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Cytokinins are plant hormones that regulate diverse processes in plant development and responses to biotic and abiotic stresses. In this
study, we show that Arabidopsis (Arabidopsis thaliana) plants with a reduced cytokinin status (i.e. cytokinin receptor mutants and
transgenic cytokinin-deficient plants) are more susceptible to light stress compared with wild-type plants. This was reflected by a
stronger photoinhibition after 24 h of high light (approximately 1,000 mmol m22 s21), as shown by the decline in maximum quantum
efficiency of photosystem II photochemistry. Photosystem II, especially the D1 protein, is highly sensitive to the detrimental impact of
light. Therefore, photoinhibition is always observed when the rate of photodamage exceeds the rate of D1 repair. We demonstrate that
in plants with a reduced cytokinin status, the D1 protein level was strongly decreased upon light stress. Inhibition of the D1 repair cycle
by lincomycin treatment indicated that these plants experience stronger photodamage. The efficiency of photoprotective mechanisms,
such as nonenzymatic and enzymatic scavenging systems, was decreased in plants with a reduced cytokinin status, which could be a
cause for the increased photodamage and subsequent D1 degradation. Additionally, slow and incomplete recovery in these plants after
light stress indicated insufficient D1 repair. Mutant analysis revealed that the protective function of cytokinin during light stress
depends on the ARABIDOPSIS HISTIDINE KINASE2 (AHK2) and AHK3 receptors and the type B ARABIDOPSIS RESPONSE
REGULATOR1 (ARR1) and ARR12. We conclude that proper cytokinin signaling and regulation of specific target genes are
necessary to protect leaves efficiently from light stress.

Light absorption, the subsequent conversion into bio-
chemical energy, and the production of oxygen of plants
play an essential role for life on earth. Although light is a
prerequisite for this process, high light (HL) easily ex-
ceeds the plant’s capacity to assimilate CO2, causing an
overreduction of the electron transport chain that results
in the inactivation of PSII (photoinhibition; Barber and
Andersson, 1992; Aro et al., 1993; Yamamoto et al., 2008).
One of the major targets of photoinhibition is the PSII
core protein D1 (for review, see Adir et al., 2003; Edelman
and Mattoo, 2008).

Damaged D1 proteins are continuously replaced by
de novo-synthesized D1 in a process called the D1 repair
cycle (Aro et al., 1993, 2005; Baena-González and Aro,
2002). This cycle consists of (1) migration of damaged D1

protein from the grana to the stroma lamellae, (2) prote-
olytic degradation of damaged D1 protein by FILA-
MENTATION TEMPERATURE SENSITIVE H (FTSH)
protease and DEGRADATION OF PERIPLASMIC PRO-
TEINS PROTEASE (DEGP), (3) de novo synthesis of pre-
cursor D1 protein (preD1) and cotranslational insertion
into the thylakoid membrane, (4) C-terminal processing of
preD1 catalyzed by the C-TERMINAL PEPTIDASE (CTP),
and (5) migration to the grana thylakoids and formation
of a fully functional PSII complex (for review, see Kato
and Sakamoto, 2009). The D1 repair cycle enables a high
D1 turnover, which is indispensable, especially under
HL conditions. Photoinhibition always occurs when the
rate of damage exceeds the D1 repair capacity. Besides
causing photoinhibition, excess light also provokes the
generation of reactive oxygen species (ROS) as by-
products of photosynthesis (Asada, 1999; Apel and
Hirt, 2004). In PSI, the reduction of oxygen leads to the
formation of superoxide anion radicals that can be
converted into hydrogen peroxide (H2O2) and hydroxyl
radicals, whereas in PSII, the transfer of excitation energy
from excited triplet chlorophyll (3chl*) to oxygen results
in the production of singlet oxygen (1O2; Fischer et al.,
2013). ROS were considered to accelerate photoinhibition
by causing direct photooxidative damage of the D1
protein. However, it was shown that acceleration of
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photoinhibition by ROS actually results from an
inhibition of the D1 repair rather than from the direct
damage of D1 (for review, see Takahashi and Murata,
2008). In order to reduce ROS levels, plants have
developed an efficient scavenging system composed of
enzymatic and nonenzymatic scavengers. Enzymatic
scavengers such as superoxide dismutase (SOD),
ascorbate peroxidase (APX), and catalase detoxify
superoxide anion radicals and H2O2. The nonenzymatic
antioxidants such as glutathione, ascorbate, tocopherol,
and carotenoids including the xanthophylls are important
for the elimination of hydroxyl radicals and 1O2 and the
quenching of lipid peroxy radicals and 3chl* (Havaux
et al., 2005). All these scavenging systems are important
protective mechanisms of plants against photoinhibition
and minimize the inhibition of D1 repair (Nishiyama
et al., 2001; Takahashi et al., 2007).
In addition to an efficient ROS-scavenging system,

plants have developed other protective mechanisms to
avoid photoinhibition (for review, see Takahashi and
Badger, 2011), such as the dissipation of excess light
energy as thermal energy, cyclic electron transport, and
light-avoidance movements of chloroplasts and leaves.
These processes minimize the risk of the overreduction
of photosynthetic antenna complexes and core proteins
as well as the inhibition of D1 repair and hence photo-
inhibition of PSII.
Cytokinins are a class of plant hormones that regulate

numerous developmental processes such as the cell cycle,
shoot and root growth, seed germination, and leaf se-
nescence (for review, see Werner and Schmülling, 2009).
In Arabidopsis (Arabidopsis thaliana), cytokinins are per-
ceived by three membrane-located receptors, the His
kinases ARABIDOPSIS HISTIDINE KINASE2 (AHK2),
AHK3, and CYTOKININ RESPONSE1 (CRE1)/AHK4
(Inoue et al., 2001; Suzuki et al., 2001), which have distinct
functions (Higuchi et al., 2004; Nishimura et al., 2004;
Riefler et al., 2006; for review, see Heyl et al., 2012). The
signal is further transmitted by a two-component sig-
naling system via HISTIDINE PHOSPHOTRANSFER
PROTEINS (named AHPs in Arabidopsis) to type B
RESPONSE REGULATORS (type B ARRs in Arabi-
dopsis), which are transcription factors and regulate
cytokinin response genes (Heyl and Schmülling, 2003;
Müller and Sheen, 2007).
Cytokinin influences several light-regulated processes.

They can partially mimic photomorphogenesis in etio-
lated seedlings (Chory et al., 1994; Lochmanová et al.,
2008), which is mediated by the transcription factors
ARR1, ARR10, and ARR12 (Argyros et al., 2008). Cyto-
kinin acts as a signal for photosynthetic acclimation to
canopy light gradients (Boonman et al., 2007) and shade-
induced leaf growth arrest (Carabelli et al., 2007). Exog-
enous application of cytokinin stimulates the transition
from etioplast to chloroplast in detached leaves and
cell cultures, increases the rate of grana and stroma la-
mella, and extends the life span of chloroplasts (Parthier,
1979; Catský et al., 1993; Mok, 1994; Cherniad’ev, 2000;
Synková et al., 2006). Furthermore, cytokinin influences
photosynthesis and related processes (Kusnetsov et al.,

1998; Synková et al., 1999; Yaronskaya et al., 2006;
Cortleven and Valcke, 2012), which is at least partially
due to the control of gene expression (Rashotte et al.,
2003; Brenner et al., 2005; Zubo et al., 2005, 2008).

