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Natural light environments are highly variable. Flexible adjustment between light energy utilization and photoprotection is
therefore of vital importance for plant performance and fitness in the field. Short-term reactions to changing light intensity are
triggered inside chloroplasts and leaves within seconds to minutes, whereas long-term adjustments proceed over hours and
days, integrating multiple signals. While the mechanisms of long-term acclimation to light intensity have been studied by
changing constant growth light intensity during the day, responses to fluctuating growth light intensity have rarely been
inspected in detail. We performed transcriptome profiling in Arabidopsis (Arabidopsis thaliana) leaves to investigate long-term
gene expression responses to fluctuating light (FL). In particular, we examined whether responses differ between young and
mature leaves or between morning and the end of the day. Our results highlight global reprogramming of gene expression under
FL, including that of genes related to photoprotection, photosynthesis, and photorespiration and to pigment, prenylquinone, and
vitamin metabolism. The FL-induced changes in gene expression varied between young and mature leaves at the same time
point and between the same leaves in the morning and at the end of the day, indicating interactions of FL acclimation with leaf
development stage and time of day. Only 46 genes were up- or down-regulated in both young and mature leaves at both time
points. Combined analyses of gene coexpression and cis-elements pointed to a role of the circadian clock and light in
coordinating the acclimatory responses of functionally related genes. Our results also suggest a possible cross talk between
FL acclimation and systemic acquired resistance-like gene expression in young leaves.

Adjustments of photosynthetic light energy utiliza-
tion and photoprotection to changing light intensity are
triggered over different time scales. Rapid changes
(seconds to minutes) are induced inside chloroplasts by

reduction of electron transport chain or upon formation
of a [H+] gradient (DpH) across the thylakoid mem-
brane. Short-term responses have been studied inten-
sively to unveil various regulatory mechanisms involved
therein. Reduction of the plastoquinone (PQ) pool by
preferential excitation of PSII relative to PSI, for exam-
ple, leads to activation of thylakoid protein kinase
STN7, which phosphorylates PSII light-harvesting
complex (LHC) to trigger its displacement from PSII
to PSI in a process termed state transition (Bellafiore
et al., 2005). Light-dependent acidification of thyla-
koid lumen protonates the PSBS protein to quickly in-
duce thermal energy dissipation (or nonphotochemical
quenching [NPQ]) and thus down-regulate PSII (Li
et al., 2000). Lumen acidification also activates a
xanthophyll-cycle enzyme, violaxanthin deepoxidase
(VDE), to convert violaxanthin to antheraxanthin and
zeaxanthin, which enhances NPQ (Niyogi et al., 1998).
Furthermore, alternative electron (e2) flows (e.g. water-
water cycle and cyclic e2 flow [CEF] around PSI), by
which electrons are transferred fromPSI towater through
Mehler-ascorbate peroxidase reactions (Asada, 1999) or

1This work was supported by Deutsche Forschungsgemeinschaft
(IRTG 1525).

2Present address: KWS LOCHOW GmbH, D-29303 Bergen,
Germany.

3Author for contact: s.matsubara@fz-juelich.de.
The author responsible for distribution of materials integral to the

findings presented in this article in accordance with the policy de-
scribed in the Instructions for Authors (www.plantphysiol.org) is:
Shizue Matsubara (s.matsubara@fz-juelich.de).

T.S. and S.M. designed the experiments; T.S. performedmost of the
experiments and data analyses; A.B. and T.S. analyzed the RNA-Seq
data; V.B. and S.T. provided technical assistance for the RNA-Seq and
metabolome analyses; J.Z. did gene expression comparison of highly
upregulated genes; S.P. performed part of the RT-qPCR experiments;
E.M.F., J.Z., B.U., and S.M. supervised the experiments and data anal-
yses; S.M. conceived the project and wrote the article with contribu-
tions from T.S., E.M.F., and J.Z.

www.plantphysiol.org/cgi/doi/10.1104/pp.18.01443

1632 Plant Physiology�, April 2019, Vol. 179, pp. 1632–1657, www.plantphysiol.org � 2019 American Society of Plant Biologists. All Rights Reserved.

http://orcid.org/0000-0002-0272-6580
http://orcid.org/0000-0002-0272-6580
http://orcid.org/0000-0002-8703-5403
http://orcid.org/0000-0002-8703-5403
http://orcid.org/0000-0002-0352-2547
http://orcid.org/0000-0002-0352-2547
http://orcid.org/0000-0003-1566-7572
http://orcid.org/0000-0003-1566-7572
http://orcid.org/0000-0002-1440-6496
http://orcid.org/0000-0002-1440-6496
http://orcid.org/0000-0002-0272-6580
http://orcid.org/0000-0002-8703-5403
http://orcid.org/0000-0002-0352-2547
http://orcid.org/0000-0003-1566-7572
http://orcid.org/0000-0002-1440-6496
http://crossmark.crossref.org/dialog/?doi=10.1104/pp.18.01443&domain=pdf&date_stamp=2019-03-26
mailto:s.matsubara@fz-juelich.de
http://www.plantphysiol.org
mailto:s.matsubara@fz-juelich.de
http://www.plantphysiol.org/cgi/doi/10.1104/pp.18.01443


from ferredoxin (FD) back to PQ (Johnson, 2011;
Yamori and Shikanai, 2016), can support DpH forma-
tion and hence ATP synthesis and NPQ. In the chloro-
plast stroma, the thioredoxin (TRX) system mediates
light- and redox-dependent regulation of enzyme ac-
tivities, including those in the Calvin-Benson cycle
(CBC) and oxidative pentose phosphate pathway or
ATP and starch synthesis (Schürmann and Buchanan,
2008).
Long-term changes in growth light environment, on

the other hand, elicit acclimatory responses that are
slowly inducible and reversible (hours to days) or ir-
reversible. Inside chloroplasts, the relative abundance
of photosynthetic protein complexes changes in re-
sponse to prevailing growth light intensity. High-light
(HL) and sunlit conditions favor accumulation of PSII,
cytochrome b6f (Cyt b6f), and ATP synthase but sup-
press LHCII (major LHC of PSII) compared with low-
light (LL) and shaded conditions (Evans, 1987; Anderson
et al., 1988). In addition, HL and excess light (EL) increase
leaf carotenoid content, especially the xanthophyll cycle
components, along with other antioxidants like to-
copherols, ascorbate, and glutathione (Demmig-Adams
and Adams, 1992; Grace and Logan, 1996; Bartoli et al.,
2006; Lichtenthaler, 2007; Matsubara et al., 2009). To-
gether, these biochemical modifications contribute to
enhancement of photosynthetic e2 transport, CO2 as-
similation, NPQ, and reactive oxygen species (ROS)
scavenging in HL and EL.
Unlike locally controlled short-term responses, long-

term acclimation can be observed in both local and
distant tissues. Elongation growth of palisade cells is
locally controlled via UV-A and blue light photore-
ceptor phototropins (Kozuka et al., 2011), which also
regulate short-term responses of chloroplast movement
and stomatal opening (Christie et al., 2018). In contrast,
formation of extra palisade cell layers has been seen in
leaf primordia and young growing leaves whenmature
leaves are exposed to HL (Terashima et al., 2006).
Changes in these anatomical traits result in leaf thick-
ening and enlargement of palisade cell surface area to
facilitate chloroplast CO2 uptake in HL (Terashima
et al., 2006). Additionally, thick leaves can accumulate
more photosynthetic enzymes per unit of leaf area,
which also contributes to greater CO2 fixation capacity
of HL-grown leaves per unit of leaf area (but not nec-
essarily per unit of leaf mass; Givnish, 1988; Evans and
Poorter, 2001). As for photoprotection, systemic ac-
quired acclimation has been reported in young leaves
when mature leaves are exposed to EL and HL
(Karpinski et al., 1999). Since light and carbon are not
limiting for plant growth in HL, whole-plant biomass
allocation shifts toward roots to ensure water and nu-
trient uptake (Poorter et al., 2012).
Fluctuating growth light environments induce long-

term acclimatory responses that are distinct from those
found in LL or HL. Acclimatory responses to fluctuat-
ing light (FL) are influenced by duration, frequency,
and amplitude of fluctuations. When LL-grown
(100 mmol photons m22 s21) plants of Arabidopsis

(Arabidopsis thaliana) were transferred to conditions in
which light intensity was fluctuating between 100 and
475 or between 100 and 810 mmol photons m22 s21

every 15 min, 1 h, or 3 h during the daytime, oxygen
evolution capacity of PSII increased in all FL conditions
compared with LL (Yin and Johnson, 2000). Yet, the
efficacy to induce this up-regulation varied in different
FL conditions; a 3-h cycle was the most effective regime
in 100/475 mmol photons m22 s21, whereas a 15-min
cycle allowed the largest increase in oxygen evolution
under 100/810mmol photonsm22 s21 (Yin and Johnson,
2000). In marked contrast, Arabidopsis plants grown
under FL, which consisted of short (20-s) pulses of HL
(650 or 1,250 mmol photons m22 s21) applied every 6
or 12 min under LL (50 mmol photons m22 s21), up-
regulated the capacities for NPQ and ROS scavenging
while reducing the PSII efficiency, chlorophyll (Chl)
and carbohydrate contents, as well as leaf growth (Alter
et al., 2012). In conditions mimicking natural light
fluctuations, Arabidopsis leaves became thinner than in
fixed intensity (constant light [CL]) of the same average
intensity and daylength while maintaining similar CO2
fixation rates per unit of leaf area (Vialet-Chabrand
et al., 2017). Generally, however, responses to FL (and
also HL and LL) are dependent on species, preexper-
imental conditions, and other environmental, physio-
logical, and developmental factors (Chazdon and
Pearcy, 1986; Tinoco-Ojanguren and Pearcy, 1992;
Watling et al., 1997a, 1997b; Yin and Johnson, 2000;
Leakey et al., 2003; Kaiser et al., 2018a).
Unraveling molecular mechanisms (or networks) of

