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Abstract—Glutathione reductase (EC 1.6.4.2) is one of the main antioxidant enzymes of the plant cell. In Arabidopsis
thaliana, glutathione reductase is encoded by two genes: the grl gene encodes the cytosolic-peroxisomal form, and the gr2
gene encodes the chloroplast-mitochondrial form. Little is known about the regulation of expression of plant glutathione
reductase genes. In the present work, we have demonstrated that gr2 (but not grl/) gene expression in Arabidopsis leaves
changes depending on changes in redox state of the photosynthetic electron transport chain. Expression of both the gr/ and
gr2 genes was induced by reactive oxygen species. In heterotrophic suspension cell culture of Arabidopsis, expression of both
studied genes did not depend on H,0, level or on changes in the redox state of the mitochondrial electron transport chain.
Our data indicate that chloroplasts are involved in the regulation of the glutathione reductase gene expression in Arabidopsis.
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Glutathione reductase (EC 1.6.4.2) is a component
of the antioxidant defense system of cells in both pro- and
eukaryotes [1]. In plants, glutathione reductase functions
(and seems to control the limiting reaction) as a compo-
nent of the so-called ascorbate-glutathione cycle, which
is responsible for maintaining the pool of reduced forms
of two most important low molecular weight antioxidants
of the plant cell, ascorbic acid and reduced glutathione
[2]. Holoenzymes of plant glutathione reductases are
FAD-containing NADPH-binding mono-, homodi-,
homotri-, or homotetramers [3]. Their protein compo-
nents in higher plants are encoded by small multigenic
families: two genes of glutathione reductase were identi-
fied in Nicotiana tabacum [4] and Pisum sativum [5], and
three genes — in Oryza sativa and Populus trichocarpa [6].
In Arabidopsis thaliana, glutathione reductases are encod-
ed by two nuclear genes: grl (AT3G24170) and gr2
(AT3G54660). The grl gene product functions in the
cytosol and peroxisomes [7], and the gr2 gene product
acts in chloroplasts and mitochondria [1].

Notwithstanding great interest in glutathione reduc-
tase as a key enzyme responsible for plant resistance
against unfavorable environmental factors, there are very
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few data on regulation of expression of the genes encod-
ing this enzyme. Data on induction of the genes in vari-
ous plant species under abiotic stress conditions [1, 8, 9]
do not reveal anything about the molecular mechanisms
of this induction. Involvement of signals related to
abscisic acid was supposed [10], but the promoter regions
of the glutathione reductase gene seem to contain no reg-
ulatory sequences that are traditionally associated with
regulation depending on abscisic acid [11]. It was sup-
posed that genes encoding chloroplast-mitochondrial
forms of plant glutathione reductases should be constant-
ly expressed at a high level to efficiently detoxify large
amounts of reactive oxygen species (ROS), which are
constantly produced in these organelles as byproducts of
respiration and/or photosynthesis [1]. In fact, it was
shown that various abiotic stresses caused pronounced
induction of the grl gene, whereas the gr2 gene was
induced weakly or was not at all [12, 13]. Under stress
conditions, the amount of EST (expressed sequence tag)
in barley Hordeum vulgare significantly increased in the
case of genes encoding cytosolic but not chloroplast iso-
forms of glutathione reductases [1]. However, mecha-
nisms responsible for such rigidity of expression of
chloroplast-mitochondrial glutathione reductases of
plants are unknown.
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Thus, the regulation of expression of genes encoding
glutathione reductases of plants is still unclear. In the
present work, we studied a possible role of reactive oxygen
species and of the redox state of the electron transport
chains of chloroplasts and mitochondria in the induction
of genes encoding the cytosolic-peroxisomal (grl) and
plastid-mitochondrial (gr2) forms of glutathione reduc-
tase in Arabidopsis. For the first time, we show both genes
to be inducible under certain conditions, but to be regu-
lated independently, and their regulation seems to be
mediated through chloroplasts.

