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ABSTRACT
In this article a novel mechanism of retrograde signaling by chloroplasts during stress is described. This
mechanism involves the DNA/RNA binding protein WHIRLY1 as a regulator of microRNA levels. By virtue
of its dual localization in chloroplasts and the nucleus of the same cell, WHIRLY1 was proposed as an
excellent candidate coordinator of chloroplast function and nuclear gene expression. Comparison of
wild-type and transgenic plants with an RNAi-mediated knockdown of WHIRLY1 showed, that the
transgenic plants were unable to cope with continuous high light conditions. They were impaired in
production of several microRNAs mediating post-transcriptional responses during stress. The results
support a central role of WHIRLY1 in retrograde signaling and also underpin a so far underestimated role
of microRNAs in this process.
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WHIRLY1 belongs to a small plant specific family of DNA/RNA-
binding proteins. By immunological methods, WHIRLY1 has
been detected in chloroplasts and nucleus of the same cell [1].
Accordingly, functions ofWHIRLY1were reported for both com-
partments. In chloroplasts of barley, WHIRLY1 was shown to be
the major compacting protein of nucleoids [2]. Moreover,
WHIRLY1 has been found to bind to plastid RNAs [3,4]. In
chloroplasts of Arabidopsis thaliana, WHIRLYs were reported to
maintain plastid genome stability [5]. In the nucleus, WHIRLY1
was originally detected as a component of a transcriptional acti-
vator of the PR10a gene of potato [6]. Furthermore, it has been
found to bind to telomeres [7].

Chloroplasts act as sensors of the environmental situation and
produce diverse signals informing about the functionality of the
photosynthetic apparatus [8,9]. These retrograde signals comprise
redox changes and reactive oxygen species and regulate gene
expression in the nucleus in particular during stress situations
[10]. Although in recent years several compounds involved in
chloroplast-to-nucleus communication have been identified, the
full repertoire of molecular mechanisms adjusting nuclear gene
expression to environmental cues remained obscure [11].

To investigate the impact of WHIRLY1 on stress resistance of
barley plants, seedlings of three independent transgenic lines with
an RNAi-mediated knockdown of WHIRLY1 (RNAi-W1–1,
RNAi-W1-7 and RNAi-W1-9) were grown in continuous light
at four different irradiances (50, 120, 200, 350 µmol photons
m−2 s−1). Leaves had reduced levels of the WHIRLY1 protein
ranging from undetectable traces (RNAi-W1-7) to 10% of the
wild-type level (RNAi-W1-1, RNAi-W1-9) [2]. The reduction in

length of the leaves was the same in both lines having 10% the
WHILRLY1. Therefore, only the results obtained for lines W1-1
besides line W1-7 are presented in Figure 1. The reduction in leaf
length occurred irrespective of the irradiance (Figure 1a) indicat-
ing that WHIRLY1 has a general positive effect on growth.

Moreover the seedlings of the RNAi-W1 plants in contrast
to the wildtype showed bleaching and a reduction of the
chlorophyll content at 200 µmol photons m−2 s−1

(Figure 1b). The reduction was more prominent in case of
the RNAi-W1-7 line, having the lowest level of WHIRLY1
protein [2], as compared to the two other lines.

Analyses of carotenoids showed that in leaves of the RNAi-
W1 plants the ratio of VAZ (V = violaxanthin,
A = antheraxanthin, Z = zeaxanthin) pool pigments to chlor-
ophylls was enhanced at irradiances of 200 and 350 µmol
photons m−2 s−1 (Figure 1c). The enhanced ratio of VAZ/
chlorophyll in the RNAi-W1 plants coincided with a higher
de-epoxidation state of the VAZ pool (Figure 1d) indicating
synthesis of zeaxanthin from violaxanthin. In line RNAi-W1-7
with the most extreme knockdown of WHIRLY1, the altera-
tions were more dramatic than in line RNAi-W1-1. At low
light, no differences were detected between wild type and
RNAi-W1 plants indicating that the alterations in the pigment
composition are due to high light stress.

Zeaxanthin is known to have the highest antioxidative
capacity of the xanthophylls and might protect thylakoid
membrane lipids from oxidation [12]. Besides its direct effect
as ROS scavenger, zeaxanthin plays an important role in non-
photochemical quenching dissipating excess energy as heat
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and avoiding thereby the production of reactive oxygen spe-
cies [13]. The enhanced de-epoxidation of the xanthophyll
cycle pigments in the RNAi-W1 plants compared to the wild
type therefore indicates that their photosynthetic apparatus
absorbed more light than required for assimilation of carbon.
ROS production by thylakoids from RNAi-W1 or from wild-
type seedlings grown at 200 µmol photons m−2 s−1 was mea-
sured by electron paramagnetic spin resonance (EPR).
Indirect spin trapping of superoxide/hydrogen peroxide
using 4-POBN/ethanol/FeEDTA [14] showed that RNAi-W1
thylakoids generated in the light about two times larger sig-
nals as wild-type thylakoids (Figure 2a, b). To investigate
whether also singlet oxygen production by thylakoids is

enhanced in WHIRLY1 deficient chloroplasts, EPR measure-
ments were performed with the specific spin probe TEMPD
[15]. Using TEMPD as spin trap, no difference was observed
between the wild type and the transgenic lines (Figure 2a).

