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Abstract

Photoperiod and circadian controls play crucial roles in the regulation of chloroplast biogenesis. To understand more about the
regulation of this process, we compared the greening of the first leaves of wild type barley and two WHIRLY1 (WHY1)-deficient
lines. Seedlings were grown in darkness for 4 days prior and then exposed to light at the beginning of the photoperiod on the
5th day or under standard photoperiod conditions. The accumulation of chlorophyll, as well plastid-encoded photosynthetic
transcripts and proteins was delayed in the WHY 1-deficient lines under standard photoperiod conditions because of defects in
plastid gene expression, ribosomal processing and photosynthetic protein accumulation. The acquisition of full photosynthetic
capacity was delayed by about 11 days in the first leaves and the newly forming leaves of the WHY 1-deficient lines compared
to the wild type. However, the light-dependent accumulation of pigments, transcripts and photosynthetic proteins was similar
in all lines when etiolated seedlings were exposed to light. These results demonstrate that WHY1 is required for the integration

of photoperiod-dependent signalling and chloroplast development in barley leaves.

INTRODUCTION

Light not only drives photosynthesis but it is also one of the major environmental signals that regulates plant
growth and development. In darkness the germinating seeds undergo a skotomorphgenesis program that
results in seedlings with long hypocotyls and closed cotyledons that contain non-green plastids (etioplasts),
which develop from proplastids in the meristem. Upon the perception of light signals, a de-etiolation process
occurs that is marked by the synthesis of chlorophyll and the transition from etioplasts to chloroplasts.
However, when seedlings are germinated in the light, proplastids develop directly into chloroplasts without
the intermediate etioplast stage. Phytochrome and cryptochrome photoreceptors are responsible for light
perception and the transduction of light signals that regulate development in photomorphogenesis (Neff et
al., 2000 Schéfer and Bowler 2002).

Phytochrome A is the primary photoreceptor mediating far-red light signalling through FAR-RED ELONGA-
TED HYPOCOTYL3 (FHY3) and FAR-REDIMPAIRED RESPONSE1 (FAR1), which function as positive
regulators of early greening (Wang et al., 2002). FAR1 is a transposase-related transcription factor that
activates the expression of FAR-RED ELONGATED HYPOCOTYL! and the FHYI-LIKE PROTEIN .
These proteins promote the nuclear translocation of phytochrome A resulting in the activation of phyto-
chrome A-mediated gene expression, which includes genes related to chloroplast division and chlorophyll
synthesis (Tang et al., 2012). The FAR1 protein also acts as a positive regulator of ABA signalling in Ara-
bidopsis , enabling adaptation to environmental stresses (Tang et al., 2013). During chloroplast biogenesis



light promotes chlorophyll synthesis to support light harvesting in photosynthesis. The major rate-limiting
step in chlorophyll biosynthesis is the formation of 5-aminolevulinic acid (ALA). FHY3 and FARI regu-
late the early greening process during de-etiolation by binding to promoter of HEMBI1 , which encodes
5-aminolevulinic acid dehydrogenase (ALAD), an enzyme that converts ALA into protoporthyrin IX early in
the chlorophyll biosynthetic pathway. Upon perception of light phytochrome A, FHY3 /FARI are expressed,
increasing HEMBI transcript levels and ALAD protein levels. This promotes protochlorophyllide (Pchlide)
synthesis and chlorophyll accumulation. In darkness, Pchlide is accumulated in the etioplasts because of the
light requirement for activation of the enzyme NADPH:protochlorophyllide oxidoreductase (POR), which
converts Pchlide to chlorophyllide (Solymosi and Schoefs, 2010). FAR1 also resets the circadian clock in
response to red light, a process that is downstream of multiple phytochrome photoreceptors. FAR1 binds to
a FHY3/FAR1 binding site (FBS) that activates the expression of elongation factor 4 (ELF4) and circadian
clock associated 1 (CLOCK ASSOCIATEDI1 ; CCA1l) to reset the clock (Liu et al., 2020).