MATERIALS AND METHODS

Plant material and experimental conditions. Seeds of
Arabidopsis thaliana (L.) Heynh. ecotype Columbia (further
Col-0) were obtained from the Arabidopsis Biological
Resource Center (The Ohio State University, USA). The
seeds were sterilized for 8 min in solution containing 70%
ethanol and 0.1% Triton X-100, washed thrice in sterile
water, and placed on a solid medium in Petri dishes along
the dish diameter. The nutritional medium contained min-
eral salts MS [14] (half of the quantity) and Phytagel
(Sigma-Aldrich, USA) — 0.8%. After stratification at 4°C
for three days, the dishes were installed vertically and
seedlings were grown for 14 days at 23°C under illumination
of 100 pmol'm~2-s' for 16 h daily. To study the influence of
3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU), all
dishes before treatment were kept in the dark for 18 h.
Treatment with 20 uM DCMU (Sigma-Aldrich) and
10 mM H,O, was realized by spraying leaves of intact
plants with the corresponding solutions, and RNA was
isolated 2 h (H,0,) or 4 h (H,0,, DCMU) after the spray-
ing. Plants treated with deionized water containing corre-
sponding concentrations of solvents were used as con-
trols; all solutions contained 0.05% Triton X-100. A sus-
pension cell culture Col-0 was grown in the dark at 26°C
on MS medium supplemented with thiamine (1 mg/
liter), pyridoxine (0.5 mg/liter), nicotinic acid (0.5 mg/
liter), inositol (100 mg/liter), 2,4-dichlorophenoxyacetic
acid (0.3 mg/liter), and sucrose (30 g/liter); subcultiva-
tion was performed once per 10 days. The suspension cul-
ture was used for experiments 7 days after the transfer of
the cells into fresh medium. The cells were treated with
antimycin A (10 uM; Sigma-Aldrich) for 4 h, and with
hydrogen peroxide (10 mM) for 2 and 4 h. Pretreatment
with N-acetylcysteine (2 mM; Sigma-Aldrich) was start-
ed 30 min before the addition of antimycin A. When the
experiment was terminated, the cells were filtered from
the cultural medium with a vacuum filter, washed in 3-5
volumes of deionized water, and RNA was immediately
isolated. All experiments were conducted in at least three
biological repeats.

Determination of ROS content. The hydrogen perox-
ide content was determined in the suspension culture
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cells from dichlorofluorescein (DCF) fluorescence as
described [15]. Upon treatment with redox-agents, the
culture was supplemented with H,DCF-diacetate (Fluka,
USA) to the concentration of 5 uM and incubated for
40 min in the dark at 26°C with agitation. Then 1 ml of
the culture medium separated from the cells and cellular
fragments was diluted four-fold with deionized water, and
fluorescence of the resulting solutions was measured (at
exciting light wavelength 480 nm and emitted light wave-
length 524 nm) with a Shimadzu RF 5301 PC spectroflu-
orometer (Japan). The result is presented as the ratio of
fluorescence and the wet weight of the cells. For compar-
ative evaluation, the results are expressed as percentage of
the hydrogen peroxide level under control conditions. In
leaves of 14-day-old plants, the superoxide radical con-
tent was determined qualitatively as described in work
[16]. Before the experiment, the plants were kept in the
dark for 18 h. The cut leaves were infiltrated with nitrob-
lue tetrazolium solution (Fermentas, Lithuania) (1 mg/
ml in 10 mM KH,PO,, pH 7.8) or with the same solution
supplemented with DCMU (20 uM); the samples were
kept in the dark or at the light (100 pmol'm~2s™") for 1 h
and then washed free of chlorophyll in 70% ethanol at
80°C and photographed.

Extraction of RNA. RNA was extracted from the
plant material with TRI-Reagent (Sigma-Aldrich)
according to the producer’s protocol. The material was
homogenized with TRI-Reagent in a TissueLyser II
homogenizer (Qiagen, USA) for 2 min at 30 oscillations
per second. Proteins were denatured with 1-bromo-3-
chloropropane (Sigma-Aldrich). Nucleic acids were pre-
cipitated overnight with 2.5 volumes of 96% ethanol in
the cold. Then the samples were centrifuged at 14,000g
and 4°C for 10 min, the nucleic acid precipitate was dried
at room temperature, dissolved in 25-40 pl of deionized
sterile water, and used for synthesis of the first chain of
cDNA. The quantity and quality of the isolated RNA was
monitored by electrophoresis in 1% agarose under non-
denaturing conditions.

