and chlo-.
rophyll fluorescence images of sun and shade leaves of four tree
species. Plant Physiol Biochem 45:577-588. https://doi.org/10.
1016/j.plaphy.2007.04.006

Lombardozzi DL, Smith NG, Cheng SJ et al (2018) Triose phosphate
limitation in photosynthesis leaf models reduces leaf photosyn-
thesis and global terrestrial carbon storage. Environ Res Lett
13:074025

Long SP, Bernacchi CJ (2003) Gas exchange measurements, what can
they tell us about the underlying limitations to photosynthesis?
Procedures and sources of error. J Exp Bot 54:2393-2401. hitps:/
doi.org/10.1093/jxb/erg262

@ Springer

Mae T, Makino A, Ohira K (1983) Changes in the amounts of ribulose
bisphosphate carboxylase synthesized and degraded during the life
span of rice leaf (Oryza sativa L.). Plant Cell Physiol 24:1079-
1086. https://doi.org/10.1093/oxfordjournals.pcp.a076611

Makino A, Mae T, Ohira K (1984) Relation between nitrogen and ribu-
lose-1,5-bisphosphate carboxylase in rice leaves from emergence
through senescence. Plant Cell Physiol 25:429-437. htips://doi.
org/10.1093/oxfordjournals.pcp.a076730

Makino A, Mae T, Ohira K (1985) Photosynthesis and ribulose-1,5-bi-
sphosphate carboxylase/oxygenase in rice leaves from emergence
through senescence. Quantitative analysis by carboxylation/oxy-
genation and regeneration of ribulose 1,5-bisphosphate. Planta
166:414-420. https://doi.org/10.1007/BF00401181

Munné-Bosch S (2019) Vitamin E function in stress sensing and sign-
aling in plants. Dev Cell 48:290-292. htips://doi.org/10.1016/j.
devcel.2019.01.023

Murchie EH, Horton P (1997) Acclimation of photosynthesis to irra-
diance and spectral quality in British plant species: chlorophyll
content, photosynthetic capacity and habitat preference. Plant Cell
Environ 20:438-448. https://doi.org/10.1046/j.1365-3040.1997.
do1-95.x

Murchie EH, Hubbart S, Chen Y, Peng S, Horton P (2002) Acclima-
tion of rice photosynthesis to irradiance under field conditions.
Plant Physiol 130:1999-2010. https://doi.org/10.1104/pp.011098

Murchie EH, Hubbart S, Peng S, Horton P (2005) Acclimation of pho-
tosynthesis to high irradiance in rice: gene expression and interac-
tions with leaf development. J Exp Bot 56:449-460. htips:/doi.
org/10.1093/jxb/eri100

Nelson N, Ben-Shem A (2004) The complex architecture of oxygenic
photosynthesis. Nat Rev Mol Cell Biol 5:971-982. https://doi.
org/10.1038/nrm1525

Nichelmann L, Schulze M, Herppich WB, Bilger W (2016) A simple
indicator for non-destructive estimation of the violaxanthin cycle
pigment content in lcaves. Photosynth Res 128:183-193. hiips:/
doi.org/10.1007/511120-016-0218-1

Oguchi R, Hikosaka K, Hirose T (2003) Does the photosynthetic light
acclimation need change in leaf anatomy? Plant Cell Environ
26:505-512. https://doi.org/10.1046/j.1365-3040.2003.00981 .x

Pfannschmidt T, Terry MJ, Van Aken O, Quiros PM (2020) Retrograde
signals from endosymbiotic organelles: a common control princi-
ple in eukaryotic cells. Philos Trans R Soc B Biol Sci. htips:/doi.
org/10.1098/rsth.2019.0396

Pogson BJ, Woo NS, Férster B, Small ID (2008) Plastid signalling to
the nucleus and beyond. Trends Plant Sci 13:602—609. https://doi.
org/10.1016/j.tplants.2008.08.008

Poorter H, Niinemets U, Poorter L, Wright 1J, Villar R (2009) Causes
and conscquences of variation in leal mass area: a meta analysis.
New Phytol 182:565-588. https://doi.org/10.1111/j.1469-8137.
2009.02830.x

Poorter H, Niinemets U, Ntagkas N, Siecbenkis A, Maenpia M, Mat-
subara S, Pons TL (2019) A meta-analysis of plant responses to
light intensity for 70 traits ranging from molecules to whole plant
performance. New Phytol 223:1073-1105. https://doi.org/10.
1111/nph.15754

Porra RJ, Thompson WA, Kriedemann PE (1989) Determination of
accurate extinction coefficients and simultaneous equations for
assaying chlorophylls a and b extracted with four different sol-
vents: verification of the concentration of chlorophyll standards by
atomic absorption spectroscopy. Biochim Biophys Acta Bioenergy
975:384-394. https://doi.org/10.1016/S0005-2728(89)80347-0

Race HL, Herrmann RG, Martin W (1999) Why have organelles
retained genomes? Trends Genet 15:364-370. https:/doi.org/10.
1016/S0168-9525(99)01766-7

Schindelin J, Arganda-Carreras 1, Frise E et al (2012) Fiji: an open-
source platform for biological-image analysis. Nat Methods
9:676-682. https://doi.org/10.1038/nmeth.2019

43



Chapter lil

Planta (2022) 255:84

Page 150f15 84

Seemann JR, Sharkey TD, Wang J, Osmond CB (1987) Environmental
effects on photosynthesis, nitrogen use efficiency, and metabolite
pools in leaves of sun and shade plants. Plant Physiol 84:796~802.
hutps://doi.org/10.1104/pp.84.3.796

Suzuki Y, Miyamoto T, Yoshizawa R, Mae T, Makino A (2009)
Rubisco content and photosynthesis of leaves at different posi-
tions in transgenic rice with an overexpression of RBCS. Plant
Cell Environ 32:417-427. https://doi.org/10.1111/§.1365-3040.
2009.01937.x

Suzuki Y, Kihara-Doi T, Kawazu T, Miyake C, Makino A (2010) Dif-
ferences in Rubisco content and its synthesis in leaves at different
positions in Eucalyptus globulus seedlings. Plant Cell Environ
33:1314-1323. https://doi.org/10.1111/).1365-3040.2010.02149 x

Swida-Barteczka A, Krieger-Liszkay A, Bilger W, Voigt U, Hensel
G, Szweykowska-Kulinska Z, Krupinska K (2018) The plastid-
nucleus located DNA/RNA binding protein WHIRLY 1 regulates
microRNA-levels during stress. RNA Biol 15:886-891. hitps:/
doi.org/10.1080/15476286.2018.1481695

Terashima I, Hanba YT, Tazoe Y, Vyas P, Yano S (2006) Irradiance
and phenotype: comparative eco-development of sun and shade
leaves in relation to photosynthetic CO, diffusion. J Exp Bot
57:343-354. https://doi.org/10.1093/jxblerj014

Thiele A, Herold M, Lenk I, Quail PH, Gatz C (1999) Heterologous
expression of Arabidopsis phytochrome B in transgenic potato
influences photosynthetic performance and tuber development.
Plant Physiol 120:73-81. https://doi.org/10.1104/pp.120.1.73

Townsend AJ, Retkute R, Chinnathambi K, Randall JWP, Foulkes
J, Carmo-Silva E, Murchie EH (2018) Suboptimal acclimation

of photosynthesis to light in wheat canopies. Plant Physiol
176:1233-1246. https://doi.org/10.1104/pp.17.01213

Vialet-Chabrand S, Matthews JS, Simkin AJ, Raines CA, Lawson T
(2017) Importance of fluctuations in light on plant photosynthetic
acclimation. Plant Physiol 173:2163-2179. https://doi.org/10.
1104/pp.16.01767

von Caemmerer S, Farquhar GD (1981) Some relationships between
the biochemistry of photosynthesis and the gas exchange of leaves.
Planta 153:376-387. hutps://doi.org/10.1007/BF00384257

Walters RG, Rogers JIM, Shephard F, Horton P (1999) Acclimation
of Arabidopsis thaliana o the light environment: the role of pho-
toreceptors. Planta 209:517-527. hitps://doi.org/10.1007/50042
50050756

Yano S, Terashima I (2001) Separate localization of light signal percep-
tion for sun or shade type chloroplast and palisade tissue differen-
tiation in Chenopodium album. Plant Cell Physiol 42:1303-1310.
https://doi.org/10.1093/pcp/peel 83

Yano S, Terashima I (2004) Developmental process of sun and shade
leaves in Chenopodium album L. Plant Cell Environ 27:781-793.
https://doi.org/10.1111/j.1365-3040.2004.01182.x

Zivcak M, Brestic M, Kalaji HM, Govindjee, (2014) Photosynthetic
responses of sun- and shade-grown barley leaves to high light: is
the lower PSII connectivity in shade leaves associated with protec-
tion against cxcess of light? Photosynth Res 119:339-354. htps://
doi.org/10.1007/s11120-014-9969-8

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer

44



Chapter IV

Chapter IV: WHIRLY1-deficient barley
plants and light stress

45



Chapter IV

How do barley plants with impaired photosynthetic light acclimation
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Abstract

Main Conclusion WHIRLY1-deficient barley plants are unable to acclimate to high irradiance, but
nevertheless survive and grow under extended exposure to high light. We found that these plants do
not display an enhanced tocopherol content nor do they have a changed ratio of reduced to oxidized
glutathione. Increased non-radiative dissipation at photosystem Il and enhanced contents of the
carotenoid zeaxanthin and the flavonoid lutonarin appear to have contributed to protection against
oxidative stress.

Abstract Plants are able to acclimate to environmental conditions to optimize their functions. With
the exception of obligate shade plants, they can adjust their photosynthetic apparatus and the morphology
and anatomy of their leaves to irradiance. Barley (Hordeum vulgare L., cv. Golden Promise) plants with
reduced abundance of the protein WHIRLY1 were recently shown to be unable to acclimatise important
components of the photosynthetic apparatus to high light. Nevertheless, these plants did not show
symptoms of photoinhibition. High-light (HL) grown WHIRLY1 knockdown plants (W1) showed clear signs
of exposure to excessive irradiance such as a low epoxidation state of the violaxanthin cycle pigments and
an early light saturation of electron transport. These responses were underlined by a very large
xanthophyll cycle pool size and by an increased number of plastoglobules. Whereas zeaxanthin increased
with HL stress, a-tocopherol, which is another lipophilic antioxidant, showed no response to excessive
light. Also the content of the hydrophilic antioxidant glutathione showed no increase in W1 plants as
compared to the wild type, whereas the flavone lutonarin was induced in W1 plants. HPLC analysis of
removed epidermal tissue indicated that the largest part of lutonarin was presumably located in the
mesophyll. Since lutonarin is a better antioxidant than saponarin, the major flavone present in barley
leaves, it is concluded that lutonarin accumulated as a response to oxidative stress. It is also concluded
that zeaxanthin and lutonarin may have served as antioxidants in W1 plants, contributing to their survival
in HL despite their restricted HL acclimation.

Keywords: excess excitation energy, energy partitioning, lutein, NPQ, photoinhibition, tocopherols,
WHIRLY1, zeaxanthin
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Introduction

Due to their sessile life style, plants are directly exposed to and in equilibrium with a large variety
of environmental factors. Among them, sunlight is especially important, but this factor is also
extremely variable, both on the short as well as on the long term. Plants are dependent on
sunlight for photosynthesis and too little light will cause them to suffer. On the other hand, if the
rate of light absorption in the photosynthetic apparatus exceeds the rate of consumption of light
energy in form of reducing equivalents in the photosynthetic dark reactions and/or poising
mechanisms, an increased amount of reactive oxygen species (ROS) may be generated (Asada
2006, Fitzpatrick et al. 2022). Among the consequences of ROS formation is a damage to the
photosynthetic reaction centers, especially photosystem Il (PS Il), resulting in a reduction of the
photochemical quantum yield of PS Il, which can be quantified using the chlorophyll fluorescence
parameter Fy/Fm (Demmig and Bjorkman 1987, Maxwell and Johnson 2000). Damage will
especially occur when shade-acclimated plants are suddenly exposed to strong sunlight (Powles
1984; Anderson and Osmond 1987). However, most other plant species will acclimate to high light
by enhancing the capacity of the dark reactions (Anderson et al. 1995) and/or by employing
photoprotective mechanisms such as non-radiative dissipation of excessive light, increased levels
of antioxidants or by adjusting the redox state (Mdller et al. 2001, Jahns and Holzwarth 2012,
Asada 2006, Selinski and Scheibe 2019).

Dissipation of excess light energy as heat is one important short-term mechanism (from seconds
to minutes) known as non-photochemical quenching (NPQ) of chlorophyll fluorescence, which
occurs in the antenna system of PS Il (Demmig-Adams and Adams 1996; Holzwarth et al. 2013).
Energy partitioning to non-radiative dissipation can be easily quantified in intact leaves by
determining the quantum vyield of non-photochemical quenching (®(NPQ)) of chlorophyll
fluorescence (Kornyeyev and Hendrickson 2007, Klughammer and Schreiber 2008). NPQ has been
shown to depend on the formation of zeaxanthin from violaxanthin within the xanthophyll cycle
(Bilger and Bjorkman 1990; Niyogi et al. 1998). In addition, zeaxanthin protects the thylakoid
membrane against ROS-induced lipid peroxidation (Niyogi et al. 2001; Mdller et al. 2001, Havaux
et al 2007, Jahns and Holzwarth 2012). A further lipophilic antioxidant protecting against 0, is o~

tocopherol (Spicher et al. 2017).
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While these lipophilic antioxidants are predominantly important to detoxify 10,, H,0, generated
at PS | is scavenged by hydrophilic antioxidants such as ascorbate and glutathione (Foyer and
Noctor 2011, Hebbelmann et al. 2012). The latter compound is a small intracellular redox-active
antioxidant molecule existing in two main stable forms: the reduced thiol (GSH) or the oxidized
disulfide (GSSG) form (Tausz et al. 2004). In plants growing under optimum conditions, the
GSH/GSSG ratio is reported to have high values (Rahantaniaina et al. 2013; Bloem et al. 2015),
with about 97% of the pool in their reduced form (Vanacker et al. 2000). Accordingly, a low
GSH/GSSG ratio is often considered as a potential indicator for oxidative stress in plants, but may
also be affected by other factors such as plant age (Tausz et al. 2004; Rahantaniaina et al. 2013;
Bloem et al. 2015). Besides its direct role in ROS scavenging, glutathione is part of the [&-
tocopherol-ascorbate-glutathione triad (Szarka et al. 2012), maintaining the reduced state of
tocopherol and thereby indirectly protecting cell membranes from oxidative damage
(Hasanuzzaman et al. 2017). The synergistic antioxidant effect of the a-tocopherol-ascorbate-
glutathione triad was also supported by the observation that the levels of these three
antioxidants increased several folds in a coordinative manner under high-light conditions

(Kanwischer et al. 2005).

In addition to ascorbate and glutathione, phenolic compounds such as flavonoids might also act
as direct antioxidants (Havaux et al. 2007, Hernandez et al. 2009; Agati et al. 2012; Nezval et al.
2017). In response to high-light stress, flavonoids bearing a catechol group, i.e. an ortho-
dihydroxy group, at the flavonoid B-ring have been shown to accumulate in the vacuoles of
mesophyll cells (Agati et al. 2009; Fini et al. 2011). These dihydroxy B-ring flavonoids, such as
quercetin or luteolin derivatives, have a higher antioxidative activity than monohydroxy
flavonoids such as kaempferol and apigenin derivatives (Rice-Evans et al. 1996; Agati et al. 2012;

Alseekh et al. 2020).

When growing in high light, most plants, with the exception of obligate shade species, acclimate
their photosynthetic capacities to prevent photoinhibition by reducing the excess excitation
energy (Powles 1984; Gray et al. 1996). A recent study with barley plants with an RNAi-mediated
knockdown of the chloroplast protein WHIRLY1 (W1) revealed that they cannot acclimate to high

light both at the level of leaf morphology and at the level of the photosynthetic apparatus (Saeid
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Nia et al. 2022). Therefore, these plants are expected to be prone to photoinhibition. Indeed, in
the seedling stage these plants are bleached and accumulate ROS during photosynthesis as
measured via electron paramagnetic spin resonance (EPR) spectroscopy on illuminated thylakoids
(Swida-Bartezka et al. 2018). However, W1 plants did not show any decline in their maximum
quantum vyield of PS Il after final chloroplast development during growth under high light
(Kucharewicz et al. 2017). Hence, these plants are an excellent model system to study
photoprotective mechanisms enabling plants to survive and avoid photodamage in the absence
of acclimation of photosynthetic capacity. Therefore, we investigated the response of several

antioxidative mechanisms in high-light exposed primary leaves of WHIRLY1-deficient plants.

Material and Methods

Plant material and growth conditions

Grains of WHIRLY1-deficient plants prepared by RNAi-mediated knockdown of HYWHIRLY1 (W1)
(Krupinska et al. 2014) together with Hordeum vulgare L., cv. “Golden Promise” as wildtype (WT),
were sown on soil (Einheitserde ED73, Einheitswerk Werner Tantau, Uetersen, Germany). Growth
conditions were as described by Saeid Nia et al. (2022). Photosynthetic photon flux densities (PFD)
incident on the leaf plane were 40-70 umol m=2 s for low light (LL) and 350-500 umol m2 s for
high light (HL), which corresponded to horizontal PFDs of 150 to 1000 umol m2 s%, respectively.
The incident irradiance on the adaxial and abaxial sides of the leaves was measured for every
sampled individual primary leaf using a quantum sensor (Li-185 A, Li-Cor Biosciences, Lincoln, NE,
USA). The area between 1.5 and 3 cm below the tip of primary leaves, containing mature
chloroplasts, was used for all measurements. Primary leaves were used at different

developmental stages, i.e. at 10, 15, and 19 days after sowing (das).

Chlorophyll fluorescence measurements

Chlorophyll fluorescence was measured simultaneously with photosynthetic gas exchange (data
shown in Saeid Nia et al. 2022) using a portable gas exchange fluorescence system GFS-3000

(Heinz Walz GmbH, Effeltrich, Germany). The instrument was set up with a 750 umol min* air
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flow rate, a cuvette temperature of 21°C, and 60% relative humidity. Attached primary leaves of
both genotypes grown under HL and LL were measured at different das, reflecting different
developmental stages. For the determination of Fy/Fum, plants were pre-darkened for at least 25

min.

The energy absorbed by PS Il is partitioned into three main pathways which are expressed by their
quantum yields, i.e. the quantum yield of photochemical energy conversion or ®(ll), the quantum
yield of non-photochemical quenching or ®(NPQ), and the sum of quantum yields of fluorescence
and non-regulated heat dissipation of energy or ®(NO) (Genty et al. 1996; Hendrickson et al.
2004; Klughammer and Schreiber 2008). These quantum yields were calculated as follows
(Klughammer and Schreiber 2008):

Y(ll) = (Fm'~F)/Fm’

O(NPQ) = F/Frm'- F/Fm

@(NO) = F/Fum

Transmission electron microscopy (TEM) for the analysis of plastoglobules (PGs)

Ultrastructural analysis of chloroplasts in 10 day-old primary leaves of WT and W1 plants grown
under LL and HL was done as described before by Saeid Nia et al. (2022). Briefly, segments from
the mid part of primary foliage leaves were dissected and fixed with 1% glutaraldehyde in 200
mM Hepes, pH 7.4. Samples were post-fixed with 1% OsO4 prepared in 1.5% aqueous potassium
ferricyanide, contrasted en-bloc with 2% aqueous uranyl acetate, then dehydrated with a graded
ethanol series, followed by 100% acetone, next progressively infiltrated with epon resin and then
heat polymerised. Ultrathin 80-nm sections were contrasted with saturated aqueous uranyl
acetate and lead citrate, and inspected in a Tecnai G2 Spirit BioTWIN transmission electron
microscope (FEI, now Thermo Fisher Scientific) equipped with an Eagle 4kx4k CCD camera and TIA

software (both FEl).
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High-performance liquid chromatography (HPLC) analysis of pigments

From the area between 1.5 and 3 cm below the tip, 1 cm long leaf segments were cut from plants
in the climate chamber under the growth irradiance. After measuring the segments’ widths, these
samples were immediately frozen in liquid nitrogen and stored at —-80°C till the time of extraction.
Chlorophyll and carotenoid extraction and separation by HPLC have been described by Saeid Nia

et al. (2022).

As described by Nichelmann et al. (2016), for calibrating the detector, pure extracts of carotenoids
(except antheraxanthin) were prepared through thin-layer chromatography (modified after
Lichtenthaler and Pfister 1978), and their concentrations were determined by spectrophotometry
using the extinction coefficients provided by Davies (1976). The epoxidation state of the

xanthophyll-cycle pigments (EPS) was calculated according to Thayer and Bjérkman (1990).

HPLC analysis of tocopherols

Leaf segments were prepared and stored at —80°C as explained above. To extract tocopherols,
frozen segments were ground with 400 puL HPLC-grade n-heptane together with 5-6 glass beads
in a Geno/Grinder (Type 2000; SPEX CertiPrep, Munich, Germany). Afterwards, samples were
briefly centrifuged and kept at -20°C overnight. The next day, samples were mixed and
supernatants were collected after centrifugation for 10 min at 13000 rpm at 4°C (Kendro Biofuge
Fresco, Osterode, Germany). After a second mixing the centrifugation was repeated once more.
Finally, 20 uL of supernatants were used for chromatographic analysis of tocopherols using a
Shimadzu HPLC system equipped with a RF-10A XL fluorescence detector, 10-series (Shimadzu
Corporation, Kyoto, Japan). Tocopherol separation was done using a Lichrospher Si 60 column (5
um/250-4 mm, Merck, Darmstadt, Germany) and an isocratic system as described before (Sickel
et al. 2012). The pump (LC-10AT VP) delivered a constant flow of 1mL min! of the eluent (n-

heptane and isopropanol (99/1, v/v).
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Analysis of leaf flavonoid content and composition by HPLC

Leaf segments from 1.5 cm below the tip of primary leaves of WT and W1 plants grown under LL
or HL were sampled and frozen in liquid nitrogen as described above. Samples were kept in the
freezer at -80°C until HPLC analysis. To prepare samples for HPLC, 250 pL of the cold (4°C)
extraction buffer consisting of 49.5% (v/v) distilled water and 49.5% (v/v) methanol with an
addition of 1% (v/v) concentrated HCl (Merck, Darmstadt, Germany) was added to each sample.
The samples were homogenized for 3 min at 1700 strokes mint in a Geno/Grinder 2000 (SPEX
CertiPrep) followed by 5 min centrifugation at 16000 x g at 4°C (Biofuge Fresco, Thermo Fisher
Scientific, Waltham, Massachusetts, USA). Resulting pellets were resuspended twice in 250 ul of
extraction buffer and centrifuged again. All supernatants were collected and centrifuged for 10
min with 10000 x g at 4°C. 500 uL of each supernatant was purified through 0.45 um filters

(National Scientific, Rockwood, USA).