long-term acclimation is hampered by the complexity
arising from a mixture of interlinked or unrelated re-
actions that are induced concurrently or sequentially
over time. Nonetheless, studies in the past ;20 years
have led to identification of signaling agents and
pathway components involved in acclimation to
growth light environments, including EL and photo-
oxidative stress. Energy transfer from Chl to oxygen
generates singlet oxygen (1O2) especially in PSII. The
core complexes of PSII and PSI bind b-carotene mole-
cules that can be oxidized by (and thereby detoxify)
1O2. It has been proposed that some apocarotenoids,
which are derived fromoxidative cleavage ofb-carotene,
may serve as stress signals to elicit EL acclimation;
when applied to nonstressed leaves of Arabidopsis,
an apocarotenoid volatile (b-cyclocitral) was able to
induce the expression of 1O2-responsive genes (Ramel
et al., 2012; Havaux, 2014). Another stress signal
originates from the plastidic methylerythritol phos-
phate (MEP) pathway, which synthesizes isoprenoid
precursors; a MEP pathway intermediate, 2-C-methyl-
D-erythritol-2,4-cyclodiphosphate (MEcPP), is able to
activate the transcription of stress-responsive genes,
such as ISOCHORISMATE SYNTHASE1 (ICS1), alias
SALICYLIC ACID INDUCTION DEFICIENT2, which
encodes an enzyme in salicylic acid (SA) biosynthesis
(Xiao et al., 2012; de Souza et al., 2017). Under HL or
drought stress, leaves accumulate 39-phosphoadenosine
59-phosphate, a by-product of sulfotransferase reactions
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to make sulfated compounds; it is thought that 39-
phosphoadenosine 59-phosphate inhibits 59-39 exori-
bonuclease activity to modulate HL- and oxidative
stress-related gene expression (Estavillo et al., 2011;
Chan et al., 2016).

The molecular mechanisms of long-term acclimation
to growth light intensity have been studied by trans-
ferring plants from constant LL to constant HL (or EL)
and vice versa. Long-term acclimation to fluctuating
growth light intensity has rarely been investigated,
even though FL constitutes a substantial part of daily
light exposure for inner-canopy leaves and understory
plants (Pearcy, 1990; Kaiser et al., 2018b; Slattery et al.,
2018). Sunlight intensity fluctuates also for outer-
canopy leaves as clouds travel and the weather
changes. Long-term mechanisms of FL acclimation are
therefore of great relevance to understanding how
plants respond to growth light conditions in the field.
Here, we conducted transcriptome profiling in Arabi-
dopsis leaves, focusing on long-term acclimation to the
FL conditions that primarily elicit EL and photooxida-
tive stress responses (Alter et al., 2012). In particular, we
asked whether acclimatory adjustment of gene ex-
pression varies between growing (Young) and non-
growing (Mature) leaves because stress signaling and
acclimation (biochemical, morphological, or develop-
mental) may differ between these leaves (Chan et al.,
2016). Given the pronounced diurnal variations in gene
expression in leaves (Bläsing et al., 2005; Michael et al.,
2008b), we also investigated time of day-dependent
gene expression responses to FL by analyzing leaf
transcriptome in the morning (MO; 1 h after the light
was turned on) and at the end of the day (EOD; 1 h
before the light was turned off). The results highlight
global reprogramming of gene expression during long-
term acclimation to FL and indicate strong interactions
with both leaf development stage and time of day. The
acclimatory responses of functionally related genes
seem to be coordinated by the circadian clock and light
signaling in leaves. Our data also suggest a possible
cross talk between FL acclimation and systemic ac-
quired resistance (SAR)-like gene expression in Young
leaves.

RESULTS

The FL Treatment Induced Photooxidative
Stress Responses

After germination and cultivation in a CL condition
(75 mmol photons m22 s21 during the light period of
12 h/12 h light/dark) for approximately 4 weeks, half
of the plants (Columbia-0 [Col-0]) were transferred to a
corner of the same climate chamber where the auto-
matically moving light-emitting diode (LED) device
(Alter et al., 2012) was creating light fluctuations be-
tween 75 (the CL background; ;280 s) and 1,000 mmol
photons m22 s21 (;20 s) during the light period. The
other half was kept under CL. Based on our previous

studies, which had shown acclimatory enhancement of
photoprotective capacities in Arabidopsis following 3-d
exposure to similar FL conditions (Alter et al., 2012;
Caliandro et al., 2013), we took leaf samples for RNA
sequencing (RNA-Seq) after 3 d under FL or CL.

To directly compare gene expression and phenotypic
changes, we characterized physiological and metabolic
alterations in leaves during the FL treatment. The plants
were visually indistinguishable after growing under FL
or CL for 3 d (Fig. 1A). Figure 1B shows Young and
Mature leaves used for different analyses. Although
there was no visible sign of stress on day 3, the maximal
PSII efficiency (Fv/Fm) was slightly reduced in both
Young and Mature leaves under FL compared with CL
(Fig. 2A). As in the previous studies (Alter et al., 2012;
Caliandro et al., 2013), rapid light-response curves of
relative electron transport rate (ETR), which were
measured in dark-adapted plants during exposure to
stepwise increases in light intensity (20 s at each light
level) on day 3, confirmed lower PSII activity and in-
creased NPQ capacity in the FL plants (Fig. 2, B and C).
When the leaves were allowed to reach steady state in
saturating light intensity (800 mmol photons m22 s21),
however, the Jmax and Vcmax obtained from CO2 re-
sponse curves (A/Ci curves; 4–5 min at each CO2 level)
indicated no change in the capacities for ribulose-1,5-
bisphosphate (RuBP) regeneration and Rubisco car-
boxylation inMature leaves after 3 d under FL (Fig. 2D).
Nevertheless, leaf growth suppression in the FL con-
dition became gradually evident between day 3 and
day 7 (Fig. 2E). The plants under the FL condition had
16% less rosette dry weight than those under the CL
condition on day 7 (Fig. 2F) due to reduced leaf ex-
pansion (Fig. 2E) and drymass accumulation per unit of
leaf area (Fig. 2G).

Consistent with the growth reduction under FL, the
levels of Suc and starch (Fig. 3, A and B) and all free

Figure 1. Arabidopsis plants after 3-d exposure to the FL or CL condi-
tion. A, Color image of CL (top row) and FL (bottom row) plants. B, The
corresponding mask image showing Young (leaf 4 and 5) and Mature
(leaf 8 and 9) leaves.
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amino acids except Glu and Asn at EOD (Supplemental
Fig. S1) tended to decline in leaves on day 3. While FL
did not affect Chl content by day 3 (Fig. 3C), it enhanced
carotenoid accumulation (Fig. 3D), especially the xan-
thophyll cycle pigments (Fig. 3E). These phenotypic
changes (Figs. 2 and 3) confirm our previous finding
that short HL pulses of FL, regardless of whether they
increase the average light intensity compared with CL,
do not promote growth but trigger EL and photooxi-
dative stress responses in LL-grown Arabidopsis (Alter
et al., 2012).
Long-term effects of FL on the metabolome were also

analyzed in Mature leaves on day 7 (Supplemental
Table S1). The results corroborated the reduced accu-
mulation of sugars and amino acids under FL espe-
cially in MO, while the levels of other metabolites
(e.g.mannitol-1-phosphate, glycerate, phytol, ketolutein,
ginkgolide, and theophylline) significantly increased.
Arbutin, a glycosylated hydroquinone that interacts
with membrane lipids and acts as an antioxidant, also
showed an increase. At EOD, the leaves under FL had
larger amounts of organic acids and glycerolipids with

polyunsaturated fatty acids (18:3) than those under
CL. Another striking change under FL was the en-
hanced accumulation of vitamin C-related compounds
(ascorbate, dehydroascorbate, threonate, gulonate, and
ketogulonolactone). Collectively, the metabolic altera-
tions under FL can be summarized as increased anti-
oxidant and lipidmetabolismwith less accumulation of
sugars, starch, and amino acids, providing further
support to the above-described photoprotective and
photooxidative stress responses and growth inhibition.

Leaf Transcriptome Profiles of Long-Term FL Acclimation

Changes in gene expression were studied in Young
and Mature leaves harvested in MO and at EOD of day
3 (hereafter Young-MO, Young-EOD, Mature-MO, and
Mature-EOD). The RNA-Seq data were filtered by
counts per million (CPM . 3) and false discovery rate
(FDR , 0.01). Nearly all genes that satisfied these cri-
teria showed greater than 630% changes in expression
under FL (FL/CL$ 1.3 or# 0.7; Supplemental Fig. S2).

Figure 2. Changes in PSII activity, CO2 assimilation, and leaf growth. A to C, The Fv/Fm (A), rapid light response curves of relative
ETR (B), and NPQ (C) weremeasured in Young andMature leaves after 3-d exposure to FL or CL. Data are means6 SD, n = 3. D, A/
Ci curves measured in Mature leaves after 3-d exposure to FL or CL. Data were recorded at steady state in saturating light intensity
(800 mmol photons m22 s21). The maximum rates of RuBP regeneration (Jmax; mmol m22 s21, 6SD) and Rubisco carboxylation
(Vcmax; mmol m22 s21, 6SD) were calculated by fitting the A/Ci curves according to Sharkey et al. (2007). Data are means 6 SD,
n = 5. E, Increase in projected leaf area during the 7-d experiment. Data aremeans6 SD, n = 45 and 42 for FL and CL, respectively.
The relative growth rate (RGR; % d21, 6SD) was calculated by fitting the leaf area data to an exponential growth function
(R2 = 0.9913 and 0.9885 for FL and CL, respectively). Leaf samples were taken on day 3 (arrow) for different analyses. For
metabolome analysis, Mature leaves were collected on day 7. F and G, The dry weight of rosette (F) and leaf dry mass per area (G)
at the end of the 7-d treatment. Data are means6 SD, n = 17 and 20 for FL and CL, respectively. Asterisks and plus signs in A to C
denote significant differences between FL and CL for Young and Mature leaves, respectively (*** and +++, P , 0.001; ** and ++,
P, 0.01; * and +, P, 0.05 by Student’s t test). Asterisks in E to G are for significant differences between the plants grown under FL
and CL.
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Since our FL treatment did not induce severe stress
symptoms, we set the threshold at 630% to take into
account strongly expressed genes (e.g. photosynthetic
genes) that may not undergo large relative variations.