Real-time reverse transcriptase PCR. The first chain
of cDNA was synthesized using RNA pretreated with
DNase I (Fermentas, Lithuania) as a template. The syn-
thesis was realized using oligo(dT),s primer and reverse
transcriptase RevertAid H Minus M-MuLV (Fermentas)
according to the producer’s protocol. The real-time
reverse transcriptase PCR was conducted using the SYBR
Select Master Mix mixture of reagents (Applied
Biosystems, USA) and the C1000 Thermal Cycler CEX96
Real-Time System (Bio-Rad, USA). The reaction mix-
ture volume was 10 pl. PCR was performed as follows:
heating to 50°C for 2 min (as recommended by the pro-
ducer), one denaturation cycle (95°C, 3 min), 36 amplifi-
cation cycles (95°C for 20 s, 60°C for 30 s, 72°C for 30 s).
The gene yls& was used as a reference. The following
primers were used: for the yis§ gene (AT5G08290) R —
TGTCCTTGAGAGCCCAGTTGAT, L — GAGGTGC-
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TTGCGTCTGTTGCT, for the grl gene (AT3G24170) R —
GCAAAATACAGCACAGGCGACAT, L — GTAGGA-
GATGCCACAAACCGAA, for the gr2 gene (AT3G54660)
R — AGGTGGCTGGGAGAAAACGG, L — TCT-
GGGCTGTTGGGGATGTT, for the gdh2 gene
(AT5G07440) R — CTCCTCCTGCGTTTGCGTAGA,
L — CGCTCTTGGTGGTGTCCTGAA.

Glucose content was determined enzymatically with a
Glucose (HK) Assay Kit (Sigma-Aldrich). A weighed
sample of Arabidopsis green tissue (300 mg) was homoge-
nized in liquid nitrogen, supplemented with two weights
of deionized water, and incubated on a water bath for
30 min at 80°C. Then the sample was centrifuged for
10 min at 15,000g. The supernatant was used for determi-
nation of glucose content according to the producer’s
protocol, the optical density of solutions being deter-
mined with a SmartSpec Plus spectrophotometer (Bio-
Rad). Glucose concentration in the supernatant (mg/ml)
was determined as (A4 x TV x Fx 180.2)/(6.22 x d x SV x
1000), where AA is the difference between the optical
density of the samples and the reference solution; TV is
the total volume of the samples, ml; Fis the dilution fac-
tor; 180.2 is the molar weight of glucose, g/mol; SV'is the
supernatant volume in the samples, ml; 6.22 is the molar
absorption coefficient of NADH at 340 nm; d is the opti-
cal pathlength (1 cm); 1000 is the coefficient of pg calcu-
lation into mg. The result is presented in mg glucose per
g wet weight of Arabidopsis tissues.

Data were processed statistically and figures were
drawn on the quantitative determination of ROS using the
Microsoft Excel program. The significance of differences
was assessed using Student’s #-test at probability level p <
0.05. For the real-time reverse transcriptase PCR, the
data were processed statistically and figures were drawn
using CFX Manager™ Software v.1.6 program (Bio-
Rad). In all figures, bars represent standard deviations.

grt gr2

Normalized fold expression

|

darknessl light
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darknessl light

Fig. 1. Differences in levels of gr/ and gr2 gene transcripts in
Arabidopsis leaves under conditions of darkness and moderate
light. Darkness: the plants were kept in the dark for 22 h; light: the
plants were kept in the dark for 18 h and then under conditions of
illumination (100 pmol'm~2s™") for 4 h.
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RESULTS

Maintaining a high level of reduced glutathione
seemed to be especially important for green tissues of
plants at light, because ROS are actively produced in pho-
tosynthesizing chloroplasts [17]. Therefore, it was rea-
sonable to expect an increase in expression of genes
encoding enzymes of the ascorbate-glutathione cycle
when plants were transferred from darkness into light. In
fact, we found that contents of transcripts of both genes
encoding glutathione reductase of Arabidopsis increased
3-4-fold 4 h after the plants were transferred from dark-
ness to the moderate light (Fig. 1).

Such increase in expression could be caused by vari-
ous events, in particular, by an increase in ROS genera-
tion and by changes in the redox state of the chloroplast
electron transport chain components. To study the possi-
ble involvement of photosynthetic apparatus components
in the regulation of expression of the studied genes, we
applied the inhibitor of photosynthesis 3-(3,4-
dichlorophenyl)-1,1-dimethylurea (DCMU), which is
routinely used in such experiments. DCMU binds with
the Qg-site of photosystem II (PS II) and thus inhibits
electron transfer from PS II to plastoquinone of the thy-
lakoid membrane, thus passing the plastoquinone thy-
lakoid pool into the oxidized state. Hence, under condi-
tions of moderate light, DCMU fixed the plastoquinone
pool in the oxidized state [18].