30 pl of the extracted solution were injected in a HPLC system with a diode array detector (SCL-
10AT VP, SIL-10AD 145 VP, LC-10AT VP, FRC-10A, SPD-M10A VP, Shimadzu) and separated on a
LiChrospher 100 RP-18 column (4 * 250 mm, 5 um particle size, Merck, Germany). Eluent A, 0.01%
phosphoric acid, and eluent B, 90% methanol with 0.1% phosphoric acid, were used in this system
as mobile phases at a flow rate of 1 mL min’. The gradient started with 80% eluent A for the first
12 min followed by a linear decrease in the proportion of eluent A to 55% for 28 min. Afterwards,
eluent B was increased linearly to 100% and stayed constant for 12 min. Flavonoids and
hydroxycinnamic acids (HCA) were detected at 313 nm and the chromatograms were analysed

using LC Solution software (Shimadzu). Representative chromatograms are presented in Fig. S1.

Identification of flavonoids by mass spectrometry

To identify the flavonoids of interest, soluble semi-polar metabolites were extracted from liquid
nitrogen-frozen leaf segments in 2-mL screw cap reaction tubes (Sarstedt, Germany). After
weighing the samples, ZrO; 58% beads (RIMAX ZS-R @ 1.0-1.2 mm, Mihlmeier, Germany) and 400
puL of LC-MS grade methanol per 100 mg of fresh tissue were added. Sample thawing prior to

methanol addition was avoided. Sample grinding and extraction was done in a Precellys
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homogenizer (Bertin Instruments, France) at 8000 s, with two cycles of 10 s each. Following
centrifugation (22,500 x g, 4°C, 10 min), the supernatant was recovered into a clean tube and the
pellet was resuspended in the same volume of methanol per 100 mg of fresh weight. After mixing,
the second supernatant was recovered by centrifugation; the two supernatants were combined
and stored at -20°C. Before analysis, 80 pL-aliquots from the methanolic extracts were mixed with
20 pL of 0.5% (v/v) formic acid, incubated overnight (-20°C), and centrifuged (22,500 x g, 4°C, 10

min) to remove precipitates.

For the identification of flavonoids, the extracts were analyzed via RP-UPLC-PDA-ESI-UHR-QTOF-
MS/MS (Reversed Phase Ultra Performance Liquid Chromatograpy-PhotoDiode Array-
Electrospray lonization-Ultra-High-Resolution-Quadrupole Time of Flight-tandem Mass
Spectrometry) as described in Garibay-Hernandez et al. (2021). The analysis was carried out using
an Acquity UPLC system (Waters, Germany), equipped with an Acquity PDA eA detector, coupled
to a maXis Impact ESI-QTOF MS (Bruker Daltonik GmbH, Germany). The Compass HyStar 3.2 SR2
software (Bruker Daltonik GmbH) was used to operate and coordinate LC-PDA-MS data
acquisition. Data processing, analysis, and compound identification were performed using the
software packages Compass Data Analysis V4.4 and Metaboscape 5.0 (Bruker Daltonik GmbH,
Germany). Compound identity was confirmed by exact mass (error < 5 ppm), isotopic pattern,
MS/MS fragmentation, and PDA spectra (Table 1). Commercial standards were employed when

available.

Localization of leaf flavonoids

To localize the main flavonoids of the leaves, the leaf abaxial epidermis was separated from the
mesophyll by a careful vertical cut in the adaxial epidermis and by gently pulling the epidermis
and the remainder of the leaf (leaf plus adaxial epidermis) from each other. Three to five
segments of the epidermis and of the remaining part (leaf lacking the abaxial epidermis),
respectively, were pooled, frozen in liquid nitrogen, and kept in a freezer at -80°C until HPLC

analysis. The flavonoid content of samples was calculated per leaf segment area.
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To estimate the flavonoid content in the mesophyll, the flavonoid content of the adaxial
epidermis was calculated. To this end, it was assumed that the content of flavonoids in the two
epidermal tissues would be proportional to their epidermal absorbance. The latter was
determined by chlorophyll fluorescence analysis from both sides of the leaves using a
combination of a UVA-PAM fluorometer (Gademann Instruments, Wiirzburg, Germany; Bilger et
al. 2001) and a Mini-PAM fluorometer (Heinz Walz GmbH). After normalization of the
fluorescence signals to the signal obtained with a blue plastic film (Walz), the fluorescence signal
determined with the UV-A measuring beam was divided by that of the red beam. UV-A
transmittance and absorbance were calculated using the fluorescence signals of epidermis-free
leaves of Vicia faba as a reference. The flavonoid content of the adaxial epidermis was calculated
from the HPLC results for the abaxial epidermis using the linear regression between the
absorbances of both leaf sides. The result was subtracted from the flavonoid content of the

remaining segments to calculate the flavonoid content of the mesophyll.

Gene expression analysis by quantitative RT-PCR

RNA was isolated from a pool of eight leaf segments excised from the middle part of primary
leaves using the peqGOLD-TriFast reagent (Peglab Biotechnology, Erlangen, Germany) as
described (Krupinska et al. 2019). Thereafter, RNA concentration was quantified by a Nanodrop
instrument 200 (Thermo Scientific). 500 ng of extracted RNA was used to synthesize cDNA using
reverse a transcriptase kit (Quanti Tect®, Qiagen, Hilden, Germany) according to the protocol
provided by the manufacturer. By using gene-specific primers (details about the gene accession
numbers and designed primers can be found in the Supplementary Data, Tab. S1), gene
expression was analysed by quantitative PCR as described by Krupinska et al. (2019) and
normalized to the mRNA level of the ADP-ribosylation factor 1 as the reference gene (Rapacz et
al. 2012). The expression levels of genes of interest were analysed from three independent
experiments (each comprising 8 leaves) and each with three technical replicates per sample using

the Rotor-Gene Q Series Software (version 2.0.2.4, Qiagen).
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Quantification of transcript levels was performed relative to the expression level in LL-grown wild-
type plants (as the control) by the “delta-delta Cr method” as described by Livak and Schmittgen
(2001).

Determination of the glutathione content and its redox state

For each genotype grown under either LL or HL, a pool of nine primary leaves in total from three
independent experiments each comprising three leaves, respectively, were ground with 5-6 glass
beads in a Geno/Grinder (Type 2000; SPEX CertiPrep) to a fine powder. Liquid nitrogen was
continuously used to avoid the thawing of frozen leaves or their powder. Thereafter, about 50 mg

of the powder of each sample was collected in new tubes in the presence of liquid nitrogen.

Total glutathione and GSSG concentrations were determined using a glutathione colorimetric
detection kit according to the manufacturer’s protocol (Invitrogen). The absorbance of samples
(each with three technical replications) together with a dilution series (to perform a standard
curve) of standards (provided in the kit) were measured at 405 nm by a plate reader (TECAN-

infinite M200 PRO, TECAN Austria GmbH) in a kinetic assay every minute for 10 min.

To analyse the data, the average of triplicate absorbance measurements for each experimental
sample, standard, and background at each time point was calculated and plotted against the
incubation time. The slope from the linear part of each curve was determined. The background
slope was subtracted from the slope of all standards and samples. Thereafter, the slopes of the
standards were plotted against their concentration, and then the slope from the linear part of
this curve was used to determine the concentration of total glutathione and GSSG, respectively,
in the experimental samples. The amounts of total glutathione and of GSSG were calculated per
dry weight of the sample pellets. To calculate the reduced glutathione concentration, the

concentration of oxidized glutathione was subtracted from the total glutathione concentration.

Statistical analysis

Sigmaplot 13 (Systat Software GmbH, Erkrath, Germany) or GraphPad PRISM (Prism 9 for
Windows, version 9.2.0 (332), GraphPad Software, San Diego, California USA) was used for
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statistical analysis. Two-way ANOVA (with the factors genotype and growth irradiance or age) or
three-way ANOVA (with the factors genotype, growth irradiance, and age) were used to compare
among groups, and in case of significant differences, the Holm-Sidak method was used for

comparison of the means.

Results

Photosynthetic electron transport rate (ETR)

Previous gas exchange measurements had revealed that HL-grown WHIRLY1-deficient transgenic
plants (W1) were unable to acclimate their photosynthetic capacity to a higher irradiance in
contrast to wild-type (WT) plants (Saeid Nia et al. 2022). When electron transport rates (ETR) as
determined by chlorophyll fluorescence measurements were compared between WT and W1
plants, a similar difference was observed (Fig. 1). Whereas the maximal electron transport rates
of W1 plants grown under HL or LL did not differ (P = 0.093), leaves of WT plants grown under HL
showed significantly higher ETR than LL-grown WT plants (Fig. 1). Comparing WT to W1 plants,
WT plants showed significantly higher maximum ETR in both LL and HL (Fig. 1).
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Fig. 1 Electron transport rates (ETR) in WT (a) and W1 (b) plants grown under low (LL, filled symbols) and

high light (HL, open symbols) as a function of incident irradiance (PFD). Measurements were done in the

presence of 1500 ppm CO, at 10 days after sowing (das). Depicted values are means + standard deviation
(SD) of n=9-11 leaves in total from three independent experiments each comprising 3-4 leaves
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The maximal quantum yield of photosystem I

The maximal quantum yield of PS Il (Fy/Fm) in leaves of LL-grown WT plants stayed stable from 10
to 19 das (Fig. 2, P > 0.9999). The small decrease in F,/Fm in HL-grown WT from 10 to 15 and 19

das was not significant (Fig. 2a).

Similar to previous results (Kucharewicz et al. 2017), in leaves of 10-day old W1 plants, F,/Fmin
both LL- and HL-grown plants was significantly lower compared to the values of the WT and also

compared to those of W1 plants at 15 and 19 das.

Progressing development of W1 plants from day 10 to day 15 was accompanied by a significant
increase in the maximal quantum vyield of PS Il (Fig. 2b) reaching a value commonly observed in
unstressed plants (Bjorkman and Demmig 1987) despite their inability to acclimate their
photosynthetic capacity to high growth irradiance (Saeid Nia et al. 2022). This suggests that their
lower photosynthetic capacity was compensated through other mechanisms. To investigate this,
the fate of excitation energy in PS Il of HL-grown WT and W1 plants, respectively, was analyzed

in more detail at 10 and 15 das.
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Fig. 2 Maximal quantum yield of PS Il, Fv/Fum, measured in WT (a) and W1 (b) plants grown under low light (LL, filled
symbols) and high light (HL, open symbols) as a function of plant age. Depicted values are means * standard deviation
of a total of n = 9-11 leaves from three independent experiments, each comprising 3-4 leaves. The letters indicate
statistically different values at a significance level of P = 0.05, as determined by two-way ANOVA with time and
genotype as factors, followed by pairwise multiple means comparisons with the Holm-Sidak method
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The fate of excitation energy in PS Il

The analysis of the fate of absorbed energy in PS |l revealed that 10 day-old W1 plants had a lower
quantum yield of photosynthesis (d(l1)) (Fig. 3c) in comparison to WT plants (Fig. 3a). However,
their lower ®(Il) was accompanied by a higher quantum yield of non-photochemical quenching

(©(NPQ)).

No specific changes were detected in ®(ll) and ®(NPQ) of WT plants between 10 and 15 das (Fig.
3b). In contrast, ®(ll) increased and ®(NPQ) decreased in W1 plants from 10 to 15 das (Fig 3d).

Since the HL-grown plants received an irradiance of about 350 pmol m st during growth, the
fate of absorbed energy at this irradiance was analyzed further in WT and W1 plants at 10 and 15
das (boxes in Fig. 3). The two-way ANOVA analysis showed that there were no significant

differences in the quantum vyield of PSIl or ®(NPQ) between WT plants at 10 and 15 das.

While ®(Il) was significantly lower in WHIRLY1-deficient plants than in WT plants at 10 and 15
das, the ®(NPQ) was significantly higher. Moreover, as development of W1 plants progressed
between 10 and 15 das, a significant increase in ®(ll) was accompanied by a significant decrease
in ®(NPQ). Intriguingly, there were no significant differences between non-regulated energy

dissipation (®(NO)) of WT and W1 plants at 10 and 15 das.
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Fig. 3 The fate of excitation energy in PS Il as a function of incident PFD in HL-grown WT (a, b) and W1 plants (c, d) at
10 and 15 das. Measurements were done in the presence of 1500 ppm CO.. Depicted values are means of a total of
n = 9-11 leaves from three independent experiments each comprising 3-4 leaves. The boxes highlight the fate of
absorbed energy in PS Il at the incident light of 350 pmol m s, which is similar to the growth irradiance of HL-grown
plants. The letters indicate statistically different values at a significance level of P = 0.05, as determined by two-way
ANOVA with das and genotype as factors, followed by pairwise multiple means comparisons with the Holm-Sidak
method

Ultrastructural analyses revealed an accumulation of plastoglobules in high-light

grown W1 leaves

Oxidative stress in chloroplasts is accompanied by an accumulation of plastoglobules (Austin et
al., 2006). To compare the abundance and size of these lipid particles, the chloroplast
ultrastructure of WT and W1 plants grown under HL or LL for 10 das was analyzed (Fig. 5). In WT
and W1 plants grown under LL, the abundance of plastoglobules, their size (maximum diameter

~80 nm) and their localization along stroma thylakoids were similar. In HL-grown W1 plants,
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plastoglobules were larger (maximum diameter ~130 nm) and more abundant. A particularly
prominent feature of increased abundance were row-like clusters of plastoglobules that were
lined up along adjacent stroma thylakoid membranes. In accordance with the data obtained by
characterization of photosynthesis (Fig. 1-3), these observations suggest that W1 plants exposed

to excessive light suffered from oxidative stress (Bréhélin et al. 2007; Rottet et al. 2016).

WT-LL ' WT-HL L W1-LL

4"

Fig. 4 Ultrastructural analysis of chloroplasts in primary foliage leaves of WT and W1 plants grown under high light
(HL) or low light (LL) for 10 days. Plastoglobules (arrow) appear as electron-dense granules associated with stroma
thylakoid membranes. Under HL, plastoglobules increased in size and abundance. Four images per condition are
shown to illustrate the diversity of plastoglobule phenotype observed on thin sections. Scale bar, 500 nm
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Pigments of the photosynthetic apparatus

In view of the well-known formation of zeaxanthin in response to excessive excitation energy and
its role in the mediation of NPQ (Demmig-Adams and Adams 1996; Jahns and Holzwarth 2012),
the carotenoid content of WT and W1 leaves 10 and 15 das was analyzed. For comparison, the
chlorophyll content of plants was also analyzed since it represents the progress of development

of W1 plants from day 10 to day 15.

As shown previously by Kucharewicz et al. (2017) and Saeid Nia et al. (2022), the chlorophyll
content of WT plants, especially HL-grown ones, decreased from day 10 to day 15 (Fig. 5a),
whereas it increased in the case of W1 plants (Fig. 5b). This indicates that the development of

chloroplasts in W1 plants is delayed, in accordance with our previous observations (Krupinska et

al. 2019).
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Fig. 5 Chlorophyll content as a function of growth PFD incident on each investigated leaf of WT (a) and W1 (b) plants.
Open and filled symbols denote determinations in single leaves of plants at 10 and 15 das, respectively

Under excessive light, zeaxanthin is formed in chloroplasts causing a low epoxidation state (EPS)
of the xanthophyll cycle pigments which is an in vivo indicator of excessive PFD (Demmig-Adams
et al. 1990; Ort 2001). In line with the photosynthesis measurements taken ex situ (Saeid Nia et
al. 2022, Fig. 1), EPS determined in situ under growth conditions significantly declined in W1
plants to values close to zero with increasing growth irradiance (Fig. 6a). In both WT and W1
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plants, the xanthophyll cycle pool (V+A+Z) size increased significantly with increasing light.
However, in leaves of W1 plants, the VAZ pool was considerably larger than in the WT (p < 0.0001)
(Fig. 6b). Also lutein increased strongly with increasing PFD in the W1 plants (Fig. S3). WHIRLY1-
deficient plants had a significantly lower epoxidation state of the cycle and larger VAZ pool size in

comparison to WT plants even under LL conditions (Figs. 6a and b).

As chloroplast development in the W1 plants progressed, indicated by the higher chlorophyll
content at 15 das in comparison to 10 das (Fig. 5b), EPS increased (p < 0.0001) (Fig. 6a), and the
xanthophyll cycle pigment pool size decreased (p < 0.0001) (Fig. 6b). Nevertheless, at 15 das, HL-
grown W1 plants still showed a significantly larger VAZ pool size (Fig. 6b) and significantly lower
EPS compared to the WT (Fig. 6a). These data are in accordance with the results obtained with

barley WT and W1 plants grown in continuous light (Swida-Barteczka et al. 2018).

a b
1.0 1 S L 500 —
gD D & o <><> g
0.8 - & S O 400 =
2 06 ¢ <><<>> % <><X><X> 300 E
| S o =
0.4 O O <O > 200 ©
8 m O < S &> &%é{%{g}@ ©O E
0.2 1 8 W15 <<>> @ @O 100
W1-15
0.0 \ ‘ ; %QB ‘ ‘ ‘ ‘ 0
0 100 200 300 400 0 100 200 300 400

PFD, pmol m?s™

Fig. 6 The epoxidation state (EPS) (a) and the pool size of the violaxanthin cycle (VAZ) per chlorophyll (b) in single WT
and W1 leaves as a function of the growth irradiance (PFD) incident on these leaves. Circles and diamonds denote
WT and W1 plants, respectively. Open and filled symbols denote 10- and 15-day old plants, respectively

It has been proposed that the VAZ pool size increases as a function of excessive PFD (Bilger et al.
1995). To investigate this relationship, the VAZ pool size was plotted as a function of EPS. The
data for both genotypes, WT and W1 collected at 10 das, followed a single common function (Fig.
7). With further development in the W1 plants, the decline in VAZ/Chl was coordinated with the

increase in EPS, causing the LL data points from 15 das to fall on the same relationship as data
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from 10 das. Only samples from HL showed a slightly enhanced VAZ pool size at 15 das in both

genotypes, WT and W1, in comparison to 10 das.
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Fig. 7 VAZ / Chlin single leaves of WT and W1 plants grown under different irradiance as a function of the violaxanthin
cycle epoxidation state (EPS).

Expression of genes required for zeaxanthin formation and its epoxidation

Relative expression levels of genes encoding [3-carotene hydroxylase-1 (HvbcHYD) and zeaxanthin
epoxidase (HVZEP) were measured.

HvbcHYD is the key enzyme of zeaxanthin biosynthesis (Sun et al. 1996; Davison et al. 2002). As
expected, expression of HvbcHYD was increased in WT plants in HL, however, the increase was
not strong enough to be significant. In comparison, the relative expression level of HvbcHYD in
HL-grown W1 plants was significantly higher than in LL-grown W1 plants as well as in HL-grown

WT plants (Fig. 8a).

HL-grown WT plants also showed significantly higher HVZEP expression in comparison to those
grown in LL, while no significant difference in the expression of HVZEP was detectable between

transgenic plants grown in LL or HL (Fig. 8b).
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Fig. 8 Relative expression level of B-carotene hydroxylase-1, HvbcHYD, (a) and zeaxanthin epoxidase, HVZEP, (b) in
WT and W1 grown under low (LL, grey bars) and high light (HL, grey bars) at 10 das. Columns are means % standard
deviation from three independent experiments. Quantification of transcript levels was performed relative to the
expression level in LL-grown WT plants as the control (WT-LL is set at 1.0). The letters indicate statistically different
values at a significance level of P = 0.05, as determined by two-way ANOVA, followed by pairwise multiple means
comparisons by the Holm-Sidak method

Tocopherol content of leaves

Tocopherols are important lipophilic antioxidants, which might protect the thylakoid membrane
during growth in HL (Munné-Bosch and Alegre 2002; Li et al. 2012). Unexpectedly, the o-
tocopherol content did not differ between WT and W1 plants when grown for 10 or 15 das in
either LL or HL (Fig. 9 a and b, see also Tab. S2). In contrast, at a later stage of development, i.e.
after 19 das, the a-tocopherol content increased in WT leaves, whereas it stayed constant in W1

leaves (Fig. 9).

In addition to the predominant o-tocopherol, also minor contents of B-tocopherol and v-
tocopherol as well as the total tocopherol content of WT and W1 plants grown under LL and HL
at different developmental stages were analyzed (Tab. S2). The tendency of the data matches

that obtained for a-tocopherol (see Tab. S2).
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Fig. 9 a-tocopherol content of leaves in WT (a) and W1 (b) plants grown under low light (LL, filled symbols) and high
light (HL, open symbols) as a function of days after sowing (das). Depicted values are means + standard deviation of
n = 6 samples. The letters indicate statistically different values at a significance level of P = 0.05, as determined by
three-way ANOVA with genotype, irradiance, and das as factors, followed by pairwise multiple means comparisons
by the Holm-Sidak method (see Tab. S2)

HPLC analysis of flavonoid content

Among the more hydrophilic antioxidants assumed to support photoprotection in plants are the
flavonoids (Agati et al. 2013). Accordingly, HPLC analysis showed a significant increase in the total
content of flavonoids as a response to HL in both genotypes. However, there was no significant
difference between WT and W1 plants, neither under LL (analyzed with two-way ANOVA) nor
under HL (Fig. 10a).