The results of RNA-Seq analysis were validated by
reverse transcription quantitative PCR (RT-qPCR) in
the same samples. Four genes were selected to cover a
wide range of fold change: LHCB1.2 (PSII LIGHT
HARVESTING COMPLEX1.2), GPX7 (GLUTATHIONE
PEROXIDASE7), ELIP2 (EARLY LIGHT-INDUCED
PROTEIN2), and PR2 (PATHOGENESIS-RELATED2).
The RT-qPCR data quantitatively confirmed the fold
change values of RNA-Seq (Supplemental Fig. S3), with
a single outlier (ELIP2 in Mature-EOD) for which RNA-
Seq gave a higher value.

Figure 4 illustrates the numbers of differentially
expressed (DE) genes under FL compared with CL.
More genes were up-regulated than down-regulated
after a 3-d FL exposure (Fig. 4A). Many DE genes
were shared by Young and Mature leaves in MO,
whereas their gene expression responses to FL differed
remarkably at EOD (Fig. 4B). In fact, Young-EOD and
Mature-EOD had, respectively, the smallest and the
largest number of DE genes (Fig. 4A). Neither showed a
large overlap of the DE genes between MO and EOD
(Fig. 4B). No more than 46 genes were significantly up-
or down-regulated in both Young and Mature leaves at
both time points (Fig. 4C). Lists of all DE genes are
provided in Supplemental Data.

The genes up-regulated under FL were overrepre-
sented by components of chloroplasts, whereas genes
associated with DNA, ribosome, Golgi apparatus, and
cell wall were enriched in the down-regulated genes
(Supplemental Table S2). Some chloroplast components
were also enriched in the down-regulated genes of
Young-EOD. With regard to the biological processes of
the DE genes, responses to light stimuli and vitamin
metabolism were overrepresented in the up-regulated
genes of Young and Mature leaves in MO, while

photosynthesis and pigment metabolism were over-
represented in the up-regulated genes of Mature leaves
at both time points (Supplemental Table S3). With
regard to the down-regulated genes, enrichment was
found for DNA replication, cell cycle, organelle fission
and organization in Young-MO and for light harvesting
and responses to light and other stimuli in Young-EOD.

Genes That Were Up- or Down-Regulated in All
FL Samples

Figure 5 shows the 46 genes that were differentially
expressed in all FL samples.Only three geneswere down-
regulated and the rest were up-regulated. Among the up-
regulated genes was LHCB7, which is typically expressed
in HL and EL (Kleine et al., 2007). Three CBC genes also
underwent up-regulation in all FL samples (Fig. 5): one
coding for CP12 protein (CP12-2), which mediates
TRX-dependent reversible complex formation between
phosphoribulokinase and glyceraldehyde-3-phosphate
dehydrogenase; one for SEDOHEPTULOSE-1,7-BISPHOS-
PHATASE (SBPASE), which, like phosphoribulokinase and
glyceraldehyde-3-phosphate dehydrogenase, is activated
by reduced TRX in the light; and one for chloroplast
FRUCTOSE-1,6-BISPHOSPHATE ALDOLASE1 (FBA1),
which provides substrates for SBPASE and FRUCTOSE-
1,6-BISPHOSPHATASE (FBPASE).

Oxygenation of RuBP by Rubisco triggers photores-
piration in C3 plants. Three genes encoding photo-
respiratory enzymes were up-regulated in all FL
samples: GLYCOLATE OXIDASE1 (GOX1), which
produces hydrogen peroxide (H2O2) in peroxisomes;
CATALASE2 (CAT2), which detoxifies H2O2 therein;
and the P protein of GLYCINE DECARBOXYLASE,
which releases CO2 in mitochondria (Fig. 5). In contrast
toCAT2,CAT3was repressed under FL (Fig. 5). Increased
gene expression was also found for BETA CARBONIC
ANHYDRASE1 (BCA1), which interconverts CO2 and

Figure 3. Nonstructural carbohydrate and
photosynthetic pigment contents of Young
and Mature leaves on day 3. A and B,
Levels of Suc (A) and starch (B; determined
as Glc) in MO and at EOD. Data are
means 6 SD, n = 3. FW, Fresh weight. C to
E, Levels of Chls (C), carotenoids (D), and
xanthophyll cycle pigments (E) in MO.
Data are means 6 SD, n = 4. Asterisks de-
note significant differences between FL
and CL (**, P , 0.01 and *, P , 0.05 by
Student’s t test).
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HCO3
2 in chloroplasts, and SUCROSE-PHOSPHATE

SYNTHASE C, the second most abundant leaf sucrose-
phosphate synthase isoform, which catalyzes a rate-
limiting step in Suc synthesis.
The FL condition promoted the expression of three

ACTIVITY OF BC1 COMPLEX KINASE genes (Fig. 5)
encoding ABC1K1, ABC1K5, and ABC1K6, all of which
are localized in plastoglobuli. ABC1K1 phosphorylates
tocopherol cyclase VITAMIN E1 (VTE1) in plastoglo-
buli (Martinis et al., 2014). In parallel, two FATTY ACID
DESATURASE genes, FAD4 and FAD8, were also up-
regulated in all samples (Fig. 5). In chloroplasts, FAD4
provides trans-D3-hexadecenoic acid (trans-16:1) for
phosphatidylglycerol (PG) and FAD8 synthesizes
a-linolenic acid (18:3 v-3) for all glycerolipids but es-
pecially PG (Román et al., 2015). When liberated from
membrane lipids, a-linolenic acid can be converted to
12-oxophytodienoic acid and jasmonic acid (JA), both
of which can elicit defense responses in plants. The
products of three MES (METHYL ESTERASE) genes,
which were up-regulated under FL (Fig. 5), can deme-
thylate methyl jasmonate (MeJA; MES16), methyl in-
dole-3-acetic acid (MES16 andMES18), and p-nitrophenyl
acetate (MES8) in vitro. In vivo, MES16 demethylates Chl
catabolites (Christ et al., 2012).
Concomitant with the accumulation of antioxidants

(Fig. 3, D and E; Supplemental Table S1), two pyridoxine
(vitamin B6) biosynthetic genes, PDX1.1 (PYRIDOXAL-
59-PHOSPHATE SYNTHASE1.1) and PDX1L4 (PDX1-
LIKE4), were up-regulated in leaves under FL (Fig. 5).
Pyridoxal 59-phosphate (the active form of pyridoxine) is
a cofactor of various enzymatic reactions, including
photorespiratory Gly decarboxylation and the last step
of Cys biosynthesis needed for the formation of

glutathione, protein disulfide bonds, and iron-sulfur
proteins. Pyridoxine and its derivatives are also able to
scavenge 1O2. All FL samples showed more than 4-fold
up-regulation of GPX7 (Fig. 5). Plant GPX catalyzes the
reduction of H2O2 and lipid hydroperoxide to water and
alcohol, respectively, using reducedTRXor glutathione as
an e2 donor. Arabidopsis has two chloroplast GPX iso-
forms, GPX1 and GPX7, which play partially redundant
roles in photooxidative stress (Chang et al., 2009).
BLUE-LIGHT INHIBITOR OF CRYPTOCHROMES1

(BIC1; Fig. 5) encodes a protein that inhibits light-
induced dimerization and activation of the blue light
and UV-A receptors cryptochromes (CRYs). In the nu-
cleus, CRYs interact with COP1 (CONSTITUTIVE
PHOTOMORPHOGENESIS 1)/SPA1 (SUPPRESSOR
OF PHYTOCHROMEA-105) ubiquitin ligase to suppress
COP1-dependent degradation of light response-related
transcription factors HY5 (LONG HYPOCOTYL5) and
HYH (HY5 HOMOLOG). Heterodimers or homodimers
ofHY5 andHYH then bind to cis-actingDNAelements to
regulate the transcription of photomorphogenic and light-
responsive genes, including BIC1 and BIC2 (Wang et al.,
2017). The FL samples had higher transcript levels ofHYH
(Fig. 5), which is functionally similar to, but not identical
with,HY5 (Brown and Jenkins, 2008). Conversely, a B box
transcription factor gene, BBX17, was down-regulated in
all samples in the FL condition (Fig. 5). Some members of
the BBX family proteins interact with COP1, HY5, and
HYH to regulate photomorphogenesis, while others are
associated with flowering control and stress responses
(Gangappa and Botto, 2014).
The DE genes in Figure 5 suggest adjustments of

various cellular processes during long-term acclimation
to the FL condition. Yet, these are only a small fraction

Figure 4. Comparison of transcriptomic
responses of Young and Mature leaves in
MO and at EOD after 3 d in the FL condi-
tion. Genes were regarded as DE genes
when their fold change (FL/CL) valueswere
$ 1.3 or # 0.7. A, The number of up- and
down-regulated genes. B, Pairwise com-
parisons of DE genes between Young and
Mature leaves at the same time points (top)
or between MO and EOD in the same
leaves (bottom). C, Venn diagram illus-
trating the overlaps of DE genes in the four
samples.
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of the DE genes identified under FL (Fig. 4C). In the
following sections, we explore genes that were signifi-
cantly up- or down-regulated in not all but some of the
FL samples (but always with statistical significance
based on the biological replicates), focusing on highly
up-regulated genes (FL/CL $ 4) and genes that are
related to photosynthesis and pigment metabolism.