We found a correlation between the level of the gr2
gene transcripts and the redox state of the photosynthetic
chain part downstream PS II: the oxidized state of this
part corresponded to lower level of the expression of this
gene, whereas the reduced state correlated with its higher
level (Fig. 2a). Successive increase in the level of gr/ gene
transcripts was observed on the following changes in con-
ditions: control in the dark — control at light — DCMU
(Fig. 2a), i.e. the grl gene expression level did not corre-
late with the redox state of this region of the chain.
Obviously, under conditions of our experiments, expres-
sions of the grl and gr2 genes were regulated independ-
ently. It should be noted that the level of the gr2 gene
transcripts in the presence of DCMU did not decrease to
the level characteristic for darkness. The inhibitory effect
of DCMU on photosynthesis was confirmed by a
decrease in the glucose level in Arabidopsis green tissues
in the presence of the inhibitor (Fig. 2b).

Inhibition of electron transport chains nearly
inevitably leads to changes in ROS level in the correspon-
ding organelles and then in the whole cell. However, in
chloroplasts under light conditions not only various
regions of the electron transport chain can be sources of
ROS, but also components of the stroma [19], and this
makes it difficult to accurately predict how the total cel-
lular ROS level will change under particular conditions of
illumination in the presence of inhibitors. To elucidate
whether the changes in expression of the studied genes
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Fig. 2. Expression of grl and gr2 genes and level of glucose and of ROS in Arabidopsis leaves in the presence of DCMU. a) Levels of gr/ and

gr2 transcripts. Darkness: plants were kept in dark for 22 h; light —

plants were kept at light (100 pmol-m~%s~") for 4 h; light + DCMU —
plants were kept at light in the presence of 20 uM DCMU for 4 h. b) Glucose level in leaves. Light —

plants were kept at light (100 umol-

m~%s7") for 4 h; darkness — plants were kept in dark for 22 h; light + DCMU — plants were kept at light in the presence of 20 yM DCMU
for 4 h. Signs * and 4 indicate significant difference at probability level p < 0.05: * this variant is different from control at light; 4 this vari-
ant is different from control in the dark. ¢) ROS level in leaves. Darkness — leaves were infiltrated with nitroblue tetrazolium solution and kept

in the dark for 1 h; light —
zolium solution + 20 pM DCMU and kept at light (100 pmol-m=2s

were associated with the level of ROS, and in particular,
of superoxide radical, we determined the superoxide rad-
ical content during the treatment of Arabidopsis leaves
with DCMU. We found that under our conditions, just
the redox state of the chain components located down-
stream the PS II determined the superoxide radical con-
tent in the cells: when this region was oxidized (in dark-
ness and during treatment with DCMU), the superoxide
radical content was low, but it was high at the reduced
state of this region during illumination (Fig. 2c).

Thus, the changes in gr2 gene expression correlate
not only with the redox state of the thylakoid membrane
components, but also with the superoxide radical level in
the leaves: higher expression corresponds to higher level
of superoxide radical in the leaves (Fig. 2, a and c¢). The
profile of grl gene expression does not correlate either
with the redox state of the photosynthetic electron trans-
port chain or with the superoxide radical level (Fig. 2, a
and c¢). Thus, the level of grl transcripts in the variant
“Light + DCMU?” was fourfold higher than in the dark,
whereas these variants were not significantly different in
superoxide radical level. Thus, on the transition from
darkness to light, grl gene expression was induced not by
an increase in the superoxide radical level, but by some
other factor(s).

Therefore, it was interesting to learn how expression
of the studied genes changes on increase in ROS level that
is not associated with functioning of the photosynthetic
electron transport chain. To determine this, leaves of
intact Arabidopsis plants were treated with 10 mM hydro-
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leaves were kept at light (100 pmol-m~2s~") for 1 h; light + DCMU —
-1
) for 1 h.

