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The circadian clock helps plants measure daylength and adapt to changes in the day-night rhythm. We found that changes in
the light-dark regime triggered stress responses, eventually leading to cell death, in leaves of Arabidopsis thaliana plants with
reduced cytokinin levels or defective cytokinin signaling. Prolonged light treatment followed by a dark period induced stress
and cell death marker genes while reducing photosynthetic efficiency. This response, called circadian stress, is also
characterized by altered expression of clock and clock output genes. In particular, this treatment strongly reduced the
expression of CIRCADIAN CLOCK ASSOCIATED1 (CCA1) and LATE ELONGATED HYPOCOTYL (LHY). Intriguingly, similar
changes in gene expression and cell death were observed in clock mutants lacking proper CCA1 and LHY function. Circadian
stress caused strong changes in reactive oxygen species- and jasmonic acid (JA)-related gene expression. The activation of
the JA pathway, involving the accumulation of JA metabolites, was crucial for the induction of cell death, since the cell death
phenotype was strongly reduced in the jasmonate resistant1 mutant background. We propose that adaptation to circadian
stress regimes requires a normal cytokinin status which, acting primarily through the AHK3 receptor, supports circadian

clock function to guard against the detrimental effects of circadian stress.

INTRODUCTION

The circadian clock, an intrinsic timekeeping mechanism, syn-
chronizes with the periodic environment through daily entrain-
ment, especially by light and temperature, to adjust the internal
rhythm accordingly (McClung, 2011). Once synchronized with
the environment, the circadian clock can anticipate daily envi-
ronmental fluctuations, thus coordinating diverse physiological
and developmental processes in a time-of-day-specific manner,
which enhances plant fitness and survival (Green et al., 2002;
Michael etal.,2003; Dodd et al., 2005; Yerushalmietal.,2011). The
circadian clock also plays an important role under adverse en-
vironmental conditions, modulating biotic and abiotic stress re-
sponses (Roden and Ingle, 2009; Sanchez et al., 2011; Seo and
Mas, 2015).

The circadian clock of Arabidopsis thaliana is composed of mul-
tiple components acting in interlocking transcription-translation
feedback loops, which form a critical part of the oscillatory mech-
anism (Carré and Veflingstad, 2013; Hsu and Harmer, 2014). Two
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single MYB-domain transcription factors, CIRCADIAN CLOCK
ASSOCIATED1 (CCA1) and LATE ELONGATED HYPOCOTYL
(LHY), are expressed in the morning (Wang and Tobin, 1998;
Schaffer et al., 1998) and repress the expression of the evening
component TIMING OF CAB EXPRESSION1 (TOC1), also called
PSEUDO RESPONSE REGULATORT1 (PRR1) (Strayer et al., 2000;
Alabadi et al., 2001). In turn, TOC1 represses the transcription of
CCAT1 and LHY (Gendron et al., 2012; Huang et al., 2012). Fur-
thermore, other members of the PRR family, PRR9, PRR7, and
PRR5, which are expressed in consecutive waves throughout the
day, also repress CCA1 and LHY expression (Nakamichi et al.,
2010), while CCA1 and LHY promote PRR9 and PRR7 expression
in the morning (Farré et al., 2005). The evening complex (EC),
composed of EARLY FLOWERING3 (ELF3), ELF4, and LUX
ARRHYTHMO (LUX), represses the expression of PRR9 (Helfer
etal.,2011; Nusinow etal.,2011). The EC components are crucial
for high-amplitude diurnal and circadian rhythms of both CCA71
and LHY (Doyle et al., 2002; Hazen et al., 2005; Kolmos et al.,
2009; Dixon et al., 2011), which is thought to be achieved indi-
rectly through PRR9 repression and, hence, CCA1 and LHY
derepression (Pokhilko et al., 2012).

The reciprocal regulation of clock genes ensures proper time-
of-day-specific expression of each clock component within this
circuit, as well as correct time-of-day-specific expression of
clock-regulated genes, the clock output genes. Transcriptional
regulation is an important means for circadian output control,
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since genes in many fundamental biological pathways are clock-
regulated (Harmer et al., 2000; Covington et al., 2008). Inter-
estingly, a large proportion of clock-controlled genes (68%) are
linked to stress regulation, including genes with roles under cold,
salt, and osmotic stress (Kreps et al., 2002). A general mech-
anism to control certain clock outputs is to modulate the
responsiveness to intrinsic or extrinsic stimuli in a time-of-
day-specific manner. This mechanism, called gating, is impor-
tant for normal plant physiology and development as well as
responses to environmental cues (Hotta et al., 2007; Seo and
Mas, 2015). One additional way in which the circadian clock
influences a large number of biological processes is by modu-
lating hormonal pathways (Robertson et al., 2009), which is well
characterized for auxin (Rawat et al., 2009) and abscisic acid
(ABA) signaling (Legnaioli et al., 2009).

Cytokinin is another plant hormone that regulates numerous
physiological and developmental processes, including cell di-
vision, shoot and root growth, and leaf senescence (Werner and
Schmiilling, 2009; Kieber and Schaller, 2014). Recently, cytokinin
was also shown to play various roles in the response to adverse
environmental conditions (Ha et al., 2012; O’Brien and Benkova,
2013). The cytokinin signal is transduced by a multistep phos-
phorelay mechanism, which shares commonalities with the
bacterial two-component system (Hwang et al., 2002). In Arabi-
dopsis, the cytokinin signal is perceived by three different re-
ceptors, ARABIDOPSIS HISTIDINE KINASE2 (AHK2), AHK3, and
CYTOKININ RESPONSE1 (CRE1)/AHK4 (Inoue et al., 2001;
Suzuki et al., 2001), which have distinct properties (Heyl et al.,
2012). The signal, in the form of a phosphoryl group, is further
transmitted via HISTIDINE PHOSPHOTRANSFER PROTEINs to
B-type ARABIDOPSIS RESPONSE REGULATORSs (ARRs), which,
once activated by phosphorylation, act as transcription factors to
regulate cytokinin response genes (Heyl and Schmiilling, 2003;
Kieber and Schaller, 2014). The cytokinin signal also depends on
the level of cytokinins present, whichis to alarge extent dependent
on their biosynthesis and degradation. The rate-limiting step of
cytokinin biosynthesis is catalyzed by isopentenyltransferases
(IPTs) (Kakimoto, 2003) and their degradation by cytokinin oxi-
dases/dehydrogenases (CKXs) (Werner et al., 2006).

The plant hormone jasmonic acid (JA) also regulates plant
growth and development as well as responses to biotic and
abiotic stresses. JA plays a key role in plant defenses against
herbivores and necrotrophic pathogens as well as in the regu-
lation of wound responses (Wasternack and Hause, 2013). In
the presence of the biologically active form of JA, jasmonoyl-
isoleucine (JA-lle), the F-box protein CORONATINE-INSENSITIVE1
(COI1) (Xie et al., 1998) and JASMONATE ZIM DOMAIN (JAZ)
transcriptional repressor proteins (Chini et al., 2007; Thines et al.,
2007) associate and form a coreceptor complex (Katsir et al.,
2008; Fonseca et al., 2009; Sheard et al., 2010). This results in the
degradation of JAZ repressors by the ubiquitin-proteasome
system (Chini et al., 2007; Thines et al., 2007), which releases
transcription factors such as MYC2 and hence enables the
transcription of JA response genes, including MYC2 itself,
JAZ genes, and basically all JA biosynthesis genes (e.g.,
LIPOXYGENASE [LOX] genes and OXOPHYTODIENOATE-
REDUCTASE3[OPR3])(Thinesetal.,2007; Chungetal.,2008;
Wasternack and Hause, 2013).
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Programmed cell death (PCD) is an essential feature of plant
growth and development. For example, its strict regulation is
important during embryogenesis, tracheary element differentia-
tion, and leaf senescence. However, PCD also occurs in response
to environmental cues such as mechanical damage, abiotic
stress, and pathogen attack and becomes visible as lesions
(Jones, 2001; Lam, 2004; Coll et al., 2011). Known regulators of
cell death in plants include BAX INHIBITOR1 (BI1), metacaspases
such as MCP2D, reactive oxygen species (ROS), and plant hor-
mones (Overmyer et al., 2003; Love et al., 2008; Ishikawa et al.,
2011; Tsiatsianietal., 2011; Kim et al., 2012; De Pinto et al., 2012).

Several studies point to an interplay between circadian time-
keeping and cytokinin. For example, the circadian clock regulates
38 and 45%, respectively, of genes usually upregulated and
downregulated by cytokinin (Covington et al., 2008). Clock mu-
tants affectedin CCA1 and/or LHY function show altered cytokinin
responses in root elongation, hypocotyl growth, and tissue culture
(Zheng et al., 2006). Cytokinin causes phase delays of 1 to 3 hiin
different circadian rhythms (Hanano et al., 2006; Zheng et al.,
2006); however, circadian periodicity is not very strongly affected
by cytokinin (Hanano et al., 2006; Salomé et al., 2006; Zheng et al.,
2006). In general, these reports suggest that the influence of
cytokinin on clock function is rather moderate. Here, we describe
atype of abiotic stress, which we coined circadian stress. Specific
changes in the light-dark regime negatively affected the circadian
clock and caused strong JA-dependent cell death in cytokinin-
deficient plants as well as in several clock mutants. These results
indicate that cytokinin is required for proper clock function under
these conditions, thereby preventing disproportionate stress re-
sponses and cell death. We hypothesize that cytokinin supports
clock function, which is especially relevant under unfavorable
conditions that potentially perturb clock function and thus neg-
atively affect plant performance.