Chloroplast development also requires extensive chloroplast tonucleus retrograde signalling, which enables
the coordination of the nuclear and chloroplast transcriptional activities that are required for the assembly of
the photosynthetic apparatus (Borner, 2017; Chan et al., 2016). Retrograde signalling ensures the balanced
and co-ordinated expression of nuclear-encoded PHOTOSYNTHESIS ASSOCIATED NUCLEAR GENES
(PhANGS ), a process that relies on information supplied by positive signals provided by the developing
plastids (Dubreuil et al., 2018). Defects in plastid development are signalled through retrograde signalling to
attenuate the expression of photosynthetic genes in the nuclei. Retrograde signalling pathways such as the
plastid-localized GENOMES UNCOUPLED (GUN) retrograde signalling pathway (Susek et al 1993) that
regulates the expression of nuclear-encoded PhANGS, have been extensively studied. The PhANGs, suite of
genes encode components of the photosynthetic electron transfer chain such as the LIGHT HARVESTING
CHLOROPHYLL A/B BINDING PROTEIN COMPLEX (LHC) or PLASTOCYANIN (Susek et al 1993,
Hess et al., 1994; Ruckle et al., 2007). GUN1 is multifunctional protein that regulates the synthesis of
tetrapyroles, which are mediators of one of the biogenic chloroplast-to-nucleus retrograde signalling pathways
(Shimizu et al., 2019). Loss of GUN1 protein uncouples PHANGexpression from the developmental state of
the plastids due to the impaired protein import into the plastids (Wu et al., 2019). However, the biogenic
pathway of retrograde signalling is still poorly understood (Kleine et al., 2009)

The dually-located protein WHIRLY1 (WHY1) has been proposed to function as a retrograde protein signal
(Comadira et al., 2015). The differential localisation of WHY1 between the chloroplasts and nuclei is media-
ted by protein phosphorylation, a process catalysed by the calcineurin B-like-Interacting Protein Kinasel4
(CIPK14; Ren et al., 2017). Interestingly, CIPK14 was shown to be involved in phytochrome A-mediated
far-red light inhibition of greening in Arabidopsis (Qin et al., 2010). We have previously reported that the
fully developed WHY1 deficient barley leaves accumulate more chlorophyll and have higher chlorophyll a/b
ratios than controls (Comadira et al., 2015). Crucially, lack of WHY1 functions led to enhanced levels of
FARI1 transcripts, as well as high levels of transcripts encoding chloroplast ribosomes, the thylakoid NADH
dehydrogenase and cytochrome b/f complexes (Comadira et al., 2015).

To investigate the functions of WHY1 in chloroplast development further, we compared the greening of
two WHY1-deficent barley seedlings under standard day/night photoperiod conditions and de-etiolation.
The leaves of the seedlings grown in standard light conditions showed delayed in greening (by about 9
days) and they accumulated less plastid-encoded photosynthetic proteins. However, during de-etiolation the
WHY 1-deficient seedlings were able to synthesize pigments and photosynthetic proteins in a similar manner
to the wild type. In addition, WHY1 deficient leaves showed enhanced accumulation of the LHCB protein
both during de-etiolation and under standard photoperiod growth conditions. These results taken together
with our earlier findings (Comadira et al., 2016) suggest that WHY1 deficient barley seedlings are low
light-adapted. Since the exposure of etiolated seedlings to light abolishes phytochrome-mediated circadian
controls, we suggest that WHY1 regulates FARI in the circadian-dependent control of photosynthesis during
plastid development in order to protect photosynthesis in a fluctuating light environment.

MATERIALS AND METHODS



Plant Material

Seeds of two independent transgenic barley (Hordeum vulgare L. cv. Golden Promise) lines (W1-1 and W1-
7) with RNAi knockdown of the WHIRLY1 gene and wild type controls were produced in the laboratory
(Comadira et al., 2015).

Standard Photoperiod growth conditions.

Barley seeds (1 per pot) were sown in pots in compost (SHL professional potting compost) in controlled envi-
ronment chambers with a 16h light/8h dark photoperiod, with an irradiance of 250 ymol m2s™t, 20°C/16°C
day/night temperature regime and 60% relative humidity. The first leaves on the seedlings were harvested
after 7 and 14 days.

FEtiolation.