Recent research has provided evidence that cytokinins
are also involved in stress responses (for review, see
Argueso et al., 2009; Ha et al., 2012). For instance, cyto-
kinins are known to induce an antioxidant protection
mechanism in chloroplasts (Procházková et al., 2008) and
alter the transcript levels of many stress-inducible genes
(Rashotte et al., 2003; Brenner et al., 2005, 2012; Brenner
and Schmülling, 2012; Bhargava et al., 2013). Several re-
ports revealed a role for cytokinins during drought, cold,
and osmotic stress (Rivero et al., 2007; Tran et al., 2007;
Jeon et al., 2010; Nishiyama et al., 2011; Macková et al.,
2013). However, a role for cytokinin during light stress
has not yet been described.

The availability of Arabidopsis plants with a reduced
cytokinin status (i.e. plants with a lower cytokinin content
or signaling) strongly improves the possibility to explore
novel functions of cytokinin. The knockout of cytokinin
receptors is one option to obtain plants with a reduced
cytokinin status, and mutants lacking one, two, or all
three receptors have been described (Higuchi et al., 2004;
Nishimura et al., 2004; Riefler et al., 2006). Alternatively, a
reduced cytokinin content can be generated by the
overexpression of CKX genes, encoding cytokinin
oxidases/dehydrogenases catalyzing cytokinin degra-
dation (Werner et al., 2001, 2003). In this study,
we used both the cytokinin receptor double mutant
ahk2 ahk3 and cytokinin-deficient 35S:CKX4 transgenic
plants to study the consequences of a reduced cytoki-
nin status for the response to light stress in leaves. The
data revealed that cytokinin is an essential factor for
protection against light stress, since plants with a re-
duced cytokinin status are more sensitive to excess
light. They exhibited a decreased photosynthetic ac-
tivity in comparison with the wild type which was
accompanied by increased photodamage after expo-
sure to 24 h of HL. These results indicate that several
photoprotective mechanisms were impaired in cytokinin-
deficient plants, causing a strong increase in photo-
damage exceeding the efficiency of the D1 repair and
leading to photoinhibition.

RESULTS

A Reduced Cytokinin Status Causes Increased
Photooxidative Stress and Reduced Photosynthetic Activity
after HL Treatment

We repeatedly observed that mutants and transgenic
Arabidopsis plants with a reduced cytokinin status
showed higher sensitivity to light than wild-type plants.
The cytokinin receptor double mutant ahk2 ahk3 and 35S:
CKX transgenic plants (here we used 35S:CKX4-over-
expressing plants) appeared to be particularly sensitive
and, therefore, were exposed to defined light stress con-
ditions. Plants were grown for 28 to 32 d under short-day
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(SD) conditions and then exposed to HL (1,000 mmol
m22 s21) for 24 h.

The ratio of variable fluorescence to maximum fluores-
cence (Fv/Fm) was analyzed immediately after the HL
treatment, as indicated in Figure 1A. A strong decrease
in Fv/Fm was measured in cytokinin-deficient plants
(35S:CKX4 and ahk2 ahk3), while wild-type plants showed
a much weaker response (Fig. 1B). Treatment with the
CKX inhibitor INCYDE (Zatloukal et al., 2008) prior to
stress application dramatically reduced photoinhibition
in cytokinin-deficient 35S:CKX4 plants, as shown by only
a minor decrease in Fv/Fm in comparison with mock-
treated plants (Fig. 1C).

In order to investigate the role of cytokinin during HL
stress in more detail, further experiments were carried out
with detached leaves. Similar to the experiments per-
formed on whole plants, HL treatment triggered a
stronger reduction of Fv/Fm in cytokinin-deficient leaves
compared with wild-type plants. This response was in-
dependent of the leaf age (Fig. 1D). Importantly, the stress
response was due to the HL treatment and not caused by
the lack of the dark period, as continuous moderate light

(instead of HL) did not result in reduction of Fv/Fm values
(Fig. 1E). Kinetics of the HL stress response (measured as
Fv/Fm) revealed that the divergence between cytokinin-
deficient and wild-type plants already started after 3 h
of HL treatment, but the difference was more pronounced
after 12 and 24 h of illumination (Fig. 1F).

The D1 Protein Level Is Strongly Reduced by Light Stress
in Plants with a Reduced Cytokinin Status

The lower photochemical efficiency of cytokinin-
deficient plants after exposure to HL could be either the
consequence of a hampered D1 repair cycle or a higher
degree of photodamage (i.e. damaged PSII proteins) or
both. During relaxation under SD conditions, photosys-
tems are able to recover from light stress, which can be
monitored by the increase in Fv/Fm. In ahk2 ahk3 and 35S:
CKX4 plants, the recovery capacity was attenuated
compared with the wild type, as indicated by signif-
icantly lower Fv/Fm values after 24 and 48 h of
relaxation (Fig. 2A). Fv/Fm did not return to initial

Figure 1. HL treatment reduces the
photochemical efficiency of PSII in
plants with a reduced cytokinin status.
A, Schematic overview of the experimen-
tal design. Soil-grown 4-week-old plants
were continuously grown under SD
conditions or exposed for 24 h to HL.
White bars, Light period; black bars, dark
period; gray bar, HL period. Arrows in-
dicate sampling points. B, Photochemical
efficiency of PSII (Fv/Fm) in whole plants
(leaf 6) after 24 h of HL (n = 8). C, Fv/Fm in
whole 35S:CKX4 plants (leaf 6) sprayed
once per day with 10 mM INCYDE start-
ing 5 d before HL treatment (n = 6).
D, Fv/Fm in detached leaves 5, 6, and 7
(n = 8). E, Fv/Fm in detached leaf 7 di-
rectly after 24 h of light treatment
(continuous moderate light [CL] or HL;
n = 8). F, Fv/Fm of detached leaf 6 after
different HL exposure times (n = 8).
Asterisks indicate significant differences
from the respective wild-type (WT)
condition (* 0.05. P. 0.01; ** 0.01.
P . 0.001; *** P , 0.001). Error bars
represent SE.
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levels in these plants, which had been the case for
wild-type plants after 48 h of relaxation (Fig. 2A).
The D1 protein is the most vulnerable component of