Nevertheless, the relative expression level of the gene encoding one of the key enzymes in
flavonoid biosynthesis, chalcone synthase (CHS) (Agati et al. 2012), was significantly enhanced in
WT plants (P = 0.001) during growth in HL (Fig. 10b). The tendential increase of the expression of
CHS in W1 plants in response to HL was not significant (P = 0.137).
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Fig. 10 (a) The total amount of flavonoids in leaves of WT and W1 plants grown under low (LL, grey bars) and high
light (HL, white bars) at 10 das expressed as the sum of all peaks detected at 313 nm in the chromatograms. The data
show means * standard deviation of n = 20-23 leaves in total from three independent experiments each comprising
6-8 leaves. (b) The relative expression level of the gene encoding chalcone synthase (CHS) in WT and W1 plants grown
under LL and HL at 10 das. Quantification of transcript levels was performed relative to the expression level in LL-
grown WT plants as the control and therefore WT-LL is set at 1.0. The data show the means + standard deviation of
three independent experiments. The letters indicate statistically different values at a significance level of P = 0.05, as
determined by two-way ANOVA with genotype and irradiance as factors, followed by pairwise multiple means
comparisons by the Holm-Sidak method

Flavonoid composition of leaves

Whereas the total flavonoid content did not differ between WT and W1 leaves, the flavonoid
composition differed considerably between WT and W1 plants in HL conditions (Fig. 11). The two
prominent peaks in HPLC chromatograms of the HL grown W1 plants (see representative
chromatograms in Fig. S1) were identified based on their UV and MS spectra (Table 1). The highest
peak in both genotypes under either HL or LL was confirmed as saponarin (apigenin-6-C-glucosyl-
7-0-glucoside). In line with the total amount of flavonoids, HL-grown plants showed a significantly
higher content of saponarin than LL-grown plants. Moreover, the amount of saponarin was 10%
higher in HL-grown WT plants than in W1 plants (Fig. 11a). The compound with the second highest
abundance in HL grown W1 samples was confirmed to be lutonarin (luteolin-6-C-glucosyl-7-O-
glucoside). Similar to saponarin, this flavonoid showed an increased abundance in HL-grown
plants from both genotypes. Interestingly, W1 plants grown at HL displayed an eightfold higher

amount of lutonarin in comparison to the HL-grown WT (Fig. 11b).
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Fig. 11 Leaf content of saponarin (a) and lutonarin (b) expressed as HPLC peak area in WT and W1 grown under low
(LL, grey bars) and high light (HL, white bars) at 10 das. The data show the means * standard deviation of n = 28-31
leaves in total from four independent experiments each comprising 7-8 leaves. The letters indicate statistically
different values at a significance level of P = 0.05, as determined by two-way ANOVA with genotype and irradiance
as factors, followed by pairwise multiple means comparisons by the Holm-Sidak method

Localization of saponarin and lutonarin

To localize the main flavonoids within the leaves, their abaxial epidermis was gently removed
from an area of about 1 cm™. With respect to saponarin, the leaf area-related flavonoid content
of isolated epidermal peels showed similar trends for the various light conditions and genotypes
as the contents of total leaves (Fig.12, left panels). However, the lutonarin content was strongly
reduced in the epidermal peels (Fig. 12, right panels). Since it was not possible to remove the
adaxial epidermis at the same time from the remaining piece of mesophyll, the content of this
epidermis was extrapolated using measurements of epidermal UV-A transmittance with PAM
fluorometry. These measurements revealed that epidermal UV-A transmittance in the adaxial
side was very close to that of the abaxial side (Fig. S2). Assuming that not only the total flavonoid
content, but also the flavonoid composition of both epidermal tissues are similar, the major
amount of lutonarin should be located in the mesophyll. Roughly 50% of the saponarin content
of WT leaves was expected to be located in the mesophyll, whereas only a minor part of saponarin
was estimated for the mesophyll of W1 plants. It is possible that the formation of lutonarin in

these leaves occurred to some extent at the expense of saponarin accumulation.
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Fig. 12 Relative contents of saponarin (a-c) and lutonarin (d-f) in the abaxial epidermis, in the segments with removed
epidermis (‘leaf without abaxial epidermis’) and in the mesophyll, respectively, in WT and W1 grown under low (LL,
grey bars) and high light (HL, white bars) at 10 das. The data show means * standard deviation of n = 3 samples from
three independent experiments. Each sample was a pool of 3-5 leaves. The letters indicate statistically different
values at a significance level of P = 0.05, as determined by two-way ANOVA with genotype and irradiance as factors,
followed by pairwise multiple means comparisons by the Holm-Sidak method
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The ratio of reduced (GSH) to oxidized (GSSG) glutathione

Glutathione, being a hydrophilic antioxidant found in all cell compartments (Zechmann 2014;
Gasperl et al. 2022) may have been involved in ROS protection at HL (Hebbelmann et al. 2012;
Heyneke et al. 2013; Dorion et al. 2021). Unlike to LL-grown WT plants, in HL-grown WT the ratio

of reduced to oxidized glutathione decreased with increasing age (Fig. 13a).

In contrast, in W1 plants grown either at LL or HL, the ratio of GSH/GSSG did not show any
decrease with age, but stayed at a similar level as the ratio of 10 day-old WT plants. Rather, the

GSH/GSSG ratio of HL-grown W1 showed even slightly higher values than that of LL-grown ones

(Fig. 13b).
s Y I IR — W1

16 { —— HL _ wT n F 16

14 | ] ] _ - L 14
O 12 F12 O
7 3

10 + 10
© - ©
I 81 r8 T
0p) )]
O 61 r6 O

4 F4

2 A F2

allb
O T T T T T T 0
10 das 15 das 19 das 10 das 15 das 19 das

Fig. 13 Ratio of reduced (GSH) and oxidized (GSSG) glutathione in WT (a) and W1 (b) plants grown under low (LL, grey
bars) and high light (HL, white bars) on different days after sowing. The data show determinations on pools of 9
primary leaves each, from three independent experiments each comprising three leaves

Discussion

As reported in previous studies, WHIRLY1-deficient barley plants (W1) have reduced
photosynthetic activity and show retarded chloroplast development and senescence
(Kucharewicz et al. 2017, Krupinska et al. 2019). Recently, these plants were also shown to be
inhibited in photosynthetic acclimation to high irradiance (Saeid Nia et al. 2022). In accordance

with the previous results, in this study, the W1 plants showed a reduced electron transport rate
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(ETR) in comparison to WT plants (Fig. 1). Also, under their growth conditions, they showed typical
signs of being exposed to excessive irradiance as indicated by the low epoxidation state (EPS) of
the xanthophyll cycle (Fig. 6). A low EPS is indicative of the formation of zeaxanthin as result of a
high transthylakoidal proton gradient, activating the enzyme violaxanthin de-epoxidase
(Yamamoto 1979; Bilger et al. 1989). It is well-known that EPS follows the photochemical
quantum yield of PS Il under varying illumination (e.g., Bilger and Lesch 1995). Hence, there is no
doubt that W1 plants suffered from stress caused by high PFD, especially those grown under HL.
It should be noted that the irradiance was always measured parallel to the surface of the barley
leaves which were mostly oriented vertically. Horizontal irradiance measured above the plants
was 1000 umol m= s, which is comparatively high for a growth chamber experiment. It was
expected that the W1 plants, which are impaired in light acclimation, should develop symptoms
of photoinhibition when grown under HL conditions, e.g., a reduction in Fy/Fum (Aro et al. 1993;
Demmig-Adams and Adams 2006; Takahashi and Badger 2011) and eventually loss of chlorophyll
(Havaux et al. 2005).

Unexpectedly, the chlorophyll content of W1 plants did increase between 10 and 15 das both
under LL and HL conditions indicating that the delayed chloroplast development in W1 plants
(Krupinska et al. 2019) was not affected by the light conditions the plants were exposed to. In
parallel, Fy/Fm starting at a reduced level of about 0.65 at 10 das increased to the WT level at 15
das. Considering that W1 plants cannot enhance photosynthetic capacity at high light (Saeid Nia
et al. 2022) as further corroborated by the ETR measurements shown in Fig. 1, they required
alternative strategies to cope with excessive light stress. To elucidate these strategies, the fate of
the absorbed light was determined. As described above, energy absorbed in PS Il is partitioned
into three main pathways, ®@(ll), ®(NPQ) and ®(NO). In leaves of W1 plants the quantum yield of
photochemical energy conversion, ®(Il), was reduced. Even at irradiances higher than those
encountered during growth in the climate chamber, the W1 plants were able to compensate for
the reduced ®(ll) by increased quantum efficiency for non-radiative dissipation, ®(NPQ) (Fig. 3).
Only at the youngest developmental stage and at lower irradiance, the remaining fraction of the
energy corresponding to the energy that is passively dissipated by either fluorescence or heat,

®(NO), was increased in W1 leaves, indicating a stressful situation (Klughammer and Schreiber
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2008). However, at 15 das, when chloroplasts were further developed, as indicated by an

increased leaf chlorophyll content (Fig. 5), this symptom had disappeared.

To investigate whether oxidative stress affected the ultrastructure of W1 chloroplasts, electron
microscopy images were analysed at 10 das. By this approach, it became obvious that chloroplasts
of W1 plants grown at HL contained larger and a higher amount of plastoglobules than those of
the WT (Fig. 4). Plastoglobules are plastid lipoprotein particles surrounded by a lipid monolayer
and thereby being contiguous with the outer leaflet of thylakoid membranes, which enables an
exchange of lipophilic compounds (van Wijk and Kessler 2017). Their multiple functions include
the metabolism of prenyl lipids such as tocopherols and the remobilization of thylakoid lipids
during stress and senescence. Since long time it is known that chloroplasts of sun plants have
more and larger plastoglobules than chloroplasts of shade plants and that light promotes the
accumulation of tocopherols and also zeaxanthin in the plastoglobules (reviewed by Lichtenthaler
2013). An increase in the number and/or size of plastoglobules hence is indicative of oxidative

stress as a result of excessive light (Bréhélin et al. 2007; Rottet et al. 2016).

To investigate whether W1 plants possess antioxidative mechanisms in addition to non-radiative
dissipation in order to cope with the stressful situation of excessive light, four different types of
antioxidative metabolites were measured. Two of them are lipophilic, i.e. zeaxanthin and a-
tocopherol, and two are mainly hydrophilic, i.e. glutathione and flavonoid glycosides. Based on
chlorophyll content, the xanthophyll cycle pool in W1 leaves was very large at higher irradiances,
exceeding by far the number of possible xanthophyll binding sites in the light-harvesting
complexes (Caffarri et al. 2014) (Fig. 6b). Furthermore, the majority of the xanthophyll cycle
pigments were in the de-epoxidized form zeaxanthin (Fig. 6a). A part of the zeaxanthin pool may
have been involved in the mechanism of NPQ, which was strongly enhanced in W1 plants (Fig. 3).
In addition to its function in promoting NPQ, zeaxanthin is known to prevent the oxidation of
membrane lipids (Havaux and Niyogi 1999; Havaux et al. 2007). Presumably, the larger fraction
of zeaxanthin in HL-grown W1 plants was not bound to an LHC, but freely located in
plastoglobules and in chloroplast membranes. In a chl b-deficient Arabidopsis mutant, free
zeaxanthin was shown to be the only carotenoid conferring protection against high light damage

(Havaux et al. 2007). Havaux et al. (2007) suggested that quenching of 0, or scavenging of free
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radicals by zeaxanthin molecules either located close to the lipid interfaces of LHCII or freely
located in the lipid matrix provides photoprotection. Zeaxanthin’s physicochemical interactions
with lipids and its orientation in the membrane lipid bilayer (McNulty et al. 2007; Havaux et al.
2007), the extended number of double bonds (Mathews-Roth et al. 1974; Havaux et al. 2007) and
its polarity (Wisniewska et al. 2006; Havaux et al. 2007) are considered as important factors

determining the specific role of zeaxanthin in protection of thylakoid membrane lipids.

Further analyses of carotenoids revealed that the increase in growth irradiance and excessive
excitation energy as indicated by the large VAZ pool and its low epoxidation state (Fig. 6) was
accompanied by a strong enhancement of the lutein content of leaves (Fig. S3). In light-harvesting
complexes (LHCs), lutein is known as the main quencher of 3Chl* (Mozzo et al. 2008; Jahns and
Holzwarth 2012; Nezval et al. 2017). Moreover, lutein is involved in the prevention of the
formation of !Chl* through its contribution to NPQ (Johnson et al. 2009; Jahns and Holzwarth
2012). However, similar to the xanthophyll cycle pigments, the amount of lutein did by far exceed
the number of binding sites in the LHC. Therefore, free lutein may have fulfilled an antioxidative
role (Havaux et al. 2007; Demmig-Adams et al. 2020). Havaux et al. (2007) reported that lutein
associated with high amounts of zeaxanthin was even more effective in the photoprotection of
plants than zeaxanthin itself. In egg yolk liposomal membranes, lutein proved to be an antioxidant
as efficient as zeaxanthin (Sujak et al. 1999). Therefore, it is likely that in addition to the free
zeaxanthin pool, the elevated amount of lutein was important for the photoprotection of HL-

grown W1 plants.

The high zeaxanthin content of W1 leaves at HL correlated positively with the enhanced total pool
size of VAZ (Fig. 7). It has been previously hypothesized that the well-known increase of the VAZ
pool size (Thayer and Bjorkman 1990, Demmig-Adams et al. 2012) is not regulated by PFD directly,
but rather in response to excessive PFD (Bilger et al. 1995; Garcia-Plazaola et al. 2002). As shown
in Fig. 7, the VAZ pool size was a close function of EPS, as already observed earlier (Bilger et al.
1995). Furthermore, when EPS increased during further development of the W1 plants,
presumably as a response to improved ®(ll) (Fig. 3d), also the VAZ pool size was reduced, keeping
the data points close to the previously observed relationship (Fig. 6). This indicates that the VAZ

pool size could be regulated by an as yet unknown mechanism that responds to excessive PFD.
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One factor controlling the VAZ pool size is the expression of the gene encoding B-carotene
hydroxylase (HYD, named also as CHY (Kawabata and Takeda 2014)). Both the VAZ pool size and
the expression of HYD/CHY1,2 genes in Arabidopsis were shown to increase under HL conditions
(Kawabata and Takeda 2014). Using inhibitors of photosynthesis (DCMU, DBMIB), the authors
revealed furthermore that the expression of the CHY genes, as well as the VAZ pool size, is
controlled by the redox state of plastoquinone (even at LL) (Kawabata and Takeda 2014).
Overexpression of the HYD/CHYB gene in Arabidopsis was shown to enhance tolerance to HL
(Davison et al. 2002). The expression of HYD was strongly enhanced in the W1 line, especially at
high PFD. At the same time, the gene encoding ZEP which catalyses epoxidation of zeaxanthin to
violaxanthin (Jahns and Holzwarth 2012), was strongly induced at HL in the WT, but not in the W1
line (Fig. 8b). This pattern of gene expression is in accordance with the increased VAZ pool and

the low epoxidation state of the xanthophyll cycle pigments.

In contrast to the zeaxanthin content, the content of tocopherols did neither change in the WT
nor in W1 plants in response to HL (Fig. 9). This finding was unexpected considering that o-
tocopherol has been described as a potent lipophilic antioxidant (Falk and Munné-Bosch 2010;
Lushchak and Semchuk 2012), whose level increased together with the level of any ROS species
(Kruk et al. 2016) or with increasing irradiance as shown in several studies with Arabidopsis
(Lushchak and Semchuk 2012; Collakova and DellaPenna 2003a and b). In contrast to these
reports, it has been also observed that the tocopherol content did either not increase with high
irradiance (Szymanska et al. 2017) or even declined, e.g. in maize (Leipner et al. 2000; Munné-
Bosch and Alegre 2002) and in the cyanobacterial strain Synechocystis sp. PCC6803 (Maeda et al.
2005). An increase in tocopherols is regulated at the level of the rate-limiting step of tocopherol
biosynthesis which is the transfer of phytyl diphosphate to homogentisate (HGT) catalyzed by the
homogentisate phytyltransferase (HPT) enzyme (Collakova and DellaPenna 2003a; Lushchak and
Semchuk 2012). Overexpression of HPT was shown to increase the tocopherol content of
Arabidopsis plants (Collakova and DellaPenna 2003b) and its silencing in tobacco leads to an up
to 98% reduction of a-tocopherol which was compensated by y-tocopherol. Simultaneous

silencing of the y-tocopherol methyltransferase gene (YTMT) decreased the total tocopherol level
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and increased the sensitivity of the plants to various stress conditions imposing oxidative stress

dramatically (Abbasi et al. 2007).

In contrast to W1 plants, in older WT plants (19 das) that showed already signs of senescence as
declining chlorophyll concentration and RubisCO content (Saeid Nia et al. 2022), the level of a-
tocopherol increased dramatically (Fig. 8). Indeed, an increased tocopherol content is a
characteristic feature of senescence (Falk and Munné -Bosch 2010; Lichtenthaler 2013;

Lichtenthaler 1966), which was shown to be delayed in W1 plants (Kucharewicz et al. 2017).

It is known that an interplay between tocopherols and carotenoids is crucial for the prevention of
photooxidative stress in Arabidopsis (Kumar et al. 2020). Both lipophilic antioxidants preserve PS
Il from photoinactivation and protect membrane lipids from photooxidation. Arabidopsis mutants
impaired in the biosynthesis of tocopherols (vtel, vte2) or zeaxanthin (npg1, npqg4), respectively,
showed no signs of stress when grown in high irradiance. When, however, zeaxanthin formation
was inhibited in the vtel mutant, PS Il was photoinhibited, accompanied by oxidation of lipids
and pigments (Havaux et al. 2005). In the barley plants, tocopherols presumably were not
required, because in our work the HL treatment led to a strong accumulation of zeaxanthin (Fig.
5). This result is in accordance with the idea that zeaxanthin can compensate for the lack of a-

tocopherol.

Nevertheless, it was unexpected that the W1 plants accumulate zeaxanthin instead of
tocopherols. In a previous study it was shown that thylakoids from W1 plants generate more ROS
(H202 and/or superoxide, but not singlet oxygen) than thylakoids from WT plants when
illuminated (Swida-Barteczka et al. 2018). Very recently it has been demonstrated that H,0;
inactivates the enzyme epoxidising zeaxanthin to violaxanthin, i.e. ZEP (Holzmann et al. 2022). In
four different dicot species it has been demonstrated that D1 and ZEP during photooxidative
stress are degraded coordinately (Bethmann et al. 2019). This degradation might be preceded by
the inactivation of ZEP by H,0; (Holzmann et al. 2022). Presumably, both, the HL-induced down-
regulation of ZEP expression (Fig. 8b) and presumably also activity coordinately ensured the

retention of a high amount of zeaxanthin under excessive light (Bethmann et al. 2019), which
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might have been sufficient to prevent accumulation of singlet oxygen enabling the W1 plants to

survive this stress.

In addition to zeaxanthin and tocopherols, two hydrophilic antioxidants were compared between
wild-type and W1 plants grown at LL and HL, respectively. Glutathione is the major determinant
of the overall cellular redox state (Foyer and Noctor 2005, Mullineaux and Rausch, 2005). Any
imbalance in the redox situation caused by oxidative stress should shift the ratio between
reduced and oxidized glutathione to the side of the oxidized compound (Tausz and Grill 2000;
Rahantaniaina et al. 2013; Bloem et al. 2015). In the HL-grown WT leaves, GSH/GSSG declined
after 10 das. HL-accelerated premature senescence (Lushchak and Semchuk 2012) in HL-grown
WT plants (Kucharewicz et al. 2017; Saeid Nia et al. 2022), as also supported by the increase in a-
tocopherol, may explain the reduction in the level of the reduced form of glutathione in WT
leaves. In contrast, from 10 to 19 das, the GSH/GSSG ratio remained high in the W1 line and was
even higher in the HL-grown leaves than in the LL leaves (Fig. 13). Hence, apparently the W1
leaves were able to control oxidative stress to a level that the overall redox state in the cells was
not affected. Considering that glutathione acts synergistically together with a-tocopherol and
ascorbate under HL conditions (Kanwischer et al. 2005), the stable GSH/GSSG ratio is in

accordance with the unaltered levels of tocopherols in the W1 plants.

Whereas the redox state of the glutathione pool was not specifically altered in the W1 leaves, the
composition of the flavonoids changed. In HL-grown leaves, lutonarin increased significantly, and
in the W1 leaves to an even higher extent than in WT leaves (Fig. 12). In these leaves, it seemed
that the level of lutonarin increased at the expense of the related flavone-glucoside saponarin.
While saponarin is a monohydroxyflavone, lutonarin is a dihydroxyflavone. Due to the catechol
(ortho-dihydroxylated) group in the latter, these compounds are known to be better antioxidants
than the corresponding monohydroxy-compounds (Rice-Evans et al. 1996; Burda and Oleszek
2001; Nezval et al. 2017). Based on this property, the strong increase in the proportion of di- to
mono-hydroxy B-ring flavonoids induced by UV radiation (Markham et al. 1998; Tattini et al. 2005;
Agati et al. 2009; Agati and Tattini 2010) or, in the absence of UV, by excessive light (Agati et al.