RESULTS

Plants with a Reduced Cytokinin Status Are Sensitive to
Changes in the Light-Dark Regime

Plants with a reduced cytokinin status, i.e., Pro35S:CKX4 trans-
genic plants and ahk2 ahk3 receptor mutants, showed a stress
phenotype upon transfer from short-day (SD; control) to long-day
(LD) conditions (Figure 1A; 16 h L/8 h D). This phenotype was
characterized by the formation of lesions, indicating the induction
of PCD, especially in Pro35S:CKX4 plants (Figures 1B and 1C),
and by adecrease in photosystem Il maximum quantum efficiency
(F/F.), which was used as a general stress marker, in both
Pro35S:CKX4 and ahk2 ahk3 plants (Figure 1D). Wild-type plants
remained unaffected by the altered light regime. Additional light-
dark regimes with alonger dark period (Figure 1A; 16 h L/16 h D) or
longer light and dark periods (SD/32 h L/16 h D) revealed that
a prolongation of the dark period with or without further extension
of the light period substantially enhanced the severity of the
phenotype. The percentage of mature leaves (defined as fully
expanded leaves) with lesions increased up to 90% in Pro35S:
CKX4 and up to 80% in ahk2 ahk3 plants (Figures 1B and 1C) and
accordingly the F /F, values strongly declined (Figure 1D). In
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contrast, the wild type was only marginally affected under these
conditions. These results showed that both an extended light
treatment and the length of the following long dark period influ-
enced the severity of the stress response. For further analyses, the
32 hL/16 h Dregime was used as standard stress regime, referred
to as continuous light (CL) regime or CL treatment, respectively.

To further evaluate the hypothesis that cytokinin plays arole in
the proper response to changing light-dark regimes, more cyto-
kinin signaling mutants and plants with a lowered cytokinin status,
respectively, were tested. Throughout this study, control plants
that remained under SD conditions were always included in the
experiments and were completely unaffected, showing no lesions
andnodecreasein F /F _ values (F /F > 0.8). Analysis of cytokinin
receptor single mutants revealed that the AHKS receptor is the key
mediator in this adaptive response, since only AHK3 loss of
function resulted in a stress phenotype after CL treatment (Figure
2A; Supplemental Figures 1A and 1B). However, additional

mutation of AHK2 and especially of CRE1/AHK4 enhanced the
stress response of ahk3 plants, indicating that both AHK2 and
CRE1/AHK4 play accessory roles. Next, the response of B-type
arr mutants to the CL regime was tested. The results showed that
ARR2 and to alesser extent the combined action of ARR10/ARR12
areimportant underthese conditions, as reflected by the decline of
F./F., (Figure 2B) and the development of lesions (Supplemental
Figures 1C and 1D). However, the overall response to the CL
regime was moderate in these plants compared with Pro35S:
CKX4 plants. Testing different mutants with a reduced cytokinin
content confirmed the relevance of the endogenous cytokinin
level for this stress response. In addition to Pro35:CKX4 plants,
CKX1- and CKX2-overexpressing plants were also strongly af-
fected by the CL regime (Figure 2C; Supplemental Figures 1E and
1F). Analysis of ipt single, double, and triple mutants carrying
mutations in IPT3, IPT5, and/or IPT7 revealed that the degree of
stress following CL treatment increased with the number of IPT

56 week
A weeks w b c
Control s0)| sn [IHGRC | || [ ] [ | 1o y
= = g0 W Control (SD) _%_-1— ;
16hushDd] gn | 6h |  16n | 8h | | g0 m16hLBHD 3
w P = 7010 16hLA6HD !
16hLi6hD|[ gn | den ]  1sn | deh | | 2 001 0 anuisho
v P E 50
2hu16hD| gn [IMGR 32h [ wn | ] [ ] %
P - Pictures (B) ¥ - Lesions (C) V - Fv/iFm (D) -1 304
B 204 H
Control (SD) 16hL/8h D 16 hL/M16h D 32hLM6hD
| # # _#
WT  Pro355:CKX4  ahk2 ahk3

=
3
S
2
g

ahk2 ahk3

WT Pro35S:CKX4 ahk2 ahk3

Figure 1. Changes in the Light-Dark Regime Lead to Cell Death in Cytokinin-Deficient Plants.

(A) Schematic overview of light-dark regimes. Plants were grown under SD conditions for 5 to 6 weeks prior to the exposure to an altered light-dark regime.
The regime shown in the lowest row was chosen as the standard stress regime (CL regime). White, light period (L); gray, dark period (D). “P” and triangles

indicate time points of sampling for (B) to (D).

(B) Phenotypes of representative wild-type and cytokinin-deficient plants after respective treatments. Pictures were taken at the time points indicated in (A).

Insets show representative examples of lesions.

(C) Percentage of mature leaves with lesions (n = 10; #, not detected) at the time points indicated in (A).
(D) PSII maximum quantum efficiency (F,/F,) in representative leaves (n = 12) at the time points indicated in (A).
Data are mean values * sk. Asterisks indicate significant differences from the respective wild type (black) and the corresponding control (gray, for wild type

only). *P < 0.05, *P < 0.01, and **P < 0.001 (t test).
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gene mutations, resulting in the strongest stress phenotype in
ipt3,5,7 mutants (Figure 2D; Supplemental Figures 1G and 1H).
Taken together, these results point to a role for cytokinin in the
adaptive response to changes in the light-dark regime and to the
redundant roles of several cytokinin biosynthesis and signaling
genes in preventing stress and cell death under these conditions.

Lipid Peroxidation, Water-Soaked Lesions, and Strong
Changes in the Expression of Stress- and Cell
Death-Associated Genes Are Part of the Stress Response
in Cytokinin-Deficient Plants after CL Treatment

Cell death progression in cytokinin-deficient plants following
CL treatment was accompanied by increased lipid peroxidation
(LPO), which was visualized as autoluminescence and indicates
increased oxidative stress (Figure 3A). Quantification of hydrox-
yoctadecatrienoic acid (HOTE) isomers showed that LPO in cy-
tokinin-deficient plants was induced by both ROS and LOXs,
ROS-induced LPO being more pronounced (Figure 3B). The se-
vere stress in cytokinin-deficient plants was also hallmarked by
leaf limpness, as reflected by a strong loss of fresh weight to 55 or
70% of control levels in Pro35S:CKX4 and ahk2 ahk3, respectively
(Figure 3C). In line with the phenotypically visible cell death pro-
gression, many stress- and cell death-related genes were strongly
induced in cytokinin-deficient plants 1 d after CL treatment. In
accordance with the increased LPO, the expression of oxidative
stress marker genes BAP1 and ZAT12 as well as lipoxygenase
genes LOX3 and LOX4 increased between 25- and 250-fold in
these plants. For comparison, the transcript levels of these genes
increased only between 5- and 10-fold in wild-type plants (Figures
3D and 3E). Furthermore, senescence marker genes exhibited
strongly increased (BFN71 and SAG12) or reduced (CAB2) ex-
pression, respectively, in Pro35S:CKX4 and ahk2 ahk3 (Figure 3F).
Also, cell death marker genes MCP2D and BI1 were upregulated
exclusively in CL-treated cytokinin-deficient plants (Figure 3G).
Taken together, a number of cellular and molecular features
characterize the stress response to an altered light regime in
cytokinin-deficient plants.

The Cell Death Phenotype in Cytokinin-Deficient Plants Is
Modulated by the Interplay of Three Different Factors:
Entrainment, Treatment, and Posttreatment Regime

To investigate in more detail which parameters of the light-dark
regime are causally involved in provoking the stress and cell death
response in plants with a lowered cytokinin status, we analyzed
how alterations of entrainment, treatment, or posttreatment, re-
spectively, influence the severity of the cell death phenotype. For
comparison, Figure 4A shows the standard stress regime (CL
regime) used in this study, which was composed of SD entrain-
ment, 32 h CL treatment, followed by 16 h darkness (SD night),
respectively (Figure 4A). This treatment is named SD/CL/SDnight
in Figure 4B.

Figure 4B summarizes the results of the experiments for
Pro35S:CKX4 plants; for the corresponding data for wild type and
ahk2 ahk3 plants, see Supplemental Figures 2 to 4. Solely
changing the entrainment regime revealed that short photocycles
(SD) prior to CL treatment caused the most severe cell death
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Figure 2. Cytokinin Signaling Mutants and Plants with a Reduced Cyto-
kinin Content Show a Stress Phenotype upon CL Treatment.

Stress-induced decrease of F /F, measured 1 d after CL treatment in
cytokinin single and double receptor mutants (A), B-type arr mutants (B),
plants overexpressing different CKX genes (C), and jpt mutants defective in
cytokinin biosynthesis (D). Pro35S:CKX4 transgenic plants served as
a positive control in all experiments. Control plants of all genotypes re-
mained continuously in the SD rhythm and were not affected. Data are
mean values = sk (n = 10 to 20). Asterisks indicate significant differences
from the wild type (black). *P < 0.05, **P < 0.01, and ***P < 0.001 (t test).

phenotype, whereas LD or CL entrainment resulted in an in-
termediate or no response, respectively, in cytokinin-deficient
plants (Figure 4B; Supplemental Figure 2).

Light treatments of different lengths (12 to 32 h) following SD
entrainment confirmed the finding reported above (Figure 1) that
prolonged light treatment is important for the severity of the stress
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Figure 3. Cell Death Progression in Cytokinin-Deficient Plants Is Accompanied by Increased Oxidative Stress, Leaf Limpness, and Induction of Stress and
Cell Death Marker Genes.

(A) Autoluminescence imaging of lipid peroxidation 1 d after CL treatment revealing increased oxidative stress in cytokinin-deficient plants. Color scale
indicates signal intensity from 0 (dark blue) to saturation (white).

(B) ROS- and LOX-induced lipid peroxidation 1 d after CL treatment (n = 4).

(C) Fresh weight (FW) of leaves analyzed 1 d after CL treatment. Decreased fresh weight reflects limpness of leaves (n = 10).

(D) to (G) Transcript levels of oxidative stress marker genes (D), lipoxygenase genes (E), senescence-associated genes (F), and cell death marker genes (G)
24 h after CL treatment of six biological replicates, where each replicate comprises a pool of leaves from two to three plants. For SAG12, no transcripts could
be detected inthe controls and in CL-treated wild type (F). Therefore, a threshold cycle (Ct) of 40 was assumed in order to calculate relative expression values
for CL-treated Pro35S:CKX4 and ahk2 ahk3. Expression levels were normalized to the respective wild-type control, which was set to 1.

