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Chloroplast biogenesis requires a tight communication between nucleus and plastids. By retrograde signals,
plastids transmit information about their functional and developmental state to adjust nuclear gene expression,
accordingly. GENOMES UNCOUPLED 1 (GUN1), a chloroplast-localized protein integrating several develop-
mental and stress-related signals, is one of the main players of retrograde signaling.

Here, we focused on the interplay between GUN1 and redox regulation during biogenic retrograde signaling,
by investigating redox parameters in Arabidopsis wild type and gunl seedlings. Our data highlight that during
biogenic retrograde signaling superoxide anion (O2) and hydrogen peroxide (H202) play a different role in
response to GUN1. Under physiological conditions, even in the absence of a visible phenotype, gunl mutants
show low activity of superoxide dismutase (SOD) and ascorbate peroxidase (APX), with an increase in Oy
accumulation and lipid peroxidation, suggesting that GUN1 indirectly protects chloroplasts from oxidative
damage. In wild type seedlings, perturbation of chloroplast development with lincomycin causes HpO, accu-
mulation, in parallel with the decrease of ROS-removal metabolites and enzymes. These redox changes do not
take place in gunl mutants which, in contrast, enhance SOD, APX and catalase activities. Our results indicate that
in response to lincomycin, GUN1 is necessary for the HyO»-dependent oxidation of cellular environment, which

might contribute to the redox-dependent plastid-to nucleus communication.

1. Introduction

Plant development, differentiation and appropriate response to
environmental fluctuations require a mutual communication between
plastids and the nucleus. By anterograde signaling, the nucleus exerts its
control over the chloroplasts, while plastids, through retrograde
signaling, transmit information about their developmental and func-
tional state to adjust nuclear gene expression (NGE), accordingly [1,2].
Many components and distinctive pathways of retrograde signaling,
controlling chloroplast biogenesis (biogenic control) and plastid ho-
meostasis in response to environmental cues (operational control), have
been identified in the last decades. These signaling molecules include
carotenoid oxidation products [3], intermediates of tetrapyrrole
biosynthesis (TPB) [4-6], carbohydrate metabolites [7,8], isoprenoid
precursors [9], phosphoadenosines [10] and reactive oxygen species
(ROS) [2,11-13].

The role of ROS as oxidants or components of redox signaling mostly
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depends on a fine balance between the production and scavenging of
these molecules in different organelles [14]. Aerobic metabolism
constantly generates ROS in different compartments of plant cells [15,
16]. Chloroplasts represent a significant source of ROS, which comprise
production of singlet oxygen at photosystem II and superoxide anion
(02) at PSI [17]. The signaling activity and the simultaneous prevention
of oxidative damage takes place through the control of ROS levels,
which is made possible by enzymatic and non-enzymatic antioxidant
systems [16,18]. Major non-enzymatic antioxidants include tocoph-
erols, carotenoids, ascorbate (ASC), and glutathione (GSH) [18].
Amongst the enzymatic systems, superoxide dismutases (SOD) catalyze
O, dismutation to hydrogen peroxide (H205.)-H20> is closely controlled
by the action of catalases (CAT), ASC peroxidases (APX), class III per-
oxidases (POD) and thiol-dependent peroxidases (TPX), which include
peroxiredoxins [19] and GSH peroxidases (GPX) [20]. APX utilizes ASC
to reduce hydrogen peroxide yielding monodehydroascorbate (MDHA),
which can be reconverted to ASC by either the action of MDHA
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reductase (MDHAR) or through the non-enzymatic disproportionation
to dehydroascorbate (DHA). Subsequently, DHA reductase (DHAR) re-
duces DHA to ASC utilizing GSH, which is oxidized to glutathione di-
sulfide (GSSG) and regenerated to GSH by NADPH-dependent GSSSG
reductase (GR) [16].

Redox regulation occurring in cell organelles can also regulate
retrograde signaling, greatly influencing plant response to external
environment changes [15,21-24]. Cellular redox signaling has been
proposed as a crucial integrator of retrograde signals deriving from or-
ganelles, which permit communication with the nucleus [25].

One of the main biogenic retrograde signaling pathways involves the
plastid-localized GENOMES UNCOUPLED (GUN) proteins, identified in
experiments where plastid development was chemically inhibited [26].
In these conditions, gun mutants failed to repress nucleus-encoded
Photosynthesis-Associated Nuclear Genes (PhANGs). Among the six
GUN proteins identified, GUN2-GUNG6 are directly involved in TPB,
giving rise to intermediate molecules with a possible role in biogenic
retrograde signaling [6,27-29]. On the other hand, GUN1 is a nuclear
encoded pentatricopeptide repeat (PPR) protein, with a C-terminal
Small MutS-Relate (SMR) domain, localized in the chloroplast, which
takes part in multiple processes to coordinate NGE in response to plastid
signals. Since the PPR and SMR proteins are involved in RNA metabo-
lisms and DNA repair and recombination [30,31], GUN1 was initially
proposed as a nucleic acid-binding protein acting in either plastid DNA
metabolism or repair and involved in plastid gene expression (PGE)
[29]. Successive evidence demonstrates that GUN1 interacts with pro-
teins more than with nucleic acids. Co-immunoprecipitation and mass
spectrometry studies have detected nearly 300 different GUN1 inter-
acting proteins, involved in several biological processes [32,33],
including plastid gene transcription, RNA-editing, translation, protein
import and indirectly TPB [34-36].

GUNT1 protein level is very low in most plant developmental stages,
since Clp protease rapidly degrades the protein after entering the chlo-
roplast [37]. Only during the early stages of chloroplast biogenesis or
under stress conditions that perturb plastid protein homeostasis, such as
lincomycin (Lin) treatment, GUN1 accumulates to detectable levels [33,
37]. When chloroplast protein synthesis is inhibited by Lin, Clp-protease
fails to accumulate, resulting in increased amount of GUN1 protein in
the chloroplast [38]. It has been recently proposed that GUN1 functions
as a hub by interacting with several protein partners and promoting
function by bringing enzymes in proximity with their substrate, or the
opposite, inhibiting processes by sequestering specific interactors [35,
39].

Although a growing number of evidence underlines, on one side, the
pivotal role of ROS and redox changes and, on the other side, the GUN1
protein in retrograde signaling to our knowledge very few data are
present in the literature on the interplay between GUN1 and redox
regulation during biogenic retrograde signaling.

Considering these premises, we aimed to study the potential
involvement of GUN1 in the control of redox regulation occurring upon
activation of GUN1-dependent retrograde signaling. To achieve this
goal, we investigated redox parameters in Arabidopsis wild type (Col-0)
and gunl mutant seedlings grown both in presence and absence of Lin. In
particular, the levels of ROS, the main oxidative markers, as well anti-
oxidant metabolites and the major ROS removal enzymes were
analyzed. Redox changes observed between Col-0 and gunl seedlings in
response to lincomycin treatment have provided valuable insights into
the role of ROS and redox changes in the biogenic retrograde
communication.