2009; Fini et al. 2011) may be explained as a response enhancing tolerance of oxidative stress.
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Often, flavonoids are located in the epidermis. In this case when H;0. or other oxidative agents
would have to diffuse from the origin of oxidative stress, i.e., the photosynthetically active cells,
to the epidermis, a function as antioxidant is difficult to imagine. Agati et al. (2002) have shown
that in Phillyrea latifolia the di-hydroxy-flavonol quercetin is specifically formed in the mesophyll,
where it can act as an antioxidant. Moreover, under excessive light stress, quercetin and luteolin
glycosides were detected in chloroplasts of P. latifolia leaves in association with the chloroplast
envelope and were shown to scavenge 0, (Agati et al. 2007), potentially in a complementary

action with other singlet oxygen scavengers like carotenoids (Agati et al. 2012).

To investigate the location of lutonarin in the barley leaves, the abaxial epidermis was removed
from the leaves. The HPLC analyses revealed that lutonarin was indeed largely absent from the
abaxial epidermis (Fig. 12d). Although the lutonarin detected in the remaining part of the leaf
could be at least partially located in the adaxial epidermis, which could not be removed
simultaneously with the abaxial epidermis from the leaves, it seems tempting to speculate that a
significant fraction was present in the mesophyll that contains the chloroplasts (Fig. 12f). It was
also shown by Agati and Tattini (2010) that the concentration of the ortho-dihydroxylated
flavonoids, quercetin 3-O-glycosides and luteolin 7-O-glycosides, increased by about 95 % in
leaves of Ligustrum vulgare, where the increase was mainly observed in the mesophyll cells. The
finding of the presence of these flavonoids in vacuoles of mesophyll cells and in the chloroplasts
close to the ROS generation site in plants was considered as beneficial for the prevention of
oxidative damage (Agati and Tattini 2010; Agati et al. 2012; Nezval et al. 2017). By growing under
full sunlight and in the absence of UV radiation, these leaves had even a higher concentration of
the mentioned flavonoids which accumulated strongly in the palisade parenchyma cells (Agati
and Tattini 2010). On the other hand, Kaspar et al. (2010) showed that saponarin as the main
phenolic compound of barley primary leaves accumulated mainly in the epidermal cells. Recently,
it was reported based on the observation of fluorescence induced by Naturstoff reagent A that
the epidermal pavement cells of the elite barley cultivar Barke were devoid of flavonoids (Hunt el
al. 2021). This observation cannot be supported by our findings in the cultivar Golden Promise,
which may be due to either cultivar-specific variations or to the use of different analytical

methods.
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To conclude, we demonstrated that the irradiance to which W1 leaves were exposed during
growth was excessive for photosynthesis, since the EPS in W1 leaves growing in HL was very low
and the light saturated ETR was reduced in both, LL and HL W1 leaves in comparison to WT. The
formation of the flavonoid lutonarin and the strong increase of the VAZ pool size, together with
the higher abundance of plastoglobules indirectly indicate that these plants suffered from
oxidative stress. However, direct evidence for oxidative stress in the form of an oxidized
glutathione pool could not be found, nor was PS Il inhibited in leaves at 15 das. Enhanced NPQ
may have reduced the light stress, and the carotenoids zeaxanthin and lutein as well as the
flavonoid lutonarin likely acted as antioxidants preventing oxidative damage. Since in our study
no changes in the amount of a-tocopherol or in the ratio of GSH/GSSG were found in leaves at
10 and 15 das in our study, the a-tocopherol-ascorbate-glutathione triad did not appear to play
an important role in protection of the plants. Hence, although the deficiency of WHIRLY1
compromises barley plants in acclimation to HL (Saeid Nia et al. 2022), photoprotective reactions

are still sufficient to prevent serious damage in these plants.
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Table. 1 Flavonoid identification by mass spectrometry. The flavonoids of interest were identified by RP-UPLC-PDA-ESI-HR-QTOF-MS/MS. Compound annotations
were confirmed by exact mass, isotopic pattern, MS/MS fragmentation, and PDA spectra. The percentage of relative intensities of the MS fragment ions are indicated
in parenthesis. The PDA- and MS-spectra were compared to the available literature (Brauch et al. 2018; Garibay-Hernandez et al. 2021; Piasecka et al. 2015). The
identification of saponarin was also confirmed with a commercial standard (1238S, Extrasynthése, France). Abbreviations: Api, Apigenin; Hex: hexosyl moiety (neutral

loss 162.05); Lut, Lutonarin; m/z, mass to charge ratio; s, shoulder.

Molecul Monoi i Icul M
Annotation }},T:)x f:r:::I:r on:::stoplc Precursor ion Ca (‘:: /SEd e(;s/t;;ed A ppm Fragment ions Measured (m/z)
268
Lutonarin g4(85), C27H30016 610.1534 [M+H]* 611.1606 611.1636 4.8 |[Lut+H+Hex]* 449.1093 (29.2)
[} jentin 7-O-
(Isoorientin [Lut+H+CoH:0)F  [329.0657 (98)
glucoside;
Luteolin 6-C-glucosyl-7- .
+H+ .
O-glucoside) [Lut+H+C] 299.0551 (100)
[Lut+H]* 287.0547 (4.1)
Saponarin 269,336 | Cz7H3001s 594.1585 [M+H]* 595.1657 595.1681 4.0 |[[Api+H+Hex]* 433.1139 (58.6)
(Isovitexin 7-O-glucoside; [Api+H+C2H,0]* 313.0711 (100)
Apigenin 6-C-glucosyl-7- . .
O-glucoside) [Api+H+C] 283.0607 (82.6)
[Api+H]* 271.059 (4.4)
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Supplementary data

Tab. S1 A list of genes, their accession numbers and primers, which were used to analyze their relative expression

in low and high light

Acc. No. gene 5' - 3' forward primer 5'-3'reverse primer bp
AK366573 HvbcHYD gggatggcatacatgttcgt ccatgtggtgtatcttgtgagce 118
AK362500 HvZEP atgaatgactgccacgttgt catctgctccaaccaagaga 106
AK357384 HvCHS gggctcatctccaagaacat cgctatccaaaagacggagt 90

Tab. S2 Tocopherol and chlorophyll (chl) content of leaves in WT and W1 plants grown under LL and HL at different
days after sowing. Data for chl content was presented before by Saeid Nia et al. (2022). Values are means * standard
deviation of n = 6 samples (for tocopherol content analysis) and in case of chl content, n = 23-37 leaves in total from
three independent experiments each comprising 7-13 leaves (Saeid Nia et al. 2022). The letters indicate statistically
different values at a significance level of P = 0.05, as determined by three-way ANOVA, followed by pairwise multiple
means comparisons by the Holm-Sidak method

samples name das a-tocoph_erol B-tocop!\erol (g Y-tocopherol Total-tocop_herol Chl a+b_
(ug cm??) cm?) (ng cm?) (ug cm?) (nmol cm??)
10 0.30+0.042 0.002+0.00062 0.008+0.0012 0.3010.042 41.24+5.17°
WT-LL 15 0.40+0.112b 0.002+0.00082 0.007+0.0022 0.40+0.122 45.40+3.542
19 0.6310.64° 0.144+0.01° 0.008+0.002° 0.79+0.07° 44.9614.722
10 0.3510.07° 0.007+0.0032 0.01+0.0022 0.4010-0712b 44.63+5.302
WT-HL 15 0.48+0.153b 0.003+0.0012 0.009+0.0052 0.5+0.152b 42.58+7.882
19 2.21+0.31°¢ 0.275+0.073¢ 0.12+0.05P 2.61+0.394 32.88+9.18b
10 0.2840.06° 0.002+0.0012 0.01+0.004° 0.29+0.062 28.69+3.85¢
W1-LL 15 0.4140.132b 0.004+0.0022 0.008+0.0042 0.42+0.142b 36.46%5.484
19 0.44+0.0820 0.16+0.02° 0.011+0.0052 0.61+0.12° 39.19+3.974
10 0.28+0.032 0.007+0.0092 0.01+0.0042 0.2910.042 16.66+2.89P
W1-HL 15 0.27+0.072 0.004+0.0032 0.01+0.0062 0.2810.0742 30.91+5.95¢
19 0.4140.132b 0.212+0.073bc 0.012+0.0042 0.64+0.202b 30.7249.73¢b
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Fig. S1 Representative HPLC chromatograms for W1 and WT grown under low and high light detected at 313 nm.
Peak 1 (P1), lutonarin; peak 2 (P2), saponarin. Please note, that the scale of the y-axis differs between the different

chromatograms.
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Fig. S2 The UV-A absorbance measured in the adaxial epidermis as a function of UV-A absorbance in the abaxial

epidermis in WT plants grown under low and high light at day 10 after sowing
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Fig. S3 Leaf lutein content per chlorophyll a+b as a function of incident irradiance (PFD) (a) and as a function of
EPS (b) in WT and W1. Circles and diamonds denote WT and W1 plants, respectively. Open and filled symbols
denote 10 and 15 day old plants, respectively
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Chapter V: The balance between
growth and resistance in WHIRLY1-
overexpressing barley plants
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The balance between growth and resistance is shifted to the latter
by over-accumulation of chloroplast-nucleus located WHIRLY1 in
barley
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Summary

WHIRLY1 is a chloroplast-nucleus located DNA/RNA-binding protein with functions in development
and stress tolerance. By overexpression of HYWHIRLY1 in barley, lines with a 10- and two lines with a
50-fold accumulation of the protein were obtained. In these lines, the relative abundance of the
nuclear form exceeded that of the chloroplast form indicating that over-accumulating WHIRLY1
exceeded the amount that chloroplasts can sequester. Growth of the plants was shown to be
compromised in a WHIRLY1 abundance-dependent manner. Over-accumulation of WHIRLY1 in
chloroplasts had neither an evident impact on nucleoid morphology nor on the composition of the
photosynthetic apparatus. Nevertheless, oeW1 plants were found to be compromised in the efficiency
of photosynthesis. The reduction in growth and photosynthesis was shown to be accompanied by a
decrease in the levels of cytokinins and an increase in the level of jasmonic acid. Gene expression
analyses revealed that already in non-stress conditions the oeW1 plants had enhanced levels of
pathogen response (PR) gene expression indicating activation of constitutive defense. During growth
in continuous light of high irradiance, PR1 expression further increased in addition to an increase in
the expression of PR10 and of the gene encoding phenylalanine lyase (PAL), the key enzyme of salicylic
acid biosynthesis in barley. The activation of defense gene expression in oeW1 plants coincided with
an enhanced resistance towards powdery mildew, which in barley is independent of salicylic acid.
Taken together, the results show that over-accumulation of WHIRLY1 in barley to levels of 10 or more,
amplified the tradeoff between growth and stress resistance.
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Introduction

WHIRLY proteins are multifunctional DNA/RNA binding proteins localized to the DNA-
containing organelles and the nucleus of higher plants (Krupinska et al., 2022). Investigations
with mutants and knockdown plants have shown that WHIRLIES affect developmental

processes and stress tolerance (Krupinska et al., 2022).

Initially, the WHIRLY1 protein has been identified as a transcriptional activator of the pathogen
response gene PR10a in potato (Desveaux et al., 2000). Its binding to the promoters of PR
genes that are enriched in elicitor response elements (ERE) was shown to depend on salicylic
acid (SA) (Desveaux et al., 2004). In recent years it has been shown that the role of SA is not
limited to pathogen defense but that SA has an essential role in the regulation of redox
homeostasis and thereby affects plants’ responses towards abiotic and biotic stress (Mateo et
al., 2006, Karpinski et al., 2013). Accordingly, the abundance of WHIRLY1 as a critical protein
in SA signaling was shown to impact the plants’ tolerance to diverse abiotic stress situations
as well as pathogen defense. In whirlyl (why1) Tilling mutants of Arabidopsis, in which the
binding of WHIRLY1 to the promoter of PR1 was reduced, resistance to Peronospora parasitica
was relieved, too (Desveaux et al., 2004). Very recently, it has been reported that
overexpression of WHIRLY1 from Vitis vinifera under the control of a strong pathogen

response promoter enhances resistance towards Phytophthora capsica (Lai et al., 2022).

Besides its positive effect on defense, WHIRLY proteins were also found to promote tolerance
towards abiotic stress. In tomato plants, overexpression of WHIRLY1 was shown to enhance
thermotolerance by upregulating the expression of the HSP21.5A gene which has an ERE in its
promoter and encodes an endoplasmic reticulum-localized heat shock protein (Zhuang et al.,
2020a). Another study by the same research group showed that the plants overexpressing
SIWHIRLY1 had an enhanced chilling tolerance (Zhuang et al., 2019). Vice versa, tomato plants
with an RNAi-mediated knockdown of S/IWHIRLY1 showed reduced resistance to chilling
(Zhuang et al., 2019) and heat (Zhuang et al., 2020a). In maize and barley, it has been
demonstrated that a reduction of WHIRLY1 negatively affects chloroplast development
(Prikryl et al., 2008, Krupinska et al., 2019). Furthermore, barley plants deficient in WHIRLY1

were shown to be compromised in light acclimation (Saeid Nia et al., 2022).
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Intriguingly, WHIRLY1 in barley was shown to locate in both, chloroplasts and nucleus of the
same cell (Grabowski et al., 2008). In transplastomic tobacco plants synthesizing a tagged
WHIRLY1 protein, this tagged protein was found in the nucleus indicating a translocation of
WHIRLY1 from chloroplasts to the nucleus. In these plants, the expression of PR genes was
enhanced (Isemer et al., 2012b). It has been hypothesized that storage of a transferable
resistance protein such as WHIRLY1 in plastids might allow the plants to react immediately to
pathogen attack avoiding the time and costs of gene expression (Krause and Krupinska, 2009).
The translocation was suggested to occur in response to stress-associated redox changes in
the photosynthetic apparatus (Foyer et al., 2014). WHIRLY1 is a positive regulator of both
plant development and stress tolerance. Hence, WHIRLY1 promotes two traits that usually are
inversely correlated. Indeed, enhanced stress tolerance coincides with lower growth and
productivity (Herms and Mattson, 1992). This tradeoff is thought to be caused by resource
restrictions demanding a prioritization of either growth or defense in response to
environmental factors (Huot et al., 2014). The tradeoff is seemingly inevitable because the
energy required for resistance is no longer available for biomass accumulation and production
of seeds (Karasov et al., 2017). Thousands of genes are typically activated to fight a pathogen
or cope with another stressful situation. Among others, the tradeoff between growth and
defense is regulated by crosstalk between defense and growth hormones (Huot et al., 2014).
Regulation of the level of free auxin is a significant determinant of adaptive growth in response
to biotic and abiotic stress (Park et al., 2007). Recently, it has been demonstrated that MAP
kinases activated during the immune response are involved in the downregulation of the
expression of photosynthesis-associated genes, thereby exerting a negative impact on growth

(Suetal., 2018).

Several studies with different dicot species have clearly shown a positive impact of over-
accumulating WHIRLY1 on stress tolerance, however, without reporting effects on
development and growth in these plants. Regarding the multifunctionality of WHIRLIES
(Krupinska et al., 2022a) it is expected that other physiological parameters are altered besides
stress tolerance. This study aimed to investigate the impact of a much higher abundance of

multifunctional WHIRLY1 on plant growth and stress tolerance.
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Results

Overexpression of HYWHIRLY1 altered the abundance of HYWHIRLY1 in chloroplasts

and the nucleus

By transforming barley with HYWHIRLY1 under the control of the constitutive UBIQUITIN 1
promoter of maize (Figure 1a), three homozygous lines were selected and used for
characterization. Immunoblot analysis with the HYWHIRLY1 specific antibody (Grabowski et
al., 2008) revealed that in primary foliage leaves of line 0eW1-14, the level of HYWHIRLY was
enhanced by a factor of about 50 (Figure 1b) as it was also in line oeW1-2 (Figure S1a). For

comparison, in line 0eW1-15 the level of WHIRLY1 was enhanced by a factor of 10 (Figure 1b).
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Figure 1. Overexpression of HYWHIRLY1 in barley. (a) Schematic drawing of the T-DNA used for overexpression
of HYWHIRLY1 under control of the Ubiquitin 1 promoter of maize. (b) Accumulation of the WHIRLY1 protein in
total protein extracts derived from primary foliage leaves of the two transgenic lines, oeWHIRLY1-14 and
0eWHIRLY1-15. For comparison, different amounts of leaf protein were used and indicated as a percentage of
protein from wild-type plants (WT). d35S — doubled enhanced CaMV 35S promoter, HPT-int — Hygromycin
phosphotransferase gene with StLS1 intron, E9 T - Terminator of Rbcs-E9 gene, ZmUBI1-int — maize UBIQUITIN 1
promoter with the first intron, HYWHY1 — barley WHIRLY1, NOS T — Agrobacterium tumefaciens Nopaline
synthase gene termination signal.
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Figure 2. Relative WHIRLY1 levels in extracts from chloroplasts and nuclei, respectively.

(a) Putative consequences of WHIRLY1 overexpression (oeW1) for the distribution of the WHIRLY1 protein
between chloroplasts and the nucleus. Different levels of WHIRLY1 are illustrated by light, medium, or dark grey
symbols that represent chloroplasts or nuclei. The distribution in chloroplasts and nuclei of the wild type (WT) is
normalized (light grey area). Either the transfer of WHIRLY1 to the nucleus will be not altered in comparison to
the wild type (1), or the transfer will be enhanced resulting in a similar relative over-accumulation of WHIRLY1 in
chloroplasts and the nucleus (2) or the transfer will be relatively higher as expected resulting in a higher relative
abundance of WHIRLY1 in the nucleus compared to chloroplasts (3).

(b) Subcellular fractions were prepared from primary foliage leaves of WT, oeW1-15 (10-fold accumulation of
WHIRLY1), and 0eW1-14 (50-fold accumulation of WHIRLY1) plants.

Immunoblot analysis was performed with extracts from chloroplasts (CP) and nuclei (N). Each lane was loaded
with 6 pg of protein. To show the purity of fractions, antibodies directed towards PsaC and histone 3 (H3) have
been used.
(c) Relative abundances of the WHIRLY1 protein were calculated from the signal intensities measured by the
ChemiDoc MP Imaging Systems after different times of exposure using the Image Lab 6.1 software. The relative
intensities of the WHIRLY1 signals detected in chloroplast and nuclei samples, respectively, are based on the
signal intensities of WT samples.

WHIRLY1 is dually located in chloroplasts and nucleus. To investigate whether the over-
accumulation of the protein occurred in both compartments and whether the relative
distribution between chloroplasts and nucleus is altered by the overexpression of WHIRLY1
leaves (Fig. 2a) WHIRLY1 abundance was immunologically investigated in chloroplast and
nuclei fractions prepared from primary foliage leaves of the o0eW1-15 and the oeW1-14 lines.
Theoretically, excess WHIRLY1 could accumulate only in chloroplasts or could also accumulate
in nuclei, whereby the ratio between chloroplast and nuclear WHIRLY1 could be similar to in
WT plants or could be shifted towards the nuclear form (Figure 2a). Immunoblots with the
specific antibody for HYWHIRLY1 showed that the abundance of HYWHIRLY1 was enhanced in

both chloroplasts and nuclei (Figure 2b, Figure S1b). Thereby the relative increase in quantity
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was higher in nuclei than in chloroplasts (Fig. 2c). Considering that the proteins in chloroplasts
and nucleus have the same molecular weight, the higher abundance in the nucleus likely
results from an enhanced flux of protein from chloroplasts to the nucleus. This result suggests
that the capacity to sequester HYWHIRLY1 in chloroplasts is saturated, and relatively more

WHIRLY1 is transferred to the nucleus (Figure 2).

Growth of barley oeW1 plants

To investigate whether WHIRLY1 overaccumulation has consequences for growth, the lengths
of primary foliage leaves were measured every day until they were fully expanded (Figure 2a).
An apparent growth reduction correlated with an abundance of WHIRLY1. Growth curves
showed that the seedlings of 0eW1-10 were longer than those of the 0eW1-50 line (Figure
2a). The growth kinetics did not differ between WT and oeW1 seedlings. The maximal
expansion of the primary foliage leaves was terminated at the same time after sowing, i.e. at

9 days (Fig. 2a).
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Figure 3. The lengths of entire primary foliage leaves of WT, 0eW15, and oeW14 were determined by measuring
the lengths from the kernel, where the leaf sheath starts, to the leaf tip at 5-12 days after sowing. Symbols
represent means + SD of n = 13-20 leaves.
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Characterization of the photosynthetic apparatus

To investigate whether changes in the photosynthetic apparatus are responsible for the
reduced growth of the oeW1 seedlings, the functionalities of the two photosystems were
examined during the development of barley seedlings in a daily light/dark regime. Chlorophyll
fluorescence measurements revealed that the maximal quantum vyield of photosystem I,
Fv/Fm, which is a measure of photosystem Il efficiency, in WT seedlings was already relatively
high at 7 das (0.7) and increased to nearly 0.8 at 10 das. In comparison, Fy/Fu of the 0eW1-50

leaves stayed rather low, reaching a maximal value of about 0.5 at 10 das (Figure 4a).

For comparison, in 0eW1-10 seedlings, Fv/Fm had a value of 0.6 at 7 das and a value of 0.7 at
9 and 10 das (Fig. 4a). In contrast to Fy/Fum, which barely changed in wild-type leaves during
the growth period investigated, the capacity of photosystem | measured by the maximal
absorbance change of P70 (Pm) increased from 0.3 at 7 das until 0.7 at 10 das (Figure 4a). The
values stayed significantly lower in both oeW1 lines, whereby oeW1-14 seedlings had lower

values than 0eW1-15 seedlings (Fig. 4a).
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Figure 4. Characterizing the photosynthetic apparatus in primary foliage leaves of WT, oeW1-14, and oeW1-15
seedlings grown under a daily light-dark cycle (L/D). (a) The optimal quantum yield of photosystem I, Fv/Fwm, the
maximum P700 signal (Pwm), and the maximal electron transport rate (ETRmax) were measured at room
temperature at different days after sowing (7-10 das). Depicted values are meant SD of n=6 leaves. (b) Fate of
the light energy absorbed at PS Il was determined at an irradiance of 60 pumol m=2 s*. The quantum vyield of
photochemistry (®(ll)), of regulated non-photochemical quenching (®(NPQ)) and non-regulated non-
photochemical quenching (®(NO)) were calculated according to the formulas given in Materials and Methods.
Columns are means =SD of n=6 leaves.