Barley seeds (1 per pot) were sown in pots in compost (SHL professional potting compost) in a controlled
environment chamber. They were grown in continuous darkness for 4 days and then subjected to irradiance
(250 pmol m2s7!) at the beginning of the 5" day, when the seedlings were returned to the above standard
photoperiod growth conditions, with a 16h light/8h dark photoperiod, 20°C/16°C day/night temperature
regime and 60% relative humidity. The first leaves on the seedlings were harvested at the times indicated on
the figure legends in the hours following return to standard photoperiod growth conditions.

Leaf Pigments

Total chlorophyll was extracted from the barley leaves in 80% (v/v) acetone. Absorbance of chlorophylls was
measured at 663 and 646 nm as described by Lichtenthaler (1987).

qPCR

Reverse transcription of 1 yg of RNA into ¢cDNA was performed using the QuantiTect Reverse Transcrip-
tion Kit (Qiagen). The qPCR was performed using QuantiFast SYBR Green PCR kit (Qiagen) in the
presence of 0.5 uM primers in a CFX96 thermocycler (Biorad, Hercules, CA, USA) following the man-
ufacturer’s instructions. PCR conditions were as follows: incubation at 95 °C for 5 min, 45 cycles 10 s
95°C and 30 s 60°C. Additionally melting curve analysis was performed at the end of each run to ensure
specificity of the products. The same master mix without cDNA was used as negative control. The two-
step cycling protocol were programmed as follows: incubation at 95°C for 5 min; 40 cycles of amplification
comprised of 95°C for 10 s, 60°C for 30 s and 72°C for 30 s. The mean value of three replicates was nor-
malized using actin ( Fwd 5- CGACAATGGAACCGGAATG-3’; Rev 5-CCCTT GGCGCATCATCTC-
3’)as internal controls. The other primers used were; Whirly 1 (5’-GATGGGAATGGTCGCTTTTT -37;
Rev 5'-CCATGATGTGCGGTATGATG -37); rbcl (Fwd 5-TTGGGTTCAAAGCCCTACGTGC-3’; Rev
5-ACATCCCAATAAAGG ACGGCCA-3’) and psbA (Fwd 5-CAGAAAAGCTTCCTTGACCA-3"; Rev
5’-CAAT GGTGGTCCTTATGAGC-3").

Western Blot analysis

Total proteins were extracted with protein extraction buffer (Agrisera) supplemented with 5 mM DTT and
the cocktail of protease inhibitors to prevent protein degradation. 10 ug of proteins were separated on 15%
acrylamide SDS-PAGE, and transferred to 0.45 -um nitrocellulose membrane (Amersham 10600003). All
proteins apart from WHY 1 were detected with rabbit polyclonal primary antibody (Agrisera) and secondary
HRP-linked anti-rabbit (1:10000, Agrisera AS09 602). For immunological detection of WHY1, the antibodies
were directed toward the synthetic peptide of recombinant HyWhy1 protein (PRQYDWARKQVF) in rabbits
and antibodies were affinity-purified (Generon, UK). The specificity of immunodetection was validated using
pre-immune sera.

Chlorophyll a fluorescence Imaging Analysis



Chlorophyll fluorescence imaging was performed using both a customised FluorCam imaging fluorometer,
controlled by a computer program called FluorImager (Technologia Ltd., Colchester, UK) and a Walz Chloro-
phyll Fluorometer IMAGING-PAM M-Series MAXI-Version (System I) based on the Multi Control IMAG-
CG for large areas up to 10 x 13 cm. Plants were dark adapted for 30 minutes and placed in the chamber
together with pots to image the maximum PSII quantum yield (Fv/Fm).

Statistical Analysis

Data represent the mean + standard error of the mean (SE). Statistical analysis was performed by Two-way
ANOVA (IBM SPSS Statistics-version 20). The values were considered statistically different when P was <
0.05.

RESULTS

The WHY1-deficient barley leaves develop in a similar manner to the wild type except that the greening
of each emerging leaf is delayed in the absence of WHY1 (Fig. 1, A, B). However, greening was similar in
all lines when the seedlings were first grown in the dark for 4 days and then transferred to the light at the
beginning of the photoperiod under standard day/night grown regime (Fig. 1C-H).