PSII, and its replacement by newly synthesized functional
D1 protein is required to avoid photoinhibition. To explore
whether the D1 protein level was differently affected in
wild-type plants and in plants with a reduced cytokinin
status, we determined the D1 protein abundance. Addi-
tionally, transcript levels of the PHOTOSYSTEM II
REACTION CENTER PROTEIN A (PSBA) gene encoding
the D1 protein and various genes encoding proteins of
the D1 repair cycle were analyzed. The D1 protein level
was investigated by protein gel-blot analysis (Fig. 2B). D1
protein levels were almost unchanged in all genotypes
after 3 to 6 h of HL treatment. However, after longer HL
treatment, the D1 protein level was strongly diminished
in leaves of ahk2 ahk3 and 35S:CKX4 plants in comparison

with leaves of wild-type plants. The strongest difference
in D1 protein levels between the cytokinin-deficient and
wild-type plants was noted after 24 h of HL. In the wild
type, 63% of the initial D1 protein level was retained,
while only 32% and 44% of the D1 protein level
compared with the wild-type control were left in ahk2
ahk3 and 35S:CKX4, respectively. This is consistent
with the kinetics of Fv/Fm reduction shown in Figure
1F, revealing the largest differences after 12 and 24 h
of HL treatment. Although no statistically significant
differences were observed, a clear trend was visible:
cytokinin-deficient plants showed a stronger de-
crease in PSBA transcript level after 24 h of HL in
comparison with the wild type (Fig. 2C).

Next, we analyzed whether the expression of genes
involved in the D1 repair cycle, such as FTSH (FTSH1,
FTSH2, FTSH5, and FTSH8; Fig. 2D), DEGP (DEGP5

Figure 2. Effects of HL treatment on the
functionality and protein and transcript
levels of genes encoding D1 and proteases
of the D1 repair cycle. Defined detached
leaves of 4-week-old Arabidopsis plants
were exposed for 24 h to continuous HL.
A, Fv/Fm of leaf 6 after 24 h of HL and
relaxation for 24 and 48 h (n = 22).
B, Analysis of the D1 protein level. Protein
was extracted from pooled leaves 5, 6,
and 7 after different HL exposure times.
Numbers above the blots indicate D1
protein level as a percentage of the wild-
type (WT) control (n = 3). Representative
blots are shown. RBCL, Large subunit of
Rubisco. C to F, Analysis of transcript levels
by quantitative real-time PCR of the PSBA
(C), FTSH (D), DEGP (E), and CTP (F)
genes. Transcript levels of wild-type leaves
under control conditions were set to 1
(n = 8). Asterisks indicate significant dif-
ferences from the respective wild-type
condition (* 0.05. P. 0.01; ** 0.01.
P . 0.001; *** P , 0.001). Error bars
represent SE.
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and DEGP8; Fig. 2E), and CTP homologs (At4g17740,
At5g46390, and At3g57680; Fig. 2F), was altered in
plants with a lowered cytokinin status. FTSH and
DEGP encode proteases involved in D1 degradation
(Kato and Sakamoto, 2009). Most of these transcripts
were induced upon HL treatment, but generally, the
basic steady-state mRNA levels and the degree of in-
duction were similar in cytokinin-deficient and wild-type
plants. One exception is DEGP5, which was more
strongly induced in ahk2 ahk3 mutants in comparison
with the wild type and 35S:CKX4 (Fig. 3E). Three Arabi-
dopsis genes (At3g57680, At4g17740, and At5g46390)
have been predicted to encode CTP homologs (Satoh and
Yamamoto, 2007; Yin et al., 2008), based on the similarity
of their amino acid sequences with the C-terminal pro-
cessing peptidase encoded by the cyanobacterial CtpA
gene and required for maturation of the D1 protein
(Fig. 2F). Among these, At3g57680 showed a strong (9-fold)
induction in leaves of wild-type plants in response to
light stress. At5g46390 showed a slight induction (2-fold),
while the third homolog did not respond to HL treatment
(Fig. 2F). The transcriptional response of the latter two
genes was similar in cytokinin-deficient plants to that
in the wild type. However, in contrast to the strong
up-regulation of At3g57680 in the wild type, cytokinin-
deficient plants showed only a 3- to 4-fold induction
(Fig. 2F). The HL response of the corresponding ctpa1
mutant (Yin et al., 2008) was analyzed. This mutant
behaved like the wild type (data not shown), which
indicates that At3g57680 has no important function in
the light stress response and that its different regu-
lation is probably not the reason for the HL pheno-
type in cytokinin-deficient plants.

Photodamage Is Increased in Plants with a Reduced
Cytokinin Status

To evaluate whether an increased photodamage
contributes to the light stress phenotype of cytokinin-
deficient plants, we inhibited the D1 repair cycle by
two different means. Detached leaves were treated with
lincomycin, which is an inhibitor of plastid protein syn-
thesis and thus completely blocks the D1 repair cycle, or
they were exposed to low temperature, which also re-
duces D1 repair activity (Grennan and Ort, 2007;
Mohanty et al., 2007). This inhibition enables one to
exclusively monitor the damage of PSII. Both treatments
caused a strong decrease of Fv/Fm in all genotypes,
demonstrating the importance of the D1 repair cycle for
protecting against HL stress (Fig. 3, A and B). The
stronger reduction of Fv/Fm in ahk2 ahk3 and 35S:CKX4 as
compared with the wild type indicated that cytokinin-
deficient plants experienced a higher degree of photo-
damage, which further demonstrates that they encounter
increased photooxidative stress. This higher degree of
photodamage in cytokinin-deficient plants is also
reflected by a more severe decline in D1 protein,
which decreased to almost only half of the level in the

wild type after HL plus lincomycin treatment (Fig. 3C,
3 h HL+L).

In conclusion, an elevated level of photodamage in
cytokinin-deficient plants appears to be an important
cause for the more pronounced HL response and the
succeeding lack of recovery in these plants.

Figure 3. Light stress increases photodamage in plants with a reduced
cytokinin status. Photochemical efficiency was measured in detached
leaves of 4-week-old Arabidopsis plants. A, Fv/Fm of leaf 6 irradiated
for 3 h with HL in the absence or presence of 1 mM lincomycin (+ L).
B, Fv/Fm of leaf 7 treated for 24 h with continuous light (CL) at 22˚C and
10˚C. Asterisks indicate significant differences from the respective wild-
type condition (* 0.05. P. 0.01; ** 0.01. P. 0.001; *** P, 0.001).
Error bars represent SE (n = 8). C, Blot analysis of D1 protein in leaf
material derived from the experiment shown in A. Numbers above the
blots indicate D1 protein level as a percentage of the wild-type (WT)
control (n = 4). Representative blots are shown. RBCL, Large subunit of
Rubisco.
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Plants with a Reduced Cytokinin Status Show Reduced
ROS-Scavenging Capacity