2. Materials and methods
2.1. Plant materials and growth conditions

The Arabidopsis (Arabidopsis thaliana, genetic background Col-0)
gunl-102 T-DNA insertion mutant was previously described in Tadini
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et al. [32]. Col-0 and gunl1-102 seeds were surface-sterilized and sown
out on Murashige and Skoog medium (Duchefa, Haarlem, The
Netherlands) supplemented with 2% (w/v) sucrose and 1.5% (w/v)
Phyto-Agar (Duchefa). Lincomycin (Lin) was added at the final con-
centration of 550 uM. After 2 days incubation at 4 °C in the dark,
seedlings were grown for 6 days (80 pumol m 2 sec ! on 16 h/8 h
dark/light cycles).

2.2. Determination of ROS and oxidative markers

In situ O and H,O5 were detected with nitroblue tetrazolium (NBT)
and 3,3-diaminobenzidine (DAB), respectively, as described in Jambu-
nathan (2010) [40] with minor modifications. For anion superoxide
visualization, seedlings were vacuum infiltrated (70-100 mbar) for 10
min in NBT-staining solution (50 mM phosphate buffer pH 6.4, 0.1%
(w/v) NBT, 10 mM sodium azide). After a further incubation for 15 min
with a new NBT-staining solution, seedlings were exposed under cool
fluorescent light for 20 min. After the staining, seedlings were bleached
by a series of washing steps with 95% ethanol at 45 °C. Superoxide anion
was visualized as a blue color produced by NBT precipitation. For HoO»
visualization, seedlings were vacuum infiltrated (70-100 mbar) for 5
min with 100 mM phosphate buffer pH 7.4 containing 0.1% 3,3’dia-
minobenzidine (DAB) (w/v). The seedlings were incubated under vac-
uum in the dark for 5-6 h until brown precipitates were observed.
Successively, stained seedlings were bleached by a series of wash with
95% ethanol at 45 °C. The staining intensity was quantified on digital
images by ImageJ software (https://imagej.nih.gov/ij/) as reported in
[40]. The relative Oo"and H20; levels were determined as percentage of
NBT- and DAB-stained area of cotyledons, respectively.

The level of lipid peroxidation was evaluated in terms of malon-
dialdehyde (MDA) content determined by the TBA reaction as described
by Paradiso et al. [41]. The amount of MDA-TBA complex was calcu-
lated using an extinction coefficient of 155 mM ! ecm ™.

Protein oxidation was spectrophotometrically determined by
measuring the content of carbonyl-groups reacting with dini-
trophenylhydrazine (DNPH), according to Romero Puertas et al. [42].
Carbonyl content was calculated using an extinction coefficient of 22
mM ! em™L.

For the identification of sulfhydryl groups, proteins were labelled
with monobromobimane (mBBr) and separated by sodium dodecyl
sulfate (SDS)- Polyacrylamide Gel Electrophoresis (PAGE) according to
De Gara et al. (2003) [43]. Quantitative densitometric analyses of the
main bands in the gels were performed using Quantity One ™ software
(Biorad).

2.3. Analysis of enzymatic and non-enzymatic antioxidants

For the determination of non-enzymatic antioxidants, Arabidopsis
seedlings were homogenized with four volumes of cold 5% (w/v) meta-
phosphoric acid in liquid nitrogen. The homogenates were centrifuged
at 20,000 g for 15 min at 4 °C. Supernatants were used to determine
contents and redox states of ASC and GSH according to de Pinto et al.
[44].

For the determination of enzymatic antioxidants, seedlings were
ground in liquid nitrogen and homogenized at 4 °C in a 1:8 (w/v) ratio
with the extraction buffer (50 mM Tris-HCl pH 7.5, 0.05% cysteine,
0.1% bovine serum albumin, 1 mM phenylmethanesulfonylfluoride-
PMSEF). For the determination of APX activity, 1 mM ASC was added
to the extraction buffer. Homogenates were centrifuged at 20,000 g for
15 min, and the supernatants were used for spectrophotometric and
electrophoretic analyses. Protein concentration was determined ac-
cording to Bradford [45], using bovine serum albumin as a standard.

Superoxide dismutase (SOD, EC 1.15.1.1) and catalase (CAT, EC
1.11.1.6) activities were spectrophotometrically measured according to
Paradiso et al. [46].

Native PAGE of CAT and SOD were performed according to Villani
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et al. [47]. After the electrophoretic run, for CAT determination, gels
were incubated for 15 min in 5 mM H20,. The gels were washed with
distilled water and stained with 1% ferrichloride and 1% ferricyanide
solution. CAT isoforms appeared as achromatic bands on a dark-blue
background. For SOD, gels were incubated in 36 mM sodium phos-
phate buffer (pH 7.8), containing 28 uM riboflavin and 28 mM
N'-Tetramethyl ethylenediamine for 25 min at room temperature. The
gels were washed with distilled water and incubated in the dark for 30
min with a gentle shaker in 36 mM sodium phosphate buffer (pH 7.8),
containing 2 mM NBT. After illumination under cool fluorescent light for
15 min, the solution was replaced with 36 mM sodium phosphate buffer
(pH 7.8) until achromatic bands on a grey background appeared.

Ascorbate peroxidase (APX, EC 1.11.1.11), dehydroascorbate
reductase (DHAR, EC: 1.8.5.1), monodehydroascorbate reductase
(MDHAR, EC: 1.6.5.4) and glutathione reductase (GR, EC 1.6.4.2) ac-
tivities were determined according to de Pinto et al. [48].

Activity of class III peroxidases (POD, EC: 1.11.1.7) was measured
following the oxidation of 3,3',5,5'-tetramethylbenzidine (TMB) at 652
nm. The reaction buffer contained 50 mM sodium acetate buffer (pH
5.0), 0.1 mM H305. and 0.2 mM TMB. The activity was calculated using
an extinction coefficient of 26.9 mM™! cm™.

Glutathione peroxidase (GPX, EC: 1.11.1.9) activity was determined
following the NADPH oxidation at 340 nm in a 1 mL reaction mixture
composed of 0.1 M Tris-HCl buffer (pH 8.0), 1 mM GSH, 0.2 mM
NADPH, 3 U GR and 50 pM H0,. The activity was calculated using an

extinction coefficient of 6.2 mM'! ecm™.

2.4. Western Blot of SOD, CAT and APX

Total proteins were extracted from seedlings with 10% (w/v) TCA in
a 1:10 (w/v) ratio. The homogenates were centrifuged at 20,000 g for
15 min. Pellets were washed with 1 mL of acetone and resuspended in
100 mM Tris-HCI (pH 7.5), 1 mM EDTA, 2% (w/v) SDS, 1 mM PMSF.
Proteins were separated by SDS PAGE and then transferred on a poly-
vinylidene fluoride membrane, as described by Nigro et al. [49]. Filters
were then incubated with the following specific antibodies: L-ascorbate
peroxidase primary polyclonal antibody (Agrisera Vannas, Sweden),
which recognizes thylakoidal, stromal and cytosolic isoforms; Catalase
(peroxisomal marker) primary polyclonal antibody (Agrisera Vannas,
Sweden); Fe-SOD primary polyclonal antibody (Agrisera Vannas, Swe-
den). The secondary antibody used was horseradish peroxidase (HRP)-
conjugate Anti-Rabbit IgG (Promega, Madison, WI, USA). Filters were
revealed by enhanced chemiluminescence using the Pierce™ ECL
Western Blotting Substrate (Thermo Fisher Scientific, Cleveland, OH,
USA).