Dataare mean values = sk. Asterisks in (B) and (C) indicate significant differences from the respective wild type. *P < 0.05, **P <0.01, and ***P < 0.001 (¢ test).

Symbols in (D) to (G) indicate significant differences (P < 0.05; t test) from the corresponding control (X) and the respective wild type (O).

response. A comparable strong cell death phenotype was caused
by light periods of 16 to 32 h, irrespective of the exact duration,
while a rather weak cell death phenotype was caused by 12 h of
light, revealing a 4-h prolongation of light treatment as necessary
but not fully effective (Figure 4B; Supplemental Figures 3A to 3C).
In contrast, prolonged dark treatment following SD entrainment
without a prolonged light treatment was not capable of induc-
ing cell death, confirming that the prolonged light treatment is
a prerequisite for the phenotype (Figure 4B; Supplemental Figures
3D and 3E). Interestingly, the CL-dependent phenotype in cytokinin-
deficient plants was strongly reversed when a temperature
cycle was applied by lowering the temperature to 10°C during
the subjective dark period under CL treatment (Figure 4B
Supplemental Figures 3F to 3H). This shows that low temper-
ature was protective during CL treatment, in contrast to the stress-
enhancing effect of low temperature during light stress (Murata
et al., 2007).

Lastly, different posttreatments showed that the dark period
following CL treatment was equally important for the development
of a stress phenotype. An extended light treatment alone did not
lead to a stress phenotype, but a dark period following an ex-
tended light period was an absolute requirement for inducing cell
death (Figure 4B; Supplemental Figures 4A and 4B). Strikingly, the
severity of cell death gradually increased with increasing night
length (Figure 4B; Supplemental Figures 4C to 4E).

In conclusion, a combination of short photocycles (entrain-
ment), prolonged light periods (treatment), and long dark periods
(posttreatment) triggered the strongest stress response in
cytokinin-deficient plants. This shows that the stressor was not
the prolonged light treatment alone but the overall change in the
light-dark regime. The circadian clock is important for daylength
measurement and, hence, for the adaptation to seasonal changes
in the day-night rhythm (Imaizumi, 2010; Song et al., 2013).
Therefore, we hypothesized that a perturbation of the circadian
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Figure 4. Entrainment, Treatment, and Posttreatment Regimes Determine
the Severity of the Circadian Stress Phenotype in Cytokinin-Deficient
Plants.

(A) Scheme of the standard stress regime including the 32-h CL treatment.
White, light period; gray, dark period.

(B) Severity of cell death in Pro35S:CKX4 plants induced by variations of
the standard stress regime with changes in entrainment (green), treatment
(orange), or posttreatment (gray), as indicated in (A). —, No lesions. +,
=30%; ++, 31t0 50%; and +++, >50% of mature leaves with lesions. Arrow
up/arrow down, factors and conditions promoting or noninducing/reducing
the cell death phenotype, respectively.

See Supplemental Figures 2 to 4 for corresponding data.

clock might be causative for the stress phenotype in response to
the altered light-dark regime; therefore, we tentatively termed this
phenomenon circadian stress.

Stress Responses and Subsequent Cell Death in
Cytokinin-Deficient Plants upon Circadian Stress Are
Initiated during the Dark Period Following CL Treatment

As summarized in Figure 4B, the dark period following CL treat-
ment was crucial for the induction of cell death. Accordingly, in-
creased ion leakage in cytokinin-deficient plants was already
detectable during the dark phase (at 13 h) and was even more
pronounced at its end (at 16 h; Figure 5A). To further trace the
beginning of the stress response, the kinetics of stress and cell
death marker gene expression was measured by gqRT-PCR during
the dark period following CL treatment (experimental scheme
shown in Figure 5B). The oxidative stress marker genes BAP1 and
ZAT12 were already strongly upregulated in cytokinin-deficient
plants at 5 h after CL treatment (Figures 5C and 5D). In the wild
type, only a weak induction of these genes was detected, which is
in accordance with its weak cell death phenotype following the
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standard CL regime (Figure 1C). In cytokinin-deficient plants,
upregulation of the cell death marker gene BI7 started a bit later at
7.5 h, while the wild-type BI1 transcript levels remained almost
unchanged (Figure 5E). The induction of oxidative stress and cell
death marker genes occurred only in mature (affected) leaves,
while they were expressed at control levels in young (unaffected)
leaves, suggesting that that the changes in gene expression are
causally linked to the cell death response (Supplemental Figure 5).
Taken together, circadian stress-induced changes in cytokinin-
deficient plants were initiated as early as 5 h after onset of
darkness following CL treatment. The first visible symptoms, in the
form of leaf limpness, were detected ~5 h later, as indicated in
Figure 5B.

Changes in Clock and Clock Output Gene Expression
Indicate a Perturbation of the Circadian Clock in
Cytokinin-Deficient Plants under Circadian Stress

To find out whether the circadian stress regime indeed affects the
performance of the circadian clock, the setup shown in Figure 5B
was also used to analyze transcript levels of clock and clock
output genes, respectively. Strikingly, CCA7 and LHY clock gene
expression was strongly affected by the CL regime (Figures 6A and
6B). All genotypes exhibited robust oscillations of CCAT and LHY
gene expression under control conditions, showing a =2000-fold
difference between the lowest and highest expression level for
both genes. Under CL conditions, this maximum fold change was
reduced in the wild type (to ~40X for both CCA7 and LHY) and
even more strongly reduced in Pro35S:CKX4 (11X for CCAT; 6X
for LHY) and ahk2 ahk3 (25X for CCA1; 12X for LHY) plants. One
reason for the reduced amplitudes was the higher expression of
both genes compared with the controls directly after CL treatment
(Oh)and during the early night (2.5 hto 7.5 h). However, this change
was similarin all genotypes. Another reason was the reduced peak
expression. Compared with the respective control, maximal ex-
pression after CL treatment was only reduced by about 2-fold in
the wild type, while it was much more strongly reduced in Pro35S:
CKX4 (7 for CCA1; 14X for LHY) and ahk2 ahk3 (7 X for CCAT;
10X for LHY) plants. Hence, the CL regime negatively affected the
expression of the clock genes CCA7 and LHY. This effect was
particularly strong in cytokinin-deficient plants, which did noteven
exhibit distinct morning peak expression of CCA7 and LHY. In-
terestingly, the divergence between wild-type and cytokinin-
deficient plants already started 5 h after CL treatment (Figures 6A
and 6B, insets), coinciding with the induction of BAP1 and ZAT12
(Figures 5C and 5D).

The expression of the clock gene TOC1 is usually repressed by
CCA1 and LHY in the morning (Alabadi et al., 2001). Consistent
with the lower expression of CCA7 and LHY, TOC1 transcript
levels increased in cytokinin-deficient plants starting at 10 h after
CL treatment (Figure 6C). As summarized in Figure 4B, short nights
following CL treatment did not induce cell death, while the se-
verity of cell death gradually increased with increasing night
length. Accordingly, CCA1, LHY, and TOC1 exhibited control-
like or even slightly higher expression levels after short nights,
whereas reduced (CCA1/LHY) or elevated (TOCT) expression
levels were detected following intermediate and long nights, re-
spectively (Supplemental Figure 6). Therefore, the degree of altered
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Figure 5. Cell Death in Cytokinin-Deficient Plants Is Initiated during the Dark
Period Following CL Treatment, as Indicated by Increased lon Leakage and
Strong Induction of Stress- and Cell Death-Associated Genes.
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(A) lon leakage indicating loss of membrane integrity due to cell death
progression at different time points after CL treatment. Data are mean
values = se (n =4). Asterisks indicate significant differences from respective
wild types. **P < 0.01 and **P < 0.001 (t test).

(B) Experimental scheme for (C) to (E). Prior to the experiment, plants were
SD-entrained for 6 weeks. Leaf samples were collected in 2.5-h intervals
starting at the end of anormal SD light period (controls) and the standard CL
treatment, respectively. White, light period; gray, dark period; first symp-
toms, leaves start to go limp in cytokinin-deficient plants.

expression of CCAT1, LHY, and TOC1 correlated well with the
severity of the cell death phenotype in cytokinin-deficient plants.

Next, the expression pattern of the clock-regulated genes
CAB2,CATALASEZ2 (CAT2), FERRETINT (FER1), and ARR9 (Millar
and Kay, 1991; Zhong and McClung, 1996; Ishida et al., 2008a;
Hong et al., 2013) was analyzed to determine potential changes in
clock output. The transcript levels of these genes were especially
strongly reduced in cytokinin-deficient plants in the second half
of the 16-h night following CL treatment starting after 7.5to 10 h
of darkness (Figures 6D to 6G), which is consistent with their
compromised clock gene expression, indicating perturbed clock
function.

In conclusion, the CL regime strongly affected clock and
clock output gene expression in cytokinin-deficient plants,
corroborating the circadian stress hypothesis. CCA7 and LHY
expression was most strongly altered by the circadian stress
regime and reduced CCA1 and LHY induction correlated with
a strong cell death phenotype, suggesting animportant role for
CCA1 and LHY.

Clock Mutants Are Also Sensitive to Circadian
Stress Regimes

To analyze the role of specific clock components under circadian
stress, we first tested the CL response of plants with reduced
CCA1 and/or LHY function. Single cca7-1 and lhy-20 mutants
mostly exhibited a wild-type-like stress response following the CL
regime, with /hy-20 showing slightly more lesions than the wild
type. In contrast, the cca7-1 lhy-20 double mutant displayed
a pronounced stress and cell death phenotype (Figure 7A;
Supplemental Figure 7A). This indicates functional redundancy
between CCA1 and LHY in this response and supports the idea
that both oscillator components are required to avoid the detri-
mental effects of circadian stress. A strong circadian stress
phenotype was also observed in ccal-1 lhy-11, an additional
double mutant tested (Figure 7A; Supplemental Figure 7A). In-
terestingly, the lhy-11 allele alone caused a stronger stress re-
sponse than the /hy-20 allele, which could be due to the different
nature of these mutations (Mizoguchi et al., 2002; Michael et al.,
2003).