The higher degree of photodamage in plants with a
reduced cytokinin status could be due to a reduced
efficiency of scavenging mechanisms. To further test
this hypothesis, the total antioxidant capacity was
determined by the oxygen radical antioxidant capacity
(ORAC) assay. This initial experiment indicated that
the ahk2 ahk3 and 35S:CKX4 plants had about 20% to
30% lower total antioxidant capacity after HL stress
compared with the wild type (Fig. 4A). Based on this
observation, different photoprotective mechanisms,
both nonenzymatic and enzymatic, that are normally
activated during HL stress were investigated in more
detail. Already under control conditions, total carotenoid

content was 10% to 15% lower in cytokinin-deficient
plants in comparison with wild-type plants. This dif-
ference was even more pronounced after HL treatment.
The increase of the total carotenoid content shown in
the wild type was almost completely absent in
cytokinin-deficient plants (Fig. 4B). Among the carot-
enoids, the xanthophylls are of particular interest due
to their involvement in energy dissipation during light
stress. The amount of neoxanthin and zeaxanthin was
already significantly decreased under control condi-
tions in both ahk2 ahk3 and 35S:CKX4 plants. After HL
treatment, the concentrations of all xanthophylls were
more strongly increased in the wild type compared
with plants with a reduced cytokinin status, pointing
to a compromised energy dissipation through the
xanthophyll cycle (Fig. 4C).

Figure 4. Antioxidant capacity in plants with a re-
duced cytokinin status after HL treatment. Detached
leaves (pooled leaves 5, 6, and 7) of 4-week-old
plants were exposed to HL for 24 h. A, Total anti-
oxidant capacity of detached leaves expressed
as ORAC units (mmol Trolox equivalents g21 fresh
weight). B to D, Lipophilic antioxidant contents.
Total carotenoid content (B), content of xanthophyll
pigments (C; NEO, neoxanthin; VIO, violaxanthin;
ANTH, antheraxanthin; ZEA, zeaxanthin), and to-
copherol content (D) are shown. E and F, Hydro-
philic antioxidant contents. Ascorbic acid (E; ASC,
ascorbate; DHA, dehydroascorbate) and glutathione
(F; GSH, reduced glutathione; GSSG, oxidized glu-
tathione) contents are shown. Asterisks indicate
significant differences from the respective wild-type
(WT) value (* 0.05. P. 0.01; ** 0.01. P. 0.001;
*** P , 0.001). Error bars represent SE (n = 4 in
A–C; n = 12 in D–F). FW, Fresh weight.
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Furthermore, we also evaluated the tocopherol
(Fig. 4D), ascorbate (Fig. 4E), and glutathione (Fig. 4F)
contents. The total tocopherol content was increased in
ahk2 ahk3 and 35S:CKX4 plants after HL treatment above
the wild-type level, which mainly resulted from the ele-
vation in a-tocopherol. Ascorbate levels increased as well
after HL treatment, but the increase was similar in both
cytokinin-deficient and wild-type plants. Total glutathi-
one levels increased only slightly after HL exposure,
while especially the oxidized form was highest in 35S:
CKX4 plants (Fig. 4F).

The enzyme activities of SOD and of theHalliwell-Asada
pathway, including APX, monodehydroascorbic acid
reductase (MDHAR), dehydroascorbic acid reductase
(DHAR), and glutathione reductase (GR), as well as the
activity of peroxidase (POX; Fig. 5) were analyzed in
more detail. Only SOD and APX activities were altered
upon HL exposure and showed significant differences
between the genotypes (Fig. 5, A and B). Interestingly,
ahk2 ahk3 and 35S:CKX4 plants showed a strong reduc-
tion of APX and SOD activities (by about 2-fold) under
control conditions. After HL treatment, the APX activity
increased only slightly in wild-type plants, while in both
ahk2 ahk3 and 35S:CKX4 plants, there was a strong in-
crease (2- and 1.7-fold, respectively). The SOD activities in
HL-treated wild-type and 35S:CKX4 plants increased by
2.5-fold, and ahk2 ahk3 mutants had even a 3.5-fold in-
crease in activity. Yet, the SOD activity in plants with a
reduced cytokinin status remained significantly lower
compared with wild-type plants (Fig. 5A).

Alterations in Chloroplast Ultrastructure in
Cytokinin-Deficient Plants

In order to explore whether the higher sensitivity
to light stress of plants with a reduced cytokinin status
would result in changes in chloroplast ultrastructure, we
analyzed chloroplasts in control and HL-treated leaves by
transmission electron microscopy. Already under control
conditions, chloroplasts of ahk2 ahk3 and 35S:CKX4 plants
showed ultrastructural differences compared with the
wild type. Chloroplasts were not lens-shaped, as in wild-
type plants, but slightly swollen, probably due to the
presence of large starch grains. No alterations were ob-
served in thylakoids or in grana stacking (Fig. 6, A–C).
Following HL treatment, chloroplasts of all genotypes
contained reduced size of grana stacks, large starch grains,
and many and large plastoglobuli. However, chloroplasts
of plants with a reduced cytokinin status showed a
stronger increase in the number of plastoglobuli and
starch grains (Fig. 6, E and F, arrows).

Cytokinin Signaling Genes Are Required for the Light
Stress Response

To study the contribution of the different cytokinin
receptors in mediating the light stress response, we
analyzed all single (cre1, ahk2, and ahk3) and double
(cre1 ahk2, cre1 ahk3, and ahk2 ahk3) cytokinin receptor
mutants after 24 h of HL (Fig. 7A). Mutations of AHK2
and/or CRE1/AHK4 alone did not cause a decreased

Figure 5. Scavenging enzyme activities in plants
with a reduced cytokinin status after HL treat-
ment. Detached leaves (pooled leaves 5, 6, and 7)
of 4-week-old Arabidopsis plants were exposed
for 24 h to HL. A, SOD. B, APX. C, MDHAR.
D, DHAR. E, GR. F, POX. Asterisks indicate signif-
icant differences from the respective wild-type
(WT) value (* 0.05. P. 0.01; ** 0.01. P. 0.001).
Error bars represent SE (n = 12). U, Units.
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activity of PSII (Fv/Fm) compared with the wild type,
while a significant decrease in PSII activity was observed
in ahk3 mutants. The decrease in Fv/Fm was even a bit
stronger in the ahk2 ahk3 double receptor mutant, which
could not be observed in the other double receptor
mutants. This indicates that the AHK3 receptor is the
key mediator in this light stress response, while AHK2
probably has an accessory function.
Subsequently, we investigated the possible involvement

of type B ARRs. We chose to analyze loss-of-function
mutants of the B-type ARR genes ARR1, ARR10, and
ARR12, because mutant analysis had shown that the
corresponding transcription factors mediate the majority
of cytokinin action in different processes during vegetative
development (Argyros et al., 2008; Ishida et al., 2008).
Fv/Fm values were measured after HL treatment in sev-
eral double mutants (arr1 arr10, arr1 arr12, and arr10 arr12;
Fig. 7B). A significantly decreased PSII activity was ob-
served in arr1 arr12mutants, while no difference from the
wild type was noted for the other two double mutants
investigated. This demonstrates that ARR1 and ARR12
act redundantly downstream of AHK3 and AHK2 in
mediating the cytokinin-regulated light stress response.