2.5. Differential expression analyses

Differential expression data have been retrieved from published
datasets on Gene Expression Repository (GEO; https://www.ncbi.nlm.
nih.gov/geo/; GEO accession GSE5770) [29] and analyzed using
GEO2R online tool (https://www.ncbi.nlm.nih.gov/geo/geo2r/).

2.6. Statistical analysis

The data were expressed as the means of five different experiments
+ standard error (SE). One-way analysis of variance (ANOVA) followed
by a post-hoc Tukey’s comparison test was used to calculate the differ-
ence between genotypes and treatments. Differences were considered
statistically significant at a p-value < 0.05. All the statistical analyses
were performed by Minitab software (Minitab Inc., State College, PA,
USA).
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3. Results

3.1. ROS accumulation and oxidative markers differed in wild type and
gunl seedlings both in presence and absence of Lin

Six-day-old wild type (Col-0) and gunl Arabidopsis seedlings grown
in the absence of Lin (control conditions, - Lin) did not show any visible
phenotypic difference (Fig. 1A). However, under control conditions, the
levels of Oy, visualized by NBT-staining, were significantly higher in the
cotyledons of gunl seedlings than in Col-0 (Fig. 1B). On the other hand,
H0,, levels, visualized by DAB-staining, did not differ between the two
genotypes grown under optimal control conditions (Fig. 1C). In presence
of 550 puM Lin, when the proplastid-to-chloroplast transition is
completely suppressed (Fig. 1A), Oy’ levels did not change in wild type
seedlings but were significantly reduced, i.e. under the limit of detec-
tion, in gunl cotyledons (Fig. 1B). Conversely, Lin treatment caused a
very specific increase in the accumulation of HyO, only in wild type
seedlings (Fig. 1C).

Furthermore, under control conditions, the level of lipid peroxida-
tion was higher in gun1 with respect to wild type seedlings. Interestingly,
the Lin treatment did not change lipid peroxidation in Col-0, while the
same treatment lowered the level of this oxidative marker in guni
seedlings (Fig. 2A). With respect to protein oxidation, the levels of
protein carbonyl groups did not show differences between the two ge-
notypes grown under control conditions, while a marked increase
occurred in Col-0 seedlings treated with Lin (Fig. 2B). Sulfthydryl groups
of proteins, labelled with mBBr and separated by SDS-PAGE, were
slightly higher in gunl with respect to wild type seedlings grown under
control conditions. Treatment with Lin caused a marked oxidation of
protein sulfhydryl groups in both genotypes, although more evident in
wild type seedlings (Fig. 2C).

3.2. Behavior of ROS scavenging enzymes in wild type and gun1 seedlings

To clarify the different O levels found in the two genotypes the
activity of SOD was investigated. Under control conditions, total SOD
activity in gunl was significantly lower than in wild type seedlings.
Moreover, Lin treatment did not affect the activity of this enzyme in Col-
0, while induced a significant increase in gunl seedlings (Fig. 3A).
Changes in SOD activity were confirmed by Native PAGE analysis
(Fig. 3B), where the SOD isoenzyme activity was lower in gunl than in
wild type seedlings under control conditions, while both Mn/Fe-SOD
and Cu/Zn-SOD activities markedly increased in gunl seedlings
treated with Lin. A similar behavior could be observed by monitoring the
changes in the amount of Fe-SOD protein by immunoblot and densito-
metric analysis (Fig. 3C).

To explain the different HoO5 accumulation in the two genotypes the
behavior of the two enzymes directly involved in the removal of this
ROS, namely CAT and APX, was investigated (Figs. 4, 5). In control
conditions, CAT activity did not differ significantly among the two ge-
notypes (Col-0 and gun1), as shown by spectrophotometric analysis and
Native PAGE. On the contrary, the presence of Lin in the growth medium
induced a significant reduction of CAT activity only in Col-0 seedlings
(Figs. 4A, 4B). Interestingly, the protein level of CAT2, analyzed by
western blotting, was much higher in gunl seedlings under both control
and Lin treatment conditions (Fig. 4C).

Regarding APX enzyme, its activity was lower in gunl seedlings
under control conditions; however, the presence of Lin determined a
reduction of the enzyme activity in Col-0 and an enhancement in gunl
mutants (Fig. 5A). Western blotting showed that the various APX iso-
enzymes behaved differently. Indeed, Lin inhibited the accumulation of
thylakoidal APX in both the genotypes, as thylakoid formation itself is
inhibited, and caused a clear increase in the cytosolic isoenzymes only in
gunl seedlings, especially upon Lin treatment (Fig. 5B, C).

The expression analysis of genes coding for different isoforms of
SOD, CAT and APX, taken from published microarray experiments as in
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Fig. 1. Accumulation of superoxide anion (O, ) and hydrogen peroxide (H,0-) in Arabidopsis wild type (Col-0) and gun1 seedlings, grown in the absence or presence
of 550 uM lincomycin (Lin). Representative images of (A) phenotypes, (B) O, accumulation, visualized by nitroblue tetrazolium (NBT)-staining and (C) HO»
accumulation, visualized by diaminobenzidine (DAB)-staining. The experiments of O,” and H,O,, detection were repeated three times showing reproducible results. In
(B) and (C) the percentage area =+ standard errors of 60 cotyledons (20 for each experiment) stained with NBT and DAB, respectively, is reported inside the images.
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Fig. 2. Oxidative markers in Arabidopsis wild type (Col-0) and gunl seedlings after six days of growth in the absence (control) or presence of lincomycin (Lin). (A)
Lipid peroxidation, measured as malondialdehyde content and (B) protein oxidation measured as total protein carbonyl groups. The values are the means + standard
errors of five independent experiments. Different letters indicate significant differences obtained by one-way ANOVA test (P < 0.05). (C) Representative image from
three independent experiments of the levels of sulfhydryl protein groups. Proteins were labelled with monobromobimane (mBBr) and separated by sodium dodecyl
sulphate-polyacrylamide gel electrophoresis. Each well was loaded with 100 ug of proteins. To control for loading, gel was stained with Coomassie Brilliant Blue
(CBB); quantification of signals (by Quantity One) relative to Col-0 without Lin (100%) is provided above the panel.
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Mn/Fe-SOD

Cu/Zn-SOD
C Lin Lin C
Col-0 guni

Fig. 3. Superoxide dismutase (SOD) behaviour in wild type (Col-0) and gunl seedlings after six days of growth in the absence (control) or presence of lincomycin
(Lin). (A) Total SOD activity of Arabidopsis seedlings (Col-0 and gunl), grown in the absence or presence of Lin. The values are the means + standard errors of five
independent experiments. Different letters indicate significant differences obtained by one-way ANOVA test (P < 0.05). (B) Representative image from three in-
dependent experiments of Native Polyacrylamide Gel Electrophoresis of SOD. Each well was loaded with 150 pg of proteins. To control for loading, gel was stained
with Coomassie Brilliant Blue (CBB). (C) Representative image from three independent experiments of Fe-SOD immunoblotting; each well was loaded with 30 pg of
proteins. RebL band, stained with Coomassie Brilliant Blue (CBB), was used as a loading control between genotypes. The decrease in RcbL in the "Lin" lanes confirmed
the action of the treatment. Quantification of signals (by ImageJ) relative to the Col-0 without Lin (100%) is provided below the panel.