To study the contribution of TOC17, we examined the circadian
responseintoc7-101 and Pro35S:TOC1 plants. toc1-101 loss-of-
function plants showed a weak response to the CL regime, while
TOCT1 overexpression resulted in a strong stress and cell death
phenotype (Figure 7B; Supplemental Figure 7B). This outcome
raised the question of whether the elevated expression of TOC1 in
cytokinin-deficient plants (Figure 6C) contributed to their circadian
stress response in addition to the reduced CCA7 and LHY ex-
pression. Therefore, we introgressed the toc7-101 allele into
Pro35S:CKX4 and ahk2 ahk3, respectively, to study the role of

(C) to (E) Transcript levels of oxidative stress marker genes BAP1 (C),
ZAT12 (D), and cell death marker gene BI1 (E) at the time points indicated in
(B). Expression levels were normalized to the 0 h wild-type control, which
was set to 1. Data are mean values of four biological replicates * sk.
Symbols indicate significant differences (P < 0.05; t test) from the corre-
sponding control (X) and the respective wild type (O).
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Figure 6. Circadian Clock Gene and Clock Output Gene Expression during the Dark Period Following CL Treatment.

Transcript abundances of circadian clock genes CCA1 (A), LHY (B),and TOC1 (C) as well as clock output genes CAB2 (D), CAT2 (E), FER1 (F),and ARR9 (G)
at different time points during the dark period following CL treatment. The experimental design is described in Figure 5B. Expression levels were normalized
to the 0 h wild-type control, which was set to 1. Data are mean values of four biological replicates + se. Symbols indicate significant differences (P < 0.05;
ttest) from the corresponding control (X) and the respective wild type (O). Insets in (A) and (B) show CCA1 and LHY expression levels, respectively, at 5 h after
CL on a different scale, indicating that the divergence between wild-type and cytokinin-deficient plants had already started at this time point.

TOCT under circadian stress in the cytokinin-deficient back-
ground. The resulting hybrid plants showed a more pronounced
circadian stress response than the parental Pro35S:CKX4 and

ahk2 ahk3 lines (Figure 7C; Supplemental Figure 7C). This sug-
geststhatelevated TOC1 levels were not responsible for cell death
induction in cytokinin-deficient plants.
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Figure 7. A Defective Circadian Clock Renders Plants Sensitive to Circadian Stress.

Circadian stress-induced decrease of F /F,, in plants with CCA7/LHY loss of function (A), TOC1 loss of function and overexpression (B), TOC7 loss of
function in the Pro35S:CKX4 and ahk2 ahk3 background, respectively (C), and elf3 mutants (D) measured 1 d after standard CL treatment. Plants were
SD-entrained for 5 to 6 weeks. Data are mean values * st (n = 11 to 20). Asterisks indicate significant differences from the wild type (black) and between
cytokinin-deficient plants in the wild-type or toc 7-707 background (gray, in [C] only). *P < 0.05, **P < 0.01, and ***P < 0.001 (t test). See Supplemental Figures

7 and 8 for supporting information.

Afunctional EC, comprising ELF3, ELF4, and LUX, is required to
provide sufficient nighttime CCA7 and LHY expression (Doyle
et al., 2002; Hazen et al., 2005; Kolmos et al., 2009; Dixon et al.,
2011; Nusinow et al., 2011). Strikingly, mutation of any of the
corresponding evening clock genes caused a stress and cell
death phenotype following CL treatment (Figure 7D; Supplemental
Figures 7D to 7F). Analysis of ELF3, ELF4, and LUX expression
kinetics showed that cytokinin-deficient plants exhibited a stronger
decreasein ELF3transcript levels than wild-type plantsin response
to the CL regime at 5, 7.5, and 10 h (Supplemental Figures 8A to
8C). Hence, the reduced ELF3 expression temporally correlated
with the lack of CCA1 and LHY induction in cytokinin-deficient
plants, indicating that limited ELF3 expression during the night
following CL treatment might be one factor limiting CCA7 and LHY
expression in these plants.

Analysis of the expression kinetics of clock output genes as well
as stress and cell death marker genes after CL treatment revealed
very similar changes in clock mutants (e/f3-9 and ccai-1 lhy-11)
compared with Pro35S:CKX4 plants (Figures 8A to 8F). This in-
dicates that the cell death phenotype in these clock mutants is
likely the consequence of similar changes at the molecular level.
Interestingly, the expression of the cytokinin responsive A-type
ARR genes ARR4,ARR7,ARR9, and ARR16 was not only reduced
in Pro35S:CKX4 plants following CL treatment but also in the clock
mutants tested (Supplemental Figure 9). This suggests that the
decrease in expression results, at least in part, from the perturbed
circadian clock under circadian stress and is not (or not only) due to
areduced cytokinin status, revealing a link between the clock and
the regulation of these A-type ARR genes.

Next, we analyzed the role of PRR9, PRR7, and PRR5, tran-
scriptional repressors of CCA71 and LHY (Nakamichi et al., 2010),
as well as PRR3, a positive regulator of TOC1 stability (Para et al.,
2007), under circadian stress. Even higher order prr mutants such
asprr9prr7 and prr9 prr7 prr5 that exhibit distinct clock defects but

very high CCA1 and LHY expression (Nakamichi et al., 2005) were
not affected after CL treatment, while prr3 plants showed a cell
death phenotype intermediate between Pro35S:CKX4 and the
wild type (Supplemental Figure 8D). These results underline the
importance of sufficient CCA7 and LHY expression, and they also
indicate that PRR3 plays a protective role under circadian stress.
The latter was supported by the observation that PRR3 expression
was strongly reduced in cytokinin-deficient plants, also starting at
5 h after CL treatment (Supplemental Figures 8E to 8H).

Since clock mutants lacking CCA1 and LHY function also
exhibited a distinct cell death phenotype after CL treatment, we
conclude that the reduced CCA1 and LHY expression in cytokinin-
deficient plants was likely a major cause of the circadian stress
phenotype. This suggests that cytokinin supports circadian clock
function, either directly or indirectly, by promoting CCA1 and LHY
expression.

Circadian Stress-Induced Cell Death Is Unlikely Initiated by
Increased Oxidative Stress

Increased oxidative stress was characteristic of late stages of cell
death progression in cytokinin-deficient plants in response to CL
treatment (Figures 3A, 3B, and 3D). Since oxidative stress marker
genes were already induced 5 h after CL treatment (Figure 5), we
measured malondialdehyde (MDA) and H,O, levels as indicators
of oxidative stress, respectively, including earlier time points
(Figure 9A). These experiments revealed no increase in oxidative
stress in cytokinin-deficient plants compared with the wild type
directly and soon after CL treatment (Figure 9B). In contrast, MDA
levels in cytokinin-deficient plants slightly exceeded wild-type
levels at 16 h and even more at 18 h after CL treatment, indicating
that oxidative stress occurred after cell death initiation (Figure 9C).
Similarly, at 5 and 10 h after CL treatment, H,O, levels in cytokinin-
deficient plants did not strongly differ from the wild type and did
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Figure 8. Clock Mutants Display a Highly Similar Molecular Phenotype to That of Cytokinin-Deficient Plants in Response to Circadian Stress.

Transcript levels of clock output genes CAB2 (A), CAT2 (B), ARR9 (C), oxidative stress marker genes BAP1 (D) and ZAT 12 (E), and cell death marker gene BI1
(F) during the dark period at 7.5 and 12.5 h under control conditions (left) and after CL treatment (right), respectively. Fold changes of relative expression
levels (CL conditions compared with respective control conditions) are displayed in the graphs. The experimental design corresponds to the one shown in
Figure 5B. Expression levels were normalized to the 7.5 h wild-type control, which was set to 1. Data are mean values of four biological replicates =+ st.
Symbols indicate significant differences (P < 0.05; t test) from the corresponding control (X) and the respective wild type (O).

not gradually increase toward 16 and 20 h after CL treatment
(Figure 9D). Taken together, oxidative stress appears to be a later
event that occurs after circadian stress and could not be corre-
lated with the early induction of oxidative stress marker genes in
cytokinin-deficient plants following CL treatment. Hence, the data
indicate that oxidative stress accompanied cell death progression
rather than being causal for cell death initiation. Moreover, the
absence of strong H,0O, accumulation in cytokinin-deficient plants
suggests that ROS other than H,O, are responsible for the oxi-
dative stress observed later during cell death progression.

Activation of the Jasmonic Acid Pathway Is One of the
Consequences of Circadian Stress

Several hormones including salicylic acid (SA), JA, and ABA are
known to play important roles in various responses to stress. We
therefore determined the concentrations of these hormones at
different time points following CL treatment (Figure 10A). SA levels
were not substantially altered and increased only late (at 20 h)
following the circadian stress regime (Figures 10B and 10C). Also,
ABA levels did not strongly change (Figures 10D and 10E).
However, a very strong increase in JA metabolite levels occurred
in cytokinin-deficient plants after CL treatment (Figures 10F to
10l). An increase in the contents of JA and its amino acid con-
jugates JA-lle/-Leu was first observed 10 h after CL treatment
(Figures 10F and 10G), coinciding with the appearance of the first

visible symptoms in cytokinin-deficient plants at 10 h after CL
treatment (Figure 5B). After 20 h, their concentrations had in-
creased ~30-fold (Figures 10H and 10I), and other JA metabolites
including the precursor oxo-phytodienoic acid (OPDA) showed
a similar pattern (Supplemental Figure 10).