DISCUSSION

In this study, we have investigated the role of cy-
tokinin during HL stress by evaluating the responses
of Arabidopsis plants with a reduced cytokinin sig-
naling or content. HL stress caused stronger damage to
the photosynthetic apparatus in plants with a lower
cytokinin status, which was apparent as a reduced
Fv/Fm (Fig. 1) and a lower capability of these plants to
recover from photoinhibition after HL stress (Fig. 2A).
The D1 protein level was strongly reduced in cytokinin-
deficient plants, reflecting severe photoinhibition of
PSII (Fig. 2B). The slower and incomplete recovery

from light stress in cytokinin-deficient plants indicates
insufficient repair of PSII, which could be either due
to a compromised D1 repair machinery and/or to a
persistent or even irreversible photodamage. Further
research into the mechanisms revealed that the ROS-
scavenging capacity was significantly diminished in
cytokinin-deficient plants (Figs. 4 and 5), which con-
tributed to their higher susceptibility. The cytokinin-
dependent light stress responses are mainly mediated
by the cytokinin receptor AHK3 (and to a lesser extent
by AHK2) and the B-type response regulators ARR1
and ARR12, as summarized in a model (Fig. 8).

Imbalance between Photodamage and Repair Causes the
Cytokinin-Regulated Light Stress Response

The extent of photoinhibition is associated with a
balance between the rate of photodamage and its re-
pair (Takahashi and Badger, 2011). One indication for
an impaired D1 repair cycle in cytokinin-deficient
plants was their reduced capacity to recover from
photoinhibition after relaxation (Fig. 2A). Moreover,
the protein level of D1 was earlier and more strongly
reduced following HL treatment in these plants in
comparison with the wild type (Fig. 2B), suggesting an
accelerated depletion of D1 (i.e. increased photo-
damage) and/or a lack of replenishment of the D1
protein pool by de novo synthesis. The lower tran-
script level of the D1 protein-encoding PSBA gene in
cytokinin-deficient plants (Fig. 2C) hints at a possibly
impaired D1 de novo synthesis. However, it should be
noted that posttranscriptional mechanisms, including
mRNA processing and cotranslational modifications,
are the major steps in the regulatory network con-
trolling the expression of the PSBA gene and the pro-
duction of the D1 protein (Mulo et al., 2012). These
mechanisms could also be affected in plants with a
reduced cytokinin status.

Figure 6. Influence of HL on the chloroplast ultra-
structure in the wild type (WT) and plants with a
reduced cytokinin status. Images show chloroplasts
in detached leaves (leaf 6) of 4-week-old Arabidopsis
plants following exposure for 24 h to HL. Note the
increased starch (St) content and the number of
plastoglobuli (indicated by arrows) in plants with a
reduced cytokinin status. Bars = 1,200 nm.
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There are several important steps in the degradation of
damaged and the maturation of novel D1 protein. ATP-
dependent FTSH metalloproteases and ATP-independent
DEG endopeptidases play predominant roles in D1 deg-
radation (Kato and Sakamoto, 2009). Arabidopsis mutants
of the major isoforms of FTSH (FTSH2 and FTSH5)
showed a high sensitivity to photoinhibition under HL
and accumulated high levels of ROS (Sakamoto et al.,
2004), and deg5 deg8mutants also exhibited anHL-sensitive
phenotype (Sun et al., 2007). These reports clearly
demonstrate that a proper degradation of the damaged
D1 is important for protection against photoinhibition. At
the end of the D1 repair cycle, newly synthesized preD1
needs to be processed to mature D1 by CTP activity
(Anbudurai et al., 1994; Roose and Pakrasi, 2004). Re-
cently, mutant analysis has identified one of the three
predicted Arabidopsis CTP homologs (At4g17740) to be
required for an efficient repair of D1 under HL (Che et al.,
2013). Our experiments showed that HL caused no major
differences in the expression of genes encoding FTSH and
DEG proteases between wild-type and cytokinin-deficient
plants (Fig. 2, D and E). Also, the functionally important
CTP gene homolog (At4g17740) was neither induced by
HL nor differently regulated among the investigated
genotypes. One other CTP homolog (At3g57680)

exhibited a different expression pattern in cytokinin-
deficient plants compared with the wild type (Fig. 2F).
However, the corresponding loss-of-function mutant (Yin
et al., 2008) showed a wild-type-like HL response under
our conditions. This indicates that At3g57680 is not in-
dispensable under HL stress, which is consistent with the
report of Che et al. (2013). Together, the transcript data
suggest that cytokinin does not act mainly through
transcriptional regulation of the analyzed genes but may
act on a different level to influence the efficiency of the D1
repair cycle.

Figure 8. Model for the protective function of cytokinin in the light
stress response. HL causes the inhibition of the active PSII and the
production of ROS, which can also inhibit D1 repair (dotted black
lines). Plants have evolved several mechanisms, such as ROS scav-
enging and the D1 repair cycle, to counteract the destructive effect of
too much light (light gray boxes and solid black lines). Cytokinin (CK)
has protective functions in the light stress response by promoting both
ROS scavenging and D1 repair (gray lines), which is mediated by the
AHK2 and AHK3 receptors and the type B response regulators ARR1
and ARR12 acting downstream of the receptors. The involvement of
ARR1 and ARR12 has been concluded based on the results shown in
Figure 7B.

Figure 7. The cytokinin receptors AHK2 and AHK3 and the type B
response regulators ARR1 and ARR12 mediate the cytokinin-dependent
light stress response. Soil-grown 4-week-old plants were continuously
grown under SD conditions or exposed for 24 h to HL. A, Fv/Fm in
detached leaf 6 of different cytokinin receptor single and double
mutants after 24 h of HL (n = 15). B, Fv/Fm in detached leaf 6 of dif-
ferent B-type response regulator double mutants (n = 10). Asterisks
indicate significant differences compared with the wild type (WT)
(* 0.05 . P . 0.01; *** P , 0.001). Error bars represent SE.
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An important result to understand the light stress
phenotype of cytokinin-deficient plants is the stronger
reduction of D1 protein as a consequence of increased
photodamage and an impaired D1 repair cycle, which is
a major cause for photoinhibition in these plants upon
exposure to HL. The available data do not allow us to
distinguish whether (1) limited ROS scavenging causing
enhanced ROS production and thereby indirectly inhib-
iting the D1 repair cycle (Fig. 8), (2) reduced de novo
production of the D1 protein, or (3) an impaired action of
proteins required for a functional D1 repair cycle con-
tribute most to the reduction and impaired recovery of
the D1 protein.