The efficiency of photosynthesis was determined by chlorophyll a florescence imaging of the seedlings. The
dark-adapted Fv/Fm ratios were much lower in the emerging leaves of W1-7 leaves than the wild type under
standard photoperiod conditions (Fig. 2). The efficiency of photosynthesis observed in the first leaves of the
W1-7 seedlings attained maximal values only after 9 days, suggesting a delay in greening compared to the
wild type in the growth conditions used in these experiments. However, the delay in the establishment of
photosynthesis was observed in each emerging lead especially in the base regions of the leaves as observed
for example in the 11-day-old W1-7 seedlings (Fig. 2).

All sections of the 7 days old W1-1 and W1-7 leaves had significantly less chlorophyll than the wild type
(Fig. 3A). However, the chlorophyll contents of 14 day old W1-1 and W1-7 leaves were much higher and
similar to the wild type (Fig. 3B). When seedlings were grown in the dark for 4 days prior to the onset of
illumination, the light-dependent accumulation of chlorophyll was similar in all the lines (Fig. 3C).

The chlorophyll a/b ratios were similar in the developing leaves of all lines at 7 days (Fig. 4A) and 14 days
(Fig. 4B) after germination. However, when seedlings that had been grown in the dark for 4 days were
transferred to light the chlorophyll a/b ratios of the W1-1 and W1-7 leaves were significantly higher than
the wild type after 8 hours exposure to light (Fig. 4C). At later stages of de-etiolation (16h, 32h, 40h and
56h) however, the chlorophyll a/b ratios were similar in all lines (Fig. 4C)

Since monocotyledonous leaves show a developmental gradient from base to tip, the first leaves of 7 and 14
day old seedlings were divided into three sections: base, middle and tip, for further analysis. The levels of
WHY1 protein were highest in the basal sections of developing leaves and lowest in the tip sections at 7
days after germination (Fig. 5A). In contrast, the levels of the WHY1 protein were low in all the sections
of 14 day old leaves (Fig. 5B). The levels of LHCB1, LHCB2 and RBCS proteins were similar or slightly
higher in all regions of the leaves of 7 (Fig. 5A) and 14 (Fig. 5B) day old W1-1 and W1-7 seedlings than
the wild type under standard photoperiod conditions. In contrast, the D1 protein, the RPS1 and RBCL
proteins were much less abundant in the leaves of 7 day old W1-1 and W1-7 seedlings than the wild type
under these conditions (Fig. 5A). The levels of most of these proteins were similar in all lines at 14 days
(Fig. 5B). However, the LHCB2 protein was more abundant in the base sections of the 14 day old W1-1 and
W1-7 leaves than the wild type, as well as in the middle and tip sections of the W1-7 leaves relative to the
wild type (Fig. 5B).

In contrast to the marked delay in chloroplast protein accumulation observed in plants grown under standard
photoperiod conditions, the levels of chloroplast proteins increased in a similar timescale in the hours after
4 day old etiolated seedlings were exposed to light (Fig. 6). The levels of the nuclear encoded PSAC subunit
of photosystem I (Fig. 6A) and the light harvesting proteins LHCA1 (Fig. 6C) and LHCB1 (Fig. 6D)
showed a similar manner of accumulation in all the lines. However, the time-dependent accumulation of the



chloroplastic ribosomal protein called RPL20 (Fig. 6B) and the Dlprotein (Fig. 6E) was delayed by several
hours in the W1-1 and W1-7 leaves relative to the wildtype.

The levels of transcripts encoding WHY1 increased over the first 8 hours of illumination in the first leaves
of the etiolated seedlings and then decreased once more (Fig. 7A). The levels of PSBA (Fig. 7B) andRBCL
transcripts (Fig. 7C) showed similar patterns of light-dependent accumulation in all lines.