Next, we studied possible changes in expression of JA-related
genes. LOX3 and LOX4, which act redundantly in JA biosynthesis
to ensure male fertility (Caldelari et al., 2011), were found to be
induced in cytokinin-deficient plants at a late time point after CL
treatment (Figure 3E), and we therefore analyzed them in more
detail together with the JA biosynthesis gene OPR3 (Figures 11A
to 11C), the MYC branch marker genes MYC2 and JAZ1 (Figures
11D and 11E), and the receptor gene COI1 (Figure 11F). In wild-
type plants, a diurnal expression pattern was observed for these
genes, exhibiting minimal or maximal expression (in the case of
COI1), respectively, during the night (Figures 11A to 11F). In
contrast, in cytokinin-deficient plants, the biosynthesis genes and
the JA response genes of the MYC branch were strongly induced
starting at 5 h after CL treatment, whereas reduced transcript
levels were found for COI1. The early induction of JA-related genes
indicates that the increase in JA metabolite levels in cytokinin-
deficient plants is a consequence rather than the cause of the
changes in gene expression. Furthermore, the results show that
circadian stress caused an activation of the JA pathway only in
cytokinin-deficient plants, suggesting a repressive function of
cytokinin in the wild type. Strikingly, the induction of MYC2 and
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Figure 9. Oxidative Stress Is Unlikely the Reason for Cell Death Initiation in Cytokinin-Deficient Plants after CL Treatment.

(A) Experimental scheme for (B) to (D). Prior to the experiment, plants were SD-entrained for 5 to 6 weeks. Leaf samples were collected at the indicated time

points (triangles). White, light period; gray, dark period.

(B) and (C) Determination of oxidative stress by quantification of MDA levels at the time points indicated in (A).
(D) H,0, levels determined by the Amplex Red method at the time points indicated in (A).
Data are mean values = st (n =4). Asterisks indicate significant differences from respective wild types (black) and the corresponding controls (gray). *P < 0.05,

P <0.01, and **P < 0.001 (t test).

JAZ1 was also detected in the clock mutants cca7-17 lhy-11 and
elf3-9, indicating that a strong circadian stress response is
commonly linked to an activated JA pathway (Figures 11G and
11H). These results strongly suggest that the JA pathway is
functionally relevant in the response to circadian stress.

Cell Death Development in Cytokinin-Deficient Plants upon
Circadian Stress Is Promoted by JA-Dependent Signaling

To analyze the actual connection between JA and the de-
velopment of circadian stress-induced cell death in more detail,
we firstanalyzed B/7 and JAZ1 expression following different night
lengths (Figures 12A and 12B). The severity of cell death in cy-
tokinin-deficient plants gradually increased with increasing night
length (Figure 4B; Supplemental Figures 4C to 4E). In line with this,
BI1 and JAZ1 transcript levels were highest after 10 h of con-
tinuous darkness, while shorter dark periods did not result in an
increase (2.5- and 5-h night) or caused only a smaller increase in
expression (7.5-h night) (Figures 12A and 12B). Interestingly, JAZ1
transcript levels were already elevated after 5 h of darkness fol-
lowing CL treatment (Figure 11E), but earlier onset of light pre-
vented further induction, leading to control-like expression levels
5 h after the restart of light treatment (see CL + 5 h D, Figure 12B).
Similar to the expression of oxidative stress marker genes
(Supplemental Figures 5C and 5D), JAZ1 was solely induced in

mature (affected) leaves in cytokinin-deficient plants correlating
with the induction of cell death (Supplemental Figure 11A).

Genetic crosses between cytokinin-deficient plants and the JA
biosynthesis mutant jar7-1 were performed to analyze the impact
of the JA pathway on cell death development in response to
circadian stress. Strikingly, the cell death phenotype of cytokinin-
deficient plants was strongly reversed in the jar7-1 mutant
background (Figure 12C; Supplemental Figure 11B). JAR1 cat-
alyzes the last step in the formation of the biologically active JA
conjugate JA-lle; consequently, jar7-1 has a strongly reduced JA-
lle content (Suza and Staswick, 2008). Therefore, this result
demonstrates that JA-lle biosynthesis is required to promote cell
death in response to circadian stress.

The clock-associated component TIME FOR COFFEE (TIC) is
important for the gating of JA responses, and tic-2 is hypersen-
sitiveto JA(Shinetal.,2012). We analyzed the CL response of tic-2
mutants and found that they showed a stress and cell death re-
sponse intermediate between Pro35S:CKX4 and wild-type plants
(Figure 12D; Supplemental Figure 11C). This result indicates that
the JA-lle-dependent cell death phenotype in cytokinin-deficient
plants might at least in part be caused by impaired gating of JA
responses. Furthermore, we found that TIC expression was re-
duced in cytokinin-deficient plants and CL-sensitive clock mu-
tants (Figure 12E). TIC repression was only observed in mature
(affected) leaves of cytokinin-deficient plants (Supplemental
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Figure 10. Cell Death Progression in Cytokinin-Deficient Plants Following the CL Regime Is Accompanied by Accumulation of JA Metabolites.

(A) Experimental scheme for (B) to (I). Plants were SD-entrained for 6 weeks. Time of sampling is indicated by triangles. White, light period; gray, dark period.
(B) to (I) Phytohormone levels measured at early (n = 3) and late (n = 4) time points shown in (A). DW, dry weight; FW, fresh weight.
Data are mean values = se. Asterisks indicate significant differences from respective wild types (black) and the corresponding control conditions (gray; for

wild type only). *P < 0.05, **P < 0.01, and ***P < 0.001 (¢ test).

Figure 11D). These data support a link between TIC and circadian
stress and more specifically suggest that a deficiency in TIC
expression under circadian stress might have contributed to the
cell death phenotype in cytokinin-deficient plants, possibly by
causing JA hypersensitivity.

DISCUSSION

The results of this study reveal a type of abiotic stress in plants,
which we coined circadian stress. Proper adaptation to changesin
the light-dark regime requires a functional circadian clock and is
less efficient when the robustness of the circadian system is re-
duced. In our study, cytokinin-deficient plants were, like some
clock mutants, highly sensitive to strong changes in the light-dark
regime, indicating that clock function is compromised in these

plants. The model shown in Figure 13 summarizes the detrimental
consequences circadian stress regimes can have, which even-
tually lead to the induction of PCD, and the protective role cy-
tokinin plays under these conditions, as discussed in the following
sections. In order to facilitate understanding of this phenomenon,
we prepared a timeline that summarizes the most relevant events
that occur in cytokinin-deficient plants under circadian stress
(Figure 14).

Circadian Stress Is Caused by Specific Changes in the
Light-Dark Regime

The severity of PCD in cytokinin-deficient plants was deter-
mined by a specific combination of entrainment, treatment (light/
temperature), and posttreatment regimes. This let us conclude
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Figure 11. JA Biosynthesis and Response Genes Are Strongly Induced in Cytokinin-Deficient Plants and Clock Mutants during the Dark Period Following

CL Treatment.

(A) to (F) Transcript abundances of LOX3 (A), LOX4 (B), OPR3 (C), MYC2 (D), JAZ1 (E), and COI1 (F) in cytokinin-deficient plants compared with the wild type
at different time points during the dark period under SD conditions (left) or following CL treatment (right). The experimental design is described in Figure 5B.
Expression levels were normalized to the 0 h wild-type control, which was set to 1.
(G) and (H) Transcript levels of JAresponse genes MYC2 (G) and JAZ1 (H) in clock mutants during the dark period at 7.5 and 12.5 h under control conditions
(left) and after CL treatment (right). Fold changes of relative expression levels (CL conditions compared with respective control conditions) are displayed in
the graphs. The experimental design corresponds to the one described in Figure 5B. Expression levels were normalized to the 7.5 h wild-type control, which

was set to 1.

Data are mean values of four biological replicates * se. Symbols indicate significant differences (P < 0.05; t test) from the corresponding control (X) and the

respective wild type (O).
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Figure 12. Activation of the JA Pathway upon Circadian Stress Promotes Cell Death Development in Cytokinin-Deficient Plants.

(A) and (B) Transcript levels of cell death marker gene BI7 (A) and JA response gene JAZ1 (B) at 10 h after standard CL treatment following different night
lengths of four biological replicates. After shorter nights (2.5, 5, and 7.5 h) plants were exposed to light until sampling. Control plants remained under SD
conditions. The experimental scheme is shown in Supplemental Figure 6A. Expression levels were normalized to the wild-type control, which was setto 1.
(C) and (D) Circadian stress-induced decrease of F,/F , in cytokinin-deficient plants in the wild-type andjar7-1 background (C) and Pro35S:CKX4 plants in
comparison with JA-hypersensitive tic-2 plants (D) 1 d after standard CL treatment (n = 15 to 16). For the setup in (C), examples of cell death phenotypes 2 d
after CL treatment are shown.

(E) Transcript levels of the TIC gene in Pro35S:CKX4 and clock mutants during the dark period at 7.5 and 12.5 h under control conditions (left) and after
standard CL treatment (right) of four biological replicates. Fold changes of relative expression levels (CL conditions compared with respective control
conditions) are displayed in the graph. The experimental design corresponds to the one described in Figure 5B. Data are mean values = s (n = 4). Expression
levels were normalized to the 7.5 h wild-type control, which was set to 1.