Cytokinin Deficiency Causes a Reduced
Antioxidant Capacity

An initial experiment showed that in plants with a
reduced cytokinin status, the total antioxidant capacity is
decreased in comparison with the wild type. Further in-
vestigation revealed that this reduction is mostly due to a
lower level of antioxidative compounds, such as carote-
noids and, more specifically, xanthophylls (Fig. 4). In
contrast, no major differences between wild-type and
cytokinin-deficient plants were found for ascorbate and
glutathione, which also play an important role in redox
homeostasis (for review, see Foyer and Noctor, 2011).
Carotenoids of the xanthophyll cycle are of great impor-
tance for the dissipation of excess excitation energy as
quenchers of 3chl* and 1O2 (Demmig-Adams and Adams,
1996). The lower increase of these pigments in plants
with a reduced cytokinin status in response to HL could
result in a compromised xanthophyll cycle. Especially
neoxanthin levels, which are known to be specifically
involved in the scavenging of superoxide (Dall’Osto et al.,
2007), were decreased in cytokinin-deficient plants under
both control and stress conditions. In contrast, the con-
tent of tocopherols, which are lipid-soluble antioxidants
scavenging ROS and nitrogen species, protecting mem-
brane lipids from autocatalytic oxidation and perox-
idation (Schneider, 2005; Krieger-Liszkay and Trebst,
2006), was increased. This increase was mainly due to an
increase in a-tocopherol, which plays an important role in
protecting PSII from 1O2 (Trebst et al., 2002).
The amount of plastoglobuli, storage sites for lipo-

protein particles containing, for example, plastoquinone,
a-tocopherol and triacylglycerols (Lundquist et al., 2012),
and the number of starch granules, were strongly in-
creased in cytokinin-deficient plants. A higher starch
content was also observed in the sink leaves of transgenic
tobacco (Nicotiana tabacum) plants expressing 35S:CKX1
and 35S:CKX2 (Werner et al., 2008). Of particular interest
in the context of the HL stress phenotype is the larger
number of plastoglobuli. Numerous studies reported a
strong increase in plastoglobuli size and amount under
stress conditions, which has been connected to the anti-
oxidative effect of tocopherol (Bréhélin et al., 2007). This
might also be the case in cytokinin-deficient plants, where
the higher increase in tocopherol levels could be part of a

compensatory protective mechanism counteracting a
higher degree of photodamage. Compensatory processes
have been described in several studies analyzing antioxi-
dant protection against photoinhibition. For example, the
lutein-deficient2-1 (lut2-1) Arabidopsis mutant, which is
unable to synthesize lutein, compensates by increased
amounts of violaxanthin (Dall’Osto et al., 2006). The non-
photochemical quenching1 (npq1) npq4 lut2 mutant com-
pensates for the thermal dissipation energy deficit with
increased a-tocopherol and ascorbate levels (Golan et al.,
2006), and a-tocopherol-deficient Arabidopsis mutant
(vitamin e-deficient1) augmented the synthesis of zeaxan-
thin (Havaux et al., 2005).

Recycling enzymes of the Halliwell-Asada pathway
(MDHAR, DHAR, and GR) showed no altered activity in
response to HL, while the enzymes directly involved in
scavenging of superoxide (SOD) and H2O2 (APX) were
strongly activated upon HL (Fig. 5). Cytokinin-deficient
plants showed only about half of the SOD activity of
wild-type plants under control conditions and after HL
treatment (Fig. 5A). A similar reduction in activity was also
noted for APX under control conditions, but this was
compensated upon HL treatment. These results indicate,
on the one hand, that the scavenging capacity of cytokinin-
deficient plants is generally lower than in wild-type plants
and, on the other hand, that upon HL they seem to en-
counter more oxidative stress and try to deal with it by
increasing the activities of APX and SOD.

AHK2 and AHK3 Mediate the Cytokinin Function in the
Light Stress Response Acting through ARR1 and ARR12

A strong HL effect was caused by the loss of AHK3 and
was further enhanced by the additional loss of AHK2,
which alone was ineffective. This indicates that AHK3 has
a major role in the HL response while AHK2 has a coop-
erative function. Similar observations on cooperative or
redundant functions of AHK2 and AHK3 have been made
in other studies (Higuchi et al., 2004; Nishimura et al.,
2004; Riefler et al., 2006). Interestingly, AHK2 and AHK3
are evolutionarily more closely related to each other
than to CRE1/AHK4, and both receptors are predom-
inantly expressed and active in shoot tissues (Ueguchi
et al., 2001; Higuchi et al., 2004; Stolz et al., 2011).
Several important functions during leaf development
have been attributed to AHK2 and AHK3, including a
role in leaf cell formation, chlorophyll metabolism, and
leaf senescence (Kim et al., 2006; Riefler et al., 2006).
However, a role in the light stress response has not yet
been listed among their various activities (Müller, 2011;
Heyl et al., 2012). An apparently higher relevance of
AHK3 comparedwith AHK2 could be due to the different
sensitivities of the receptors to various cytokinin metabo-
lites (Spíchal et al., 2004; Romanov et al., 2006; Stolz et al.,
2011) and/or to differences in coupling to downstream
signaling elements, as indicated by distinct interacting
proteins (Dortay et al., 2008).

The fact that the arr1 arr12 mutant also displayed a
strong HL effect indicates that cytokinin action in the
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light stress response is mediated at least partly through
transcriptional regulation. ARR1 and ARR12 belong to
subfamily 1 of the type B response regulators (Heyl
et al., 2008; Hill et al., 2013), and the corresponding
genes are expressed in leaves (Mason et al., 2004).
Mutation of both genes was required to obtain an effect
indicating their redundant action, which is a common
feature of type B response regulators (Müller, 2011). For
ARR1 and ARR12, a combined action in regulating the
expression of HIGH-AFFINITY K1 TRANSPORTER1
(HKT1;1), encoding a sodium transporter, and the ac-
cumulation of sodium in Arabidopsis shoots has been
reported (Mason et al., 2010). Interestingly, ARR10,
which is the closest relative of ARR12 and also has a
function in leaf development (Argyros et al., 2008;
Ishida et al., 2008), is not required for the light stress
response, indicating that it has functionally diverged.

The role of ARR1 and ARR12 in light stress protection
links this activity to a specific transcriptional response,
consistent with the great importance of a fine-tuned
gene regulation to realize the many different biological
activities of cytokinin (for review, see Brenner et al.,
2012). Cytokinin regulates numerous genes involved in
light signaling and redox regulation (Rashotte et al.,
2003; Brenner et al., 2005; Taniguchi et al., 2007; Brenner
and Schmülling 2012; Bhargava et al., 2013). For ex-
ample, microarray meta-analyses placed genes encod-
ing glutaredoxins, which have a role in protecting plants
against photooxidative stress (Laporte et al., 2012),
among the top 20 cytokinin-regulated genes (Brenner
et al., 2012; Bhargava et al., 2013). The emerging net-
work of transcriptional regulation connecting the ac-
tions of light, ROS, and cytokinin (Vandenbussche et al.,
2007; Chen et al., 2013) provides a starting point to
unravel the molecular mechanisms linking cytokinin
with its function in light stress protection.