DISCUSSION

A number of functions for the DNA-binding WHY1 protein have been described in plants. WHY1 functions
as a transcription factor in the nucleus, where it regulates the expression of pathogen response and senescence
genes (Desveaux et al., 2004; Xiong et al., 2009; Miao et al., 2013; Krupinska et al., 2019). In chloroplasts,
WHY1 maintains the stability of organelle genome (Marechal et al., 2008) and interacts with telomere
repeat sequences, such as psbA and the TACcomplex. WHY1 also interacts with WHY3 in the chloroplasts
of dicotyledonous species to maintain organelle genome stability (Maréchal et al., 2008; Guan et al., 2018).
It also has chaperone functions in RNA processing in chloroplasts (Pfalz et al., 2006; Prikryl et al., 2008;
Meloneck et al., 2010; Swida-Barteczka et al., 2018). WHY1 is also associated with the thylakoid membrane
and has putative functions in photosynthesis (Isemer et al., 2012; Foyer et al., 2014; Comadira et al., 2015;
Huang et al., 2017; Guan et al., 2018; Lin et al., 2019). An earlier study on knockdown maize ZmWhy1
mutants, which have a pale green phenotype (Prikryl et al., 2008) suggested that WHY1 is involved in
chloroplast biogenesis. The data presented here shows that WHY1 protein levels were highest in the basal
regions of 7 day old wild type leaves grown under standard photoperiod conditions and lowest in the tip,
suggesting that the WHY1 protein is most abundant during chloroplast development. Moreover, WHY'1
transcripts increased only in the first hours of leaf greening following etiolation and then decreased once
more.

The WHY 1-deficient leaves showed delayed greening relative to the wild type when seedlings were grown
under standard photoperiod conditions. In contrast, when the seedlings were first grown in continuous
darkness and then subjected to light there was little or no delay in the accumulation of chlorophyll and
photosynthetic proteins in the first leaves of the WHY 1-deficient seedlings. We have previously shown that
the fully developed W1-1 and W1-7 leaves have similar rates of photosynthetic carbon assimilation to the
wild type (Comadira et al., 2015). The mature WHY 1-deficient leaves accumulate more chlorophyll and have
higher chlorophyll a/b ratios than the wild type with enhanced levels of transcripts encoding photosynthetic
proteins including the thylakoid NADH dehydrogenase and cytochrome b/f complexes. These changes in
mature leaves may be linked to a failure to regulate cpDNA copy number, which is greatly increased in
WHY1-deficient leaves (Karpinska et al., 2017). The data presented here show that higher levels of the
LHCB2 protein were present in the base sections of the 14 day old W1-1 and W1-7 leaves than the wild
type, as well as in the middle and tip sections of the W1-7 leaves relative to the wild type. This finding agrees
with a recent report (Krupinska et al., 2019) that WHY 1-deficient lines over-accumulate LHC proteins even
at the early stages of chloroplast development.

The data presented here shows that proteins encoded by transcripts arising from the plastid genome are
less abundant in the developing WHY 1-deficient barley leaves. In contrast, chloroplast proteins encoded by
nuclear genes are more abundant in the WHY 1-deficient leaves. The lack of functional chloroplast ribosomes
as evidenced here by the delayed accumulation of the large ribosomal subunit (50S) is thought plays a major
contribution to the delay in chloroplast development (Prikryl et al., 2008). As a result of the lack of synchrony
between plastid and nuclear gene expression, the establishment of photosynthesis is delayed by about 11 days
in W1-1 and W1-7 leaves compared to the wild type under standard photoperiod conditions. Chloroplast
genes are transcribed as operons, the generation of various mono- and poly-cistronic RNA molecules are
regulated by complex post-transcriptional RNA processing mechanisms (Morley et al., 2016; Sun et al.,
2016). Since the WHY1 protein does not specifically bind to the operon containing these RNAs; it is likely
that WHY1 functions directly through interactions with other RNA-binding proteins that function in the
synthesis, assembly or stability of 50S ribosomal subunits in chloroplasts.