Koussevitzky, et al. (2007) [29], showed that genes encoding the
plastid-located FSD1, CSD2, tAPX and APX4, as well the gene coding for
CAT2, were downregulated by Lin in Col-0 plants. On the other hand,
Lin treatment induced the expression of APX2, and CDS3 in gunl mu-
tants. Moreover, in Lin-treated plants many of the genes coding for the
different SOD (FSD1, FSD2, FSD3, CSD3) and APX (APX2, APX3, APX4,
APX6, TAPX) isoforms were upregulated in gunl compared to Col-0
(Table S1).

With respect to GPX, its activity did not differ significantly in the two
genotypes grown under control conditions., while it appeared to be
significantly higher in Lin-treated Col-0 seedlings (Fig. 6A). Lin treat-
ment in Col-0 seedlings caused a repression of genes encoding the
chloroplastic GPXs, namely GPX1 and GPX7, and an induction of GPX3
and GPX8 (Table S1) [29].

Similarly, POD activities did not change in the two genotypes under
control conditions and increased only in wild type seedlings grown in
presence of Lin (Fig. 6B).

3.3. Hydrophilic antioxidants decreased and were more oxidized only in
wild type seedlings grown in presence of Lin

The different redox environment of wild type and gunl mutants
grown in presence of Lin was confirmed through the analyses of the two
major hydrophilic antioxidants, ASC and GSH (Fig. 7). Under control
conditions, total contents, and redox state of the two antioxidants did
not vary significantly between Col-0 and gunl. However, Lin triggered a
reduction in total ascorbate content in both the genotypes, although this

decrease was significantly greater in Col-0 than in gunl seedlings
(Fig. 7A). On the other hand, total glutathione levels were lowered only
in Col-0 grown in presence of Lin (Fig. 7C). Furthermore, the presence of
Lin affected the oxidation of both antioxidants only in wild type seed-
lings (Figs. 7B, 7C).

To clarify the different redox state of ascorbate and glutathione in the
two genotypes, the activity of the enzymes involved in the reduction of
the oxidized forms of the two metabolites was determined. The activities
of the three enzymes, namely MDHAR, DHAR and GR did not show
significant differences between the two genotypes grown under control
conditions (Fig. 8). Lin treatment was responsible, instead, for the in-
crease in the activities of MDHAR and GR in gun1 seedlings (Fig. 8A and
C). On the contrary, Lin led to an induction of DHAR activity only in Col-
0 seedlings (Fig. 8B).

4. Discussion

GUN1-dependent signaling has been proposed as one of the main
retrograde signaling pathways active during plastid biogenesis. Our
results indicate that during the GUN1-dependent biogenic retrograde
communication Op" and Hs0y might contribute differently to the
chloroplast-to-nucleus retrograde communication.

Under optimal physiological conditions, except for a small percent-
age of chlorophyll-deficient variegated cotyledons [50], gunl mutants
are mostly phenotypically indistinguishable from wild type (Fig. 1A).
However, gunl mutants, grown in control conditions, accumulate a
higher Oy" amount and a greater level of lipid peroxidation than Col-0
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Fig. 4. Catalase (CAT) behaviour in response to lincomycin (Lin) in wild type (Col-0) and gunl seedlings. (A) Total CAT activity of Arabidopsis seedlings (Col-0 and
gunl), grown in the absence (control) or presence of Lin. The values are the means + standard errors of five independent experiments. Different letters indicate
significant differences obtained by one-way ANOVA test (P < 0.05). (B) Representative image from three independent experiments of Native polyacrylamide gel
electrophoresis of CAT. Each well was loaded with 50 pg of proteins. To control for loading, gel was stained with Coomassie Brilliant Blue (CBB). (C) Representative
image of western blotting of CAT2. Each well was loaded with 10 pg of proteins; RcbL band, stained with Coomassie Brilliant Blue (CBB), was used as a loading
control between genotypes. The decrease in RcbL in the "Lin" lanes confirmed the action of the treatment. Quantification of signals (by ImageJ) relative to the Col-
0 without Lin (100%) is provided below the panel.
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Fig. 5. Ascorbate peroxidase (APX) in wild type (Col-0) and gun1 seedlings after six days of growth in the absence (control) or presence of lincomycin (Lin). (A) Total
APX activity of Arabidopsis seedlings (Col-0 and gunl), grown in presence or absence of Lin. The values are the means =+ standard errors of five independent ex-
periments. Different letters indicate significant differences obtained by one-way ANOVA test (P < 0.05). (B) Representative image of western blotting of CAT2; each
well was loaded with 10 pg of proteins. RcbL band, stained with Coomassie Brilliant Blue (CBB), was used as a loading control between genotypes. The decrease in
RebL in the "Lin" lanes confirmed the action of the treatment. tAPX, sAPX and cAPX are thylacoidal, stromal and cytosolic APX, respectively. (C) Quantification of
tAPX, sAPX and cAPX immunoblot signals (by ImageJ) relative to Col-0 without Lin (100%).
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independent experiments. Different letters indicate significant differences obtained by one-way ANOVA test (P < 0.05).
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seedlings (Figs. 1B, 2A). O accumulation in gunl mutants may
contribute to cellular injuries oxidizing the iron-sulfur centers of pro-
teins; moreover, Oy can lead to the formation of hydroxyl radicals,
which promptly react with lipids, causing peroxidation [51,52]. The
accumulation of Oy in gunl occurs in parallel with a significant decline
in the activities of SOD and APX, two main players of ROS removal
(Figs. 3, 5). SOD, catalyzing the dismutation of Oy to H305, represents
the primary line of resistance against ROS [53]. In different plant spe-
cies, high activities of SOD contribute to improve resistance to high light
intensities [54,55]. Moreover, in Arabidopsis chloroplastic APX has
been shown to play a significant role for photoprotection [55,56]. Thus,
the more sensitive phenotype to photo-oxidative stress observed in gunil

mutants compared with Col-0 plants [50,57], could be related to the
high Oy accumulation and the low activity of SOD and APX (Figs. 1, 3,
5), suggesting that gunl plastids are more inclined to suffer
ROS-mediated damage. Accordingly, the modest percentage of gunl
cotyledons that fail the greening process [50] could be related to the
photo-protective functions provided by GUN1 during chloroplast
biogenesis. Our data support the idea that GUN1 optimizes chloroplast
biogenesis minimizing the consequences of failures in developing chlo-
roplasts, mainly preventing, or at least reducing, photo-oxidative dam-
age [58,59]. The higher Oy level in gunl control conditions could also
explain the enhanced sensitivity to low concentrations of Lin and nor-
flurazon,when plastid functions are only mild impaired [59,60].
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Fig. 8. Effects of lincomycin on ascorbate-glutathione recycling enzymes of Col-0 and gunl Arabidopsis seedlings. (A) Monodehydroascorbate reductase (MDHAR),
(B) dehydroascorbate reductase (DHAR) and (C) glutathione reductase (GR) of Arabidopsis seedlings (Col-0 and gunl) grown in the absence (control) or presence of
lincomycin. The values are the means =+ standard errors of five independent experiments. Different letters indicate significant differences obtained by one-way

ANOVA test (P < 0.05).