Highly Up-Regulated Genes under FL

Fewer than 30 genes were up-regulated by 4-fold
or greater in anyof the FL samples onday 3 (Supplemental
Fig. S2). Since some of these genes were associated
with biotic stress responses, we checked their expression
in publicly available Arabidopsis leaf transcriptome

Figure 5. Genes that were differentially expressed in all samples between FL and CL on day 3.
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data sets studying biotic stress and hormone responses.
Nine genes, which were highly up-regulated under
FL but not found in the public data sets, are listed in
Supplemental Table S4.
The expression patterns of our highly up-regulated

genes revealed a clear contrast between Young and
Mature leaves in terms of their responses to biotic stress
and hormone treatments (Supplemental Fig. S4). About
half of the genes, which were highly up-regulated in
Young leaves under FL (the first three columns from the
left; Supplemental Fig. S4, A and B), were also strongly
induced in systemic (nontreated) leaves 2 d after inoc-
ulation with Pseudomonas syringae pv maculicola (Psm;
SAR 48 h; the fourth column) and in the constitutive
SAR mutant cpr5 (constitutive expressor of pathogenesis
related genes5; the fifth column). The highly up-
regulated genes of Mature leaves (Supplemental Fig.
S4, C and D), on the other hand, did not respond to
SAR. To evaluate the similarity of gene expression, a
mean fold change of the highly up-regulated genes was
calculated for each data set (i.e. for each column of
Supplemental Fig. S4) and summarized in Figure 6. The
SAR 48 h and cpr5/Col data sets had very high mean
fold change values (greater than 10- or 20-fold) for the
highly up-regulated genes of Young leaves. While high
mean values (greater than 4-fold) were also found for
the genes of Young-EOD in the JA-dependent response
to Psm (Col/coi1 [coronate insensitive1]) and the SA 2-h or
MeJA 3-h treatment, these were attributable to very
strong up-regulation of a few genes (Supplemental Fig.
S4B).
Since SA is a major endogenous signal for SAR in-

duction and since SA accumulation is also associated
with plastid-to-nucleus retrograde signaling viaMEcPP
or b-cyclocitral (Xiao et al., 2012; Lv et al., 2015), we
analyzed SA contents in leaves on day 3. Low levels of
SA and SA glucosides were detected under both FL and
CL conditions, with twice as much SA found in Young
leaves as in Mature leaves (Supplemental Fig. S5, A and
B). In contrast to the responses of SAR-like genes in
Young leaves, however, the levels of SA and SA glu-
cosides were unchanged or even reduced under FL.

Pipecolic acid (Pip), an L-Lys-derived nonprotein amino
acid (Hartmann et al., 2017), is another SAR regulatory
metabolite that accumulates in response to pathogen
inoculation (Návarová et al., 2012). Unlike in the case of
SA, FL tended to promote Pip accumulation in both
Young and Mature leaves but especially the latter
(Supplemental Fig. S5C). The levels of JA were below
the detection limit in all samples.

Differentially Regulated Genes in Photoprotection,
Photosynthesis, and Photorespiration

As shown by the enrichment of photosynthesis and
chloroplast components in the DE genes (Supplemental
Tables S2 and S3), a large number of photoprotective,
photosynthetic, and photorespiratory genes were
responding to FL in different samples (Fig. 7). Most of
these genes were up-regulated under FL, with the ex-
ception of LHCBs and a gene for a 5-kD PSII protein,
which were down-regulated in Young-EOD. All but
Young-EOD had increased transcript levels of PSBS
and KEA1 (K+ EFFLUX ANTIPORTER1), which en-
codes a K+/H+ antiporter in the chloroplast inner en-
velop. As for the thylakoid-localized KEA3, gene
expression was enhanced in Mature leaves at both time
points (Fig. 7). Up-regulation under FL was also found
for ELIP1 and ELIP2 especially in MO.
As the decrease in linear e2 transport and increase in

NPQ were detected in the FL plants (Fig. 2, B and C),
genes related to CEF underwent concomitant up-
regulation in Mature-EOD (Fig. 7). Many genes as-
sociated with NADPH dehydrogenase (NDH)-like
complex were up-regulated in concert, together with
LHCA5 and LHCA6, which are needed for the forma-
tion of the NDH-PSI supercomplex. Also, components
of the other CEF pathway (PGR5 [PROTON GRADI-
ENT REGULATION5], PGRL1A [PGR5-LIKE1A], and
PGRL1B) showed increased gene expression inMature-
EOD. Up-regulated in Mature-EOD were also the
Rieske iron-sulfur protein gene PETC (PHOTOSYN-
THETIC ELECTRON TRANSFER C) and PETM of Cyt

Figure 6. Mean fold change values of the highly up-regulated genes (FL/CL$ 4) in publicly available Arabidopsis transcriptome
data sets studying biotic stress and hormone responses. The numbers in the cells are color coded from black (little change or
down-regulation) to red (strong up-regulation). The fold change values of individual genes are shown in Supplemental Figure S4.
The treatments are as follows: SAR 48 h, systemic (nontreated) leaves of the wild-type Col-0 plants 2 d after inoculation with Psm
(Pseudomonas syringae pv. maculicola) versus mock; cpr5/Col, cpr5 (constitutive expressor of pathogenesis related gene5)
mutant versus Col; Psm 24 h, local (treated) leaves of Col-0 plants 1 d after inoculation with Psm versus mock; Col/sid2 (salicylic
acid induction deficient2), Col/coi1 (coronate insensitive1), or Col/ein2 (ethylene insensitive2), Col versus SA-deficient or JA- and
ethylene-insensitive mutants 1 d after inoculation with Psm; SA 2 h, 2 h after spraying with 1 mM SA versus mock; MeJA 3 h, 3 h
after treatment with 10 mM MeJA versus mock; H2O2 1 h, 1 h after application of 20 mM H2O2 versus mock; ABA (abscisic acid) 3
h, 3 h after treatment with 10 mM ABA versus mock; IAA (indole acetic acid) 3 h, 3 h after treatment with 1 mM IAA versus mock;
flg22 (22-mer peptide of the elicitor-active domain of bacterial flagellin) 4 h, 4 h after treatment with 1 mM flg22 versus mock.
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Figure 7. DE genes related to photoprotection, photosynthesis, and photorespiration. White cells indicate that data did not fulfill
the filtering criteria based on CPM, FDR, and the ratio between the FL and CL conditions (FL/CL). Genes that were differentially
expressed in three or four samples (i.e. three or four out of Young-MO, Young-EOD, Mature-MO, andMature-EOD) are written in
boldface.
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b6f, ATP synthase subunit genes ATPC1 and PIGMENT
DEFECTIVE334, as well as the assembly component
CONSERVED ONLY IN THE GREEN LINEAGE160
(Fig. 7). Furthermore, the FL treatment enhanced the
gene expression of STN7 and CHLOROPLAST SEN-
SOR KINASE, which, in response to the PQ pool re-
duction, facilitate balancing of PSII and PSI excitation
via LHCII phosphorylation and gene transcription.

The iron-sulfur protein FD mediates e2 transfer from
PSI to FD:NADP+ REDUCTASE (FNR), CEF, and var-
ious chloroplast redox and metabolic pathways. Both
minor (FD1) and major (FD2) leaf-type FD genes of
Arabidopsis were up-regulated under FL but at differ-
ent time points (Fig. 7). Furthermore, Mature-EOD had
increased expression of leaf FNR (FNR1 and FNR2), FD:
TRX REDUCTASE, and multiple chloroplast TRX
genes, including ATYPICAL CYS HIS RICH TRX4. The
stroma thylakoid-localized ATYPICAL CYS HIS RICH
TRX4, together with 2-Cys peroxiredoxin, transduces
oxidative signals to inactivate the first enzyme of starch
synthesis and thereby counteracts reductive activation
signals from other TRXs (Geigenberger et al., 2017). The
redox signals thus transduced are thought to fine-tune
the enzyme activity under FL conditions.

While Jmax and Vcmax did not change (Fig. 2D), genes
in the CBCmanifested parallel up-regulation in Mature
leaves after 3 d under FL. Starting from Rubisco
small subunits (RBCS) and Rubisco activase, all CBC
enzymes except triose phosphate isomerase are
found in Figure 7. Marked co-up-regulation under FL
was also seen for photorespiratory genes, including
GLUTAMINE:OXOGLUTARATE AMINOTRANSFER-
ASE, GLUTAMINE SYNTHETASE2, and its activator
ACT DOMAIN REPEATS11 for ammonia reassimila-
tion. Besides, three samples had increased transcript
levels of BCA1 and BCA4 (Fig. 7); BCA1 in chloroplasts
and BCA4 in the plasma membrane are thought to
coregulate intracellular [HCO3

2] and CO2-induced
guard cell movements (Hu et al., 2015).

Differentially Regulated Genes in Pigment and
Prenylquinone Metabolism

The overrepresentation of pigment metabolism in the
DE genes of Mature leaves (Supplemental Table S3)
prompted us to examine gene expression responses in
tetrapyrrole, carotenoid, and prenylquinone metabo-
lism. Six genes in the initial part of tetrapyrrole bio-
synthesis were up-regulated in Mature-EOD (Fig. 8),
including GLUTR1, which codes for redox-regulated
GLUTAMYL TRNA REDUCTASE at the first commit-
ted step of tetrapyrrole biosynthesis, and GLUTRBP,
which codes for thylakoid-localized GLUTR-BINDING
PROTEIN.

In the Chl biosynthetic pathway, NADPH:PROTO-
CHLOROPHYLLIDE OXIDOREDUCTASE A (PORA)
and PORB were strongly down-regulated in the
FL condition (Fig. 8). Arabidopsis has three POR iso-
zymes that catalyze light-dependent reduction of

protochlorophyllide to chlorophyllide a; PORA and
PORB are active during early stages of greening,
whereas PORB and PORC may maintain Chl in green
leaves (Frick et al., 2003;Masuda et al., 2003). In contrast
to PORA and PORB, PORC showed enhanced expres-
sion under FL in Mature-EOD, together with several
other genes in Chl biosynthesis, such as GENOMES
UNCOUPLED5, which encodes the H subunit of
Mg chelatase associated with retrograde signaling
(Mochizuki et al., 2001). Although the plants were
similarly green under FL and CL on day 3 (Figs. 1A and
3C), longer FL exposure reduces Chl contents (Alter
et al., 2012; Caliandro et al., 2013). In accordance, we
found concomitant up-regulation of the Chl breakdown
genes NON-YELLOW COLORING1, STAY-GREEN1,
CHLOROPHYLL DEPHYTYLASE1, PHYTYL ESTER
SYNTHASE1, RED CHLOROPHYLL CATABOLITE
REDUCTASE, TRANSLOCON AT THE INNER ENVE-
LOPEMEMBRANEOF CHLOROPLASTS55, andMES16
(Fig. 8).