MATERIALS AND METHODS

Plant Material, Growth, and Treatment Conditions

Arabidopsis (Arabidopsis thaliana Columbia-0) wild-type plants, cytokinin-
deficient 35S:CKX4 (Werner et al., 2003), cytokinin receptor mutant plants
(ahk2-5 ahk3-7, cre1-2 ahk2-5, and cre1-2 ahk3-7; Riefler et al., 2006), B-type arr
mutants (arr1-3 arr10-5, arr1-3 arr12-1, and arr10-5 arr12-1; Mason et al., 2004;
Ishida et al., 2008), and the ctpa1 mutant (Yin et al., 2008) were grown in a
growth chamber under controlled conditions: 150 to 200 mmol m22 s21, 8/16-h
photoperiod (SD), 22°C, and 60% relative humidity. HL experiments (ap-
proximately 1,000 mmol m22 s21) were performed with detached leaves of
4-week-old plants floating on water or on whole plants in a growth cabinet
(Percival AR66L; Percival Scientific) at 26°C and 60% relative humidity.

INCYDE Treatment

Five days before HL treatment, 4-week-old plants were sprayed once per
day with a solution containing 10 mM INCYDE (Zatloukal et al., 2008) and
0.01% (v/v) Silwet L-77. Mock-treated samples were sprayed with a solution
containing only Silwet L-77. Whole plants were exposed to the HL standard
treatment described above.

Lincomycin Treatment

Detached leaves were incubated with their petioles in 1 mM lincomycin or
water (control) for 3 h at 20 mmol m22 s21 (22°C) to block protein synthesis

prior to photoinhibitory treatment. Incubated leaves were then illuminated at
a photon flux density of 1,000 mmol m22 s21 (22°C) for 3 h before measurement
of photochemical efficiency.

Fluorometry

Chlorophyll fluorescence emission was measured on detached leaves and
defined leaves of whole plants with a modulated chlorophyll fluorometer
(Photosystem Instruments). The maximal photochemical efficiency of PSII was
determined after dark adaptation for 20 min from the ratio of variable (Fv) to
maximum (Fm) fluorescence [Fv/Fm = (Fm 2 F0)/Fm]. An actinic light pulse (0.2
mmol m22 s21) was used to determine the initial (minimum) PSII fluorescence
in the dark-adapted state (F0), and Fm was determined by a saturating light
pulse (1,500 mmol m22 s21).

Transmission Electron Microscopy

Parts of the sixth leaf were fixed for 3 d at 4°C using vacuum infiltration in
2% (v/v) paraformaldehyde and 2% (v/v) glutaraldehyde buffered in 50 mM

cacodylate buffer with 50 mM NaCl. Samples were washed with 50 mM caco-
dylate buffer containing 50 mM NaCl and with 50 mM glycylglycin buffer
containing 100 mM NaCl. Postfixation was performed in 1% (w/v) osmium
tetroxide buffered in 50 mM cacodylate buffer containing 50 mM NaCl for 3 h.
After washing with distilled water, leaf tissues were incubated for 1 h in 0.1%
(w/v) tannic acid in 100 mM HEPES buffer, rinsed with water, and incubated
overnight at 4°C in water. After staining in 2% (w/v) uranyl acetate for 1.5 h,
fixed tissues were dehydrated and embedded in Spurr’s epoxy resin. Ultrathin
sections (65 nm), obtained using a Leica Ultracut UCT ultramicrotome, were
mounted on 0.7% (w/v) formvar-coated copper grids (200 mesh). The sections
were contrasted with uranyl acetate (2% [w/v] in 50% ethanol) followed by
lead citrate (4% [w/v] solution) and examined with a FEI Tecnai Spirit
transmission electron microscope operated at 120 kV.

Protein Isolation and Protein Gel-Blot Analysis

Frozen leafmaterial (pooled leaves 5, 6, and 7 from four different plants) was
homogenized with the Retsch Mixer Mill MM2000 with two stainless-steel
beads (2 mm diameter) in each sample. Total proteins were extracted from
the homogenized leaf material in a buffer containing 150 mM NaCl, 100 mM

Tris, and 1% Triton X-100 (pH 7). Protein concentrations were determined
according to Bradford (1976). Proteins (3.5 mg) were separated by SDS-PAGE
(14%) and blotted to a polyvinylidene difluoride membrane overnight at 4°C.
Prior to blocking, blots were stained with Ponceau S (Sigma-Aldrich) to check
correct loading, followed by washing three times for 5 min each in Tris-
buffered saline plus 0.05% Tween 20 at room temperature. The blots were
blocked for 1.5 to 2 h in 7% skim milk (in Tris-buffered saline plus 0.05%
Tween 20; Sigma-Aldrich) at room temperature. Afterward, the blots were
incubated for 1 h at room temperature with the primary antibody (polyclonal
D1 specific; Agrisera) followed by the secondary antibody (goat anti-rabbit
IgG peroxidase conjugate; Calbiochem). Both antibodies were diluted 1:30,000
in the blocking solution. After each antibody treatment, blots were washed as
described above. Afterward, the D1 protein was immunodetected using the
SuperSignal West Pico Chemiluminescent Substrate Kit (Fisher Scientific)
according to the manufacturer’s instructions. Quantification of independent
experiments (n = 3 [Fig. 3B] and n = 4 [Fig. 4C]) was performed with ImageJ
1.46r (National Institutes of Health).

Analysis of Transcript Levels by Quantitative
Reverse Transcription-PCR

Total RNA was extracted from leaves (pooled leaves 5, 6, and 7 from four
different plants) with the TRIzol method. TRIzol reagent (38% phenol, 0.8 M