The block of translation in the chloroplast of wild type Arabidopsis
seedlings by 550 uM Lin suppresses chloroplast development and im-
pacts retrograde signaling, causing a strong downregulation of PhANGs
[61]. Our results show that Lin treatment of Arabidopsis Col-0 seedlings
causes an increase in the level of HyO, (Fig. 1C). Due to its quite long
half-life, its capability to move across the plasma membrane and to
oxidize proteins, among ROS, Hy03 is considered the crucial signaling
molecule [62]. Hence, HyO, can trigger retrograde signaling from
chloroplasts to the nucleus reprogramming NGE [63,64]. Intracellular
Hy0; levels can influence cellular redox regulation leading to the
oxidation of protein thiols [65]. By using roGFP2, an in vivo reporter of
redox changes, it has been shown that the treatment of Arabidopsis
plants with Lin increases the oxidation of cytosol and nuclei, suggesting
that this oxidation can work as a redox signal that permits communi-
cation between chloroplasts and the nucleus [25]. Consistently, our re-
sults indicate that high H,05 levels in Arabidopsis Lin-treated Col-0
seedlings correlate with a higher protein oxidation, measured as in-
crease in carbonylated proteins as well as oxidation of protein sulfhydryl
groups (Fig. 3B, C). The effect of Lin in increasing the oxidation of
cellular environment of wild type seedlings has been confirmed by the
decrease of redox sate of the two major hydrophilic antioxidants, ASC
and GSH (Fig. 7B, D). Crosstalk between redox pools of different cellular
compartments, possibly transferred by a redox shift in cellular compo-
nents, has also been considered critical for controlling NGE [66,67].
Thus, our results indicate that the HyO2-dependent oxidation of cellular
environment caused by Lin treatment could act as a redox signaling
communicating to the nucleus the impairment of chloroplast
development.

It has been previously proposed that plastid redox state and GUN1-
dependent signaling can be interconnected [32,64]. Our data show
that contrary to what happens in wild type plants, gunl mutants grown
in presence of Lin do not accumulate HyO, and do not have an oxidized
cellular environment, as shown by the unchanged levels of oxidized
proteins and the maintenance of redox state of ASC and GSH pools
(Figs. 1C, 2B, C, 7B, D). The preservation of the reduced forms of ASC
and GSH in Lin-treated gunl mutants is justified by the increase in the
activities of MDAR and GR (Fig. 8). Thus, the redox-dependent
communication from plastids to nucleus occurring in wild type seed-
lings fails in gunl mutants. The data emphasize the idea of an involve-
ment of GUN1 in the control of the HyO,-dependent redox changes
occurring during biogenic retrograde signaling.

Consistently, also the decrease in the content of GSH and ASC
occurring in Lin-treated Col-0 seedlings is GUN1-dependent (Fig. 7). Our
data are in accordance with literature data showing that GUN1 is

required for the PGE-dependent suppression of ASC biosynthesis;
indeed, Lin markedly decreases the transcript levels of many genes
involved in ASC biosynthesis in the wild-type plants but does not
significantly affect the expression of these genes in the gunl mutants
[68]. A lowered ASC synthesis and therefore a lowered ROS buffering
capacity in Lin-treated seedlings might be part of the cause for the
oxidized environment. It is interesting to point out that cellular ASC
homeostasis may affect NGE, particularly the expression of defense
genes [69,70].

In wild type plants, Lin also induces a decrease in the activities of
CAT and APX, which may contribute to the overaccumulation of HyO4
(Figs. 4, 5). Western blotting analysis (Figs. 5B, 5C), as well tran-
scriptomic data (Table S1), highlight that the decrease in APX activity is
particularly due to the thylakoidal isoform. Remarkably, it has been
shown that when the expression of tAPX was silenced in leaves, levels of
oxidized protein in chloroplasts increased in the absence of stress [12].
Moreover, in Lin-treated Col-O seedlings, also the chloroplastic GPX,
namely GPX1 and GPX7, are downregulated (Table S1), demonstrating a
severe impairment of the chloroplastic HyOz-removal enzymes. On the
other hand, the non-chloroplastic GPX3 and GPX8 increase, explaining
the higher GPX activity (Fig. 6A) and suggesting their involvement in
maintaining the thiol/disulfide balance [20]. Finally, the increase in
POD activity observed in Lin-treated Col-0 plants (Fig. 6B) highlight the
different behavior of class III peroxidases, which are closely connected
with ROS dynamics, working in both Hy0, detoxification and produc-
tion, mainly in the apoplast and vacuole [71]. The rise in POD activity
may indicate a contribution of these enzymes to HpO2 accumulation
caused by Lin. In Lin-treated Col-0 seedlings, the differential responses
of CAT and APX on one side and POD on the other indicate that
perturbation of chloroplast development triggers specific
GUN1-dependent redox processing and signaling pathways.

The behavior of gunl mutants grown in presence of Lin is very
different from that of wild type plants, which show a significant increase
in SOD, CAT and cytosolic APX (Figs. 3-5). It has been recently reported
that in Lin-treated gunl mutants, an altered chloroplast protein import
causes an overaccumulation of unimported precursor with a subsequent
cytosolic proteotoxic stress [33,59]. Thus, it is plausible to assume that
the increase in the ROS removal enzymes, observed in gunl mutants,
may represent an indirect response to the cytosolic proteotoxic stress,
resembling what occurs in response to heat stress [46]. The increase in
SOD activity can explain the decrease in Oy accumulation observed in
the gunl mutants after the Lin treatment. Moreover, in Lin-treated gunl
mutants, the induction of APX2 and the failure in CAT2 downregulation
(Table S1), followed by the increase in the activity of both the enzymes
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(Figs. 4, 5), significantly contribute to the maintenance of low Hy04
levels, inhibiting the oxidative signaling to the nucleus.

5. Conclusions

This study revealed that during the GUN1-dependent biogenic
retrograde signaling Oz and H2O2 might play a different role. During
plastid biogenesis, occurring under optimal physiological conditions,
GUN1 appears to influence the O accumulation, through the regulation
of SOD and APX enzyme activities, playing a role in protecting the or-
ganelles from potential oxidative damage. On the other hand, in
response to Lin treatment, GUN1 mediates the formation of an HyO5-
dependent oxidized environment, which can represent a redox signal
communicating to the nucleus the perturbation of chloroplast develop-
ment [25].

Further investigation will be aimed at understanding whether the
oxidation of the cellular environment is a common event when PGE is
altered and to explore the molecular mechanisms through which GUN1
mediates cellular oxidation.

Funding

This research was funded by MUR-Ministero dell’Universita e della
Ricerca, Italy, Grant numbers PRIN-2017, 2017FBS8YN.

Author contributions

S.F., P.P.,, L.T., MCdP. conceived and designed research. S.F., C.L. N.
J. F.V. performed the experiments. M.C.dP. advised on the experiments.
All authors contributed drafting the manuscript. S.F., M.C.dP. coordi-
nated the study and took care of the final version of the manuscript. All
authors have read and agreed to the published version of the
manuscript.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.plantsci.2022.111265.

References

[1] B.J. Pogson, N.S. Woo, B. Forster, I.D. Small, Plastid signalling to the nucleus and
beyond, Trends Plant Sci. 13 (2008) 602-609.