In addition to the efficiency of photosystem Il, the maximum electron transport rate of
photosystem Il (ETRmax) Was reduced in the primary foliage leaves of oeW1 seedlings

measured on different days after sowing (7-10 das). The results showed that oeW1-14 leaves
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had only about 50% of the electron transport capacity of WT leaves, while oeW1-15 leaves
had about 80% of the WT level (Figure 4a). Whereas the transport rate in WT and oeW1-15
leaves was maximal already at 9 das, it still increased in oeW1-14 leaves from 9 das until 10
das. An analysis of the partitioning of absorbed energy in photosystem Il revealed that the
quantum vyield of photosystem Il (®(II)) was lower in oeW1 plants at all stages of
development compared to WT plants. The remaining fraction was dissipated mainly as heat
or fluorescence (®(NO)). Only a small fraction was used for non radiative dissipation in the

oeW1 leaves (Figure 4b).

To investigate putative differences in the composition of the photosynthetic apparatus, the
concentrations of pigments and the relative abundances of photosynthesis-associated
proteins were analyzed. Pigment analyses by HPLC showed that the chlorophyll content per
leaf area of primary foliage leaves from seedlings of the 0eW1-50 leaves was lower than the
chlorophyll contents of line 0eW1-15 and the wild-type, which were similar (Figure 5). The
ratio of chlorophyll a/b was reduced in both oeW1 lines (Figure 5) and was independent of

the leaves developmental stage.
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Figure 5. Pigment content of primary foliage leaves of barley wild type, oeW1-14 and oeW1-15 lines. Leaves were
collected in the growth period from day 7 until day 12 after sowing. Depicted values are meanstSD of n=3 |leaves.

The content of xanthophyll cycle pigments was similar in all genotypes. However, the
xanthophyll pool/chlorophyll ratio was higher in the leaves of the 0eW1 lines, in particular in

the 0eW1-50 leaves.

Protein extracts from primary foliage leaves of WT and oeW1 seedlings were immunologically
analyzed for the levels of central photosystem | (PsaA), photosystem Il (D1/PsbA) proteins,
and two light-harvesting proteins, i.e. LHCA1 and LHCB1, respectively. As already reported,
the abundance of WHIRLY1 in the WT declined with the increasing age of the leaves
(Kucharewicz et al., 2017, Krupinska et al., 2019). The levels of all tested proteins were similar
in the WT and the 0eW1 lines. (Figure 6). The staining also indicates that the two subunits of
RubisCO had the same abundance as in the WT and that the levels are stable during

development from 7 das until 12 das.
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Figure 6. Relative amounts of proteins of the photosynthetic apparatus in primary foliage leaves of the WT,the
0eW1-14 line, and the 0eW1-15 line. Protein extracts were prepared from the leaves at different times after
sowing (7-12 das). Immunological analyses were performed with specific antibodies directed towards WHIRLY1
and selected proteins of the photosynthetic apparatus: PsaA, PsbA (D1), LHCA1, and LHCB1. In the case of
WHIRLY1 and LHCB1, two different exposures are shown, respectively. At the bottom, Ponceau stained gel parts
showing the large and the small subunits of RubisCO (indicated by arrows) are presented.

In order to investigate gene expression in chloroplasts from oeW1 leaves in comparison to WT
leaves, mRNA levels of genes encoding central components of the photosynthetic apparatus
were analyzed by RT-PCR (Figure S2). While mRNA levels of all genes declined during the
development of WT leaves, the mRNAs stayed at relatively high levels during the development
of the oeW1 leaves. While in RNAi-W1 plants, plastid gene expression was mainly due to the
activity of the nuclear-encoded RNA polymerase (NEP) (Krupinska et al., 2019), in the oeW1
lines transcripts of both NEP (rpoB, clpP) and PEP (psbE) were present at higher levels than in
WT plants. This result indicates that overexpression of WHIRLY1 did not hamper transcription

in chloroplasts.
Chloroplast ultrastructure and nucleoid morphology

When primary foliage leaves of barley were fully expanded (10 das), ultrathin sections from
WT and oeW1-14 seedlings grown in a daily light/dark cycle were fixed for ultrastructural

analyses by transmission electron microscopy. While mitochondria and peroxisomes looked
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rather similar in WT and oeW1 samples (Figure 7a), chloroplasts showed noticeable
morphological differences (Figure 7b). Chloroplasts of oeW1 plants apparently contained
more plastoglobules (Figure 7). Plastoglobules are lipoprotein particles surrounded by a lipid
monolayer, which is contiguous with the outer leaflet of thylakoid membranes. They contain
mainly isoprenoid-derived lipophilic compounds and function in remodeling the lipid phase of
thylakoids (van Wijk and Kessler, 2017). An increase in the number and/or size of
plastoglobules was reported to indicate excess light in the photosynthetic apparatus (Brehelin
et al., 2007, Rottet et al., 2016) and was observed during various stressful situations
(Lichtenthaler, 2013, van Wijk and Kessler, 2017). Thylakoids in the chloroplasts of oeW1
leaves showed a tendency to swell. Following the lower photosynthetic activity of oeW1
leaves (Figure 3), chloroplasts of the oeW1 plants did not contain starch grains which were

frequently observed in the wild-type chloroplasts.

Considering that WHIRLY1 is a major nucleoid-associated protein (Pfalz et al., 2006, Krupinska
et al., 2022b), special attention was committed to the structure of nucleoids in mature
chloroplasts of the primary foliage leaves of WT and oeW1 seedlings. Ultrastructural analyses
did, however, not reveal apparent differences between nucleoids in WT and oeW1 sections
(Fig. 6¢c-d). In addition, nucleoids of mature chloroplasts were also visualized by light
microscopy after staining sections with SYBR Green (Figure 7e). By this procedure, neither
differences in size nor the distribution of nucleoids were observed between the two

genotypes.

Previous studies revealed a profound impact of WHIRLY1 on the packaging of plastid DNA
(Krupinska et al., 2014) and bacterial nucleoids (Oetke et al., 2022). Considering that WHIRLY1
also plays a significant role in chloroplast development (Prikryl et al., 2008, Krupinska et al.,
2019, Krupinska et al., 2022), it might be possible that putative differences in nucleoid
morphology depend on the developmental stage of plastids. Using the developmental
gradient of the leaves of small-grained cereals (Boffey et al., 1980), putative development-
related changes in nucleoid morphology were investigated by staining sections prepared from
the base and the middle part of the leaves of WT, oeW1-2 having a 50-fold over-accumulation
as in oeW1-14 plants, and oeW1-15 seedlings with a 10-fold over-accumulation of WHIRLY1,
respectively. Although WHIRLY1 abundances in chloroplasts are dramatically different

between WT and an 0eW1-50 line, no apparent differences in nucleoid morphology were
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observed. In all genotypes, nucleoids in undifferentiated plastids at the base are arranged like
pearls on a string. In contrast, nucleoids in mature chloroplasts are dispersed inside the
chloroplasts (Figure S3) due to their attachment to thylakoid membranes (Powikrowska et al.,

2014).

Hormone levels and defense-related gene expression

To elucidate whether the reduced growth of the oeW1 plants was related to changes in the
levels of growth hormones, cytokinins, and auxins were determined at 7 and 10 das in primary
foliage leaves of plants grown at a light intensity of 100 pmol m= s'1. These measurements
revealed that independent of the developmental stage, the levels of the cytokinin N°®-
isopentenyl adenosine (iPR) were reduced by about 30% or 60% in the primary foliage leaves
of 0eW1-15 or o0eW1-14 plants, respectively (Figure 8). For comparison, indole-3-acetic acid
(IAA) levels were similar among the lines. At 10 das a reduction in the level of IAA by about

20% was measured in the leaves of the o0eW1-14 line (Figure 8)
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Figure 7. Microscopic analyses of chloroplasts and nucleoids from WT and oeW1-14 seedlings by transmission
electron microscopy (a-d) and confocal fluorescence microscopy (e) where the green fluorescence was emitted

by DNA stained with SYBR Green. Samples were excited by an argon laser at 488 nm (5% power). Emission was
detected between 510-570 nm (HV750) and 690-760 nm (HV480).
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For comparison, the levels of hormones involved in defense were determined. While free
salicylic acid was too low to be determined, its precursor and storage compound were
detectable. It has been shown that in barley during pathogen defense, SA is not produced via
the isochorismate (ICS) pathway (Vlot et al., 2009, Rekhter et al., 2019), but rather by the
phenylpropanoid pathway controlled by phenylalanine lyase (PAL) (Qin et al., 2019) whereby
dihydroxybenzoic acids precede the formation of SA. The levels of 3,4-dihydroxy benzoic acid
were about twofold higher in young leaves of the oeW1-14 leaves compared to the other lines,
but this difference disappeared when leaves were collected at 10 das (Figure S6). Levels of SA
glucosides which is a storage form of SA (Vlot et al., 2009), showed a tendency to be higher in
the leaves from o0eW1-14 plants, in particular in young leaves (7 das) (Figure S6). The
determination of jasmonic acid (JA) revealed that at 8 das overexpression of HYWHIRLY1
significantly increased its level by a factor of 3 or 5 in 0eW1-15 or oeW1-14 lines, respectively.
Thereby the basis level measured in the WT leaves was slightly enhanced at 10 das, compared
to 8 das (Figure 8). Taken together, the results revealed that over-accumulation of WHIRLY1
induced reciprocal changes in the levels of iPR and JA which might cause a shift from growth

to defense.
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Figure 8. Hormone levels in primary foliage leaves of the WT in comparison to the oeW1-15 and oeW1-14 lines:
Né-isophentenyladenosine (iPR), indole acetic acid (IAA) and jasmonic acid (JA). Leaves were collected at 8 das
and at 10 das, respectively. Columns are means + SD of n=5 leaves.

To investigate whether according changes in gene expression accompanied the transition
from development to defense, mRNA levels of key enzymes in the biosynthesis of defense
hormones were determined besides the levels of WHIRLYI mRNA and PR1I mRNA by
guantitative real-time PCR. The result showed that HYWHIRLY1 had an up to 20-fold higher
mMRNA level in primary foliage leaves of oeW1-14 seedlings compared to the WT. PR1 is known
as a marker of SAR (Linthorst, 1991). While in Arabidopsis and other dicots, it was reported to

be a target gene of salicylic acid (Van Loon and Van Strien, 1999, Golshani et al., 2015), PR1 in
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rice was shown to accumulate in response to JA (Rakwal and Komatsu, 2000, Jwa et al., 2006).

In this study, barley PR1 expression was upregulated in WT and oeW1 seedlings when the

leaves became fully expanded. While in the WT, PR1 expression was upregulated by a factor

of 6 at 10 das and by a factor of 11 at 12 das, in oeW1 seedlings, expression of the gene was

highly upregulated by a factor of 120 at 10 das (Figure 9). Upregulation of PR1 in the oeW1

seedlings was neither accompanied by upregulation of the gene encoding PAL nor ICS, which

are the key enzymes of the two pathways of salicylic acid biosynthesis (Vlot et al., 2009)

(Figure 9).
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Figure 9. Expression of HYWHIRLY1 and selected stress-associated genes measured by gRT-PCR using GCN5 (see
Material and Methods) as standard. RNA was extracted from primary foliage leaves of WT and oeW1-14 seedlings
grown for different times (7, 8, 10 and 12 das) in a daily light/dark cycle. Columns are means % SD of n=3 samples
(each sample comprised 10 pooled leaves).

Expression of the general stress associated HPL gene encoding hydroperoxide lyase, a
chloroplast protein of the oxylipin pathway shown to protect against photoinhibition
(Savchenko et al., 2017), was only upregulated by about 50% in fully expanded primary foliage
leaves of the oeW1 seedlings. This gene was chosen because it is known to be a stress indicator
gene regulated by retrograde signaling during stress in Arabidopsis (Xiao et al., 2012, Xiao et
al., 2013). Its expression barely changed in WT seedlings during normal growth (Figure 9). In
contrast to PR1, the expression of THIO1, another barley defense gene (Leybourne et al.,

2022), was downregulated during growth in both WT and oeW1 seedlings (Figure S4).

Response of 0eW1 plants to high light

In Arabidopsis, defense signaling is also activated in response to high light (Mateo et al., 2006,
Karpinski et al., 2013). To induce high light stress, oeW1-14 and WT seedlings were grown in
continuous light of 350 umol m2 s (HL) and were compared to seedlings grown at only 100
umol m2 st (LL) as described previously (Swida-Barteczka et al., 2018). Growth at high light
leads to a decrease in the chlorophyll content of both WT and oeW1 plants. The reduction in
chlorophyll content of oeW1 plants was significantly more pronounced than the WT (Figure
10a) but was not as prominent as in the case of the WHIRLY1 knockdown plants prepared by
RNAi (Swida-Barteczka et al., 2018). In WT seedlings, Fv/Fm was not affected by higher
irradiance during growth, while it even slightly increased in the case of oeW1-14 seedlings

(Figure 10a).

When WT seedlings were grown at HL, PR1, and PR10 expression levels were elevated
compared to the levels determined in LL-grown plants. This result follows the idea that SA is
involved in response to HL. Overexpression of WHIRLY1 led to a dramatic increase in the
expression of both PR genes (Figure 10b). Moreover, over-accumulation of HYWHIRLY1 led to
enhanced expression of PAL, which was more pronounced at HL than at LL (4-fold in
comparison to LL) (Figure 10b). Expression of PAL but not of /ICS was also enhanced in the WT
at HL. In comparison, ICS expression was enhanced in oeW1 plants only at LL, but not at HL.
The high expression of ICS at LL could be related to an increased demand for phylloquinone

(Qin et al., 2019).
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In addition, the expression of genes encoding two key enzymes of the two branches of the
oxylipin biosynthesis in chloroplasts (Savchenko et al., 2017) was determined, i.e. HPL leading
to the biosynthesis of aldehydes and allene oxide synthase (AOS), a key enzyme of JA
biosynthesis (Delker et al., 2006). In the WT, HPL was upregulated by 4-fold, while AOS was
upregulated by a factor of 5.5 (Figure 10b). In oeW1 seedlings, expression of HPL was already
enhanced at LL and was only upregulated by 40% in HL. Indeed, the expression levels at HL
were identical between WT and oeW1 plants. The expression of AOS is upregulated likewise

in HL in both the WT and the oeW1 plants.

a
70 1.0
N 60 A T
S T — T 0.8
© 50 A l
5 |
& 40 T T 0.6 LLz
= I I
. T T —~
a 301 T + 04 W
+
© 201
- - 0.2
O 10-
0 . . . . ; : ; : 0.0
WT-LL  WT-HL o0eW1-2-LL oeW1-2-HL WT-LL  WT-HL  0eW1-2-LL oeW1-2-HL

114



Chapter V

400 { PR1 PR10 14
300 | 12
L 10
200 |
L 8
100 | 6
101 . L4
© 51 )
> + — >
Q 0 [ ; I 1 | . | l+|‘ 0 9
c ICS PAL1 c
.9 T T [ 6 '9
n 4 T 2 O
7] 7]
e} e}
- 3 4 -
S £
(P Q)
L ‘] [<b}
5 T 25
St . o
¢ : ¢
] 0 T T T " ! ] 0 —
o HPL AOS1 ®©
8 4 I T -6 9
T
3 1 -
L4
.
2 | il
. L2
L L L - ] T — = —
0 : : : : ‘ : : : 0
WT-LL WT-HL oeW1-LL oeW1-HL WT-LL WT-HL oeW1-LL oeW1-HL

Figure 10. Characterization of primary foliage leaves of WT and 0eW1-2 seedlings during growth in continuous
light of different irradiance (low ligh=LL in grey and high light =HL in open columns). (a) Chlorophyll content and
Fv/Fw, (b) expression of defense-related genes putatively associated with HL stress and SA: PR1, PR10, ICS, PAL,
HPL, PAL1, AOS.

Response of oeW1 plants to powdery mildew

To investigate the impact of WHIRLY1 accumulation on pathogen resistance, leaves were
inoculated with spores of the powdery mildew fungus Blumeria graminis, an important barley
pathogen. The susceptibility to powdery mildew was compared among WT, oeW1-14, oeW1-
2 (two lines over-accumulating WHIRLY1 by a factor of 50), and two barley plants with an
RNAi-mediated knockdown of HYWHIRLY1, W1-1 and W1-7 (with 10% and 1% of the protein
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in WT, respectively), which had been used in several investigations before (Krupinska et al.,
2014b, Krupinska et al., 2019). Both 0eW1-14, oeW1-2 were less susceptible to powdery
mildew than the WT, as determined by estimating the percentage of the leaf surface infected
by the fungus (Figure 11). Inversely, the leaves of the WHIRLY knockdown plants (W1-1 and
W1-7) were less susceptible to inoculation with powdery mildew spores. The results show that

a high abundance of WHIRLY positively affects the resistance towards powdery mildew.
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Figure 11. Infection of barley leaves by powdery mildew (Blumeria graminis). WT leaves were compared with
leaves of two 0eW1 lines over-accumulating WHIRLY1 by a factor of 50 (oeW1-14, oeW1-2), and with the
knockdown plants having residual amounts of about 10% (W1-1) or 1% (W1-7) of WHIRLY1 protein (Krupinska et
al., 2014b). Susceptibility was determined by the percentage of leaf area infected by the fungus. The
susceptibility of the WT has been defined as 100% represented by horizontal lines.

Discussion

Overexpression of WHIRLY1 in barley resulted in an up to 50-fold higher abundance of the
WHIRLY1 protein, an improved tolerance towards powdery mildew, and diminished growth,
indicating a typical tradeoff between growth and defense (Herms and Mattson, 1992, Huot et
al., 2014). Although the tradeoff has often been explained by the competition of energy
requirements of defense responses in relation to those for growth and reproduction, this
apparently plausible explanation has also been questioned. Instead, the dilemma between
development and defense was shown to stem from antagonistic crosstalks between growth
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and defense-related hormones (Karasov et al., 2017), which can be uncoupled in mutants

(Campos et al., 2016).

Impact of WHIRLY1 overexpression on growth and photosynthesis

For oeAtWHIRLY1 plants, no obvious phenotype has been reported (Isemer et al., 2012a). A
more detailed characterization has been performed with tomato lines overexpressing
SIWHIRLY1 (Zhuang et al., 2019). In these plants, the mRNA level increased dramatically by
factors of about a thousand. In contrast, the protein level was only enhanced by an estimated
factor of approximately five (estimated from Figure 2 in Zhuang et al. 2019). No significant
difference was observed in the phenotypes between tomato oeS/IWHIRLY1 lines and the wild
type at standard growth conditions. However, under chilling conditions, the oeSIWHIRLY1
lines grew better than the wild-type (WT) coinciding with a reduced level of ROS, as shown by
fluorescence after staining with H2DCFDA (Zhuang et al., 2019). At the ultrastructural level,
the 0eSIWHIRLY1 plants were shown to retain intact grana thylakoids and to accumulate less
starch at chilling conditions. However, in contrast to the barley lines overexpressing
HvWHIRLY1 (oeW1), the abundance of starch grains did apparently not differ between WT
and 0eSIWHIRLY1 plants (Zhuang et al., 2019). Also in contrast to the barley oeW1 lines, the
0eSIWHIRLY1 plants showed no difference in Fy/Fm at 25°C and even higher Fy/Fm values under
chilling conditions (Zhuang et al., 2020b). Also, in contrast to the barley oeW1 plants, RubisCO
content was higher in the oeSIWHIRLY1 plants than in the WT, both at 25°C and 4°C (Zhuang
et al., 2020b). Under heat stress, the 0eSIWHIRLY1 plants showed less wilting than WT tomato
plants coinciding with increased sugar content and a reduced level of ROS (Zhuang et al.,

2020a).

In contrast to the barley oeW1 plants, the two WHIRLY1 overexpressing dicot species
investigated didn’t show a pronounced decrease in growth under standard conditions.
Compared to the barley lines used in this study, over-accumulation of the protein in tomato
is relatively low and could be a reason for the discrepancies between barley and tomato.
Alternatively, the growth-related difference between WHIRLY1 over-accumulation in barley
on the one hand, and tomato or Arabidopsis, on the other hand, could be due to differences
in the impact of WHIRLY1 proteins on chloroplast nucleoid architecture. Only in monocots

WHIRLY1 proteins were shown to have a specific PRAPP motif required for the compaction of
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nucleoids (Oetke et al., 2022). However, despite the over-accumulation of WHIRLY1, nucleoids
did not show differences in their compactness and organization between WT and oeW1 plants
as investigated by DNA staining (Figure 7, S3). This result is in line with the almost normal
levels of plastid-encoded mRNAs (Figure S2) and the unvaried protein composition of the
photosynthetic apparatus (Figure 6). Regarding these results, it is rather unlikely that
alterations in the nucleoid compactness and the composition of the photosynthetic apparatus

are responsible for the reduced growth of barley plants over-accumulating WHIRLY1.

On the other hand, the efficiencies of both photosystems, the maximal electron transport rate
(ETRmax), and the quantum vyield of photosystem Il (®(Il)) were reduced in plants over-
accumulating WHIRLY1. Inversely, the loss of absorbed energy by heat and fluorescence was
enhanced in oeW1 plants indicating a malfunctioning of the photosynthetic apparatus.
Potentially, changes in the hormone equilibrium could underlie the lower functionality of the
photosynthetic apparatus (Muller and Munne-Bosch, 2021, Cackett et al., 2022). In this
regard, the barley oeW1 plants might be comparable with mutants showing constitutive
defense signaling. Arabidopsis mutants with constitutive expression of pathogenesis-related
proteins (cpr) showed a dwarf phenotype (Zhang et al., 2003, Heidel et al., 2004). To
investigate whether the impaired growth is a consequence of deteriorated photosynthesis or
energy-consuming defense mechanisms, Mateo et al., (2006) investigated the photosynthetic
properties of cpr mutants in comparison to the WT. Similar to the Arabidopsis cpr mutants,
barley seedlings overexpressing WHIRLY1 have a reduced Fyv/Fm, a higher ratio of VAZ pool
pigments to chlorophylls, and reduced starch content as a consequence of the reduced

capacity of the photosynthetic apparatus (Figure 5, 7).