Taken together, analyses of pigments as well as ROS measure-
ments revealed that the WHIRLY1 deficient plants experienced
more photooxidative stress than the wild type when grown in
continuous high light. This indicates that WHIRLY1, in addition
to its positive effect on growth, also promotes stress resistance.

Since WHIRLY1 in chloroplasts was shown to bind to RNA as
well as to DNA [3] it was obvious to investigate a putative role of
WHIRLY1 in controlling the levels of microRNAs which play a
central role in the control of plant development as well as in stress
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Figure 1. Characterization of WHIRLY1 knockdown lines at the seedling stage. Seedlings were exposed to continuous irradiation at 50, 120, 200 or 350 µmol photons
m−2 s−1 for 7 days. Lengths of the primary leaves (cm) are indicated (a). Pigment extracts from the wild type (WT) and the RNAi-W1 lines (W1-1, W1-7, W1-9) were
compared by HPLC for the content of chlorophylls/leaf area (b), the ratio of xanthophyll cycle pigments (VAZ) to chlorophyll (c) and the de-epoxidation state of VAZ
(d). De-epoxidation state was calculated as (Z + 0.5A)/(V + A + Z). All data are means of 3 samples, error bars denote standard deviation. The results obtained for
lines RNAi-W1-1 and RNAi-W1-9 are rather similar. Only the results of RNAi-W1-1 are therefore shown.
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Figure 2. ROS production by thylakoids from wild type and RNAi-W1-1 and RNAi-W1-7 lines. Thylakoids were prepared from seedlings grown in continuous light of
200 µmol photons m−1s−1. Superoxide/hydrogen peroxide levels were measured by spin trapping EPR using 4-POBN/EtOH/FeEDTA as spintrap and singlet oxygen by
the spin probe TEMPD-HCl (for experimental details, see [15]). Thylakoids were illuminated for two minutes with red light (500 µmol quanta m−2s−1) in the presence
of the chemicals. Left: representative spectra, right: EPR signal sizes (4-POBN/EtOH/FeEDTA) were normalized to the signal obtained in wild-type thylakoids (mean
± SD, n = 6).

RNA BIOLOGY 887



responses [16–18]. For the analysis ofmicroRNAs, primary foliage
leaves of wild-type plants and plants of the RNAi-W1-7 line,
respectively, grown either at low light (100 µmol photons m−2 s−1)
or at high light (350 µmol photons m−2 s1), were used. Eight
conserved microRNAs reported to be stress responsive in
Arabidopsis thaliana and in Triticeae [19,20] were selected and
their levels were determined by Northern blot analyses as well as
by RT-qPCR TaqMan MicroRNA assays.

In wild-type plants the levels of most of these microRNAs
were enhanced at high light compared to low light conditions
(Supplemental Fig. S1). These findings were confirmed by RT-
qPCR TaqMan MicroRNA assays, although the changes were
not statistically significant in each case (Figure 3a). While in
Northern blot analyses at least several members of a
microRNA family were detected (Supplemental Fig. S1), in
RT-qPCR TaqMan MicroRNA assays only specific members
of a family were measured. Therefore the results of both
approaches are not always directly comparable, e.g. in case
of miRNA159.

For all microRNAs tested in Northern blot hybridization
the levels were reduced in leaves of the two RNAi-W1 lines
(RNAi-W1-1 and RNAi-W1-7) (Supplemental Fig. S1). These
results were confirmed by RT-qPCR TaqMan MicroRNA
assays and were independent of the light conditions
(Supplemental Fig. S2A, B).

mRNA targets for the tested microRNAs are known in several
plant species including barley (Supplemental Table 1) [21–24]. All
tested target mRNAs were additionally recognized using the
psRNA-Target software [25,] (Supplemental Material S1).
MicroRNAs hvu-miR159a and hvu-miR159b-3p target GAMyb

mRNA, and microRNAs named hvu-miR164a, hvu-miR172b-3p,
hvu-miR393h, and hvu-miR396b-5p target NAC, APETALA,
TIR1 and GRF1 mRNAs, respectively. Barley HOX9 and AGO1
mRNAs have been shown to be targets of microRNA166a and
microRNA168-5p, respectively.