Data are mean values = st. Asterisks in (C) and (D) indicate significant differences from the wild type (black) and between cytokinin-deficient plants in
the wild-type orjar1-1 background (gray, in [C] only). *P < 0.05, **P < 0.01, and **P < 0.001 (t test). Symbols in (A), (B), and (E) indicate significant differences

(P < 0.05; t test) from the corresponding control (X) and the respective wild type (O).

that the stress phenotype is due to a perturbation of the circadian
clock. Entrainment was relevant, as SD-entrained plants were
more strongly affected than LD-entrained plants, showing that
the stress phenotype was inversely correlated with the length of
the photoperiod prior to CL treatment. In SD-entrained plants,
a minimal light treatment of 12 h was necessary for inducing cell
death, and the severity of cell death was positively correlated with
the length of darkness following 32 h CL treatment. It is possible
that prolonged light treatment let the plants adjust to longer
photoperiods (long light/short dark period), which could not be
reversed in cytokinin-deficient plants, making them incapable of
coping with long dark periods. As a consequence, they exhibited
reduced CCA1/LHY expression and the induction of cell death. In
contrast, no PCD was observed after short nights. In this case,
CCA1/LHY expression was similar to wild-type levels or even

higher (Supplemental Figure 6). These observations could be
explained by the earlier onset of light following short nights. Since
light is a very strong input signal for the circadian clock (Millar,
2004; Salomé and McClung, 2005b), it might compensate for the
absent cytokinin input signal in cytokinin-deficient plants, effec-
tively resetting the circadian oscillator. Taken together, short
photoperiods followed by prolonged light treatments and suc-
ceeding long dark periods affected the plants most strongly,
constituting a circadian stress regime (Figure 13).

In addition to light, temperature is also an important input sig-
nal for the circadian oscillator (Salomé and McClung, 2005b;
McWatters and Devlin, 2011). Interestingly, low temperature
during CL treatment resulted in protection against cell death. This
could be due to substitution of the missing light-dark cycle with
atemperature cycle. Indeed, Bieniawska et al. (2008) showed that
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Figure 13. Model for the Role of Cytokinin under Circadian Stress in Preventing Disproportionate Stress Responses and Cell Death.

Regular (24 h) light-dark cycles adjust circadian time on a daily basis, leading to optimal synchronization with the environment. This allows the clock to
coordinate diverse physiological and developmental processes, including stress responses, in a time-of-day-specific manner, thereby enhancing plant
fitness (left side). In contrast, circadian stress regimes lead to a perturbation of the circadian clock, which consequently generates altered, in part detrimental,
clock outputs (right side). While a normal cytokinin status can strongly alleviate this response (A), it is particularly pronounced in plants with a reduced
cytokinin status exhibiting insufficient nighttime expression of CCA1/LHY (B) and in plants with reduced CCA1/LHY function (C). In these plants, circadian
stress causes disproportionate stress responses, specifically oxidative stress and JA responses, eventually leading to cell death. We showed that the
activation of the JA pathway, through JA-lle, promotes cell death development. We conclude that cytokinin, primarily by supporting nighttime CCA7 and
LHY expression, sustains proper clock function under circadian stress. We propose that this function reflects an activity of the hormone in promoting clock
function that is also exerted under natural favorable conditions (dashed arrow) and serves as a backup mechanism under unfavorable conditions.

low temperatures under constant light conditions not only stop
circadian oscillations, but they also lead to constantly high CCA71
and LHY expression, which is presumably protective under cir-
cadian stress conditions.

A Reduced Cytokinin Status Renders Plants Sensitive to
Circadian Stress

The response of plants with areduced cytokinin status showed
that the adaptive response to changing light-dark regimes
requires the redundant action of cytokinin biosynthesis and
signaling genes. The severity of PCD increased with an in-
creasing number of IPT gene mutations, revealing a dose-
response relationship. Pro35S:CKX1 plants exhibited a very
severe circadian stress phenotype, whereas Pro35S:CKX2 and
Pro35S:CKX4 plants both wereless affected. This outcomeisin
accordance with the stronger cytokinin deficiency syndrome
observed in Pro35S:CKX1 plants (Werner et al., 2003) and the
stronger reduction in the levels of active cytokinins in these
plants (Nishiyama et al., 2011).

Among the three cytokinin receptors, AHK3 turned out to be
the main player because only ahk3 single mutants exhibited
adistinct cell death phenotype. The circadian stress phenotype
was strongly aggravated in ahk2 ahk3 and cre1 ahk3 mutants,
revealing the accessory functions of AHK2 and CRE1/AHKA4.
The strong phenotype of ahk2 ahk3 plants is consistent with the

predominant expression and function of AHK2 and AHKS3 in
shoot tissues, including leaves (Higuchi et al., 2004; Nishimura
et al., 2004; Kim et al., 2006; Riefler et al., 2006; Stolz et al.,
2011; Cortleven et al., 2014). In contrast, the enhancing in-
fluence of cre71 on AHK3 loss of function was unexpected and
uncovered a role for the CRE1/AHK4 receptor in leaves.
CRE1/AHK4 is mainly expressedinthe vasculature of roots and
mainly functions in belowground tissues (Mahdnen et al., 2000;
Ueguchi et al., 2001b; Birnbaum et al., 2003; Higuchi et al.,
2004). In aerial tissues, this gene is expressed in the shoot
apical meristem as well as the vasculature (Ueguchi et al.,
2001a; Nishimura et al., 2004; Mahonen et al., 2006; Gordon
et al., 2009; Chickarmane et al., 2012), but a function in leaves
has not been described (Heyl et al., 2012). Downstream of the
receptors, the role of cytokinin in the circadian stress response
is mediated by different B-type ARRs. Among ARR1, ARR10,
and ARR12, which are the most important B-type ARRs in the
shoot during vegetative growth (Mason et al., 2005; Argyros
et al., 2008; Ishida et al., 2008b), only the combined loss of
ARR10 and ARR12 resulted in a detectable (although weak)
stress response, indicating an involvement of both proteins in
coping with circadian stress. However, the strongest circadian
stress phenotype was observed in arr2 plants, indicating
aprincipal role for ARR2, which is particularly known for its role
in leaf senescence (Kim et al., 2006) and pathogen response
(Choi et al., 2010).
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Figure 14. Timeline of Events in Cytokinin-Deficient Plants under Circadian Stress.

(A) Schematic overview of the standard stress regime. White, light period; gray, dark period.
(B) Summary of the most relevant events, occurring in cytokinin-deficient plants under circadian stress. Time points (#) are indicated in (A).

Coping with Circadian Stress Requires CCA1 and LHY

Transcript analyses revealed strongly altered clock gene ex-
pression in cytokinin-deficient plants during the dark period fol-
lowing CL treatment. In particular, CCA7 and LHY expression was
affected, with an almost complete lack of peak expression, in-
dicating an impaired anticipation of dawn. Sufficient nighttime
expression of CCA7 and LHY could be crucial for appropriate
responses to circadian stress. Consistently, the earlier onset of
light after short nights to prevent the detrimental impact of long
dark periods following CL treatment caused resetting of CCA7 and
LHY expression.

In accordance with the idea that CCA1 and LHY are crucial for
the circadian stress response (Figure 13), the standard stress
regime also induced cell death and similar changes in gene ex-
pression in clock mutants lacking proper CCA1 and LHY function,
particularlyincca1 lhy mutants. Also, elf3-9 (also elf3-8), lux-1,and
Pro35S:TOCT1 plants were sensitive to circadian stress. Although
these plants are impaired in different parts of the core oscillator,
they all have reduced CCA7 and LHY expression in common
(Doyle et al., 2002; Makino et al., 2002; Hazen et al., 2005; Kolmos
et al., 2009; Dixon et al., 2011; Gendron et al., 2012; Huang et al.,
2012). In addition, toc7-7101 plants exhibited a weak cell death
phenotype following CL treatment, which isinaccordance with the
decreased CCA7 and LHY expressionintoc1 plants (Alabadietal.,
2001; Mas et al., 2003; Kikis et al., 2005). Together, our results
indicate that reduced CCA1 and LHY expression renders plants
sensitive to circadian stress regimes. Their expression seems to
be very relevant during the dark period following CL treatment
when stress and PCD are induced. Consistent with this idea, we
found that plants with high levels of CCA7 and LHY, such as prr9

prr7 prr5 triple mutant plants, were not affected by circadian
stress.

A crucial question is how sufficient CCA7 and LHY expression
levels might be achieved through the action of cytokinin. Cytokinin
causes phase delays in different circadian rhythms, including
CCA1andLHY, whichis mediated by ARR4 and PHYTOCHROME
B (PHYB) (Hanano et al., 2006; Salomé et al., 2006; Zheng et al.,
2006). Neither arr4 or arr3,4 mutants nor phyB mutants ex-
hibited a pronounced stress phenotype following CL treatment
(Supplemental Figure 12), suggesting that the phase adjustment
by cytokinin is of minor importance for a proper circadian stress
response. However, cytokinin can induce CCA7 and LHY ex-
pression (Zheng et al., 2006), and a time-of-day-dependent
induction of CCA7 has been observed (Hanano et al., 2006).
Therefore, it is conceivable that cytokinin acts through tran-
scriptional regulation of these core clock genes, which would
explain its functional relevance.

Circadian Stress Disrupts Time-of-Day Specificity of Clock
Outputs Causing Disproportionate Oxidative Stress and
JA Responses

Proper matching of internal circadian timing with the environment
enhances plant fitness and survival (Green et al., 2002; Michael
etal., 2003; Dodd et al., 2005; Yerushalmi et al., 2011). This fitness
advantage is in part conferred by the ability to anticipate envi-
ronmental challenges and, hence, to optimally respond to biotic
and abiotic stresses in a time-of-day-specific manner (Seo and
Més, 2015; Grundy et al., 2015; Greenham and McClung, 2015).
Our circadian stress regime caused insufficient nighttime CCA1
and LHY expression in cytokinin-deficient plants. This can be
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interpreted as a desynchronization between endogenous rhythms
and the environment, resulting in a disrupted time-of-day spec-
ificity of clock outputs. In our model (Figure 13), we propose that
changesin clock output regulation probably include both incorrect
timing of stress gene expression and an impaired gating of stress
responsiveness, which contributed to the pronounced stress
phenotype in these plants.