FERROCHELATASE2 is involved in the synthesis of
heme-containing Cyt b6f. Since heme harbors redox-
active Fe, which can produce highly reactive hydroxyl
radicals from H2O2, accumulation of free heme should
be avoided. Chloroplast-localized HEME-BINDING
PROTEIN5 (HBP5) binds heme and interacts with
HEME OXYGENASE1 to regulate heme metabolism
(Lee et al., 2012). The three genes FERROCHELATASE2,
HBP5, and HEME OXYGENASE1 were up-regulated
together in Mature-EOD (Fig. 8). The MO samples, on
the other hand, had increased transcripts of HBP1 en-
coding a putative tetrapyrrole carrier protein found in
cytoplasm and around the nucleus.

Mature leaves showed concerted up-regulation of
genes in the MEP and carotenoid biosynthetic path-
ways, especially at EOD (Fig. 8). In Arabidopsis,
GERANYLGERANYL DIPHOSPHATE SYNTHASE11
supports the synthesis of carotenoids and isoprenoid
side chains of Chls, PQ, and tocopherols (Ruiz-Sola
et al., 2016). While Mature leaves had increased tran-
script levels of GERANYLGERANYL DIPHOSPHATE
SYNTHASE11 and several carotenogenic genes such as
ZEAXANTHIN EPOXIDASE (ZEP) and VDE in the
xanthophyll cycle, two B-CAROTENEHYDROXYLASE
genes, BCH1 and BCH2, were the only DE genes of this
pathway identified in Young leaves (Fig. 8). The two
BCH enzymes primarily catalyze hydroxylation of
b-carotene to produce zeaxanthin. With regard to
apocarotenoid metabolism, FL up-regulated B-CARO-
TENE ISOMERASE (DWARF27), CAROTENOID
CLEAVAGE DIOXYGENASE1 (CCD1), and CCD4
while repressing two genes in ABA and strigolactone
biosynthesis at EOD, namely, ABA DEFICIENT2 in
Young leaves and MORE AXILLARY BRANCHES1 in
Mature leaves.

All DE genes in prenylquinone biosynthesis were up-
regulated under FL, mostly in MO (Fig. 8). Enhanced
gene expression was found for TYROSINE AMINO-
TRANSFERASE1 and 4-HYDROXYPHENYLPYRUVATE
DIOXYGENASE, which are involved in homogentisate
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biosynthesis for PQ and tocopherols; SOLANESYL DI-
PHOSPHATE SYNTHASE1 (SPS1) and SPS2, which
provide isoprenoid side chains for ubiquinone and PQ;
and VTE1 and VTE4, which are involved in tocopherol
and plastochromanol biosynthesis. Increased accumu-
lation of a-tocopherol, reduced PQ (PQH2), and plas-
tochromanol, all of which can serve as antioxidants,
have been reported in Arabidopsis leaves under HL
(Dłu _zewska et al., 2015). We also found up-regulation
of two phylloquinone (vitamin K1) biosynthetic genes,
PHYLLO and ABERRANT CHLOROPLAST DEVEL-
OPMENT4, in Mature-EOD (Fig. 8). Inside PSI, phyl-
loquinone mediates e2 transfer from Chl A0 to the first
iron-sulfur cluster Fx.

Response of Cyclic Gene Expression to FL

The concomitant responses of functionally related DE
genes (Figs. 5, 7, and 8) point to their coregulation,
whereas the limited overlaps found between the DE
genes of Young and Mature leaves in MO and at EOD
(Fig. 4) indicate interactions between FL, leaf develop-
ment stage, and diurnal processes. In particular, the
distinct FL responses observed in MO and at EOD
(Fig. 4B) are suggestive of time of day-dependent
transcriptional regulation by the circadian clock, the
molecular timekeeper of the cell. Indeed, 38% to 50% of
our DE genes show light/dark cyclic expression in
leaves, and 42% to 58% are classified as circadian reg-
ulated, since they maintain cyclic expression in con-
tinuous light (light/light; Fig. 9A; see Supplemental
Data for DE cyclic genes). Interestingly, most of the
light/dark cyclic genes, which were up-regulated un-
der FL in MO, are morning genes in the light/dark
condition, peaking between dawn andmidday (Fig. 9B).
In clear contrast, those that were down-regulated under
FL in MO are evening genes. While the number of the
DE cyclic genes was too small to infer peak phase dis-
tribution in Young-EOD, the pattern in Mature-EOD
was similar to those found in MO, except that there
was an additional cluster of up-regulated evening
genes (Fig. 9B).

Seeing the opposite FL responses of morning and
evening genes, we examined the biological processes of
these genes. For this analysis, the DE genes peaking at
Zeitgeber time (ZT) 21 to ZT6 were grouped together as
morning genes and those peaking at ZT8 to ZT16 as
evening genes; ZT0 is defined as the timewhen the light
is turned on. Many DE cyclic genes are associated with
synthesis, modification, and degradation of RNAs and
proteins (Fig. 9C). Nearly all DEmorning genes in these
processes were up-regulated under FL, whereas the DE

evening genes were mostly down-regulated in MO and
up-regulated in Mature-EOD. Similar patterns were
also found for the genes in carbohydrate and secondary
metabolism or redox and signaling. The genes pre-
dominantly down-regulated under FL were growth-
related evening genes involved in processes such as
DNA synthesis and organization, cell division, and
development of cytoskeleton and cell wall (Fig. 9C), in
keeping with the overrepresentation of these processes in
the down-regulated genes of Young-MO (Supplemental
Table S3).

Changes in the expression of cyclic genes observed at
two particular time points could be caused by (1) al-
tered amplitude of oscillation or (2) a shift of peak ex-
pression time. To determine which of these scenarios
can explain the observation for FL, we analyzed day-
night (diel) expression of four DE cyclic genes
(LHCB1.2, CAT2, ELIP2, and GPX7) in Young and
Mature leaves on day 1 and day 3. Two highly
expressed genes in leaves, LHCB1.2 and CAT2, were
repressed or enhanced, respectively, under FL on both
days (Supplemental Fig. S6, A–D), confirming qualita-
tively the transcriptome data (Figs. 5 and 7). Their peak
expression time seemed to change slightly from day 1 to
day 3, but this was observed in both conditions. Two
stress-responsive genes, ELIP2 and GPX7, underwent
strong up-regulation under FL (Supplemental Fig. S6,
E–H), as shown by RNA-Seq (Figs. 5 and 7). While the
expression of ELIP2 declined from day 1 to day 3, it
remained high for GPX7. Together, these results sup-
port altered amplitude of cyclic gene expression
under FL.

Many components of the central clock oscillator were
among the DE cyclic genes under FL. Bothmorning and
evening component genes were up-regulated in their
respective phases, namely, Myb transcription factor
genes CCA1 (CIRCADIAN CLOCK ASSOCIATED1)
and LATE ELONGATED HYPOCOTYL in MO and
transcriptional repressor genes PRR7 (PSEUDO-
RESPONSE REGULATOR7), PRR5, PRR3, and TOC1
(TIMING OF CAB EXPRESSION1) together with ELF3
(EARLY FLOWERING3) and ELF4 at EOD (Supplemental
Figs. S6, I–L, and S7). Three samples had increased
transcript levels of the light- and stress-responsive gene
SIGMA FACTOR5 (SIG5), encoding a plastid RNA
polymerase subunit that regulates transcription of
the PSII D2 protein gene psbD. Although SIG5 is not a
component but an output of the clock, its cyclic gene
expression coordinates chloroplast transcription with
circadian regulation of nuclear transcription (Noordally
et al., 2013). We also found up-regulation of SIG4 in
Mature-EOD (Supplemental Fig. S7), in which many
genes of the NDH-like complex were concurrently

Figure 8. DE genes related to the metabolism of photosynthetic pigments and prenylquinones. White cells indicate that data did
not fulfill the filtering criteria based on CPM, FDR, and the ratio between the FL and CL conditions (FL/CL). Genes that were
differentially expressed in three or four samples (i.e. three or four out of Young-MO, Young-EOD, Mature-MO, and Mature-EOD)
are written in boldface.
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Figure 9. DE cyclic genes in the FL condition. A, The numbers of DE genes that are classified as cyclic in 12-h/12-h light/dark
conditions, in continuous light (circadian) conditions, and in both conditions. B, Peak phase distribution of the DE light/dark
cyclic genes in the four samples. The numbers of up- and down-regulated cyclic geneswere counted separately according to their
peaking time in 12-h/12-h light/dark conditions. Zeitgeber time zero (ZT0) is defined as the time when the light was turned on in
the climate chamber. Yellow bars denote the light period. C, Biological processes of the DE light/dark cyclic genes peaking at
ZT21 to ZT6 and ZT8 to ZT16. Energy metabolism includes glycolysis, citric acid cycle, and mitochondrial electron transport.
Cofactor and vitamin biosynthesis are included in secondarymetabolism. The data in C do not include genes that are not assigned
to any cellular processes.
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up-regulated (Fig. 7); SIG4 regulates transcription of
the plastid-encoded NDH-like complex gene ndhF.

Cis-Regulatory Elements Shared by FL-Responsive
Cyclic Genes

We then askedwhether these light/dark cyclic genes,
whose expression was changing in concert during the
FL treatment, shared conserved DNA sequence motifs
in promoter regions. Cis-element analysis was per-
formed by using ATCOECIS (Vandepoele et al., 2009).
The consensus sequences identified in the promoter
regions of these genes were identical with, or very
similar to, common plant cis-elements (Table 1): I box
(TCTTATC, complementary to GATAAGA), G box
(CACGTG), and Z box (ATACGTGT) associated with
light response, photosynthesis, and circadian regula-
tion; ACGT-containing hexamer (Hex; ACGTCA) and
the complementary TGA box (TGACGT), and E2F mo-
tifs (TTTCCCGC and the complementary GCGGGAAA)
involved in the regulation of cell cycle and DNA
replication. While these motifs typically appear in
gene coexpression analysis (Vandepoele et al., 2009),
their enrichment patterns differed between our
samples. The promoter regions of the DE light/dark
cyclic genes in all samples were enriched in I box-like
CTTATCC; MO in two G box variants (CACGTGGC
and CACGTGTA); Young leaves in a Z box-like

TACGTGGA; and Young-MO and Mature-EOD in
E2F-like motifs. The Hex and TGA box were over-
represented in all but Young-EOD (Table 1). The dis-
tinct motif enrichment patterns found in the four
samples add further support to the interactions be-
tween FL, leaf development stage, and time of day in
acclimatory regulation of gene expression.