Overexpression of WHIRLY1 caused changes in the equilibrium of hormones

Over-accumulation of WHIRLY1 indeed caused a shift in the hormone equilibrium. While the
level of the cytokinin isopentenyl riboside (iPR) was reduced, the level of jasmonic acid (JA) is
enhanced in o0eW1 plants. Cytokinins are well-known for their positive impact on cell division
and expansion during leaf development and growth (Brzobohaty et al., 1994, Wu et al., 2021).
Moreover, cytokinins were shown to promote chlorophyll biosynthesis, assembly, and
functioning of the photosynthetic complexes (Yaronskaya et al., 2006) and to play a role in

responses to stress (Albrecht and Argueso, 2017, Cortleven et al., 2019). Cytokinins were
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found to regulate more than 100 genes involved in photosynthesis, including the genes of
RubisCO and LHCs (Brenner and Schmulling, 2012) and those encoding sigma factors required
for plastid gene transcription by PEP (Danilova et al., 2017). Applying cytokinins to wheat
leaves increased endogenous cytokinin content and photosynthesis parameters ®(PSll),
Fv/Fm, and ETR, whereas inhibition of cytokinin biosynthesis had opposite effects (Yang et al.,
2018). The published data suggest that a decreased cytokinin level led to an inactivation of
photosystem Il reaction centers (Muller and Munne-Bosch, 2021). Hence, the reduced
efficiencies of the photosystems, together with the decreased ETR and quantum vyield of
photosystem Il in the oeW1 leaves, are potentially caused by the decrease in the level of iPR.
Under HL, cytokinins were reported to promote D1 repair (Cortleven et al., 2019). Whereas in
the barley plants grown at continuous light of low irradiance, cytokinin levels were low in all
genotypes, at high irradiance, the level increased in the WT but not in the oeW1 plants (Figure

8).

Nevertheless, Fyv/Fm was higher in the 0eW1-14 plants in HL compared to LL. This might
indicate that oeW1 plants, compared to WT plants, have a better capacity to respond to HL. A
similar finding has been reported for the response of tomato plants overexpressing WHIRLY1

towards chilling (Zhuang et al., 2020b).

In comparison to the cytokinin level, the level of the major auxin IAA was less affected in the
barley 0eW1 plants. This coincided with similar expression levels of selected genes responding
to auxin, i.e. PIN1 and TIR1 (Figure S 4). Expression of genes related to auxine biosynthesis
such as the YUCCA genes was neither detectable in the WT nor in the oeW1 plants. The level
of JA was enhanced in oeW1 plants under standard growth conditions (Figure 8) and during
growth in continuous light of low irradiance (Figure S6). It is known that a rise in JA has a
negative impact on photosynthesis (Attaran et al., 2014, Muller and Munne-Bosch, 2021) and
growth (Staswick et al., 1992). Recently it has been shown that the treatment of barley leaves
with JA affects photosynthesis at the level of the oxygen-evolving complex (Kurowska et al.,
2020). During growth in continuous light of high irradiance, the level of JA increased in the
wild type. As a consequence, the differences among the genotypes measured at low light

irradiance disappeared (Figure S6).

In leaves collected under standard growth conditions, the higher expression of defense-

related genes such as PR1 and HPL, the latter of which has been proposed as general stress
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indicator genes (Savchenko et al., 2017), indicates that over-accumulation of WHIRLY1
activates defense signaling. Unexpectedly, the level of salicylic acids (SA) stayed below the
method's lowest quantification limit, i.e. 0.1 uM. If the over-accumulation of WHIRLY1 would
have induced its synthesis, SA would have increased above a level of 1 uM. The SA-related
compounds also did not show changes associated with WHIRLY1 quantities. It may be
supposed that SA signaling is not affected by the overexpression of WHIRLY1 in barley. While
in barley, only a limited number of pathogens induced an increase in the level of SA, all tested
pathogens induced the expression of PR genes, including PR1 (Vallelian-Bindschedler et al.,
1998). Obviously, SA in barley is not always required for defense-related gene expression. In
the barley plants grown at continuous high light, also PR10 expression was enhanced. This
gene might be expressed in response to the simultaneous presence of JA and light as reported
for rice (Rakwal et al., 2001, Zheng et al., 2021). A minor contribution of SA to the defense
response cannot be excluded considering that expression of PAL encoding the key enzyme of
salicylic acid biosynthesis is activated in HL both in the WT and much more in the oeW1-50

plants (Figure 10b).

In Arabidopsis, WHIRLY1 was shown to be involved in salicylic acid (SA) signaling independent
of NPR1 in the cytosol (Desveaux et al., 2004, Vlot et al., 2009, An and Mou, 2011, Carella et
al., 2015). NPR1 is known to translocate from the cytosol to the nucleus upon binding of
salicylic acid and thioredoxin-mediated reduction (Mou et al., 2003). It has been proposed
that WHIRLY1 is translocated from chloroplasts to the nucleus in a similar fashion upon stress-
associated redox changes in the photosynthetic apparatus (Foyer et al., 2014), whereby the
mechanism of translocation remains unknown (Krupinska et al., 2022). In the oeW1 plants
described in this study, the level of nucleus-located WHIRLY1 is highly upregulated even in the
absence of stress. Consequently, in the barley 0eW1 plants, defense signaling is constitutively
activated, as evident by the expression of PR1 in fully expanded leaves of seedlings grown
under standard growth conditions (Figure 9) and during continuous illumination of low
irradiance (Figure 10b). It is obvious that the WHIRLY1-activated defense signaling is mediated
by JA rather than by SA. This result is in accordance with reports on JA-dependent defense

activation involving PR1 in rice (Yang et al., 2013).

By the growth of the 0eW1 plants at high irradiance, a dramatic increase in expression of PR1

(450-fold instead of 70-fold in the wild type) and PAL (6-fold instead of only 50% in the WT)
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was observed (Figure 10b). This indicates that the oeW1 plants are capable of further
enhancing defense responses. Considering that the abundance of WHIRLY1 is already high in
non-stress conditions, it is unlikely that the higher expression of defense genes is caused by a
further increase in WHIRLY1-dependent transcription of these genes. Rather WHIRLY1
abundance may intensify the binding of activating factors to the promoter of PR1 under
certain conditions. Recently, it has been demonstrated that NPR1-mediated PRI gene
expression requires the formation of an activating complex consisting of histone
acetyltransferase (HAC), NPR1, and a TGA transcription factor (Jin et al., 2018). Potentially,
WHIRLY1 might regulate the accessibility of promoters for defense-associated transcription

factors (Krupinska et al., 2014a, Krupinska et al., 2022a).

Surprisingly, in barley plants overexpressing WHIRLY1, the gene encoding isochorismate
synthase (ICS) is activated at control conditions. This high expression could be related to a
demand for phylloquinone which is essential for electron transfer in photosystem I. A barley
ics mutant was reported to be deficient in phylloquinone, whereas it was not altered in the
basal level of salicylic acid (Qin et al., 2019). Salicylic acid biosynthesis may proceed by two
possible pathways, the ICS and PAL pathways, which both start from chorismate in
chloroplasts (Lefevere et al., 2020). In Arabidopsis, only 10% of SA is produced by the PAL
pathway, while 90% is produced by the ICS pathway (Garcion et al., 2008). By contrast in
barley, ICS expression during HL exposure is lower than at LL (Figure 10b), while PAL
expression is enhanced by a factor of 6. This is in accordance with the idea that in barley during
stress the PAL pathway of SA biosynthesis is more critical than the ICS pathway. Since, in
contrast to PR1, the expression levels of PAL (Figure 10) and of the defense gene THIO1 (Figure
S4) were not elevated by overexpression of WHIRLY1 under normal growth conditions, it is
unlikely that these genes are directly regulated by WHIRLY1. In contrast, PR1 and HPL were
activated in the 0eW1 plants both under normal growth conditions and at HL and, therefore

might be directly activated by WHIRLY1.

The role of chloroplast-nucleus located WHIRLY1 in the growth-defense tradeoff

The reduced growth of oeW1 plants and the enhanced resistance towards powdery mildew
indicate that overexpression of WHIRLY1 shifts the balance between growth and resistance to

the latter. In recent years hormone crosstalk has emerged as a major player in regulating the
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growth-defense tradeoff (Huot et al., 2014). Although the antagonistic crosstalk between SA
and the growth hormone auxin mostly has been reported to determine the tradeoff between
growth and defense (Huot et al., 2014), overexpression of WHIRLY1 in barley had more impact
on the levels of cytokinins and JA than on those of auxin and SA, suggesting that in this species
the tradeoff is regulated by cytokinin and JA However, most studies on hormonal interactions
during growth and defense have been performed with Arabidopsis. It is likely, that hormonal
interactions in monocot plants are different, as has been reported for rice (De Vleesschauwer
et al., 2013). It has been postulated that during immune responses in rice, NPR1-dependent
SA-signaling is activated by JA binding to the COI1 receptor without a change in the level of SA
(Yang et al., 2013). This model is in accordance with earlier reports on barley infection by
powdery mildew, in which sensitivity to powdery mildew was found to be not accompanied

by accumulation of SA (Vallelian-Bindschedler et al., 1998, Hiickelhoven et al., 1999).

The high accumulation of WHIRLY1 in chloroplasts of the barley oeW1 plants had neither
consequences for nucleoid organization nor plastid gene expression. Hence the reduced
growth was likely not caused by changes in the plastid gene expression machinery but rather
by the enhanced level of nucleus-located WHIRLY1, inducing changes in gene expression that
eventually lead to a rewiring of hormonal homeostasis. The identical molecular weights of
chloroplast-located WHIRLY1 and nucleus-located WHIRLY1 clearly indicate that both pools of
WHIRLY1 had been processed to the mature form inside chloroplasts. Hence WHIRLY1 over-
accumulating in the nucleus was transferred from chloroplasts to the nucleus as
demonstrated before with transplastomic tobacco plants synthesizing WHIRLY1 inside
chloroplasts (Isemer et al., 2012b). In another previous study, it had been shown that
Arabidopsis plants accumulating WHIRLY1 outside the chloroplasts behave like a WHIRLY1-
deficient mutant (Isemer et al., 2012a). Hence, the nuclear activities of WHIRLY1 require its
preceding presence in chloroplasts. Whether WHIRLY1 undergoes a modification inside
chloroplasts and how its transfer to the nucleus is mediated remains to be determined. Taken
together, the findings of this study suggest that the WHIRLY1-mediated adjustment of
hormonal homeostasis is controlled by chloroplasts which are crucial sensors of

environmental information (Pfalz et al., 2012, Zhang et al., 2020).

According to the elevated PR1 expression in the absence of stress, barley oeW1 plants showed

a constitutive defense response. To avoid a negative impact on growth, the expression of
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resistance genes might be restricted to the time of stress perception and the subsequent
defense response (Karasov et al., 2017). Sequestering of WHIRLY1 in chloroplasts is a means
to avoid its nuclear activity under non-stress conditions and to allow a fast response to stress
only under conditions that induce the transfer of WHIRLY1 from chloroplasts to the nucleus
(Krause and Krupinska, 2009). However, the 10 to 50 times higher level of WHIRLY1 in the
oeW1 plants obviously exceeded the capacity for WHIRLY1 sequestration by chloroplasts. It
remains to be tested whether a moderate increase in WHIRLY1 accumulation in the
chloroplast is possible without transfer to the nucleus in non-stress conditions, thereby

avoiding the constitutive expression of PR1 in the nucleus.

Experimental procedures

Plant material and growth conditions

Transgenic barley plants overexpressing HYWHIRLY under the control of the maize UBIQUITIN
1 promoter were generated by the transformation of barley immature embryos by
Agrobacterium tumefaciens as described (Hensel et al., 2008). The pENTR/TOPO Gateway
vector (Invitrogen, Karlsruhe, Germany) was used for the transfer to the pIPKb007 binary
vector using Gateway™ LR as described (Himmelbach et al., 2007). Plantlets resistant to
hygromycin were transferred into soil and cultivated in a greenhouse. Additionally, PCR
analyses with primers (Krupinska et al. 2014, Supplementary Table 1) for the hygromycin
resistance cassette were performed to verify the transgene integration. As control plants, the
barley cultivar “Golden ”Promise’ and for powdery mildew assays, the HvWHIRLY1 knockdown

plants (RNAiIW1-7) (Krupinska et al., 2014b) were used.

Barley grains were sown on soil (Einheitserde ED73, Tantau, Utersen, Germany) and
transferred for three days in a dark and cold chamber (6°C) to synchronize germination.
Thereafter, the grains were transferred to a climate chamber where the seedlings were grown
either in a standard daily light/dark cycle (16:8) as described (Krupinska et al., 2019) or in
continuous light of different irradiances (100 or 350 umol photons m s?) as also described
previously (Swida-Barteczka et al., 2018). Primary foliage leaves collected after 10 days after

sowing were used for all measurements described.
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Quantum yields of the photosystems and electron transport rate

The maximum quantum yield of photosystem Il, Fy/Fum, and the maximum P700 (Pw) signal
were measured in parallel by Dual-PAM-100 (Walz GmbH, Effeltrich, Germany). The leaves
were kept for about 10-15 minutes under low light (20-40 umol m=2 s?) before starting the
measurement. The measurement was done at 13 different light levels, starting from zero
and gradually increasing during six minutes to 1600 umol m2 s%. In between of these light
levels, there was a step with 60 umol m=2 st which is similar to the growth light in the
climate chamber. The quantum yields of photosystem Il as well as of non-radiative and
radiative dissipation were calculated as follows (Klughammer and Schreiber, 2008):

() = (FM'-F)/Fn',

®(NPQ) = F/Fum'- F/Fw,

®(NO) = F/Fm.

Determination of pigments by high-performance liquid chromatography

For the analysis of pigments, one cm long leaf segments excised from the area between 1.5
and 3 cm below the leaf tip were immediately frozen in liquid nitrogen and kept at -80°C.
Pigments were extracted and HPLC analysis was performed as described (Saeid-Nia et al.,
2022). To calibrate the detector (Nichelmann et al., 2016), pure carotenoid extracts (except
antheraxanthin) were prepared through thin-layer chromatography (modified after
Lichtenthaler and Pfister 1978). Afterwards, the concentrations of the pure pigment solutions
were determined by spectrophotometry using the extinction coefficients provided by Davies

(1976).

Immunoblot analyses

Total proteins were extracted from ground leaf material and subjected to SDS-PAGE, as
reported (Krupinska et al., 2014, 2019). Proteins were transferred onto the nitrocellulose
membrane by semi-dry electroblotting. Antibodies against PsaA (AS06172), PsbA/D1
(AS01016), LHCA1 (AS01005), and LHCB1 (AS01004) were purchased from Agrisera. The
antibody directed towards HYWHIRLY1 was prepared against a synthetic peptide and can be
purchased from Agrisera (AS163953). Immunoreactive complexes were visualized using a

peroxidase-couples secondary antiserum with chemiluminescence detection kits (ECL Select,
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Amersham, USA; Lumigen, Southfield, MI, USA). The ChemiDoc MP Imaging Systems and the
Image Lab 6.1 software (Bio-Rad Laboratories, Munich, Germany) were used for the

quantification of signal intensities.
Determination of hormones

Leaf samples of ca. 30 mg (fresh weight) were weighed into 2 ml safe lock tubes (Eppendorf
AG, Germany) and kept at -80°C until analysis. Empty tubes were used as blanks. Before
extraction, two 3 mm ceria-stabilized zirconium oxide beads were placed into each tube. The
samples were extracted and purified as described by Simura et al. (2018) with minor
modifications (Simura et al., 2018). The absolute quantification of all targeted
phytohormones, excluding salicylates, was performed as described (Eggert and von Wiren,

2017).

The analysis of salicylates was performed using UHPLC-HESI-HRMS (Vanquish UPLC) coupled
to QExactive Plus Mass Spectrometer (San Jose, CA, USA). The MS was equipped with a HESI
source operating in negative ion mode. Salicylates baseline separation was achieved on a
reversed-phase Acquity UPLC® HSS T3 column (10 A, 2.1 x 100mm, 1.8um, Waters) using a
gradient elution of A (Water, 0.1% FA) and B (ACN, 0.1% FA) as follows: 0-5min, 5% B; 5—
10min, 5% to 80% B. Additional five minutes were added for column washing and equilibration
(total run time, 15min). The column temperature was set at 45°C and the flow rate at 0.5
ml-min-1. The injection volume was 5pl. Source values were set as follows: Spray voltage
2.5kV; capillary temperature 255°C; S-lens RF level 40; Aux gas heater temp 320°C; Sheath gas
flow rate 47; Aux gas flow rate 11. For spectra acquisition, a Full MS/dd-MS? experiment was
performed. Resolution in Full Scan was set as 70000. For MS/MS experiments, resolution
17,500 and NCE 40V were used. The identification of compounds found in extracts was based

on a comparison of their retention times, MS2 spectrum and exact mass with standards.
RNA isolation and real-time PCR analysis

Total RNA was isolated from primary foliage leaves of seedlings using the peqGOLD-TriFast
reagent (Peqglab Biotechnology, Erlangen, Germany) according to the manufacturer’s protocol.
cDNA biosynthesis and real-time PCR were performed as described previously (Krupinska et
al., 2019). Data were normalized to the level of the ADP-ribosylation factor 1 mRNA (Rapacz
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et al, 2012) or to mRNA of the  barley histone acetyltransferase
(HORVU.MOREX.r2.1HG0027750), which has the alternative name GENERAL CONTROL
NONREPRESSIBLE 5 (GCN5).

Transmission electron microscopy

Leaf segments from primary foliage leaves (2x2mm) at a position of 2 cm below the leaf tip

were fixed and processed as described (Krupinska et al., 2014b).

Staining and localization of nucleoids

Leaf cross-sections were produced from the primary foliage leaf of 7d plants by hand or by a
hand microtome. Sections were fixed by 4% (w/v) paraformaldehyde in phosphate-buffered
saline (PBS) overnight at 4°C. After washing with PBS containing 0.12 %(w/v) Glycin, the
sections were stained with SYBR®Green (1:5000, S7563 InvitrogenTM) for 45 min in darkness
at room temperature. After washing with 1x PBS for 15 min, the sections were transferred
onto a slide, capped with PBS/glycerol (v/v: 1:1), and a coverslip.
Imaging was done at Leica SP5 confocal microscope system with an HCX PL APO CS 63.0 x 1.2
W objective. Excitation was done by an argon laser line 488 (5% power). Emission was
detected between 510-570 nm (HV750) and 690-760 nm (HV480). A minimum of five images
out of different regions of the specimen were taken from each sample. Image analysis,

coloring, and composition were done by Imagel) 1.53q.

Infection with powdery mildew

Five plants were grown in 12 cm pots in compost soil. In an inoculation device, transgenic lines
with two pots each were arranged, with three pots containing wild type. While rotating in the
inoculation tower, the fourteen-day-old seedlings were inoculated with Blumeria graminis
spores (isolate CH4.8) until a spore density of approx. 10 spores per mm? have been reached.

The disease scored 7 d after inoculation, as described (Schweizer et al., 1995).

126



Chapter V

Author Contribution Statement

KK conceived and designed the overall research. The transgenic barley lines were prepared by
GH. Selection and growth of the plant material were performed by UV. The experiments on
photosynthesis were designed by MSN and WB. Conduction of experiments and data analysis
were performed by MSN, SF, AS, CD, and DN. Thereof, the hormone analyses were performed
by YATM and NvW. Transmission electron microscopy and leaf cross-section were done by
MM. The final manuscript was written by KK, WB, and NvW. MSN prepared the first draft of
the part on photosynthesis and nearly all the figures. All authors read and approved the final

manuscript.

Acknowledgments

We thank Sabine Sommerfeld (IPK Gatersleben) and Susanne Braun (Institute of Botany, CAU,
Kiel) for their excellent technical assistance. We are grateful to the German Research

Foundation for financial support (KR1350-19-1).

References

Albrecht, T. and Argueso, C.T. (2017) Should I fight or should | grow now? The role of
cytokinins in plant growth and immunity and in the growth-defence trade-off. Annals
of Botany, 119, 725-735.

An, C.F. and Mou, Z.L. (2011) Salicylic acid and its function in plant immunity. Journal of
Integrative Plant Biology, 53, 412-428.

Attaran, E., Major, I.T., Cruz, J.A., Rosa, B.A., Koo, A.J.K., Chen, J., Kramer, D.M,, He, S.Y.
and Howe, G.A. (2014) Temporal dynamics of growth and photosynthesis
suppression in response to jasmonate signaling. Plant Physiology, 165, 1302-1314.

Brenner, W.G. and Schmulling, T. (2012) Transcript profiling of cytokinin action in
Arabidopsis roots and shoots discovers largely similar but also organ-specific
responses. Bmc Plant Biology, 12.

Brzobohaty, B., Moore, I. and Palme, K. (1994) Cytokinin metabolism - implications for
regulation of plant growth and development Plant Molecular Biology, 26, 1483-1497.

Cackett, L., Luginbuehl, L.H., Schreier, T.B., Lopez-Juez, E. and Hibberd, J.M. (2022)
Chloroplast development in green plant tissues: the interplay between light,
hormone, and transcriptional regulation. New Phytologist, 233, 2000-2016.

Campos, M.L., Yoshida, Y., Major, I.T., Ferreira, D.D., Weraduwage, S.M., Froehlich, J.E.,
Johnson, B.F., Kramer, D.M., Jander, G., Sharkey, T.D. and Howe, G.A. (2016)
Rewiring of jasmonate and phytochrome B signalling uncouples plant growth-defense
tradeoffs. Nature Communications, 7.