In cytokinin-deficient plants, circadian stress had a strong
impact on the expression of the ROS-inducible genes BAP1 and
ZAT12 as well as JA-related genes (e.g., JAZT). Their early in-
duction preceded the development of cell death and coincided
with a perturbation of the circadian clock (i.e., diminished CCA1
and LHY expression). Clock mutants with reduced CCA1 and LHY
function exhibited similar changes in stress-related gene ex-
pression. Rescuing short nights following CL treatment resulted in
wild-type-like JAZ1 transcript levels, indicating that the resetting
ofthe oscillator by the earlier onset of light helped to prevent stress
responses. Inthis regard, it is interesting that both oxidative stress
responses and the JA pathway are influenced by the circadian
clock. The circadian clock regulates ROS homeostasis and oxi-
dative stressresponses (Laietal.,2012). Many ROS-related genes
display robust diurnal and circadian oscillations (Covington et al.,
2008; Hazen et al., 2009; Lai et al., 2012), and the same is true for
JA-related genes (Mizuno and Yamashino, 2008; Covington et al.,
2008). Moreover, JA-mediated defense against herbivory is op-
timized by circadian regulation of JA biosynthesis (Goodspeed
et al., 2012), and JA responsiveness is gated through the clock-
associated component TIC (Shin et al., 2012).

Both BAP1 and ZAT12 expression are clock-regulated, and
ZAT12 responsiveness to cold and paraquat is gated by the
circadian clock (Fowler et al., 2005; Hazen et al., 2009; Lai et al.,
2012). ZAT12is a CCA1 target (Lai et al., 2012; Nagel et al., 2015),
indicating that CCA1 can directly influence ZAT12 expression,
which is in accordance with the importance of CCA1 under our
conditions. The strong induction of BAP1 and ZAT12 in response
to circadian stress could thus be directly due to the perturbed
circadian clock in cytokinin-deficient plants, leading to incorrect
timing of their expression and/or an increased inducibility due to
impaired gating. Impaired gating might have caused hypersen-
sitivity to oxidative stress in cytokinin-deficient plants, explaining
the stronger stress response.

The responsiveness to oxidative stress is regulated by the
circadian clock, with different clock components contributing
differently. Therefore, clock mutants strongly differ in their sen-
sitivity to oxidative stress. For example, gigantea mutants display
a high tolerance to paraquat-induced oxidative stress (Kurepa
et al., 1998), while hypersensitivity to paraquat treatment was
observed in ccal lhy, elf3, and lux mutants, as reflected by
apronounced cell death phenotype (Lai et al., 2012). Interestingly,
the latter mutants were also highly vulnerable toward circadian
stress. Intriguingly, the prr9 prr7 prr5 triple mutant is extremely
tolerant to various stresses (Nakamichi et al., 2009), which is also
consistent with the high stress tolerance of prr9 prr7 prr5 plants
found in this study. Taken together, our mutant analyses support
the view that circadian stress is at least in part caused by an
impaired gating of oxidative stress responses, which results in an
“open gate” (which would usually be “closed” at that time of day),
enabling the strong induction of BAP1 and ZAT12.

Similar to the oxidative stress response, the JA response could
also be due to incorrect timing of gene expression caused by
a malfunctioning circadian clock. Among the tested JA-related
genes, all except LOX4 were found to be clock-regulated
(Covington et al., 2008; Hazen et al., 2009). We could confirm the
diurnal expression pattern of MYC2 and COI7 (Shin et al., 2012)
and found the same for all other tested JA-related genes. As
described for MYC2 by Shin et al. (2012), they all exhibited a very
low nighttime expression under control conditions, while the
opposite was true for CO/1. Intriguingly, circadian stress led to an
inverted expression pattern. Hence, it seems that the maximal
expression of these genes has been shifted to the wrong time of
day. In addition, an impaired gating of JA signaling could explain
why the JA pathway was initially activated without an elevation in
JA levels (Figure 9). Consistent with this idea, tic-2 plants, which
exhibit enhanced JA responsiveness (Shin et al., 2012), also
showed a circadian stress phenotype, supporting the view that the
cell death phenotype caused by circadian stress could at least in
part result from an impaired gating of JA responses.

Contribution of ROS and JA Responses to PCD Following
Circadian Stress

ROS play a key role in the induction, signaling, and execution of
plant PCD (Van Breusegem and Dat, 2006; Gechev et al., 2006,
2010; Gadjev et al., 2008; De Pinto et al., 2012). We found that
oxidative stress in cytokinin-deficient plants increased later during
cell death progression, while cell death initiation in these plants did
not seem to be associated with an oxidative burst. However, ROS-
responsive genes such as BAP1 (op den Camp et al., 2003) and
ZAT12 (Rizhsky et al., 2004; Davletova et al., 2005) were strongly
upregulated in cytokinin-deficient plants early upon circadian
stress. This could be interpreted as a ROS footprint, indicating
active ROS signaling (Gadjev et al., 2006), which is possibly
sensed as a death signal, facilitating death execution.

Although death execution pathways undoubtedly exist, little is
known about the molecular mechanisms. One example is the '0,-
induced cell death in fluorescent in blue light (flu) mutants, which is
dependent on the proteins EXECUTER1 (EX1) and EX2 that are
hence part of this '0,-dependent death execution pathway
(Wagner et al., 2004; Lee et al., 2007). Furthermore, H,0O,-induced
cell death in cat2 mutants is dependent on long photoperiods,
suggesting the existence of an execution pathway that is only
present (or more active) in LD conditions (Queval et al., 2007).
CAT2 gene expression was strongly reduced in cytokinin-
deficient plants in response to circadian stress. In addition, as dis-
cussed earlier, cytokinin-deficient plants may have irreversibly
adjusted to longer photoperiods during CL treatment. Inthe future,
it would therefore be interesting to investigate whether death
execution following circadian stress is enabled by a similar LD-
dependent pathway. In this regard, it is striking that the circadian
clock seemsto be a crucial regulator of death execution pathways,
as indicated by a study from Korneli et al. (2014) showing that the
severity of HR cell death is dependent on the (circadian) time of
infection. However, it remains to be elucidated exactly how death
execution is regulated by the circadian clock, in particular under
circadian stress. The modulation of ROS responses is probably
only one among several possible ways to control cell death in



a clock-dependent fashion, since so many pathways are under
clock control. According to our results, another factor involved in
controlling circadian stress-induced PCD is JA-lle (Figure 13).
While the involvement of ROS signaling in circadian stress was
mainly deduced from the transcriptional responses of indicator
genes, the functional relevance of the JA pathway is well sup-
ported by genetic data. The circadian stress regime specifically
activated the JA pathway, while pathways of other stress hor-
mones such as ABA and SA remained largely unaffected. Con-
sistent with its function in the response to circadian stress, the JA
pathway was also activated in circadian stress-sensitive clock
mutants and was only switched on in mature, affected leaves and
notin young, unaffected leaves of the same plants. The expression
levels of JAZ1 (and BI7) correlated well with the severity of cell
death in cytokinin-deficient plants (Figure 12; Supplemental
Figure 4). This is consistent with results showing that quantitative
differences in cell death-related gene expression better correlated
with the observed cell death phenotypes than qualitative changes
(Brosché et al., 2014). This finding also indicates that the extent to
which the JA pathway is activated is a decisive factor in de-
termining the severity of circadian stress-induced PCD. Most
importantly, cytokinin-deficient plants also carrying the jar1-1
allele causing JA-lle deficiency (Suza and Staswick, 2008) showed
a strongly attenuated cell death phenotype, which demonstrates
the requirement of JA-lle for PCD development under circadian
stress. Thelack of afull rescue could be due to thefact that JA-lleis
notcompletely eliminated in thejar7-1 mutant (Suza and Staswick,
2008) and/or that activation of the JA pathway is only one of
several perturbations promoting PCD in response to circadian
stress. In addition, it cannot be ruled out that oxylipins other than
JA-lle, e.g., OPDA, which is also biologically active (Taki et al.,
2005; Mueller et al., 2008; Park et al., 2013), contribute to the
promotion of cell death under circadian stress. OPDA levels were
also strongly increased in cytokinin-deficient plants under cir-
cadian stress, and OPDA biosynthesis is not compromised in
jar1-1 plants. In order to study this, it would be interesting to analyze
more oxylipin (JA) biosynthesis mutants such as aos (dde2) and
opr3 (dde1)inthe cytokinin-deficient background, which lack both
OPDA and JA-lle or only JA-lle, respectively. Several studies
support apromoting role for JAin PCD development. For example,
JA promotes '0,-dependent cell death in the flu (Danon et al.,
2005) and chlorinal mutants (Ramel et al., 2013). Also, lesion
development and spreading in the lesion mimic mutant cpr5 is JA
dependent (Clarke et al., 2000). Together, our data demonstrate
that JA is a positive regulator of circadian stress-induced PCD,
uncovering an additional link between JA and cell death.
Although the standard stress conditions used in our study are
rather extreme, we regard them as a tool to push the usually very
robust and redundant circadian systemto its limits. This helped us
to uncover functional links between cytokinin and the circadian
clock as well as between the circadian clock and JA-dependent
cell death. Furthermore, it should be noted that smaller changesin
the light-dark regime, such as the shift from SD to LD (Figure 1),
resulted in an obvious phenotype in cytokinin-deficient plants.
Therefore, it is conceivable that plants encounter circadian stress
in nature, especially at high latitudes where the daylength varies
more drastically throughout the year. Milder circadian stress
conditions may not necessarily induce cell death. They likely

Cytokinin and Circadian Stress 1633

cause more subtle changes, leading to reduced plant fitness
similar to the consequences of circadian dissonance described by
Dodd et al. (2005), compromising general plant performance. Last
but not least, mild circadian stress in natural environments could
negatively affect plant stress tolerance, since the circadian clockis
important for the proper anticipation of stresses as well as the
adequate response to stresses (Seo and Mas, 2015; Grundy et al.,
2015).