leaves were infiltrated with nitroblue tetra-

gen peroxide and then kept in the dark for 2 and 4 h. Such
treatment resulted in an increase in the level of transcripts
of both studied genes 2 h after beginning the treatment
and in decrease to the initial level after 4 h (Fig. 3). Thus,
we supposed that the dependence of gr2 gene expression
on the redox state of the photosynthetic electron trans-
port chain should be mediated through ROS. In our
experiments with inhibitors of photosynthesis, the ROS
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Fig. 3. Effect of exogenous hydrogen peroxide on gr/ and gr2 gene
expression in Arabidopsis leaves. The experiment was performed
in the dark. Control — leaves of intact plants were treated with
sterile water; H,0, — leaves were treated with 10 mM hydrogen
peroxide and incubated for 2 and 4 h.
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Fig. 4. ROS content and expression of the gdh2, grl, and gr2 genes in cells of Arabidopsis suspension cell culture on inhibition of respiratory
complex I11. a) Assessment of ROS content by fluorescence of dichlorofluorescein; b) level of transcripts of gdh2, grl, and gr2 genes. Control —
the cell culture was supplemented with sterile water with corresponding concentration of ethanol; NAC — N-acetylcysteine (2 mM) for
4.5 h; AA — antimycin A (10 uM) for 4 h; (NAC+AA) — N-acetylcysteine (2 mM) for 30 min and then antimycin A (10 uM) for 4 h.

level depended on the redox state of the thylakoid mem-
brane components.

Expression of the grl gene was also induced after
plant leaves were treated with hydrogen peroxide in the
dark (Fig. 3), although at light we observed no association
of the expression of this gene with ROS level (Fig. 2, a and
).

To prevent the possible influence of chloroplasts on
changes in grl and gr2 gene expression on changes in
ROS content, we performed some experiments with a
heterotrophic suspension cell culture of Arabidopsis. The
cells of this culture are lacked differentiated chloroplasts
and incapable of autotrophic nutrition even after being
transferred into light conditions. In our experiments, the
culture was maintained in complete darkness, which pre-
vented any influence not only of chloroplasts, but also
even of photoreceptors. The ROS content and the redox
state of the mitochondrial electron transport chain in the
Arabidopsis suspension culture cells was modeled using an
inhibitor of respiratory complex III, antimycin A, and a
scavenger of ROS, N-acetylcysteine. Antimycin A
inhibits electron transfer from the ubiquinone pool of the
inner mitochondrial membrane to respiratory complex
I1I, which leads to an over-reduction of the respiratory
chain complex components located before the site of
action of the inhibitor and to an increase in ROS genera-
tion [20]. In fact, the hydrogen peroxide content in the
suspension culture after treatment with antimycin A was
2-3 times higher than in the control, and in the presence
of N-acetylcysteine (combined with antimycin A and
without it) was 5-6 times lower than the control (Fig. 4a).
The level of grl gene transcripts increased slightly in the
presence of N-acetylcysteine (without antimycin A) and

was unchanged in the other cases. The level of the gr2
gene transcripts did not change in all variants of the
experiment (Fig. 4b).

We showed earlier that expression of the gdh2 gene
encoding the B-subunit of glutamate dehydrogenase of
Arabidopsis is induced under conditions leading to reduc-
tion of the ubiquinone pool but does not depend on the
ROS content in the cell [21]. In that series of experi-
ments, the level of the gdh2 gene transcripts increased 4-
6 times after treatment of the cells with antimycin A for
4 h, and the same effect was observed on addition of N-
acetylcysteine (Fig. 4b). In the same experiments, levels
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Fig. 5. Effect of exogenous hydrogen peroxide on the gr/ and gr2
gene expression in suspension of Arabidopsis culture cells.
Control — the culture was supplemented with sterile water; H,O, —
addition of 10 mM hydrogen peroxide and incubation for 2 and 4 h.
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of the grl and gr2 gene transcripts were not changed
under the influence of antimycin A and seemed to have
no dependence on either the redox sate of the mitochon-
drial electron transport chain or on the hydrogen perox-
ide content (Fig. 4, a and b). Treatment of the suspension
culture cells with 10 mM hydrogen peroxide for 2 and 4 h
did not have a pronounced influence on the expression
character of the studied genes (Fig. 5). Thus, expression
of both genes of Arabidopsis glutathione reductase in het-
erotrophic suspension culture cells did not depend on the
hydrogen peroxide content in the cells.