[2] R. Singh, S. Singh, P. Parihar, V.P. Singh, S.M. Prasad, Retrograde signaling
between plastid and nucleus: A review, J. Plant Physiol. 181 (2015) 55-66.

[3] F.Ramel, S. Birtic, C. Ginies, L. Soubigou-Taconnat, C. Triantaphylides, M. Havaux,
Carotenoid oxidation products are stress signals that mediate gene responses to
singlet oxygen in plants, P. Natl. Acad. Sci. USA 109 (2012) 5535-5540.

[4] L. Shumbe, R. Bott, M. Havaux, Dihydroactinidiolide, a high light-induced beta-
carotene derivative that can regulate gene expression and photoacclimation in
Arabidopsis, Mol. Plant 7 (2014) 1248-1251.

[5] A. Strand, T. Asami, J. Alonso, J.R. Ecker, J. Chory, Chloroplast to nucleus
communication triggered by accumulation of Mg-protoporphyrinIX, Nature 421
(2003) 79-83.

[6] J.D. Woodson, J.M. Perez-Ruiz, J. Chory, Heme synthesis by plastid Ferrochelatase
I regulates nuclear gene expression in plants, Curr. Biol. 21 (2011) 897-903.

[7] L. Heinrichs, J. Schmitz, U.I. Flugge, R.E. Hausler, The mysterious rescue of adgl-
1/tpt-2 - an Arabidopsis thaliana double mutant impaired in acclimation to high
light - by exogenously supplied sugars, Front. Plant Sci. 3 (2012) 265.

[8] M.O. Vogel, M. Moore, K. Konig, P. Pecher, K. Alsharafa, J. Lee, K.J. Dietz, Fast
retrograde signaling in response to high light involves metabolite export,
MITOGEN-ACTIVATED PROTEIN KINASE6, and AP2/ERF transcription factors in
Arabidopsis, Plant Cell 26 (2014) 1151-1165.

[9] Y.M. Xiao, T. Savchenko, E.E.K. Baidoo, W.E. Chehab, D.M. Hayden, V. Tolstikov,
J.A. Corwin, D.J. Kliebenstein, J.D. Keasling, K. Dehesh, Retrograde signaling by

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]
[18]
[19]

[20]

[21]

[22]

[23]
[24]

[25]

[26]

[27]

[28]

[29]

[30]
[31]

[32]

[33]

[34]
[35]

[36]

[37]

[38]

[39]

[40]

Plant Science 320 (2022) 111265

the plastidial metabolite MEcPP regulates expression of nuclear stress-response
genes, Cell 149 (2012) 1525-1535.

G.M. Estavillo, P.A. Crisp, W. Pornsiriwong, M. Wirtz, D. Collinge, C. Carrie,

E. Giraud, J. Whelan, P. David, H. Javot, C. Brearley, R. Hell, E. Marin, B.J. Pogson,
Evidence for a SAL1-PAP chloroplast retrograde pathway that functions in drought
and high light signaling in Arabidopsis, Plant Cell 23 (2011) 3992-4012.

S. Balazadeh, N. Jaspert, M. Arif, B. Mueller-Roeber, V.G. Maurino, Expression of
ROS-responsive genes and transcription factors after metabolic formation of HyO2
in chloroplasts, Front Plant Sci. 3 (2012) 234.

T. Maruta, M. Noshi, A. Tanouchi, M. Tamoi, Y. Yabuta, K. Yoshimura, T. Ishikawa,
S. Shigeoka, H0,-triggered retrograde signaling from chloroplasts to nucleus plays
specific role in response to stress, J. Biol. Chem. 287 (2012) 11717-11729.

K.X. Chan, S.Y. Phua, P. Crisp, R. McQuinn, B.J. Pogson, Learning the languages of
the chloroplast: Retrograde signaling and beyond, Annu. Rev. Plant Biol. Vol 67
(67) (2016) 25 (+).

R. Mittler, ROS are good, Trends Plant Sci. 22 (2017) 11-19.

G. Noctor, C.H. Foyer, Intracellular redox compartmentation and ROS-related
communication in regulation and signaling, Plant Physiol. 171 (2016) 1581-1592.
C. Paciolla, A. Paradiso, M.C. de Pinto, Cellular redox homeostasis as central
modulator in plant stress response, in: D.K. Gupta, J.M. Palma, F.J. Corpas (Eds.),
Redox State as a Central Regulator of Plant-Cell Stress Responses, Springer
International Publishing, Cham, 2016, pp. 1-23.

K. Asada, Production and scavenging of reactive oxygen species in chloroplasts and
their functions, Plant Physiol. 141 (2006) 391-396.

C.H. Foyer, G. Noctor, Redox Signaling in Plants, Antioxid. Redox Sign. 18 (2013)
2087-2090.

K.J. Dietz, Peroxiredoxins in plants and cyanobacteria, Antioxid. Redox Sign. 15
(2011) 1129-1159.

K. Bela, E. Horvath, A. Galle, L. Szabados, 1. Tari, J. Csiszar, Plant glutathione
peroxidases: Emerging role of the antioxidant enzymes in plant development and
stress responses, J. Plant Physiol. 176 (2015) 192-201.

P. Pesaresi, A. Schneider, T. Kleine, D. Leister, Interorganellar communication,
Curr. Opin. Plant Biol. 10 (2007) 600-606.

V. Locato, S. Cimini, L. De Gara, ROS and redox balance as multifaceted players of
cross-tolerance: Epigenetic and retrograde control of gene expression, J. Exp. Bot.
69 (2018) 3373-3391.

C. Kim, ROS-driven oxidative modification: Its impact on chloroplasts-nucleus
communication, Front. Plant Sci. 10 (2020) 1729.

J. Mielecki, P. Gawronski, S. Karpinski, Retrograde signaling: Understanding the
communication between organelles, Int. J. Mol. Sci. 21 (2020) 6173.

B. Karpinska, S.0. Alomrani, C.H. Foyer, Inhibitor-induced oxidation of the nucleus
and cytosol in Arabidopsis thaliana: implications for organelle to nucleus retrograde
signalling, Philos. T. R. Soc. B 372 (2017), 20160392.

R.E. Susek, F.M. Ausubel, J. Chory, Signal-transduction mutants of Arabidopsis
uncouple nuclear cab and rbes gene-expression from chloroplast development, Cell
74 (1993) 787-799.

N. Mochizuki, J.A. Brusslan, R. Larkin, A. Nagatani, J. Chory, Arabidopsis Genomes
Uncoupled 5 (GUN5) mutant reveals the involvement of Mg-chelatase H subunit in
plastid-to-nucleus signal transduction, P. Natl. Acad. Sci. USA 98 (2001)
2053-2058.

R.M. Larkin, J.M. Alonso, J.R. Ecker, J. Chory, GUN4, a regulator of chlorophyll
synthesis and intracellular signaling, Science 299 (2003) 902-906.

S. Koussevitzky, A. Nott, T.C. Mockler, F. Hong, G. Sachetto-Martins, M. Surpin, L.
J. Lim, R. Mittler, J. Chory, Signals from chloroplasts converge to regulate nuclear
gene expression, Science 316 (2007) 715-719.

D. Moreira, H. Philippe, Smr: A bacterial and eukaryotic homologue of the C-
terminal region of the MutS2 family, Trends Biochem. Sci. 24 (1999) 298-300.
E. Kotera, M. Tasaka, T. Shikanai, A pentatricopeptide repeat protein is essential
for RNA editing in chloroplasts, Nature 433 (2005) 326-330.