DISCUSSION

FL Up-Regulates Genes for Protection against EL and
Photooxidative Stress

Under fluctuating irradiance, light reactions in
thylakoids respond almost instantaneously while the
rate of CO2 fixation changes more slowly, limited by
the activation state of enzymes, the availability of
CBC intermediates and ATP, or the slow response of
stomata (Pearcy, 1990; Kaiser et al., 2018b; Slattery
et al., 2018). When the light intensity drops from HL
to LL, assimilatory charge (Laisk et al., 1984), which
may be built up in C3 plants under HL, continues to
fuel the CBC in LL, resulting in a somewhat delayed
decline of CO2 uptake. Conversely, the slow response
of CO2 fixation upon LL-to-HL transition leads to EL
absorption and excess e2 that can be transferred to
oxygen to form 1O2 and superoxide, respectively.
Down-regulating PSII and linear e2 transport on the

Table 1. Consensus sequence motifs enriched in upstream regions of DE light/dark cyclic genes

The numbers show fold enrichment compared with the genome-wide occurrence. The percentage score gives the proportion of genes having the
motif in the gene set of each sample. The total number of the DE light/dark cyclic genes is indicated in parentheses after the sample name. The ACGT
core is underlined for ACGT-containing motifs. The International Union of Pure and Applied Chemistry nucleotide ambiguity codes are as follows:
M, A or C; N, A or C or G or T; R, A or G; Y, C or T. Dashes (–) denote no significant enrichment of the corresponding motifs.

Motif Young-MO (497 Genes) Young-EOD (108 Genes) Mature-MO (414 Genes) Mature-EOD (914 Genes)

I box-like
CTTATCCN 2.29 (3%) 4.31 (6%) 3.23 (5%) 2.71 (4%)

ACGT-containing
G box

CACGTGGC 2.36 (8%) – 2.53 (8%) –
MCACGTGGC 2.33 (6%) – 2.35 (6%) –
CACGTGTA 2.05 (6%) – 2.13 (6%) –

G box- or Z box-like
RYACGTGGYR 2.17 (5%) – 2.40 (6%) –
YACGTGGC 2.14 (10%) – 2.05 (10%) –

Z box-like
TACGTGGA 2.04 (3%) 3.83 (6%) – –

Hex, TGA box
TGACGTGGC 2.53 (3%) – 2.32 (3%) 2.75 (4%)
TGACGTGG 2.50 (7%) – 2.33 (7%) 2.15 (6%)
GACGTGGC 2.65 (5%) – 2.69 (5%) 2.33 (5%)
GATGAYRTGG 2.43 (3%) – 2.30 (3%) –
GCCACGTN 3.42 (4%) – 3.74 (5%) 2.63 (3%)
CCACGTCA 2.50 (7%) – 2.33 (7%) 2.15 (6%)
CCACGTCATC 3.39 (2%) – – 2.58 (2%)

E2F
TYTCCCGCC 3.06 (3%) – – 2.06 (2%)
NCCCGCCA 7.80 (3%) – – 4.51 (2%)
GCGGGAAN 6.87 (4%) – – 3.91 (3%)
GGCGNNAA 2.83 (7%) – – 2.05 (5%)

1646 Plant Physiol. Vol. 179, 2019

Transcriptomic Reprogramming in Fluctuating Light



one hand and scavenging excess e2 and ROS on the
other hand are essential to mitigate photooxidative
damage in such conditions.
Leaves of rainforest understory plants rapidly induce

NPQ and accumulate zeaxanthin during sunflecks
(Logan et al., 1997; Watling et al., 1997b). In the long
term, frequent sunfleck exposure leads to pool size
enlargement of the xanthophyll cycle pigments (Logan
et al., 1997). Likewise, FL regimes, which are similar to
the FL condition in this study, enhance photoprotective
capacities in Arabidopsis leaves, as manifested by a
parallel increase in the maximal NPQ, the pool size of
the xanthophyll cycle pigments, and PSBS protein
content (Alter et al., 2012; Caliandro et al., 2013). In
Young and Mature leaves of this study, PSBS, BCH1,
and BCH2were up-regulated (Figs. 7 and 8), which can
positively affect NPQ and the xanthophyll cycle pool
size (Davison et al., 2002; Li et al., 2002). In addition,
Mature-EODhad increased gene expression ofZEP and
VDE (Fig. 7). It has been reported that tobacco (Nicoti-
ana tabacum) plants co-overexpressing PSBS, ZEP, and
VDE achieved higher CO2 assimilation under FL and
;15% more dry matter production in the field than the
wild type (Kromdijk et al., 2016). The improved per-
formance of the transgenic plants was ascribed to their
ability to quickly adjust the levels of zeaxanthin and
NPQ under FL (Kromdijk et al., 2016), since slow NPQ
relaxation following HL-to-LL transition is predicted to
cause losses in carbon gain (Zhu et al., 2004). Rapid
NPQ relaxation may also be facilitated by the thylakoid
H+/K+ antiporter KEA3 (Fig. 7), which releases H+

from the lumen and thereby dissipates DpH to deacti-
vate PSBS and VDE (thus NPQ) while increasing the
contribution of the electric component of proton motive
force for ATP synthesis (Armbruster et al., 2014, 2016).
Concomitant up-regulation of these genes (Figs. 5 and
7) is in accordance with the necessity for efficient NPQ
regulation under FL.
Notably, our results revealed increased gene ex-

pression of both NDH- and PGR5-dependent CEF
pathway components under FL, especially in Mature
leaves (Fig. 7). The PGR5-dependent CEF protects PSI
against excess e2 by alleviating the acceptor side limi-
tation and contributing to DpH formation, which then
down-regulates e2 transport at PSII and Cyt b6f
(Munekage et al., 2002; Kono and Terashima, 2016;
Suorsa et al., 2016). The ability to thus adjust e2 flows is
critical in fluctuating conditions, as demonstrated by
PSI photoinhibition and ultimate death of the pgr5
mutant under FL (Munekage et al., 2002; Suorsa et al.,
2012, 2016; Kono and Terashima, 2016). In comparison,
NDH mutants (crr4-3 and ndho) show only mild
symptoms, and their growth is hardly affected in CL or
FL (Suorsa et al., 2012, 2016). Hence, the contribution of
the NDH-dependent CEF is considered minor in C3
plants under FL (Kono et al., 2014; Kono and
Terashima, 2016; Suorsa et al., 2016). Nevertheless, the
marked co-up-regulation of SIG4 (Supplemental Fig.
S7) and NDH-like complex genes in Mature-EOD
(Fig. 7), including all genes of nucleus-encoded

subunits and protein factors except NDHS (or
CRR31), argues for a role of this complex in FL accli-
mation. Photooxidative stress and H2O2 were shown to
induce transcription of plastid-encoded NDH complex
genes in barley (Hordeum vulgare) leaves (Martín et al.,
1996; Casano et al., 2001). Also, increased NDH-
dependent CEF was measured in Arabidopsis mu-
tants (Strand et al., 2015), which produce high levels of
H2O2 in leaves due to chloroplast FBPASE deficiency
(hcef1; Livingston et al., 2010) or ectopic expression of
photorespiratory GOX1 in chloroplasts (Fahnenstich
et al., 2008). Accordingly, differential regulation of
two CEF pathways has been proposed: the PGR5-
dependent pathway regulated by redox change and
the NDH-dependent pathway responding to H2O2 ac-
cumulation (Strand et al., 2016). The results of this
study support the engagement of both pathways in
long-term acclimation to the FL condition.
The ectopically expressed GOX1 oxidizes glycolate to

glyoxylate in the light and thereby produces H2O2 in
chloroplasts (Fahnenstich et al., 2008). As a result, the
mutants develop small rosettes with patchy pale-green
leaves under photorespiratory LL conditions and
bleach under HL. Yet, this pale-green phenotype dis-
appears when the mutants are grown under FL
(Matsubara et al., 2016), suggesting an interplay be-
tween FL acclimation and H2O2 scavenging and/or
signaling. Reinforcement of H2O2 detoxification under
FL, as indicated by the up-regulation of GPX7 and
CAT2 (Fig. 5; Supplemental Fig. S6) and the larger pool
of ascorbate (Supplemental Table S1), may help the
mutants keep H2O2 under control.
The expression of GPX7 can be induced by HL, UV,

and blue light via transcription factors HY5 and HYH
downstream of photoreceptors UVR8 (UV-B-RESIS-
TANCE8) and CRY1 (Kleine et al., 2007; Lee et al., 2007;
Brown and Jenkins, 2008). These light signaling path-
ways also affect the expression of other stress-
responsive genes we found in FL, such as ELIPs,
LHCB7, SIG5, and PDX (Kleine et al., 2007; Brown and
Jenkins, 2008; Onda et al., 2008). The up-regulation of
HYH and BIC1 (Fig. 5) may imply a role of blue light in
acclimation to the FL condition. In fact, the Arabidopsis
cry1mutant is sensitive to HL (Kleine et al., 2007), and a
role of CRY1 in LHCB down-regulation (Ruckle et al.,
2007) and 1O2-dependent programmed cell death
(Danon et al., 2006) has been proposed. The mecha-
nisms by which CRY1 controls acclimation to EL and
photooxidative stress are not yet understood.

Why Do Plants Up-Regulate CBC and Photorespiratory
Genes under FL?