Taken together, the above observations show that WHY1 fulfils functions in the accumulation of plastome
transcripts and proteins in developing barley chloroplasts but that this requirement largely disappears when
the developing leaves are first exposed to a long dark period before experiencing light. These findings suggest
that the WHY1 protein fulfils a role in the photoperiod-dependent or circadian regulation of chloroplast
development because delayed greening is only observed when the WHY 1-deficient seedlings are grown under
standard photoperiod conditions. Transcriptome profiling analysis has shown that the expression of relatively
few genes is changed in leaves as a result of the loss of WHY1 functions. However, the levels of FAR1
transcripts are always significantly higher in the WHY 1-deficient leaves than the wild type (Comadira et al.,
2015). FARI1 binds to the promoter of HEMB1 , which encodes 5-aminolevulinic acid dehydratase in the
chlorophyll biosynthetic pathway, activating expression (Tang et al., 2012). Moreover, FARI is also important
in the resetting of the circadian clock by red light downstream of multiple phytochrome photoreceptors (Liu
et al., 2020). It is tempting to suggest that WHY1 functions in the circadian regulation of chloroplast
development through the repression FAR1 expression.
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FIGURE LEGENDS

Figure 1: Phenotypic images of wild-type (WT) barley seedlings and two independent WHIRLY 1-deficient
barley lines (W1-1 and W1-7) grown under standard (16h light/8h dark) photoperiod (A, B) conditions for
7 days (A) and 14 days (B), or grown in the dark for 4 days prior to illumination (C, D, E, F, G, H). The
dark pre-treated seedlings were transferred to light at the beginning of long photoperiod for 1h (C), 3h (D),
8h (E), 16h (F), 32h (G) and 56h (H). Scale bar is 1 cm.

Figure 2: Chlorophyll a fluorescence in vivo imaging of the dark-adapted Fv/Fm ratios of wild type and
W1-7 seedlings. Seedlings were imaged during development under standard photoperiod (16h light/8h dark)
conditions from the first day of leaf emergence (4 days old) up to 11 days after germination. The colour scale
represents Fv/Fm values between 0.6 — 0.85. The arrows indicate the first leaf at the point of emergence
and the point where achieved the highest Fv/Fm value.



Figure 3: A comparisons of leaf pigment contents in the base, middle (mid) and tip sections of the first
leaves of wild type (WT) and W1-1 and W1-7 seedlings at 7 (A) and 14 (B) days after germination and
during de-etiolation following transfer to light at the beginning of the photoperiod (C). Data are presented
as means £ SE (n = 6). Different letters above the bars indicate statistically significant differences (P <
0.05) analysed by two-way ANOVA with Tukey’s post-hoc test.

Figure 4: A comparison of the chlorophyll a/b ratios in the base, middle (mid) and tip sections of the
first leaves of wild type (WT) and W1-1 and W1-7 seedlings at 7 (A) and 14 (B) days after germination
and during de-etiolation 8h, 16h, 32h, 40h and 56h under standard photoperiod conditions (C). Data are
presented as means = SE (n = 3). Different letters above the bars indicate statistically significant differences
(P < 0.05) analysed by two-way ANOVA with Tukey’s post-hoc test.

Figure 5: Western blot analysis of selected chloroplast proteins in the base, middle (mid) and tip sections of
the first leaves of wild type (WT) and W1-1 and W1-7 seedlings at 7 (A) and 14 (B) days after germination.
Proteins detected are LHCB1 and LHCB2, the small subunit of ribulose-1, 5-bisphosphate carboxylase (RB-
CS), the chloroplast ribosomal protein S1 (RPS1), WHIRLY1 (WHY1), the large subunit of RBC (RBCL)
and the photosystem II D1 protein.

Figure 6: Western blot analysis of selected chloroplast proteins in the hours after 4 day old etiolated
seedlings were exposed to light (1h, 3h, 8h, 16h, 32 h and 56h) under standard photoperiod conditions.
Proteins detected are LHCA1 and LHCBI, the chloroplast ribosomal protein RPL20 (RPL20), the iron-
sulphur centre of photosystem I subunit PSAC, WHIRLY1 (WHY1), and the photosystem II D1 protein.

Figure 7: The abundance of WHY1 and chloroplast-encoded transcripts measured by qPCR in etiolated
seedlings following exposure to light at the beginning of the photoperiod of the 5" day under standard
photoperiod conditions (16h light/8h dark). Samples were taken following exposure to standard photoperiod
conditions was for 1h, 3h, 8h, 16h, 32h and 56h. Values are represented as means + SE (n = 3). Different
letters represent statistically significant differences analysed by two-way ANOVA and Tukey’s HSD, a post-
hoc test (P<0.05).
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