L. Tadini, P. Pesaresi, T. Kleine, F. Rossi, A. Guljamow, F. Sommer, T. Muhlhaus,
M. Schroda, S. Masiero, M. Pribil, M. Rothbart, B. Hedtke, B. Grimm, D. Leister,
GUNI controls accumulation of the plastid ribosomal protein S1 at the protein
level and interacts with proteins involved in plastid protein homeostasis, Plant
Physiol. 170 (2016) 1817-1830.

G.Z. Wu, E.H. Meyer, A.S. Richter, M. Schuster, Q.H. Ling, M.A. Schottler,

D. Walther, R. Zoschke, B. Grimm, R.P. Jarvis, R. Bock, Control of retrograde
signalling by protein import and cytosolic folding stress, Nat. Plants 5 (2019)
525-538.

L. Tadini, N. Jeran, P. Pesaresi, GUN1 and Plastid RNA metabolism: Learning from
genetics, Cells 9 (2020) 2307.

T. Shimizu, T. Masuda, The role of tetrapyrrole- and GUN1-dependent signaling on
chloroplast biogenesis, Plants-Basel 10 (2021) 196.

G.Z. Wu, R. Bock, GUN control in retrograde signaling: How GENOMES
UNCOUPLED proteins adjust nuclear gene expression to plastid biogenesis, Plant
Cell 33 (2021) 457-474.

G.Z. Wu, C. Chalvin, M. Hoelscher, E.H. Meyer, X.N. Wu, R. Bock, Control of
retrograde signaling by rapid turnover of GENOMES UNCOUPLED1, Plant Physiol.
176 (2018) 2472-2495.

E. Llamas, P. Pulido, M. Rodriguez-Concepcion, Interference with plastome gene
expression and Clp protease activity in Arabidopsis triggers a chloroplast unfolded
protein response to restore protein homeostasis, PLoS Genet. 13 (2017), e1007022.
M. Colombo, L. Tadini, C. Peracchio, R. Ferrari, P. Pesaresi, GUN1, a Jack-of-all-
trades in chloroplast protein homeostasis and signaling, Front Plant Sci. 7 (2016)
1427.

N. Jambunathan, Determination and detection of reactive oxygen species (ROS),
lipid peroxidation, and electrolyte leakage in plants, in: R. Sunkar (Ed.), Plant


https://doi.org/10.1016/j.plantsci.2022.111265
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref1
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref1
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref2
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref2
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref3
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref3
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref3
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref4
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref4
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref4
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref5
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref5
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref5
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref6
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref6
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref7
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref7
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref7
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref8
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref8
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref8
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref8
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref9
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref9
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref9
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref9
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref10
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref10
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref10
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref10
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref11
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref11
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref11
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref12
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref12
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref12
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref13
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref13
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref13
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref14
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref15
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref15
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref16
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref16
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref16
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref16
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref17
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref17
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref18
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref18
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref19
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref19
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref20
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref20
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref20
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref21
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref21
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref22
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref22
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref22
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref23
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref23
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref24
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref24
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref25
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref25
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref25
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref26
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref26
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref26
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref27
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref27
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref27
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref27
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref28
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref28
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref29
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref29
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref29
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref30
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref30
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref31
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref31
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref32
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref32
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref32
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref32
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref32
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref33
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref33
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref33
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref33
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref34
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref34
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref35
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref35
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref36
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref36
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref36
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref37
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref37
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref37
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref38
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref38
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref38
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref39
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref39
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref39
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref40
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref40

S. Fortunato et al.

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

Stress Tolerance: Methods and Protocols, Humana Press, Totowa, NJ, 2010,

pp. 291-297.

A. Paradiso, R. Berardino, M.C. de Pinto, L. Sanita di Toppi, M.M. Storelli,

F. Tommasi, L. De Gara, Increase in ascorbate-glutathione metabolism as local and
precocious systemic responses induced by cadmium in durum wheat plants, Plant
Cell Physiol. 49 (2008) 362-374.

M.C. Romero-Puertas, J.M. Palma, M. Gomez, L.A. Del Rio, L.M. Sandalio,
Cadmium causes the oxidative modification of proteins in pea plants, Plant Cell
Environ. 25 (2002) 677-686.

L. De Gara, M.C. de Pinto, V.M.C. Moliterni, M.G. D’Egidio, Redox regulation and
storage processes during maturation in kernels of Triticum durum, J. Exp. Bot. 54
(2003) 249-258.

M.C. de Pinto, D. Francis, L. De Gara, The redox state of the ascorbate-
dehydroascorbate pair as a specific sensor of cell division in tobacco BY-2 cells,
Protoplasma 209 (1999) 90-97.

M.M. Bradford, A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding, Anal. Biochem.
72 (1976) 248-254.

A. Paradiso, G. Domingo, E. Blanco, A. Buscaglia, S. Fortunato, M. Marsoni,

P. Scarcia, S. Caretto, C. Vannini, M.C. de Pinto, Cyclic AMP mediates heat stress
response by the control of redox homeostasis and ubiquitin-proteasome system,
Plant Cell Environ. 43 (2020) 2727-2742.

A. Villani, F. Tommasi, C. Paciolla, The arbuscular mycorrhizal fungus Glomus
viscosum improves the tolerance to verticillium wilt in artichoke by modulating the
antioxidant defense systems, Cells 10 (2021) 1944.

M.C. de Pinto, F. Tommasi, L. De Gara, Enzymes of the ascorbate biosynthesis and
ascorbate-glutathione cycle in cultured cells of tobacco Bright Yellow 2, Plant
Physiol. Biochem. 38 (2000) 541-550.

D. Nigro, S. Fortunato, S.L. Giove, A. Paradiso, Y.Q. Gu, A. Blanco, M.C. de Pinto,
A. Gadaleta, Glutamine synthetase in durum wheat: genotypic variation and
relationship with grain protein content, Front. Plant Sci. 7 (2016) 971.

M.E. Ruckle, S.M. DeMarco, R.M. Larkin, Plastid signals remodel light signaling
networks and are essential for efficient chloroplast biogenesis in Arabidopsis, Plant
Cell 19 (2007) 3944-3960.

P. Sharma, A.B. Jha, R.S. Dubey, M. Pessarakli, Reactive oxygen species, oxidative
damage, and antioxidative defense mechanism in plants under stressful conditions,
J. Bot. 2012 (2012), 217037.

E.E. Farmer, M.J. Mueller, ROS-mediated lipid peroxidation and RES-activated
signaling, Annu. Rev. Plant Biol. 64 (2013) 429-450.

L.A. del Rio, F.J. Corpas, E. Lopez-Huertas, J.M. Palma, Plant superoxide
dismutases: function under abiotic stress conditions, in: D.K. Gupta, J.M. Palma, F.
J. Corpas (Eds.), Antioxidants and Antioxidant Enzymes in Higher Plants, Springer
International Publishing, Cham, 2018, pp. 1-26.