The effects of the selected miRNAs on the levels of targeted
mRNAs were tested by qRT-PCR. In primary foliage leaves of
wild-type plants grown in high light, the upregulation of
microRNAs coincided with a downregulation of targeted
mRNAs (Figure 3b). In contrast, in the RNAi-W1 plants
grown in high light most target gene mRNA levels were
enhanced compared to the wild type (Figure 3c) whereas at
low light the levels of target gene mRNAs were similar
between the wild type and RNAi-W1-7 plants (Supplemental
Fig. S3).

MicroRNAs analyzed in the study respond to multiple
stresses [reviewed in 20]. The expression of a particular
microRNA can vary between organs or within time after stress
treatment, as in case of microRNA166a being upregulated in
the barley leaf and downregulated in roots during desiccation
[26]. The results indicate that high light induced signals from
chloroplasts stimulate a WHIRLY1 dependent downregula-
tion of the level of mRNAs targeted by the tested
microRNAs being upregulated in the wild type. In contrast
to the wild type, plants of the RNAi-W1-7 line did neither
show a light-induced increase in microRNAs nor a decrease in
the mRNA levels of their target genes. This indicates that the
WHIRLY1 deficient plants can’t respond to stress and thereby
suffer from a higher ROS production. In many cases abiotic
stress treatment leads to the expression fluctuation of
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Figure 3. RT-qPCR analysis of microRNAs and expression of target genes in wild type (WT) and transgenic RNAi -W1-7 plants exposed to either low (LL) or high light
(HL). (a) In WT plants exposed to HL the levels of microRNAs were enhanced. Results are presented as fold changes and results for WT plants grown in LL are treated
as 1. (b) In the wild type plants HL lead to a downregulation of the levels of target mRNAs. (c) Levels of most target mRNAs were enhanced in HL treated W1-7 plants
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microRNAs, negatively correlated with target mRNA levels.
WHIRLY1 deficiency abolished microRNA based target
mRNAs expression regulation.

In the transgenic plants grown either in low light or in high
light, the levels of targeted mRNAs did not show essential
differences (Figure 3d). The only exception is the mRNA encod-
ing a NAC transcription factor (GenBank: AK356223.1) that has
a lower level in W1-7 plants grown either in high light or low
light despite the low level of its potential cognate
microRNA164a. The reason for this result remains unclear.
NAC transcription factors comprise one of the largest gene
families and are involved in the regulation of plant development,
senescence and responses to various stresses. Their activities can
be regulated at different levels (transcription efficiency, alterna-
tive splicing, and posttranslational regulation) that possibly
might affect the final level of NAC mRNAs [27].

WHIRLY1 has been proposed to move from the chloroplast
to the nucleus in response to environmental cues such as high
light intensity [28]. In this study it has been demonstrated that
the repertoire of the plants’ responses towards high light
involves a WHIRLY1 dependent increase in the levels of
diverse nuclear microRNAs. As WHIRLY1 can bind to RNA
it might be a general factor influencing the biogenesis and/or
stability of microRNAs. The observed phenomenon might be
caused either by direct binding of WHIRLY1 to the nuclear
microRNAs and/or its architectural impact on nuclear chro-
matin as observed in chloroplasts [2]. To elucidate the specific
role of WHIRLY1 in the regulation of the levels of microRNAs
and targeted mRNAs during retrograde signaling further
detailed studies are required.

1. Material and methods

1.1. Growth of barley plants

Barley seedlings were sown in multipots on soil (Einheitserde
ED73, Einheitswerk Werner Tantau, Ütersen, Germany). After
three days in darkness and low temperature (6°C) the seedlings
were transferred in a chamber with continuous light. Continuous
light was adjusted to 50, 120, 200 or 350 photons µmol s−1 m−2.
Temperature was 21–26°C. Ten days after sowing, i.e. after 7 days
in continuous light, the primary foliage leaves of the seedlingswere
analyzed.

1.2. Analysis of leaf pigment content

A segment of a length of 1.4 cm (area: 1-1.3 cm2) was excised from
the mid part of a primary foliage leaf and was immediately frozen
in liquid nitrogen.Until analysis byHPLC the samples were stored
in a freezer at −80°C. For extraction, the leaf discs along with five
glass beads were ground in the frozen state in a Geno Grinder
(Type 2000, SPEX, CertiPrep,Munich, Germany) with 0.5ml 80%
(v/v) acetone buffered with 20 mM Tris, pH 7.8. After centrifuga-
tion, the pellet was extracted twicewith 200 µl 100% acetone. From
the unified extracts, 50 µl were used for HPLC analysis on an
Agilent 1100 system (Agilent, Waldbronn, Germany) with DAD
detection. The protocol was the same as published before [29]. De-
epoxidation state was calculated as (Z + 0.5A)/(V+A+Z), withV,
violaxanthin, A, antheraxanthin and Z, zeaxanthin.