Carella, P., Wilson, D.C. and Cameron, R.K. (2015) Some things get better with age:
differences in salicylic acid accumulation and defense signaling in young and mature
Arabidopsis. Frontiers in Plant Science, 5.

127



Chapter V

Cortleven, A., Leuendorf, J.E., Frank, M., Pezzetta, D., Bolt, S. and Schmulling, T. (2019)
Cytokinin action in response to abiotic and biotic stresses in plants. Plant Cell and
Environment, 42, 998-1018.

Danilova, M.N., Kudryakova, N.V., Doroshenko, A.S., Zabrodin, D.A., Rakhmankulova, Z.F.,
Oelmuller, R. and Kusnetsov, V.V. (2017) Opposite roles of the Arabidopsis cytokinin
receptors AHK2 and AHK3 in the expression of plastid genes and genes for the plastid
transcriptional machinery during senescence. Plant Molecular Biology, 93, 533-546.

De Vleesschauwer, D., Gheysen, G. and Hofte, M. (2013) Hormone defense networking in
rice: tales from a different world. Trends in Plant Science, 18, 555-565.

Delker, C., Stenzel, I., Hause, B., Miersch, O., Feussner, I. and Wasternack, C. (2006)
Jasmonate biosynthesis in Arabidopsis thaliana - Enzymes, products, regulation. Plant
Biology, 8, 297-306.

Desveaux, D., Despres, C., Joyeux, A., Subramaniam, R. and Brisson, N. (2000) PBF-2 is a
novel single-stranded DNA binding factor implicated in PR-10a gene activation in
potato. Plant Cell, 12, 1477-1489.

Desveaux, D., Subramanian, R., Després, C., Mess, J.-N., Lévesque, C., Fobert, P., Dangl, J.
and Brisson, N. (2004) A "Whirly" transcription factor is required for salicylic acid-
dependent disease resistance in Arabidopsis. Developmental Cell, 6, 229-240.

Eggert, K. and von Wiren, N. (2017) Response of the plant hormone network to boron
deficiency. New Phytologist, 216, 868-881.

Foyer, C.H., Karpinska, B. and Krupinska, K. (2014) The functions of WHIRLY1 and REDOX-
RESPONSIVE TRANSCRIPTION FACTOR 1 in cross tolerance responses in plants: a
hypothesis. Philosophical Transactions of the Royal Society B-Biological Sciences, 369.

Garcion, C., Lohmann, A., Lamodiere, E., Catinot, J., Buchala, A., Doermann, P. and
Metraux, J.P. (2008) Characterization and biological function of the ISOCHORISMATE
SYNTHASE?2 gene of Arabidopsis. Plant Physiology, 147, 1279-1287.

Golshani, F., Fakheri, B.A., Behshad, E. and Vashvaei, R.M. (2015) PRs proteins and theri
mechanism in plants. Biological Forum, 7, 477-495.

Grabowski, E., Miao, Y., Mulisch, M. and Krupinska, K. (2008) Single-stranded DNA binding
protein Whirlyl in barley leaves is located in plastids and the nucleus of the same
cell. Plant Physiology, 147, 1800-1804.

Heidel, A.J., Clarke, J.D., Antonovics, J. and Dong, X.N. (2004) Fitness costs of mutations
affecting the systemic acquired resistance pathway in Arabidopsis thaliana. Genetics,
168, 2197-2206.

Hensel, G., Valkov, V., Middlefell-Williams, J. and Kumlehn, J. (2008) Efficient generation of
transgenic barley: the way forward to modulate plant-microbe interactions. Journal
of Plant Physiology 165, 71-82.

Herms, D.A. and Mattson, W.J. (1992) THE DILEMMA OF PLANTS - TO GROW OR DEFEND.
Quarterly Review of Biology, 67, 283-335.

Himmelbach, A., Zierold, U., Hensel, G., Riechen, R., Douchkov, D., Schweizer, P. and
Kumlehn, J. (2007) A set of modular binary vectors for transformation of cereals.
Plant Physiology, 145, 1192-1200.

Hiickelhoven, R., Fodor, J., Preis, C. and Kogel, K.H. (1999) Hypersensitive cell death and
papilla formation in barley attacked by the powdery mildew fungus are associated
with hydrogen peroxide but not with salicylic acid accumulation. Plant Physiology,
119, 1251-1260.

Huot, B., Yao, J., Montgomery, B.L. and He, S.Y. (2014) Growth-Defense Tradeoffs in Plants:
A Balancing Act to Optimize Fitness. Molecular Plant, 7, 1267-1287.

128



Chapter V

Isemer, R., Krause, K., Grabe, N., Kitahata, N., Asami, T. and Krupinska, K. (2012a) Plastid
located WHIRLY1 enhances the responsiveness of Arabidopsis seedlings toward
abscisic acid. Frontiers in Plant Science, 3.

Isemer, R., Mulisch, M., Schéfer, A., Kirchner, S., Koop, H.U. and Krupinska, K. (2012b)
Recombinant Whirly1 translocates from transplastomic chloroplasts to the nucleus.
Febs Letters, 586, 85-88.

Jin, H., Choi, S.M., Kang, M.J,, Yun, S.H., Kwon, D.J., Noh, Y.S. and Noh, B. (2018) Salicylic
acid-induced transcriptional reprogramming by the HAC-NPR1-TGA histone
acetyltransferase complex in Arabidopsis. Nucleic Acids Research, 46, 11712-11725.

Jwa, N.S., Agrawal, G.K., Tamogami, S., Yonekura, M., Han, O., lwahashi, H. and Rakwal, R.
(2006) Role of defense/stress-related marker genes, proteins and secondary
metabolites in defining rice self-defense mechanisms. Plant Physiology and
Biochemistry, 44, 261-273.

Karasov, T.L., Chae, E., Herman, J.J. and Bergelson, J. (2017) Mechanisms to mitigate the
trade-off between growth and defense. Plant Cell, 29, 666-680.

Karpinski, S., Szechynska-Hebda, M., Wituszynska, W. and Burdiak, P. (2013) Light
acclimation, retrograde signalling, cell death and immune defences in plants. Plant
Cell and Environment, 36, 736-744.

Klughammer, C. and Schreiber, U. (2008) Complementary PS Il quantum vyields calculated
from simple fluorescence parameters measured by PAM fluorometry and the
saturation pulse method. . PAM Application Notes, 1, 27-35.

Krause, K. and Krupinska, K. (2009) Nuclear regulators with a second home in organelles.
Trends Plant Sci, 14, 194-199.

Krupinska, K., Braun, S., Nia, M.S., Schifer, A., Hensel, G. and Bilger, W. (2019) The
nucleoid-associated protein WHIRLY1 is required for the coordinate assembly of
plastid and nucleus-encoded proteins during chloroplast development. Planta, 249,
1337-1347.

Krupinska, K., Dahnhardt, D., Fischer-Kilbienski, I., Kucharewicz, W., Scharrenberg, C.,
Trosch, M. and Buck, F. (2014a) Identification of WHIRLY1 as a factor binding to the
promoter of the stress- and senescence-associated gene HvS40. Journal of Plant
Growth Regulation, 33, 91-105.

Krupinska, K., Desel, C., Frank, S. and Hensel, G. (2022a) WHIRLIES are multifunctional DNA-
binding proteins with impact on plant development and stress resistance. Frontiers in
Plant Science, 13.

Krupinska, K., Desel, C., Frank, S. and Hensel, G. (2022b) WHIRLIES are multifunctional DNA
binding proteins with impact on plant development and stress resistance. Frontiers in
Plant Sciences.

Krupinska, K., Oetke, S., Desel, C., Mulisch, M., Schifer, A., Hollmann, J., Kumlehn, J. and
Hensel, G. (2014b) WHIRLY1 is a major organizer of chloroplast nucleoids. Frontiers in
Plant Science, 5.

Kucharewicz, W., Distelfeld, A., Bilger, W., Muller, M., Munne-Bosch, S., Hensel, G. and
Krupinska, K. (2017) Acceleration of leaf senescence is slowed down in transgenic
barley plants deficient in the DNA/RNA-binding protein WHIRLY1. Journal of
Experimental Botany, 68, 983-996.

Kurowska, M.M., Daszkowska-Golec, A., Gajecka, M., Koscielniak, P., Bierza, W. and
Szarejko, I. (2020) Methyl jasmonate affects photosynthesis efficiency, expression of
HVTIP genes and nitrogen homeostasis in barley. International Journal of Molecular
Sciences, 21.

129



Chapter V

Lai, C.C., Que, Q.X., Pan, R., Wang, Q., Gao, H.Y., Guan, X.F., Che, J.M. and Lai, G.T. (2022)
The single-stranded DNA-binding gene Whirly (Why1) with a strong pathogen-
induced promoter from Vitis pseudoreticulata enhances resistance to Phytophthora
capsici. International Journal of Molecular Sciences, 23.

Lefevere, H., Bauters, L. and Gheysen, G. (2020) Salicylic acid biosynthesis in plants.
Frontiers in Plant Science, 11.

Leybourne, D.J., Valentine, T.A., Binnie, K., Taylor, A., Karley, A.J. and Bos, J.1.B. (2022)
Drought stress increases the expression of barley defence genes with negative
consequences for infesting cereal aphids. Journal of Experimental Botany, 73, 2238-
2250.

Lichtenthaler, H. (2013) Plastoglobuli, thylakoids, chloroplast structure and development of
plastids. In Plastid Development in Leaves during Growth and Senescence (Biswal, B.,
Krupinska, K. and Biswal, U. eds). Dordrecht, Heidelberg, New York, London: Springer,
pp. 337-361.

Linthorst, H.J.M. (1991) Pathogenesis-related proteins of plants. Critical Reviews in Plant
Sciences, 10, 123-150.

Mateo, A., Funck, D., Miihlenbock, P., Kular, B., Mullineaux, P.M. and Karpinski, S. (2006)
Controlled levels of salicylic acid are required for optimal photosynthesis and redox
homeostasis. Journal Experimental Botany, 57, 1795-1807.

Mou, Z., Fan, W.H. and Dong, X.N. (2003) Inducers of plant systemic acquired resistance
regulate NPR1 function through redox changes. Cell, 113, 935-944.

Muller, M. and Munne-Bosch, S. (2021) Hormonal impact on photosynthesis and
photoprotection in plants. Plant Physiology, 185, 1500-1522.

Nichelmann, L., Schulze, M., Herppich, W.B. and Bilger, W. (2016) A simple indicator for
non-destructive estimation of the violaxanthin cycle pigment content in leaves.
Photosynthesis Research, 128, 183-193.

Oetke, S., Scheidig, A. and Krupinska, K. (2022) WHIRLY1 of barley and maize share a PRAPP
motif conferring nucleoid compaction. Plant Cell Physiology, 63, 234-247.

Park, J.E., Park, J.Y., Kim, Y.S., Staswick, P.E., Jeon, J., Yun, J., Kim, S.Y., Kim, J., Lee, Y.H.
and Park, C.M. (2007) GH3-mediated auxin homeostasis links growth regulation with
stress adaptation response in Arabidopsis. Journal of Biological Chemistry, 282,
10036-10046.

Pfalz, J., Liebers, M., Hirth, M., Grubler, B., Holtzegel, U., Schroter, Y., Dietzel, L. and
Pfannschmidt, T. (2012) Environmental control of plant nuclear gene expression by
chloroplast redox signals. Frontiers in Plant Science, 3.

Pfalz, J., Liere, K., Kandlbinder, A., Dietz, K.-J. and Oelmiiller, R. (2006) pTAC2, -6, and -12
are components of the transcriptionally active plastid chromosome that are required
for plastid gene expression. Plant Cell, 18, 176-197.

Powikrowska, M., Oetke, S., Jensen, P.E. and Krupinska, K. (2014) Dynamic composition,
shaping and organization of plastid nucleoids. Frontiers in Plant Science, 5.

Prikryl, J., Watkins, K.P., Friso, G., van Wijk, K.J. and Barkan, A. (2008) A member of the
Whirly family is a multifunctional RNA- and DNA-binding protein that is essential for
chloroplast biogenesis. Nucleic Acids Research, 36, 5152-5165.

Qin, Y., Torp, A.M., Glauser, G., Pedersen, C., Rasmussen, S.K. and Thordal-Christensen, H.
(2019) Barley isochorismate synthase mutant is phylloquinone-deficient, but has
normal basal salicylic acid level. Plant Signaling & Behavior, 14.

130



Chapter V

Rakwal, R., Agrawal, G.K. and Yonekura, M. (2001) Light-dependent induction of OsPR10 in
rice (Oryza sativa L.) seedlings by the global stress signaling molecule jasmonic acid
and protein phosphatase 2A inhibitors. Plant Science, 161, 469-479.

Rakwal, R. and Komatsu, S. (2000) Role of jasmonate in the rice (Oryza sativa L.) self-
defense mechanism using proteome analysis. Electrophoresis, 21, 2492-2500.

Rapacz, M., Stepien, A. and Skorupa, K. (2012) Internal standards for quantitative RT-PCR
studies of gene expression under drought treatment in barley (Hordeum vulgare L.):
the effects of developmental stage and leaf age. Acta Physiologiae Plantarum, 34,
1723-1733.

Rekhter, D., Ludke, D., Ding, Y.L., Feussner, K., Zienkiewicz, K., Lipka, V., Wiermer, M.,
Zhang, Y.L. and Feussner, I. (2019) Isochorismate-derived biosynthesis of the plant
stress hormone salicylic acid. Science, 365, 498-502.

Saeid Nia, M., Repnik, U., Krupinska, K. and Bilger, W. (2022) The plastid-nucleus localized
DNA-binding protein WHIRLY1 is required for acclimation of barley leaves to high
light. Planta, 255.

Savchenko, T., Yanykin, D., Khorobrykh, A., Terentyev, V., Klimov, V. and Dehesh, K. (2017)
The hydroperoxide lyase branch of the oxylipin pathway protects against
photoinhibition of photosynthesis. Planta, 245, 1179-1192.

Schweizer, P., Vallelianbindschedler, L. and Mosinger, E. (1995) Heat-induced resistance in
barley to the powdery mildew fungus Erysiphe graminis f. sp. hordei. Physiological
and Molecular Plant Pathology, 47, 51-66.

Simura, J., Antoniadi, ., Siroka, J., Tarkowska, D., Strnad, M., Ljung, K. and Novak, O.
(2018) Plant hormonomics: multiple phytohormone profiling by targeted
metabolomics. Plant Physiology, 177, 476-489.

Staswick, P.E., Su, W.P. and Howell, S.H. (1992) Methyl jasmonate inhibition of root growth
and induction of a leaf protein are decreased in an Arabidopsis thaliana mutant.
Proceedings of the National Academy of Sciences of the United States of America, 89,
6837-6840.

Su, J.B., Yang, L.Y., Zhu, Q.K., Wu, H.J., He, Y., Liu, Y.D,, Xu, J., Jiang, D.A. and Zhang, S.Q.
(2018) Active photosynthetic inhibition mediated by MPK3/MPK®6 is critical to
effector-triggered immunity. Plos Biology, 16.

Swida-Barteczka, A., Krieger-Liszkay, A., Bilger, W., Voigt, U., Hensel, G., Szweykowska-
Kulinska, Z. and Krupinska, K. (2018) The plastid-nucleus located DNA/RNA binding
protein WHIRLY1 regulates microRNA-levels during stress in barley (Hordeum vulgare
L.). RNA Biology.

Vallelian-Bindschedler, L., Metraux, J.P. and Schweizer, P. (1998) Salicylic acid accumulation
in barley is pathogen specific but not required for defense-gene activation. Molecular
Plant-Microbe Interactions, 11, 702-705.

Van Loon, L.C. and Van Strien, E.A. (1999) The families of pathogenesis-related proteins,
their activities, and comparative analysis of PR-1 type proteins. Physiological and
Molecular Plant Pathology, 55, 85-97.

van Wijk, K.J. and Kessler, F. (2017) Plastoglobuli: plastid microcompartments with
integrated functions in metabolism, plastid developmental transitions, and
environmental adaptation. In Annual Review of Plant Biology, Vol 68 (Merchant, S.S.
ed, pp. 253-289.

Vlot, A.C., Dempsey, D.A. and Klessig, D.F. (2009) Salicylic acid, a multifaceted hormone to
combat disease. Annual Review of Phytopathology, 47, 177-206.

131



Chapter V

Wu, W.Q,, Du, K., Kang, X.Y. and Wei, H.R. (2021) The diverse roles of cytokinins in
regulating leaf development. Horticulture Research, 8.

Xiao, Y.M., Savchenko, T., Baidoo, E.E.K., Chehab, W.E., Hayden, D.M., Tolstikov, V.,
Corwin, J.A., Kliebenstein, D.J., Keasling, J.D. and Dehesh, K. (2012) Retrograde
Signaling by the Plastidial Metabolite MEcPP Regulates Expression of Nuclear Stress-
Response Genes. Cell, 149, 1525-1535.

Xiao, Y.M., Wang, J.Z. and Dehesh, K. (2013) Review of stress specific organelles-to-nucleus
metabolic signal molecules in plants. Plant Science, 212, 102-107.

Yang, D.L., Yang, Y.N. and He, Z.H. (2013) Roles of plant hormones and their interplay in rice
immunity. Molecular Plant, 6, 675-685.

Yang, D.Q., Luo, Y.L., Dong, W.H,, Yin, Y.P., Li, Y. and Wang, Z.L. (2018) Response of
photosystem Il performance and antioxidant enzyme activities in stay-green wheat to
cytokinin. Photosynthetica, 56, 567-577.

Yaronskaya, E., Vershilovskaya, I., Poers, Y., Alawady, A.E., Averina, N. and Grimm, B.
(2006) Cytokinin effects on tetrapyrrole biosynthesis and photosynthetic activity in
barley seedlings. Planta, 224, 700-709.

Zhang, Y., Zhang, A.H., Li, X.M. and Lu, C.M. (2020) The Role of Chloroplast Gene Expression
in Plant Responses to Environmental Stress. International Journal of Molecular
Sciences, 21.

Zhang, Y.L., Goritschnig, S., Dong, X.N. and Li, X. (2003) A gain-of-function mutation in a
plant disease resistance gene leads to constitutive activation of downstream signal
transduction pathways in suppressor of npril-1, constitutive 1. Plant Cell, 15, 2636-
2646.

Zheng, E.S., Wang, X.M., Xu, R.M., Yu, F.B., Zheng, C., Yang, Y., Chen, Y., Chen, J.P., Yan,
C.Q. and Zhou, J. (2021) Regulation of OsPR10a promoter activity by phytohormone
and pathogen stimulation in rice. Rice Science, 28, 442-456.

Zhuang, K.Y., Gao, VY.Y,, Liu, Z.B., Diao, P.F., Sui, N., Meng, Q.W., Meng, C. and Kong, F.Y.
(2020a) WHIRLY1 regulates HSP21.5A expression to promote thermotolerance in
tomato. Plant and Cell Physiology, 61, 169-177.

Zhuang, K.Y., Kong, F.Y., Zhang, S., Meng, C., Yang, M.M.,, Liu, Z.B., Wang, Y., Ma, N.N. and
Meng, Q.W. (2019) Whirly1 enhances tolerance to chilling stress in tomato via
protection of photosystem Il and regulation of starch degradation. New Phytologist,
221, 1998-2012.

Zhuang, K.Y., Wang, J.Y., Jiao, B.Z., Chen, C., Zhang, J.J., Ma, N.N. and Meng, Q.W. (2020b)
WHIRLY1 maintains leaf photosynthetic capacity in tomato by regulating the
expression of RbcS1 under chilling stress. Journal of Experimental Botany, 71, 3653-
3663.

132



Chapter Vi

Chapter VI: Discussion

WHIRLY1 protein, the main architectural protein of nucleoids, compacts the
nucleoids

WHIRLY1 has been detected as a major DNA-binding protein of nucleoids. It has been also
found in the transcriptionally active chromosomes (TAC) which overlaps in protein
composition with nucleoids (Melonek et al. 2016) and has been also named PTAC1 (Pfalz et
al., 2006; Melonek et al., 2010). WHIRLY1 protein provides nucleoid compactness which is
mediated through its proline-rich motif, PRAAP (Krupinska et al., 2014; Oetke et al., 2022).

In Chapter Il it was shown that the reduced compactness of nucleoids in WHIRLY1-deficient
plants (W1) coincides with a significantly higher level of UV-B-induced cyclobutane pyrimidine
dimers (CPDs) in their plastid DNA (ptDNA) in comparison to the wild type (WT). Since less
compactness increases the volume of the nucleoids, the higher UV-B-induced CPDs formation
in nucleoids of W1 is in accordance with the target theory (Ballarini, 2010) which says that the
probability that a given target is hit by radiation is proportional to the volume of the target.
These results indicate that chloroplast-located WHIRLY1 in barley protected ptDNA against
UV-B-induced CPDs formation, the most important lesions induced by UV-B (Mitchell and
Narin, 1989; Takahashi et al., 2011), potentially through its structural impact on the

compactness of nucleoids (Chapter Il).
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In contrast to the nucleoids in the chloroplasts, UV-B-induced CPD formation in nuclei did not
differ between WT and W1 plants (Chapter II). The WHIRLY1 protein is not involved in nucleus
architecture or genomic DNA compactness (Krupinska et al., 2022). Therefore, these
expectable results provided a further piece of evidence that the WHIRL1 protein may maintain

plastid genome stability by physical protection through nucleoid packaging.

Light acclimation is impaired in WHIRLY1-deficient barley plants (W1) at the
levels of photosynthesis and leaf morphology

In contrast to the WT, W1 plants did not show an increase in their photosynthetic capacity
when growing under high light (HL) in comparison to plants grown under low light (LL). W1
plants compared to WT plants were shown to have delayed chloroplast development
(Krupinska et al., 2019). To exclude that differences in development are responsible for the
difference in photosynthesis, measurements were performed with seedlings of different ages.
Neither at 10 days after sowing (das) nor at 19 das (Saeid Nia et al., 2022), when leaves had
more developed chloroplasts (Krupinska et al., 2019; Saeid Nia et al., 2022), photosynthetic
capacity increased in W1 plants at HL. Therefore, the putative impact of retarded chloroplast

development in the high light-acclimation of W1 plants cannot be taken into consideration.