guanidinium thiocyanate, 0.4 M ammonium thiocyanate, 0.1 M sodium acetate,
pH 5, and 5% glycerol) was made as described in the GIBCO TRIzol manual of
Invitrogen. RNA was precipitated by the modified salt precipitation method
for proteoglycan and polysaccharide contamination as described in the GIBCO
troubleshooting guide. Total RNA was further purified using RNeasy mini-
columns including the on-column DNase digestion as described in appendix D
of the Qiagen RNeasy Mini Handbook. The purified RNA concentration was
determined spectrophotometrically at 260 nm using a Nanodrop ND-1000
spectrophotometer (Nanodrop Technologies). The RNA purity was evaluated
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by means of the 260:280 ratio. Equal amounts of starting material (1 mg of
RNA) were used in a 10-mL SuperScript III Reverse Transcriptase reaction.
First-strand complementary DNA synthesis was primed with a combination
of oligo(dT) primers and random hexamers. Primer pairs were designed, using
Primer 3 software (http://biotools.umassmed.edu/bioapps/primer3_www.
cgi), under the following conditions: optimum melting temperature at 60°C,
GC content between 20% and 80%, 150-bp maximum length. Primers used for
reference genes and genes of interest are listed in Supplemental Table S1. Real-
time PCR using FAST SYBR Green I technology was performed on an ABI
PRISM 7500 sequence detection system (Applied Biosystems) and universal
“FAST” cycling conditions (10 min at 95°C, 40 cycles of 15 s at 95°C and 60 s at
60°C) followed by the generation of a dissociation curve to check for specificity
of the amplification. Reactions contained SYBR Green Master Mix (Applied
Biosystems), 300 nM of gene-specific forward and reverse primers, and 2 mL of
the diluted complementary DNA in a 20-mL reaction. Gene expression data
were normalized against three different nucleus-encoded reference genes
(ACTIN2, KORRIGAN1, and TBP-ASSOCIATED FACTOR II15) or plastid-
encoded reference genes (RESISTANCE TO PSEUDOMONAS SYRINGAE3
and NAD(P)H DEHYDROGENASE COMPLEX I) according to Vandesompele
et al. (2002) and are presented relative to the control treatment.

ORAC Assay

The ORAC assay was carried out as described by Gillespie et al. (2007).
Briefly, fluorescein (60 nM), antioxidant (6-hydroxy-2,5,7,8-tetramethylchroman-
2-carboxylic acid [12.5 mM]; Trolox), and 2,29-azobis-2-methyl-propanimidamide-
dihydrochloride (AAHP [18.75 mM]) were incubated in 200 mL of KH2PO4-K2HPO4
buffer (75 mM; pH 7.0) at 37°C on a 96-well plate (Costar; Sigma-Aldrich).
The fluorescence (excitation wavelength, 485 nm; emission wavelength,
520 nm) was monitored every 1 min over a period of 60 min by Synergy HT
(BioTek).

Pigment Analysis

Chlorophyll and carotenoids were extracted and analyzed by HPLC ap-
plying the method of Thayer and Björkman (1990).

Glutathione and Ascorbic Acid Determination

Plant material (approximately 200 mg of pooled leaves 5, 6, and 7 from four
different plants) was quickly ground in a MagNa Lyzer Instrument (Roche).
Samples were kept frozen during grinding to prevent oxidation. Ice-cold 6%
(w/v) meta-phosphoric acid was added, and samples were thawed on ice and
centrifuged at 12,000g at 4°C for 15 min. The resulting supernatant was kept on
ice until HPLC analysis. Antioxidants were separated on a 100-mm 3 4.6-mm
Polaris C18-A reverse-phase HPLC column (3-mm particle size, 40°C; Varian)
with an isocratic flow of 1 mL min21 of the elution medium (2 mM KCl, ad-
justed to pH 2.5 by o-phosphoric acid). The components were quantified using
a homemade electrochemical detector with glassy carbon electrode and a
Schott pt 62 reference electrode. The purity and identity of the peaks were
confirmed using a diode-array detector (SPD-M10AVP; Shimadzu), which
was placed in line with the electrochemical detector. The amount of oxidized
dehydroascorbate or oxidized glutathione was measured indirectly as the
difference between the total concentrations of antioxidants in a dithiothreitol-
reduced fraction and the concentrations in the sample prior to reduction.
Reduction of the sample was obtained by incubation of an aliquot of the ex-
tract in 400 mM Tris and 200 mM dithiothreitol for 10 min in the dark. The pH
of this mixture was checked to be between 6 and 7. After 15 min, the pH was
lowered again by 4-fold dilution in elution buffer prior to HPLC analysis.

Tocopherol Determination

Plant material (approximately 200 mg of pooled leaves 5, 6, and 7 from four
different plants) was quickly ground in a MagNa Lyzer Instrument. Dimethyltocol
(5 mg mL21) was added to each sample as an internal standard. Hexane was used
to extract tocopherols, and after centrifugation and filtration, tocopherols were
separated on a Partisil Pac 250-mm3 4.6-mm column (5-mmparticle size, length of
250 mm, i.d. of 4.6 mm; Shimadzu) with an isocratic flow of 1.5 mL min21 of the
elution buffer (hexane containing 8% tetrahydrofuran). Fluorescence was detected
with a Shimadzu spectrofluorometric detector RF-10A (excitation wavelength, 290
nm; emission wavelength, 330 nm). Data were analyzed with Shimadzu Class VP
6.14 software.

Analysis of Enzyme Activities

Activities of APX (EC 1.11.1.11), DHAR (EC 1.8.5.1), MDHAR (EC1.6.5.4), GR
(EC 1.8.1.7), and POX (EC 1.11.1) were measured as described by Murshed et al.
(2008) with slight modifications. Briefly, frozen leaf tissue (approximately
150 mg of pooled leaves 5, 6, and 7 from four different plants) was homogenized
with the Retsch Mixer Mill MM2000 with two stainless-steel beads (2 mm di-
ameter) in each sample. Extraction of the enzymes was performed in 1 mL of ice-
cold 50 mM MES-KOH buffer (pH 6.0) containing 40 mM KCl, 2 mM CaCl2, and
1 mM L-ascorbic acid followed by vortexing and centrifugation at 16,000g for
20 min at 4°C. All enzyme assays were performed in a final volume of 0.2 mL on
96-well microtiter plates at 25°C (PowerWave HTmicroplate spectrophotometer;
BioTek). Samples and blanks were analyzed in triplicate. The activity of SOD
(EC 1.15.1.1) was determined by measuring its ability to inhibit the photo-
chemical reduction of nitroblue tetrazolium using the method of Beauchamp
and Fridovich (1973). The 1-mL reaction mixture contained a 50 mM potassium
phosphate buffer (pH 7.8) with 0.933 M Met, 75 mM nitroblue tetrazolium, 0.1 mM

EDTA, 10 mM riboflavin, and 30 mL of leaf extract. The mixture was vortexed and
divided into wells of a 96-well plate (200 mL per well). The reaction was started
by putting the plate into a light chamber (Percival AR66; illumination at 1,000
mmol photons m22 s21) for 2 min. Absorbance of the reaction mixture at 550 nm
was read. A nonirradiated reaction mixture served as a control. SOD activity
was calculated based on a SOD standard curve.

Statistical Analysis

Statistical analyseswere performedusing SASversion 9.1.3 (ANOVA,Tukey’s
post hoc test). Normality and homogeneity of variance were tested using the
Shapiro-Wilk and Levene tests (Neter et al., 1996). In order to meet the as-
sumptions, data sets were transformed using log or square-root transformation.
All data sets, except fluorometry data, fulfilled the assumptions for ANOVA. If
assumptions were not met, a nonparametric Kruskal-Wallis test was performed
followed by a Mann-Whitney test to perform a pairwise comparison.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Table S1. Primer sequences used for quantitative real-
time PCR.
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