DISCUSSION

Both genes encoding glutathione reductases of
Arabidopsis were induced by light when the plants were
transferred from darkness into conditions of illumination
(Fig. 1). As far as we know, this observation confirmed in
databases of results of microarray experiments (e.g.
www.genevestigator.com) was not reported earlier. It
seems that such neglect can be explained by changes in
expression of a huge number of plant genes (by some
assessments up to 30% of the transcriptome [22]) on tran-
sition from darkness to light. This light-inducibility is due
to various causes, including changes in the levels of
metabolites (in particular, of sugars [23]), and changes in
redox state of chloroplasts [24], mitochondria [25], and
of the whole cell [26]. Some specific plastid-to-nucleus
signaling cascades [27] and processes mediated through
photoreceptors [28] can also contribute to light inducibil-
ity. It is interesting that the level of transcripts of both
studied genes increased nearly equally when the plants
were transferred from darkness into the light (Fig. 1). This
contradicts the literature data on the lower sensitivity of
the gr2 gene to changes in the environment [1, 12, 13].
However, these works described behavior of the glu-
tathione reductase genes under stress conditions when
the expression level at light and in the absence of the
stress factor was taken as control. The change from com-
plete darkness to conditions of moderate illumination
(100 pmol'm~2s~! in our experiments) cannot be consid-
ered a stress factor. There are studies of metabolic and
transcriptional responses of plants to transitions from
light to darkness and from darkness to light [22, 23, 29],
but the authors did not focus their attention on changes in
expression of the genes that are traditionally thought to be
associated with stress reactions of the cell. Thus, the
absence of attention to reactions of the antioxidant
defense genes on transitions from light to darkness and
from darkness to light resulted in the concept that expres-
sion of genes encoding plastid-mitochondrial forms of
plant glutathione reductases is poorly inducible or non-
inducible [1]. Thus, it was still more interesting to eluci-
date what mechanisms are responsible for the transmis-
sion into the nucleus of information about the functional
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state of the chloroplast and finally led to induction of
expression of the nuclear gr2 gene on the transition from
darkness to light.

ROS [30] and changes in the redox state of the thy-
lakoid membrane [24] are two main candidates for the
role as a source of the primary signal triggering the induc-
tion of nuclear gene expression on changes in illumina-
tion. The first mechanism is usually thought to be associ-
ated with the regulation of expression of antioxidant and
stress-inducible genes, whereas the second pathway in the
majority of cases regulates expression of genes function-
ally associated with photosynthesis [31]. Glutathione
reductase is an antioxidant and stress-inducible enzyme
[3], but, on the other hand, the content of intrachloro-
plast reduced glutathione seems to be one of the most
important metabolic factors influencing the efficiency of
photosynthesis [32].

Our experiments showed for the first time that
changes in expression of the gr2 gene encoding chloro-
plast-mitochondrial glutathione reductase of Arabidopsis
were in good correlation with changes in the redox state
of the photosynthetic electron transport chain compo-
nents and in the content of reactive oxygen species during
the treatment with the photosynthesis inhibitor DCMU
(Fig. 2, a and ¢). Up to now, such regularities have been
observed for genes encoding components of the electron
transport chain of chloroplasts, the gene of the small sub-
unit RUBISCO and genes of chlorophyll-binding pro-
teins of the subfamily ELIP (early light inducible proteins),
i.e. for genes whose products are immediately connected
with the photosynthetic apparatus and photosynthesis
[31], and also for the apx2 gene encoding cytosolic ascor-
bate peroxidase [30]. It should be noted that in all cases
the redox state of the electron transport chain of chloro-
plasts was not the only factor determining the expression
level of the corresponding genes. Thus, expression of the
Iheb 1 gene, which is one of nuclear genes with expression
depending on the redox state of plastoquinone [18], con-
currently depends on signals mediated by sugars [33],
abscisic acid [34], photoreceptors [35], and hydrogen
peroxide [36]. Moreover, expression of this gene is subor-
dinated to the internal circadian rhythm, independently
of the light intensity [37].

Based on results of our experiments, we supposed
that the gr2 gene expression at light should be controlled
by the ROS level, which changed on change in the redox
state of the thylakoid membrane components in chloro-
plasts. Such a mechanism was proposed for the apx2 gene
encoding the cytosolic ascorbate peroxidase, which is a
rare example of a gene whose product is neither a compo-
nent of the photosynthetic apparatus nor an enzyme of
the Calvin cycle. Nevertheless, expression of this gene
changes in correspondence with changes in the redox
state of the plastoquinone pool [30]. (Note that ascorbate
peroxidase, as well as glutathione reductase, is a compo-
nent of the ascorbate-glutathione cycle). However, it was
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shown in 2011 that the association between apx2 gene
expression and the redox state of the plastoquinone pool
was mediated through the level of 5'-phosphoadenosine
3’-phosphate, which, in turn, inhibited nuclear exori-
bonucleases acting as negative regulators of some stress-
inducible genes [38]. Certainly, the mechanism of the
light-dependent regulation of the gr2 gene expression
unassociated with stress needs further studies. However,
results of the present work show that the chloroplast-to-
nucleus regulatory signals play an important role in this
regulation.