In Chapter Il it has been demonstrated that the W1 leaves stayed longer green than WT leaves
(Saeid Nia et al., 2022), although the levels of senescence-associated hormones increased with
the increasing age of the leaves (Kucharewicz et al., 2017). Results from this study showed an
age-dependent (Mae et al., 1983; Makino et al., 1984; Suzuki et al., 2010) and HL-accelerated
(Makino et al., 1985; Hidema et al., 1991; 1992; Murchie et al., 2002) decline in photosynthetic
capacity, carboxylation efficiency, Rubisco content as well as chlorophyll content in HL-grown
WT plants (Saeid Nia et al., 2022). In contrast, HL-grown W1 plants showed an increasing
tendency in their photosynthetic capacity and RubisCO content which were accompanied by
an increase in their chlorophyll content from 10 to 19 das. In other words, HL had almost no
impact on the senescence of W1 leaves (Saeid Nia et al., 2022). These results, in accordance
with the previous study from Kucharewicz et al. (2017) suggest a relative stay green phenotype

for the WHIRLY1-deficient barley plants.

The leaf morphology of WT plants also showed typical signs of HL acclimation. The leaves got

thicker caused by an increased volume of cell layers close to the abaxial and adaxial epidermis.
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Moreover, leaves in HL-grown WT plants showed higher leaf mass per area (LMA) than LL-
grown WT, probably due to their higher cytoplasma/cell volume ratio and higher starch
content. However, leaf thickness and LMA did not differ in the leaves of LL- and HL-grown W1
plants, suggesting that HL-grown W1 plants do morphologically resemble shade leaves
(Chapter llI: Saeid Nia et al., 2022). These results revealed that the WHIRLY1 protein affects

the plant’s responsiveness to light both at the level of photosynthesis and leaf morphology.

According to the hypothesis by Foyer et al. (2014) and results from this study, the dually
located WHIRLY1 protein with its initial location in chloroplast and its close contact with both
thylakoid membrane and nucleoids is potentially an ideal candidate to be involved in
retrograde signaling and therefore in the acclimation. However, since the absence of proper
nucleoid architecture affects the right position and probably also the function of many
proteins other than WHIRLY1, indeed, nucleoid compaction could explain impaired light

acclimation also alone.

Despite missing light acclimation and appropriate nucleoid compactness, W1
plants survived excessive excitation energy

The compromised HL-acclimation in W1 plants while they were grown under high irradiance,
made them a perfect model to investigate light stress responses in the absence of light
acclimation. It is expected that plants with impaired light acclimation growing under excessive
light, show reduced Fy/Fm (Aro et al., 1993; Demmig-Adams and Adams, 2006; Takahashi and
Badger, 2011) together with a loss of chlorophyll (Havaux et al., 2005). 10-day old W1 plants
were shown to have lower Fy/Fm than WT plants (Chapter IV) either as a sign of photoinhibition
(Powles, 1984; Aro et al. 1993) or potentially caused by their delayed chloroplast development
(Bjorkman and Demmig, 1987, Xu et al., 2019). Intriguingly and in contrast to 10 day-old W1
plants, 15 day-old ones, however, showed an increase in their Fy/Fm to values of 0.8, similar
to the WT, as well as rising chlorophyll contents in both LL- and HL-grown plants (Chapter IV).
These values for Fy/Fum are like those reported for healthy plants under no-stress conditions
(Bjorkman and Demmig, 1987). Therefore, W1 plants must have used alternative strategies to

survive under excessive light stress.

Results from energy partitioning in W1 plants showed that the lower quantum vyield of
photosynthesis (D(ll)) was compensated by a higher quantum vyield of regulated non-
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photochemical quenching (®(NPQ)) in a way that both WT and W1 plants had a similar
remaining fraction of energy dissipated by either fluorescence or non-regulated non-
photochemical quenching (®(NO)). The only higher values for ®(NO) were detected in the
young immature 10-day old W1 plants, and disappeared during further or advanced

chloroplast development in mature 15 day-old plants.

Advanced chloroplast development in W1 plants was accompanied by an increase in the
photosynthetic efficiency, ®(ll), and a complementary reduction in the ®(NPQ). The latter was
in accordance with the reduced size of their xanthophyll cycle pool size with a higher
epoxidation state (EPS) at 15 das (Chapter IV). Since the EPS is an in vivo index for the extent
of the excessive energy (Demmig-Adams et al., 1990; Ort, 2001) and follows the ®(Il) (Bilger
and Lesch, 1995), enhanced ®(ll) together with higher EPS, suggest that at this stage, the W1

plants had to cope with less excessive excitation energy.

In the extra larger xanthophyll cycle pool of HL-grown W1 plants, the majority of xanthophyll
pigments were in the de-epoxidized form, zeaxanthin (Chapter IV). Since the size of this pool
is exceeding the possible number of xanthophyll binding sites in the light-harvesting
complexes (LHCs) (Caffarri et al., 2001), the majority of zeaxanthin molecules from this pool
must have been freely located either in the plastoglobuli or in the chloroplast membrane.
Hence, elevated amounts of zeaxanthin in the HL-grown W1 plants, in addition to their role in
enhanced NPQ, are suggested to be involved in the photoprotection of PS Il and lipid-
protection of chloroplast membrane through their function as an antioxidant by quenching

and scavenging of free radicals (Havaux and Niyogi, 1999; Havaux et al., 2007).

In addition to zeaxanthin, a larger portion of the elevated amount of lutein content of HL-
grown W1 plants likely has been also used as an antioxidant (Havaux et al., 2007; Demmig-
Adams et al., 2020) and may have played an important role in the protection of W1 plants

against oxidative stress, too.

In this study, the flavonoid content of WT and W1 plants was also studied. Although the total
contents of flavonoids of WT and W1 plants did not differ, W1 plants had a significantly higher
amount of the dihydroxyflavone lutonarin, apparently at the expense of a lower level of the

related flavone saponarin, a monohydroxyflavone (Chapter IV).
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Dihydroxyflavones are known as better antioxidants than their related monohydroxyflavones
(Rice-Evans et al., 1996; Burda and Oleszek, 2001; Nezval et al., 2017). They are usually found
in the chloroplasts containing mesophyll cells, rather than in the epidermis which contains
only undifferentiated plastids (Agati and Tattini, 2010). The location in the mesophyll is the
perfect position for an antioxidant which is playing a role in the protection of chloroplasts
against oxidative damage (Agati et al., 2002; 2007). Hence, the higher lutonarin content of HL-
grown W1 plants, which was speculated to be mostly located in the mesophylls of W1 plants
(Chapter IV) is considered to play an important complementary role together with carotenoids

(Agati et al., 2012) in the protection of W1 plants against oxidative stress.

WHIRLY1-deficient barley plants with impaired high light acclimation and nucleoid packaging
survived under high irradiance as healthy plants through different photoprotective
mechanisms, such as enhanced NPQ, elevated amounts of antioxidants including the

carotenoids zeaxanthin and lutein as well as the dihydroxyflavone lutonarin.

Barley plants overexpressing WHIRLY1 protein (oeW1) with similar nucleoid
compactness as the wild type are impaired in photosynthesis

Plants overexpressing HYWHIRLY1 protein, i.e. oeW1 plants, have 10 or 50 times more (oeW1-
15 and 0eW1-14 or oeW1-2, respectively) WHIRLY1 protein than WT plants. Therefore, oeW1
plants were initially expected to show higher photosynthetic capacity and better function
under HL conditions than WT plants as well as W1 plants. Moreover, since these plants did
not show any changes in the packaging of their nucleoids (Part V), they provided a unique
chance to investigate the function of the WHIRLY1 protein in the absence of alterations in

nucleoid compactness.

Our results showed that a higher amount of W1 protein accumulates in both chloroplasts and
the nucleus. It is known that the WHIRLY1 protein in potato and Arabidopsis thaliana plays a
role in salicylic acid-dependent gene expression during pathogen attack (Deveaux et al., 2000,
2004). Hence, as expected, the expression of PR genes was generally increased in the oeW1
plants in comparison to WT plants with a much higher increase under HL than in LL (Chapter
V). These results suggested that also in barley the WHIRLY1 protein plays a role in SA signaling.
Unexpectedly, however, hormone analyses revealed that instead of SA, the level of the

defense hormone jasmonic acid (JA) was enhanced in the leaves of the oeW1 plants.
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The increased capacity of stress resistance or defense in the oeW1 plants was shown to be
accompanied by growth reduction. Our results showed that oeW1 seedlings are significantly
smaller than WT. Moreover, the reduction in growth tendentially depends on the amount of
WHIRLY1; primary leaves of the oeW1-15 plants (10 fold) are larger in comparison to the W1-
14 plants (50 fold; Chapter V). The reduction of growth was found to be accompanied by a
decline in the level of cytokinins. Cytokinins not only promote growth (Brzobohaty et al., 1994,
Wu et al.,, 2021) but also have positive impacts on chloroplast development and

photosynthesis (Yaronskaya et al., 2006).

Despite similar RubisCO content, photosystem composition and thylakoid architecture in WT
and oeW1 plants, photosynthesis was compromised in oeW1 in comparison to WT plants.
Considering the interrelationship of photosynthesis and growth (Sweet and Wareing, 1966;
Koérner, 2015), it is equally possible that either compromised photosynthesis impaired the
plant growth or lowered growth reduced photosynthesis by the corresponding lower sink
strength. Similar to the growth, the efficiencies of the two photosystems and ETR showed
significant decreases, which depended on the amount of WHIRLY1. The more WHIRLY1
accumulated in the plants, the worse the photosystems performed and the worse the plants

grew.

The significantly reduced levels of cytokinins in oeW1 plants in comparison to WT plants
(Chapter V), could be considered as one of the putative factors for the reduced growth and
photosynthesis (Mclntyre et al., 2021). Moreover, considering the significant increase in the
stress-associated hormone jasmonic acid while cytokinin content decreased in OeW1 plants
in comparison to WT plants (Chapter V), WHIRLY1 overaccumulation obviously caused a shift
in the balance between growth and biotic stress resistance to the latter. Indeed, the oeW1
plants showed a higher expression of defense genes and were more resistant to powdery

mildew than the WT.

Opposite to the W1 plants, oeW1 plants showed normal compaction of nucleoids and have
more WHIRLY1 protein. Unexpectedly, photosynthesis was also compromised in these plants
in comparison to WT (Chapter V). Besides, similar to W1 plants, HL acclimation of leaf
morphology is also missing in oeW1 plants (Figure 6.1). Consequently, results from our studies

on the WHIRLY1-deficient and WHIRLY1 overexpressing plants generally suggest that for the
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optimal function of photosynthesis and HL acclimation of barley plants, an appropriate

amount of WHIRLY1, rather than a higher amount of protein, plays a crucial role.
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Figure 6.1 Leaf thickness and leaf mass per area (LMA) of 10 day-old primary foliage leaves of WT 0eW1-2 (50
times more WHIRLY1 protein), and W1 plant grown at low (filled symbols) and high irradiance (open symbols).
Columns are means * standard deviation of 9-23 leaves in total from three independent experiments each
comprising 3-8 leaves. The letters indicate statistically different values at a significance level of P=0.05, as
determined by two-way ANOVA, followed by pairwise multiple means comparisons with the Holm-Sidak method.

Conclusions

WHIRLY1-deficient barley plants (W1) showed a heterogeneous population of nucleoids. The
latter means that although the majority of nucleoids were found to have reduced compaction,
the minute amount of remaining WHIRLY1 protein in W1 plants was able to compact a minor
part of the nucleoids population (Krupinska et al., 2014; see also Chapter Il). Loose nucleoid
compaction in W1 plants affected chloroplast development which was reflected in low
chlorophyll contents as well as low values for the optimal quantum yield of photosystem I,
Fv/Fmin 10-day old ones. However, the minor population of compact nucleoids in W1 plants
was eventually able to provide delayed chloroplast development followed by an increase in
chlorophyll content and high values of Fy/Fumsimilar to that of WT, at in older plants. However,
high light (HL) acclimation was shown to be impaired at all different developmental stages in

W1 plants

High light acclimation was shown to be impaired in either oeW1 plants overexpressing
WHIRLY1 protein with similar nucleoid architecture (as WT) or W1 plants with minutes

amounts of WHIRLY1 protein and loosely packed nucleoids. Hence, these results, on one hand,
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suggest that the nucleoid compactness might not be the reason for the impaired HL
acclimation of W1 plants and could be taken out of consideration. On the other hand, they
strongly propose that, for the optimal HL acclimation of photosynthesis and leaf morphology,
an ‘appropriate’ amount of WHIRLY1 protein (i.e. in WT), rather than a higher amount, play a

crucial role (Figure 6.2).

Nucleoid compactness, % of WT

Light saturated photosynthesis rate, % of WT

W1 (1%) WT (100%)  oeW1 (5000%)
Genotype (WHIRLY1 abundance, %)

Figure 6.2 Scheme pointing out WHIRLY1-abundance-dependent changes in light acclimation and
nucleoid compaction.

As mentioned above, for HL acclimation of photosynthesis as well as leaf morphology, neither
low nor high concentration of the WHIRLY1 protein, but the optimal concentration of the
protein is required. Moreover, our results showed that down- or upregulation of the WHIRLY1
protein has pleiotropic effects at different levels in barley plants. The needed optimal
concentration together with the diverse effects of WHIRLY1 protein (Good et al., 2011; Witzel
et al., 2012; Casar and Crespo, 2016), especially in the light sensing and retrograde signaling
suggest that WHIRLY1 can be considered as a scaffold protein which possibly also provides a
platform for other proteins involved in these processes. Hence, any concentration beyond or
beneath the optimal level attenuates its functions or efficiency (Witzel et al., 2012), especially

its involvement in retrograde signalling and light acclimation.
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Chapter VII: Summary

WHIRLY1 is a chloroplast-nucleus located DNA-binding protein with multiple functions. Its
association to nucleoids, which are in close contact with thylakoid membranes, makes this
protein an ideal candidate to be involved in responses to environmental changes, which are
signalled to the nucleus by retrograde signalling. The latter consequently leads to
orchestrating gene expression in the plastid and nucleus in response to environmental

changes.

In this study, light acclimation was compared at the levels of photosynthesis and leaf anatomy
between transgenic barley plants with an RNAi-mediated knockdown of HYWHIRLY1 (W1) and
wild-type plants (WT) growing at low and high light (LL and HL, respectively). Whereas WT
plants showed the typical light acclimation responses, e.g. higher photosynthetic capacity and
thicker leaves, W1 did not respond to high irradiance at any developmental stage. The results
revealed a systemic role of WHIRLY1 in light acclimation by coordinating responses at both

levels of photosynthesis and leaf morphology.

Intriguingly, W1 plants did not show symptoms of photoinhibition after chloroplast
development. Therefore, their survival under light energy exceeding their photosynthetic
capacity with compromised HL acclimation must have been owed to different photoprotective

strategies. Among many possible strategies and mechanisms, this study revealed some. An

141



Chapter VI

extremely large xanthophyll cycle pool, mostly present in de-epoxidized form, zeaxanthin, was
in accordance with enhanced NPQ which compensated their low photosynthetic efficiency by
dissipating excess energy. Beyond its role in NPQ, enhanced zeaxanthin content together with
a high lutein content was assumed to function as an antioxidant. Moreover, the absence of a-
tocopherol response to HL suggested that an elevated amount of zeaxanthin was probably
sufficient to protect membrane lipids against photooxidative damage. Besides, the
dihydroxyflavone lutonarin was highly induced in W1 plants and presumably was mostly
located in the mesophyll. Due to its antioxidant properties, lutonarin was proposed to be
involved in the photoprotection of W1 plants under HL conditions in addition to the

carotenoids zeaxanthin and lutein.

For comparison, lines overexpressing HYWHIRLY1 (oeW1 plants) with 10- and 50-fold
accumulation of the WHIRLY1 protein were also investigated and compared to WT plants.
WHIRLY1 over-accumulation in chloroplasts affected neither nucleoid morphology nor the
photosynthetic apparatus composition. Unexpectedly, besides plant growth, photosynthetic
efficiency and light acclimation were also shown to be compromised in a WHIRLY1 abundance-
dependent manner. The elevated levels of PR1 and HPL expression in oeW1 plants already in
non-stress conditions coincided with an enhanced resistance towards powdery mildew,

proposed activation of constitutive defense in oeW1 plants.

Additionally, the results of this study also revealed that the WHIRLY1 protein as a multi-
functional protein was also involved in chloroplast development as well as maintaining plastid
genome stability toward UV-B exposure putatively through nucleoid packaging. Taken
together, the results on photosynthesis and light acclimation in W1 and OeW1 plants suggest
that multi-functional WHIRLY1 might be a scaffold protein whose ‘optimal abundance’ rather

than ‘high or low abundance’ is required for the light acclimation of barley plants.
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Zusammenfassung

WHIRLY1 ist ein in den Chloroplasten lokalisiertes DNA-bindendes Protein mit vielfaltigen
Funktionen. Seine Assoziation mit Nukleoiden, die in nahem Kontakt mit Thylakoidmem-
branen stehen, macht dieses Protein zu einem idealen Kandidaten fiir eine Rolle bei
Reaktionen auf Umweltveranderungen, die dem Zellkern durch retrograde Signale signalisiert
werden. Die letztere fihrt folglich zur Orchestrierung der Genexpression in den Plastiden und

im Zellkern als Reaktion auf Umweltveranderungen.

In dieser Studie wurde die Lichtakklimatisierung auf den Ebenen der Blattanatomie und der
Photosynthese zwischen transgenen Gerstenpflanzen mit einem RNAi-vermittelten
Knockdown von HVWHIRLY1 (W1) und Wildtyp-Pflanzen (WT) verglichen, die bei niedrigem
und hohem Licht (LL bzw. HL) wachsen. Wahrend WT-Pflanzen die typischen Lichtakklima-
tisierungsreaktionen zeigten, z. B. eine hdhere photosynthetische Kapazitat und dickere
Blatter, reagierte W1 in keinem untersuchten Entwicklungsstadium auf eine hohe
Lichtintensitat. Die Ergebnisse zeigten, dass WHIRLY1 eine systemische Rolle bei der
Lichtakklimatisierung spielt, indem es die Reaktionen auf beiden Ebenen der Photosynthese

und der Blattmorphologie koordiniert.

Merkwiurdigerweise zeigten die W1-Pflanzen nach der Entwicklung der Chloroplasten keine
Symptome einer Photoinhibition. Da sie eine gestorte HL-Akklimatisierung aufweisen, muss
ihr Uberleben bei einer Lichtenergie, die ihre photosynthetische Kapazitit tibersteigt, auf
andere photoprotektive Strategien zurickzufiihren sein. Unter den vielen moglichen
Strategien und Mechanismen hat diese Studie einige aufgedeckt. Ein extrem groRRer
Xanthophyll-Zyklus-Pool, der hauptsachlich in der de-epoxidierten Form Zeaxanthin vorliegt,
steht im Einklang mit einer erhéhten NPQ, die ihre geringe photosynthetische Effizienz durch
die Dissipation von zusatzlicher Energie kompensiert. Neben seiner Rolle im NPQ sollte der
erhdhte Zeaxanthin-Gehalt zusammen mit einem hohen Lutein-Gehalt als antioxidativ wirken.
AuBBerdem deutet das Fehlen einer Reaktion von Tocopherol auf HL darauf hin, dass die
erhéhte Menge an Zeaxanthin wahrscheinlich ausreicht, um Membranlipide vor
photooxidativen Schiden zu schiitzen. Im Ubrigen wurde das Dihydroxyflavon Lutonarin in
W1-Pflanzen stark induziert und befand sich vermutlich hauptsachlich im Mesophyll. Aufgrund

seiner antioxidativen Eigenschaften wurde vorgeschlagen, dass Lutonarin zusatzlich zu den
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Carotinoiden Zeaxanthin und Lutein an der Photoprotektion von W1-Pflanzen unter HL-

Bedingungen beteiligt ist.

Zum Vergleich wurden auch HYWHIRLY1-lberexprimierende Linien (oeW1-Pflanzen) mit 10-
und 50-facher Akkumulation des WHIRLY1-Proteins untersucht und mit WT-Pflanzen
verglichen. Die Uberakkumulation von WHIRLY1 in den Chloroplasten hatte keinen Einfluss
auf die Morphologie der Nukleoide oder die Komposition des photosynthetischen Apparats.
Unerwarteterweise zeigte sich, dass neben dem Pflanzenwachstum auch die
photosynthetische Effizienz und die Lichtakklimatisierung in Abhangigkeit von der WHIRLY1-
Haufigkeit gestort sind. Die erhdhte Expression von PR1 und HPL in oeW1-Pflanzen, die bereits
unter Nicht-Stress-Bedingungen eine erhohte Resistenz gegen Mehltau zeigen, deutet auf

eine Aktivierung der konstitutiven Abwehr in oeW1-Pflanzen hin.

Die Resultate dieser Studie zeigten aber auch, dass das WHIRLY1-Protein als multifunktionales
Protein auch an der Chloroplastenentwicklung beteiligt ist und die Stabilitat des
Plastidengenoms gegentber UV-B Strahlung aufrechterhdlt, vermutlich durch
Nukleoidverpackung. Zusammengenommen deuten die Ergebnisse zur Photosynthese und
Lichtakklimatisierung in W1- und OeW1-Pflanzen darauf hin, dass das multifunktionale
WHIRLY1-Protein ein Scaffoldprotein sein konnte, dessen "optimale Abundanz" und nicht
"hohe oder niedrige Abundanz" fir die Lichtakklimatisierung von Gerstenpflanzen erforderlich

ist.
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