METHODS

Plant Material and Growth Conditions

The Columbia-0 (Col-0) ecotype of Arabidopsis thaliana was used as the
wild type. The following mutant and transgenic Arabidopsis plants were
used in this study: arr2 (GK-269G01); arr1-3 arr10-5, arr1-3 arr12-1, and
arr10-5 arr12-1 (Mason et al., 2005; Argyros et al., 2008); arr3,4 (To et al.,
2004); Pro35S:CKX1, Pro35S:CKX2, and Pro35S:CKX4 (Werner et al.,
2003); ahk2-5, ahk3-7, cre1-2, and corresponding double mutants (Riefler
et al., 2006); ipt3-2, ipt5-2, ipt7-1, and corresponding double and triple
mutants (Miyawaki et al., 2006); cca-1 (in Col-0) (Yakir et al., 2009); lhy-11
and ccal-1 lhy-11 (in Col-0) (Ito et al., 2007); lhy-20 (Michael et al., 2003);
toc1-101 (Kikis et al., 2005); Pro35S:TOC1 (APRR1-0x) (Makino et al.,
2002); elf3-8 and elf3-9 (Hicks et al., 2001); elf4-101 (Khanna et al., 2003);
lux-1(Hazen etal., 2005; corresponding wild type C24); prr9-1, prr7-3, prr5-
3,prr3-1,prr9-1prr7-3, and prr7-3 prr5-1 (Michael et al., 2003; Salomé and
McClung, 2005a); phyB-9 (Reed et al., 1993); tic-2 (Ding et al., 2007); and
jar1-1 (Staswick et al., 1992, 2002). Seeds were obtained from The Eu-
ropean Arabidopsis Stock Centre (NASC; http://arabidopsis.info/) or kindly
provided by Tatsuo Kakimoto, Takafumi Yamashino, Takeshi Mizuno,
Rachel Green, C. Robertson McClung, Jos Schippers, and Patrice Salomé.

The following mutant and transgenic plants were generated by genetic
crossing: ccal-1 lhy-20, Pro35S:CKX4 toc1-101, ahk2 ahk3 toc1-101,
prr9-1 prr5-3, prr9-1 prr7-3 prr5-3, jar1-1 ahk2 ahk3, and jar1-1 Pro35S:
CKX4. The genotypes were confirmed by PCR analysis.

If not stated otherwise, Arabidopsis plants were grown on soil in
agrowth chamber under SD conditions (8 h light/16 h dark), light intensities
of 120 to 170 umol m~2s~1, using a combination of Philips SON-T Agros,
400 W, and Philips Master HPI-T Plus, 400 W/645 lamps, generating warm
white and neutral white light, respectively, at 22°C and 60% relative hu-
midity.

Circadian Stress Treatments

If not stated otherwise, 5- to 6-week-old SD-grown plants were used for the
experimental treatments. The standard circadian stress regime was 32 h
light treatment integrated into a SD regime (Figure 4A), referred to as CL
regime. Control plants remained continuously in the SD rhythm and were
completely unaffected.

For phenotypical analyses, affected and unaffected leaves from treated
plants of the same developmental stage were chosen. For most experi-
ments, only the distal halves of these leaves were harvested corresponding
to the most affected parts in cytokinin-deficient plants. Whole leaves were
used for analysis of F/F, HOTE, fresh weight, and ion leakage meas-
urements. Harvest during the dark period was performed under green light.

Analysis of Cell Death Progression

Mature leaves, defined as fully expanded leaves, with lesions were counted
20 to 24 h after CL treatment and are given as percentage of all mature
leaves. The loss of fresh weight was determined by detaching and
weighing at least four leaves per sample and is expressed as percentage of
control.
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For ion leakage measurements, whole leaves were detached at the
indicated time points and floated abaxial side up on a defined volume of
distilled water in a Petri dish for 4 h at RT. After incubation, the conductivity
of the bathing solution was measured using a conductivity meter (EC-
Controller; Stelzner) and given as percentage of the respective control.

Chlorophyll Fluorometry

Directly before chlorophyll fluorescence measurements, leaves were de-
tached, floated on water, and dark-adapted for 20 to 30 min. The PSII
maximum quantum efficiency was determined from the ratio of variable (F,)
to maximum (F,) fluorescence [F /F, = (F,, — Fy)/F_] using the FluorCam
chlorophyll fluorometer (Photon Systems Instruments). An actinic light
pulse (0.2 umol m~2 s~1) was used to measure the initial (minimum) PSII
fluorescence in the dark-adapted state (F), and F, was determined by
a saturating light pulse (1500 pmol m—2 s~1). Although in many cases we
only show the F,/F data for CL-treated plants, we always included control
(SD) plants in our experiments. These plants were completely unaffected
and showed no decrease in F /F values (F /F,, > 0.8).

LPO and Oxidative Stress Analysis

The photon emission associated with LPO called autoluminescence (Birtic
etal.,2011)wasimaged at RT using a highly sensitive CCD camera (VersArray
LN/CCD 1340-1300B; Roper Scientific) with a liquid nitrogen-cooled sensor
as described (Havaux et al., 2009). For these measurements, CL-treated
plants were dark-adapted for 2 h before imaging to allow chlorophyll lumi-
nescence to fade away. The luminescence signal measured after this dark-
adaptation period was shown to originate predominantly from the slow,
spontaneous decomposition of lipid peroxides (Birtic et al., 2011).

HOTE isomers were analyzed as a measure of LPO/oxidative stress (op
den Camp et al., 2003; Montillet et al., 2004). Leaf material (700 to 800 mg)
was harvested, flash-frozen, and ground with a mortar and pestle. Five
hundred milligrams of the ground leaf material was used for the extraction
of lipids. After extraction, ROS- and LOX-induced LPO were determined as
described previously (Montillet et al., 2004; Havaux et al., 2009).

MDA, anindicator of oxidative stress, was quantified according to Heath
and Packer (1968).

To determine H,O, levels, leaf material (~100 mg) was harvested and
flash-frozen at the indicated time points. The frozen samples were ground
using a Retsch mill in precooled adapters. H,0, measurements were
performed using the Amplex red hydrogen peroxide/peroxidase assay kit
(Invitrogen) according to the manufacturer’s instructions.

RNA Isolation and Quantitative RT-PCR

Leaf material (=100 mg) was harvested and flash-frozen at the indicated
time points. The frozen samples were ground using a Retsch mill in pre-
cooled adapters. Total RNA was extracted with the TRIzol method as
described in the GIBCO TRIzol manual (Invitrogen) followed by RNA pu-
rification using the RNeasy mini kit including on-column DNase digestion
(Qiagen) according to the manufacturer’s protocol (experiment in Figure 3)
or using kits only (either the RNeasy plant mini kit [Qiagen] or the Nucle-
oSpin RNA plant kit [Macherey-Nagel]) including on-column DNase di-
gestion according to the manufacturer’s protocols.

For gRT-PCR analysis, cDNA was synthesized with SuperScript IlI
reverse transcriptase (Invitrogen) using 1 ng of total RNA. Primer pairs
were designed using Primer3 software (http://biotools.umassmed.edu/
bioapps/primer3_www.cgi). All primers used in this study are listed in
Supplemental Table 1. gqRT-PCR was performed with the 7500 Fast Real-
Time PCR system (Applied Biosystems) using SYBR Green | technology
and universal FAST cycling conditions (15 min at 95°C, 40 cycles of 5 s at
95°C, 15 s at 55°C, and 10 s at 72°C) followed by the generation of a dis-
sociation curve to check for specificity of the amplification. Reactions

contained SYBR Green Master Mix (Applied Biosystems), 300 nM forward
and reverse primers, and 1 pL of the diluted cDNA in a 20-pL reaction.
Gene expression data were normalized against reference genes ac-
cording to Vandesompele et al. (2002). For most experiments, PROTEIN
PHOSPHATASE2A SUBUNIT A2 (PP2AA2) and MCP2D served as
reference genes; PP2AA2, SAND, and UBIQUITIN-CONJUGATING
ENZYME10 (UBC10) were used for the data shown in Figure 3.

Phytohormone Analysis

For phytohormone measurements, leaf material (400 to 500 mg) was
harvested and flash-frozen at the indicated time points. One hundred
milligrams of fresh plant tissue (early time points) or 10 mg lyophilized plant
tissue (late time points) was extracted and analyzed as described pre-
viously (Matyash et al., 2008; Ternes et al., 2011).

Accession Numbers

All gene accession numbers are provided in Supplemental Table 2.

Supplemental Data

Supplemental Figure 1. Defective Cytokinin Signaling and a Reduced
Cytokinin Content Lead to Cell Death in Response to CL Treatment.

Supplemental Figure 2. The Entrainment Strongly Influences the
Severity of Cell Death Following Changes in the Light-Dark Regime.

Supplemental Figure 3. The Cell Death Phenotype Depends on an
Extended Light Period and Can Be Alleviated by Temperature Cycles.

Supplemental Figure 4. A Dark Period Following Extended Light
Treatment Is Required to Induce the Cell Death Phenotype.

Supplemental Figure 5. Induction of Stress- and Cell Death-Associated
Genes Only Occurs in Mature Leaves, Initiating Cell Death.

Supplemental Figure 6. Earlier Onset of Light, Following Short Nights
after CL Treatment, Resets Circadian Clock Gene Expression, Co-
inciding with the Lack of Cell Death in Cytokinin-Deficient Plants.

Supplemental Figure 7. Clock Mutants Are Also Sensitive to
Circadian Stress.

Supplemental Figure 8. Kinetics of Evening Complex and Pseudo-
Response Regulator Gene Expression after CL Treatment and CL
Responses of Different prr Mutants.

Supplemental Figure 9. A-Type ARR Gene Expression Is Decreased
in Pro35S:CKX4 Plants as well as in Clock Mutants in Response to
Circadian Stress.

Supplemental Figure 10. Jasmonic Acid Precursor Levels in Re-
sponse to CL Treatment.

Supplemental Figure 11. Circadian Stress-Induced Cell Death in
Cytokinin-Deficient Plants Is Linked to an Activated Jasmonic Acid
Pathway.

Supplemental Figure 12. PHYB, ARRS3, and ARR4 Have No Major
Role under Circadian Stress.

Supplemental Table 1. Primers Used in the Study.
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