It seems that up to now there was only one attempt
to study the possible involvement of retrograde plastid-to-
nucleus signals in the induction of some genes encoding
antioxidant enzymes of Arabidopsis (including the cytoso-
lic glutathione reductase) under conditions of excess light
[26]. It was concluded that neither signals mediated by
abscisic acid nor ROS or the redox state of plastoquinone
could play a significant role in providing the transcrip-
tional response of the studied genes during at least 6 h
after the transfer of leaf pieces under conditions of excess
and extreme illumination. It was thought that the major
role in the regulation of the transcriptional response
under conditions of excess light should belong to the bal-
ance of major redox pairs of the cell and to lipid and other
metabolic signals [26].

In our experiments, expression of the grl gene
encoding the cytosolic glutathione reductase also did not
correlate with either the redox state of the thylakoid
membrane components or with ROS level on treatment
of leaves with photosynthesis inhibitors (Fig. 2, a and ¢).
Obviously, expression of the gr/ and gr2 genes was regu-
lated by different mechanisms, which is in agreement
with the literature data on the different accumulation of
EST for these two genes under conditions of abiotic stress
[1]. Although on treatment with photosynthesis inhibitors
at light the grl gene expression did not correlate with the
ROS level, on treatment of leaves with hydrogen peroxide
in the dark the level of the grl gene transcripts increased
even more strongly than that of gr2 (Fig. 3). Therefore, we
suppose that the true signal for changing the expression of
the grl gene (or expression of both studied genes) during
treatment with hydrogen peroxide could be not the con-
tent itself of intracellular ROS but consequences of its
sharp increase mediated by the chloroplasts of the cells.
In fact, in heterotrophic culture expression of the gr/ and
gr2 genes was not induced after the treatment with hydro-
gen peroxide (Fig. 5).

It is known that chloroplasts in the plant cell are
involved not only in photosynthesis; such processes as
synthesis and desaturation of fatty acids, nitrogen assimi-
lation, biosynthesis of some amino acids, synthesis of pig-
ments and tetrapyrrole compounds, isoprenoids,
riboflavin and its derivatives, 3’-phosphoadenosine 5'-
phosphate occur in chloroplasts [35]. Among the above-
mentioned compounds, expression of nuclear genes is
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subjected to regulatory influence of intermediates of
biosynthesis of tetrapyrroles and lipids, 3’-phospho-
adenosine 5'-phosphate [27, 31]. The importance of
completely differentiated chloroplasts for response of the
plant cell to cold stress was clearly demonstrated by Dal
Bosco and colleagues. Using barley mutants with defects
in chloroplast biogenesis, they demonstrated that the
induction of expression of some cold-inducible genes
depended on the stage of plastid differentiation and was
completely abolished in the chloroplast-deprived mutant
albino [39].

It is likely that an increase in expression of glu-
tathione reductase genes in green leaves of Arabidopsis in
response to treatment with hydrogen peroxide reflects a
complex reaction of the cell mediated through metabolic
activity of the chloroplasts. Therefore, we consider very
interesting the difference in the transcriptional responses
of Arabidopsis cells with and without differentiated
chloroplasts under conditions preventing functioning of
the photosynthetic chain. We showed earlier that the cells
of suspension cultures obtained from transgenic
Arabidopsis plants with an increased and a decreased
activity of the mitochondrial alternative oxidase have
changed levels of ROS as compared to cultures obtained
from wild-type plants, but this regularity was not observed
for the plants themselves with increased and decreased
activity of the alternative oxidase [40]. We have shown in
the present work that the presence in the cells of differen-
tiated chloroplasts has not only metabolic consequences,
but also influences gene expression, including in the
absence of electron transport in the photosynthetic chain.
It is obvious that in our experiments just chloroplasts and
not mitochondria acted as the major mediator modulat-
ing expression of the glutathione reductase genes. These
data are also in agreement with a published hypothesis
[26] that chloroplast-to-nucleus metabolic signals should
be involved in the regulation of genes of plant antioxidant
defense.
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Center of the Siberian Branch of the Russian Academy of
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