Given that limitation to CO2 assimilation exacerbates
EL and ROS production, photooxidative stress could be
alleviated by removing limitations in the CBC. The up-
regulation of CBC genes under FL (Fig. 7) is in line with
this notion. Of the three genes (CP12-2, FBA1, and
SBPASE) that were up-regulated in all FL samples
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(Fig. 5), FBA, SBPASE, or both, when overexpressed,
have been shown to increase CO2 assimilation in to-
bacco and Arabidopsis leaves, consistent with the
control of these enzymes over the CBC activity
(Lefebvre et al., 2005; Uematsu et al., 2012; Simkin et al.,
2015, 2017). Despite the up-regulation of these genes,
however, Young and Mature leaves had lower ETR
(Fig. 2B) and less Suc and starch under FL (Fig. 3, A and
B). Furthermore, the maximal rates of RuBP regenera-
tion and Rubisco carboxylation were unchanged in
Mature leaves after 3 d under FL (Fig. 2D). This agrees
with the report that nongrowing mature leaves of Col-0
plants did not up-regulate the CO2 fixation capacity
during long-term acclimation to HL (Athanasiou et al.,
2010), whereas leaves grown in HL do (Vialet-
Chabrand et al., 2017). Importantly, leaves of Col-0
did not increase the CO2 fixation capacity when
grown under FL conditions (Vialet-Chabrand et al.,
2017), suggesting limited efficacy of FL to trigger
acclimatory enhancement of CO2 assimilation. The
previous studies in rainforest species also provided
little or no evidence for enhancement of the area-based
photosynthetic capacity in plants grown under FL
(Watling et al., 1997a; Leakey et al., 2002). The dis-
crepancy between the responses of CBC gene ex-
pression (Fig. 7) and CO2 fixation (Fig. 2D) found in
Mature leaves after 3 d in the FL condition may be
explained by translational or posttranslational regulation
(Kawaguchi et al., 2004; Schürmann and Buchanan, 2008;
Zaffagnini et al., 2012; Pal et al., 2013; Oelze et al., 2014;
Geigenberger et al., 2017). It is also possible that the
maximum photosynthesis rate, which is measured at
steady state, is not a good indicator of FL acclimation.
Under FL, plantsmay adjust other traits, such as enzyme
activation (Yamori et al., 2012) or energy storage during
transient HL (Laisk et al., 1984).

While up-regulation of photosynthetic genes was
more pronounced in Mature leaves, the expression of
photorespiratory genes was similarly up-regulated in
both Young and Mature leaves (Fig. 7). Photorespira-
tion protects photosynthesis against photoinhibition by
recycling the carbon of glycollate-2-phosphate and by
serving as a sink for ATP and reduced FD (Osmond and
Grace, 1995; Wingler et al., 2000; Takahashi et al., 2007).
In addition, Gly, which is synthesized in the photo-
respiratory pathway, supports glutathione accumula-
tion in leaves (Noctor et al., 1999). The balance between
RuBP carboxylation and oxygenation shifts toward the
latter as [CO2] in the chloroplast stroma declines. Since
stomatal conductance respondsmuchmore slowly than
photochemical and biochemical reactions of photo-
synthesis upon LL-to-HL transition, the [CO2] inside
the leaf transiently drops under FL conditions (Vialet-
Chabrand et al., 2017) to promote photorespiration
(Huang et al., 2015). Parallel up-regulation of photo-
respiratory genes alongwith BCA1 and BCA4 (Fig. 7) is in
agreement with increased photorespiration under FL.

Leaves grown under FL had lower levels of Gly, Ser,
and glyoxylate (Supplemental Fig. S1; Supplemental
Table S1), three photorespiratory metabolites that are

implicated in feedback regulation of photorespiratory
gene expression and RuBP supply (Wingler et al., 2000;
Timm et al., 2016). Only glycerate, which inhibits
SBPASE and FBPASE in the RuBP regeneration phase
of the CBC (Schimkat et al., 1990), showed 40% or 70%
increase under FL (Supplemental Table S1). The regu-
lation of SBPASE and FBPASE activities by redox and
glycerate (Schimkat et al., 1990; Schürmann and
Buchanan, 2008), along with ROS-induced modifications
of redox-regulated CBC enzymes (Zaffagnini et al., 2012),
may attune metabolic flux in the CBC and photo-
respiratory pathway under photooxidative FL conditions.

FL Alters Gene Expression in Pigment and
Prenylquinone Metabolism

Consistent with the decline in LHCB gene expression
(Fig. 7; Supplemental Fig. S6, A and B) and Chl content
during long-term FL exposure (Alter et al., 2012;
Caliandro et al., 2013), we found down-regulation of
PORA and PORB and up-regulation of Chl breakdown
genes (Fig. 8). Phytol is released during Chl degrada-
tion to be recycled as the side chain of tocopherols or
esterified to fatty acids in plastoglobuli (Ischebeck et al.,
2006; Lippold et al., 2012; vom Dorp et al., 2015). Ma-
ture leaves grown under FL showed 70% or 170% in-
crease in phytol on day 7 (Supplemental Table S1), and
both Young and Mature leaves showed up-regulation
of tocopherol biosynthetic genes on day 3 (Fig. 8), albeit
not VTE5 and VTE6 encoding phytol kinase and
phytyl-phosphate kinase, which mediate the phytol
recycling (Valentin et al., 2006; vom Dorp et al., 2015).
The parallel up-regulation of genes involved in Chl
breakdown, prenylquinone and carotenoid biosynthe-
sis, as well as ABC1Ks (Figs. 5 and 8) is indicative of
increased metabolism and exchange of pigments and
prenyllipids in thylakoids and plastoglobuli under FL.

Mature leaves of the FL plants also accumulated
greater amounts of polyunsaturated fatty acids at EOD
(Supplemental Table S1), and all FL samples had in-
creased transcript levels of FAD8 and FAD4 (Fig. 5) for
synthesis of 18:3 v-3 and trans-16:1, especially for PG
(Román et al., 2015). Unsaturated fatty acids are prone
to peroxidation by ROS. In the lipid bilayer or bound to
photosynthetic protein complexes, some unsaturated
fatty acids may be oxidized in the FL condition. Tightly
bound PG molecules are found in both PSI and PSII
cores (Umena et al., 2011; Mazor et al., 2017) and in the
monomer-monomer interface of LHCII trimers (Liu
et al., 2004). Bound in these complexes are also Chls
and carotenoids. Continuous turnover of Chl a and
b-carotene, presumably as part of the PSII D1 repair
cycle (Baena-González and Aro, 2002), has been
reported in Arabidopsis leaves (Beisel et al., 2010, 2011).
The increased expression of Chl and carotenoid bio-
synthetic genes in Mature leaves (Fig. 8), despite the
decline in LHCB expression and Chl content, may re-
flect high turnover of these pigments in photooxidative
FL conditions. It is noteworthy that PORC, the only
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POR gene that was up-regulated in Mature-EOD under
FL (Fig. 8), is HL inducible, and seedlings of a PORC-
deficient Arabidopsis mutant accumulate less than 50%
of the wild-type Chl level when grown in HL (Masuda
et al., 2003). The contrasting FL responses of three POR
genes suggest separate regulation of Chl biosynthesis
for light harvesting and damage repair.
Compared with the pathways of Chl catabolism and

recycling, much less is known about the fate of carote-
noids. Oxidation of carotenoids produces various
apocarotenoids, including reactive electrophile species
(e.g. b-cyclocitral), which react with redox-active com-
pounds, especially thiols, to affect redox signaling and
gene transcription (Ramel et al., 2012; Havaux, 2014).
Although contributions of nonenzymatic and enzy-
matic carotenoid cleavage are not yet clarified in leaves,
our FL samples showed up-regulation of CCD1 and
CCD4 (Fig. 8). Cleavage by CCD4 is specific to the 9,10
(99,109) double bond of cyclic all-trans-carotenoids and
apocarotenoids (Lätari et al., 2015; Bruno et al., 2016).
All photosynthetic carotenoids, except 9ʹ-cis-neoxanthin,
are potential substrates of CCD4. The cytosolic CCD1
(Auldridge et al., 2006) may then remove oxidation
products (nonenzymatic or enzymatic) of carotenoids,
since it can cleave a range of cyclic and acyclic carote-
noids and apocarotenoids at different positions of the
double bond (Schmidt et al., 2006; Vogel et al., 2008).
During leaf senescence, b-carotene, lutein, and viola-
xanthin are retained (Biswal, 1995) or cleaved by CCD4
(Rottet et al., 2016) in plastoglobuli. Also in non-
senescent leaves, CCD4-dependent cleavage of all-
trans-xanthophylls has been detected (Lätari et al.,
2015). To what extent pigment and lipid turnover con-
tributes tomaintenance and acclimation of thylakoids is
a question worth investigating in the future.

How Is Global Reprograming of Gene Expression
Coordinated during FL Acclimation?