W. Wang, M.X. Xia, J. Chen, R. Yuan, F.N. Deng, F.F. Shen, Gene Expression
Characteristics and Regulation Mechanisms of Superoxide Dismutase and Its
Physiological Roles in Plants under Stress, in: Biochemestry, Springer Nature
Switzerland AG, Moscow, 2016, pp. 465-480 (+).

R. Szymanska, I. Slesak, A. Orzechowska, J. Kruk, Physiological and biochemical
responses to high light and temperature stress in plants, Environ. Exp. Bot. 139
(2017) 165-177.

T. Maruta, A. Tanouchi, M. Tamoi, Y. Yabuta, K. Yoshimura, T. Ishikawa,

S. Shigeoka, Arabidopsis chloroplastic ascorbate peroxidase isoenzymes play a dual

10

[57]

[58]

[59]

[60]

[61]

[62]
[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

Plant Science 320 (2022) 111265

role in photoprotection and gene regulation under photooxidative stress, Plant Cell
Physiol. 51 (2010) 190-200.

N. Mochizuki, R. Susek, J. Chory, An intracellular signal transduction pathway
between the chloroplast and nucleus is involved in de-etiolation, Plant Physiol. 112
(1996) 1465-1469.

N. Jeran, L. Rotasperti, G. Frabetti, A. Calabritto, P. Pesaresi, L. Tadini, The PUB4
E3 ubiquitin ligase is responsible for the variegated phenotype observed upon
alteration of chloroplast protein homeostasis in Arabidopsis cotyledons, Genes-
Basel 12 (2021) 1387.

L. Tadini, C. Peracchio, A. Trotta, M. Colombo, I. Mancini, N. Jeran, A. Costa,

F. Faoro, M. Marsoni, C. Vannini, E.M. Aro, P. Pesaresi, GUN1 influences the
accumulation of NEP-dependent transcripts and chloroplast protein import in
Arabidopsis cotyledons upon perturbation of chloroplast protein homeostasis,
Plant J. 101 (2020) 1198-1220.

X. Zhao, J. Huang, J. Chory, Genome Uncoupledl mutants are hypersensitive to
norflurazon and lincomycin, Plant Physiol. 178 (2018) 960-964.

P. Mulo, S. Pursiheimo, C.X. Hou, T. Tyystjarvi, E.M. Aro, Multiple effects of
antibiotics on chloroplast and nuclear gene expression, Funct. Plant Biol. 30 (2003)
1097-1103.

N. Smirnoff, D. Arnaud, Hydrogen peroxide metabolism and functions in plants,
N. Phytol. 221 (2019) 1197-1214.

J.D. Woodson, J. Chory, Coordination of gene expression between organellar and
nuclear genomes, Nat. Rev. Genet. 9 (2008) 383-395.

D. Leister, Piecing the puzzle together: The central role of reactive oxygen species
and redox hubs in chloroplast retrograde signaling, Antioxid. Redox Sign. 30
(2019) 1206-1219.

K.J. Dietz, I. Turkan, A. Krieger-Liszkay, Redox and reactive oxygen species-
dependent signaling into and out of the photosynthesizing chloroplast, Plant
Physiol. 171 (2016) 1541-1550.

M. Baier, K.J. Dietz, Chloroplasts as source and target of cellular redox regulation:
A discussion on chloroplast redox signals in the context of plant physiology, J. Exp.
Bot. 56 (2005) 1449-1462.

D. Leister, Genomics-based dissection of the cross-talk of chloroplasts with the
nucleus and mitochondria in Arabidopsis, Gene 354 (2005) 110-116.

H. Tanaka, T. Maruta, M. Tamoi, Y. Yabuta, K. Yoshimura, T. Ishikawa,

S. Shigeoka, Transcriptional control of vitamin C defective 2 and tocopherol
cyclase genes by light and plastid-derived signals: The partial involvement of
GENOMES UNCOUPLED 1, Plant Sci. 231 (2015) 20-29.

F. Horling, P. Lamkemeyer, J. Konig, I. Finkemeier, A. Kandlbinder, M. Baier, K.
J. Dietz, Divergent light-, ascorbate-, and oxidative stress-dependent regulation of
expression of the peroxiredoxin gene family in Arabidopsis, Plant Physiol. 131
(2003) 317-325.

G.M. Pastori, G. Kiddle, J. Antoniw, S. Bernard, S. Veljovic-Jovanovic, P.J. Verrier,
G. Noctor, C.H. Foyer, Leaf vitamin C contents modulate plant defense transcripts
and regulate genes that control development through hormone signaling, Plant Cell
15 (2003) 939-951.

S. Veljovi¢ Jovanovi¢, B. Kukavica, M. Vidovi¢, F. Morina, L. Menckhoff, Class III
peroxidases: Functions, localization and redox regulation of isoenzymes, in: D.

K. Gupta, J.M. Palma, F.J. Corpas (Eds.), Antioxidants and Antioxidant Enzymes in
Higher Plants, Springer International Publishing, Cham, 2018, pp. 269-300.


http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref40
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref40
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref41
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref41
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref41
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref41
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref42
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref42
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref42
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref43
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref43
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref43
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref44
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref44
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref44
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref45
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref45
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref45
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref46
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref46
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref46
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref46
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref47
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref47
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref47
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref48
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref48
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref48
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref49
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref49
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref49
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref50
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref50
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref50
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref51
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref51
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref51
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref52
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref52
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref53
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref53
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref53
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref53
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref54
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref54
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref54
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref54
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref55
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref55
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref55
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref56
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref56
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref56
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref56
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref57
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref57
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref57
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref58
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref58
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref58
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref58
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref59
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref59
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref59
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref59
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref59
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref60
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref60
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref61
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref61
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref61
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref62
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref62
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref63
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref63
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref64
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref64
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref64
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref65
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref65
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref65
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref66
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref66
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref66
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref67
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref67
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref68
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref68
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref68
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref68
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref69
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref69
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref69
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref69
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref70
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref70
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref70
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref70
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref71
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref71
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref71
http://refhub.elsevier.com/S0168-9452(22)00089-9/sbref71

	GUN1 involvement in the redox changes occurring during biogenic retrograde signaling
	1 Introduction
	2 Materials and methods
	2.1 Plant materials and growth conditions
	2.2 Determination of ROS and oxidative markers
	2.3 Analysis of enzymatic and non-enzymatic antioxidants
	2.4 Western Blot of SOD, CAT and APX
	2.5 Differential expression analyses
	2.6 Statistical analysis

	3 Results
	3.1 ROS accumulation and oxidative markers differed in wild type and gun1 seedlings both in presence and absence of Lin
	3.2 Behavior of ROS scavenging enzymes in wild type and gun1 seedlings
	3.3 Hydrophilic antioxidants decreased and were more oxidized only in wild type seedlings grown in presence of Lin

	4 Discussion
	5 Conclusions
	Funding
	Author contributions
	Declaration of Competing Interest
	Appendix A Supporting information
	References