1.3. Room-temperature electron paramagnetic spin
resonance measurements

Spin-trapping assays with 4-pyridyl-1-oxide-N-tert-butylni-
trone (4-POBN) (Sigma-Aldrich, Darmstadt, Germany) were
carried out to detect the formation of hydroxyl radicals. The
spin trapping assay contained 100 mM TEMPD-HCl for the
detection of 1O2 and 50 mM 4-POBN, 4% ethanol, 50 µM Fe-
EDTA for the detection of hydroxyl radicals. Fe-EDTA is used
as a Fenton reagent catalyzing the reduction of H2O2 into
−OH and •OH, the latter being detected in the spin trapping
assay. The samples contained thylakoid membranes at a con-
centration of 10 µg Chl/ml and were illuminated for 2 min
with red light (RG 630, Calflex C) of an intensity of 500 µmol
quanta m−2s−1. EPR spectra were recorded at room tempera-
ture in a standard quartz flat cell using an ESP-300 X-band
(9.73 GHz) spectrometer (Bruker, Rheinstetten, Germany).
The following parameters were used: microwave frequency
9.73 GHz, modulation frequency 100 kHz, modulation ampli-
tude: 1G, microwave power: 6.3 milliwatt receiver gain: 2x104,
time constant: 40.96 ms; number of scans: 4.

1.4. RNA isolation

Total RNA was extracted from 100 mg of powdered tissue
with 38% (w/v) phenol solution. The method allowed for
efficient isolation of small RNAs and is described in detail
by [30]. RNA integrity was evaluated on agarose gels. DNA
traces were removed with Ambion TURBO DNase
(ThermoFisher Scientific, Waltham, MA, USA).

1.5. Northern blot microRNA analyses

MicroRNAs were analysed using Northern blot hybridization
for enhanced detection of small RNAs [31]. Fifteen µg of RNA
was separated on Urea PAGE (15%), transferred onto
Amersham Hybond-NX nitrocellulose (GE Healthcare, Little
Chalfont, Buckinghamshire, UK) and fixed with EDC chemi-
cal crosslinking. MicroRNAs were detected with γ32P ATP-
labeled (6000 Ci/mmol; HARTMANN ANALYTIC GmbH,
Braunschweig, Germany) DNA oligo probes (Sigma-Aldrich,
St. Louis, MO, USA). The U6 hybridization signal was taken
as a loading control. Blots were exposed to phosphorimaging
screen (Fujifilm), scanned with Fujifilm FLA5100 reader
(Fujifilm Co., Ltd., Tokyo, Japan) and quantified with Multi
Gauge V2.2 software. Probe sequences are listed in
Supplemental Table 2.

1.6. Quantitative real-time PCR (RT-qPCR)

mRNA levels were quantified using cDNA achieved with 3 µg
of DNA-depleted RNA, Invitrogen SuperScript III Reverse
Transcriptase (ThermoFisher Scientific, Waltham, MA, USA)
and 0.5 µg Oligo(dT)18 Primer (ThermoFisher Scientific,
Waltham, MA, USA). cDNA templates were 4-fold diluted.
MicroRNA expression was detected and quantified with
TaqMan™ MicroRNA Assays (ThermoFisher Scientific,
Waltham, MA, USA) following the instructions of the manu-
facturer. 10 ng of DNA-depleted RNA was reversely
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transcribed with TaqMan MicroRNA Reverse Transcription
Kit (ThermoFisher Scientific, Waltham, MA, USA). Reactions
were proceeded with the Power SYBR Green PCR Master
MIX (Applied Biosystems, Warrington, UK), two specific
primers (final concentration of 200 nM each) for mRNA
RT-qPCR. TaqMan Universal PCR Master Mix II with UNG
(ThermoFisher Scientific, Waltham, MA, USA) was used for
microRNA RT-qPCR. Each RT-qPCR reaction was run for
three biological replicates with the 7900HT Fast Real-Time
PCR System (Applied Biosystems, Waltham, MA, USA) in
384-well plates. mRNA results were normalized to the
mRNA level of the barley ADP-ribosylation factor 1-like
[GenBank: AJ508228.2] [32]. MicroRNA levels were normal-
ized to the U6 snRNA expression. Expression levels were
calculated with the relative quantification method (2-ΔΔCt)
and presented as a fold-change value. The R2 values of the
analyzed data (≥ 0.997) were calculated with LinRegPCR soft-
ware [33,34]. The significance of the fold-change values was
tested with a T-test. TaqMan Small RNA Assays, together
with microRNA sequences are listed in Supplemental
Table 2. Primers are listed in Supplemental Table 3.
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