The persistent oscillation of DE cyclic genes follow-
ing the transfer from CL to FL (Supplemental Fig. S6)
demonstrates a fundamental role of diel programs in
organizing acclimatory adjustment of gene expression
in leaves. Circadian regulation of gene expression is
integral to plant stress responses, such as low temper-
ature, UV-B, ROS, and pathogens (Dong et al., 2011;
Fehér et al., 2011; Wang et al., 2011; Lai et al., 2012;
Takeuchi et al., 2014). Due to rhythmic gene expression
in leaves, observations based on a single time point may
be biased toward genes and responses that are gated at
that specific time of day (Bieniawska et al., 2008). The
small overlaps found between our DE genes in MO and
at EOD (Fig. 4B) underline the necessity to study the
gene expression response at multiple times of day.
The plant circadian clock orchestrates gene tran-

scription and synchronizes biological processes with
recurring changes in environments (Farré, 2012; Hsu
and Harmer, 2014; Greenham and McClung, 2015).
Coexpression of photosynthetic genes from morning to

midday is a well-known example of clock regulation
operating at the transcriptional level (Harmer et al.,
2000). The contrasting but coordinated FL responses
of morning and evening genes, as found in Figure 9,
invite a question about coadjustment mechanisms of
cyclic gene expression during acclimation. The overrep-
resentation of G and Z box-like motifs in the promoter
regions of the DE light/dark cyclic genes inMO (Table 1)
corresponds to the enrichment of light stimuli and chlo-
roplast components in the DE genes (Supplemental
Tables S2 and S3). The role of these motifs is well
established for light-dependent regulation of RBCS
and LHCB promoters in combination with I box or I
box-like GATA element (Argüello-Astorga and Herrera-
Estrella, 1998). A large number of G and Z box elements
are targeted by HY5 and PHYTOCHROME INTER-
ACTING FACTOR3 downstream of phytochromes,
CRYs, and UVR8 during photomorphogenesis and
UV-B response (Yadav et al., 2002; Jiao et al., 2007). In
principle, FL could modulate light-responsive gene
transcription via photoreceptors. We note, however,
that our list of DE genes includes only a small fraction
of genes having a G or Z box.
Combinatorial or competitive binding of multiple

transcription factors in neighboring DNA regions con-
fers context-dependent complex regulation of gene
transcription. In the case of LHCB1 promoters, for in-
stance, binding of the clock oscillator CCA1 to CCA1-
binding sites enhances adjacent G box binding of HY5,
and this interaction ismodulated by phosphorylation of
CCA1 and HY5 (Hardtke et al., 2000; Andronis et al.,
2008). Genes regulated by a G box typically exhibit
light/dark cyclic expression (Ezer et al., 2017), and
conversely, the G box motif is enriched in target DNA-
binding regions of clock components, CCA1, TOC1,
PRR5, PRR7, and PRR9 (Gendron et al., 2012; Huang
et al., 2012; Nakamichi et al., 2012; Liu et al., 2013, 2016;
Nagel et al., 2015), most of which were up-regulated in
the FL condition (Supplemental Fig. S7). Combinatorial
interplay is also well known for ABA-inducible gene
promoters having G box-like ACGTGGC together with
coupling elements (Shen and Ho, 1995) or auxin-
inducible soybean (Glycine max) GH3 promoter hav-
ing Hex/TGA boxes next to auxin-responsive elements
(Ulmasov et al., 1995). The TGA box TGACGT and Hex
CCACGTCA are similar (or complementary) to the
stress-induced unfolded protein response (UPR) element
TGACGTGR (R is for A or G) found in animal and plant
UPR genes (Martínez and Chrispeels, 2003; Oh et al.,
2003). In this study, the Hex/TGA box motifs were
overrepresented in the DE cyclic genes in MO and
Mature-EOD, whereas the canonical G box was enriched
only in MO (Table 1). This might imply that, during FL
acclimation, light signals predominantly act inMO, while
Hex/TGA-related signals impinge both in MO and at
EOD. Circadian gating of light signal transduction offers
another possible explanation for the overrepresentation of
the G box in the DE morning genes.
The results in Figure 9 and Table 1 also pointed to

parallel down-regulation of cell cycle-related evening
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genes having E2F motifs. The retinoblastoma/E2F
pathway controls cell cycle and DNA replication in
mammalian and plant cells (Stals and Inzé, 2001;
Trimarchi and Lees, 2002). The activation of E2F/DP
transcription factors, which control the entry to DNA
replication phase, is regulated by growth and stress
signals such as sugars and hormones (Stals and Inzé,
2001). Changes in these signals could alter the expres-
sion of E2F motif-containing cell cycle genes. Diel var-
iations of starch and hormone levels (Bläsing et al.,
2005; Nováková et al., 2005), supported by circadian
regulation of transcription in these pathways (Harmer
et al., 2000; Smith et al., 2004; Covington et al., 2008;
Michael et al., 2008a), may underlie cyclic expression of
cell cycle genes in leaves. Interestingly, Young leaves
down-regulated E2F motif-containing evening genes in
MO (Fig. 9, B and C; Table 1), when hypocotyl growth
exhibits a circadian peak in Arabidopsis (Nozue et al.,
2007). In contrast, down-regulation in Mature leaves
was more pronounced at EOD, when the expression of
these genes reaches the maximum in light/dark con-
ditions (Fig. 9, B and C). Since cell proliferation ceases at
an early stage of leaf development in Arabidopsis
(Andriankaja et al., 2012), the repression of cell cycle
genes found in Young and Mature leaves under the FL
condition may reflect endoreduplication rather than
cell division.

FL Induces SAR-Like Gene Expression in Young Leaves

Alongside the time of day-dependent adjustments of
gene expression, our results draw attention to the dis-
tinct gene expression responses in Young and Mature
leaves, especially at EOD (Fig. 4). Young leaves syn-
thesize cell components as they grow, whereas Mature
leaves mostly do maintenance in unchanging condi-
tions. In addition, long-term acclimation involves bio-
chemical and morphological alterations in Young
leaves, whereas Mature leaves must rely on the former.
Despite the similar phenotypic alterations found for
PSII (Fig. 2, A–C) andmetabolites (Fig. 3; Supplemental
Fig. S1), these leaves differ in acclimatory reprogram-
ming of gene expression.

Unexpectedly, we found FL-induced up-regulation
of SAR-like genes in Young leaves (Fig. 6; Supplemental
Fig. S4, A and B), which also had higher SA contents than
Mature leaves (Supplemental Fig. S5, A and B). While FL
did not enhance SA accumulation, it tended to increase
Pip (Supplemental Fig. S5C), even though the increase
was rather small compared with the levels seen after
pathogen inoculation (Návarová et al., 2012). The specific
patterns of SAR-like gene expression found in Young
leaves under FL (Fig. 6) might be explained by concerted
actions of Pip and SA (Bernsdorff et al., 2016). The SA-
dependent PR gene induction is mediated by NPR1
(NONEXPRESSOR OF PR GENES1), which moves from
the cytoplasm to the nucleus in a redox-dependent man-
ner (Mou et al., 2003). In the nucleus, NPR1 forms a
complex with TGA box-binding factors (Johnson et al.,

2003; Zhang et al., 2003). This pathway is constitutively
active in the cpr5 mutant, which accumulates large
amounts of SA (Bowling et al., 1997). Whether the FL-
induced SAR-like gene expression engages the NPR1-
dependent pathway is not known.

Marked SA accumulation has been reported in the
ceh1 (constitutively expressing hydroperoxide lyase1) mu-
tant, which exhibits up-regulation of ICS1 and other
stress-responsive genes, such as marker genes of SA,
JA, and UPR (Xiao et al., 2012; Walley et al., 2015;
Lemos et al., 2016). The mutation in ceh1 causes amino
acid substitution in the MEP pathway enzyme 1-
hydroxy-2-C-methyl-2-(E)-butenyl-4-diphosphate syn-
thase, resulting in accumulation of its substrate MEcPP.
Increased accumulation of MEcPP has been detected
in Arabidopsis leaves under HL or upon wounding,
which was accompanied by transcriptional activation
of stress-responsive genes (Xiao et al., 2012). Similarly,
the reactive electrophile species b-cyclocitral was
shown to up-regulate ICS1 to enhance SA accumulation
(Lv et al., 2015). Unlike ceh1 and b-cyclocitral treatment,
however, our FL condition neither up-regulated these
genes nor increased SA in leaves (Supplemental Fig.
S5A). Thus, the up-regulation of SAR-like genes found
in Young leaves (Fig. 6; Supplemental Fig. S4), but not
in Mature leaves, is distinct from the stress responses
triggered by MEcPP and b-cyclocitral. The differences
may be partly explained by the mild effects of our FL
treatment, which did not cause severe stress symptoms.

CONCLUSION

Acclimation to photooxidative FL conditions encom-
passes global reprogramming of gene expression in
Arabidopsis leaves, including genes for photoprotection,
photosynthesis, and photorespiration as well as pigment,
prenylquinone, and vitamin metabolism. Since many
genes undergo day/night cyclic expression in leaves,
long-term large-scale adjustment of gene expression
proceeds in the temporal framework defined by diel
and circadian programs. To identify acclimatory gene
modules and understand their regulatory networks,
also in combination with different abiotic and biotic
stress factors, remains a key research target to develop
strategies for improving plant performance in changing
environments.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

Seeds of Arabidopsis (Arabidopsis thaliana) Col-0 were sown on moist soil
(type Pikier; Balster Einheitserdewerk) and stratified at 5°C in the dark for 4 d
before being transferred to the climate chamber. The initial growth condition in
the climate chamber was a 12-h/12-h light/dark cycle with 23°C/18°C air
temperature at 60% relative air humidity. The intensity of photosynthetically
active radiation provided by fluorescent tubes (Fluora L36 W/77; Osram) was
;75 mmol photons m22 s21 (CL). After 2 weeks, seedlings were transferred to
pots (7 3 7 3 8 cm, one plant per pot) filled with soil (type ED 73; Balster
Einheitserdewerk). After 2 or 3 more weeks of cultivation in the CL condition,
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plants were divided into two groups. One groupwas kept in CLwhile the other
group was transferred to an FL condition in which 20-s pulses of ;1,000 mmol
photons m22 s21 were applied by a white LED (IP65; as-Schwabe) moving over
the plants every 5 min under the CL condition during the light period. The
duration and frequency of FL were controlled by the computer program as
described previously (Alter et al., 2012). Although the application of HL pulses
increased the average light intensity (;137 mmol photons m22 s21) under FL,
acclimatory responses of LL-grown Arabidopsis plants are essentially the same
regardless of whether HL pulses do or do not increase the average light in-
tensity under FL (Alter et al., 2012).

Chl Fluorescence Analysis

Chl fluorescence measurements were performed with Imaging-PAMMAXI
(Heinz Walz) at the end of the dark period on day 3. An area of interest was
selected inside Young and Mature leaves of three replicate plants (per condi-
tion) by avoiding the leaf margin. After measuring the Fv/Fm, actinic light was
applied by the blue LED of MAXI-PAM to obtain rapid light response curves of
ETR and NPQ. Light intensity was increased stepwise from 0 to ;1,075 mmol
photons m22 s21 with a dwell time of 20 s at each step. The Chl fluorescence
parameters were calculated as Fv/Fm = (Fm – F0)/Fm, NPQ = (Fm – F9m)/F9m,
and ETR = photosynthetically active radiation 3 0.84 3 0.5 3 (F9m – F)/F9m,
where Fm and F0 are the maximal and minimal fluorescence intensity of dark-
adapted leaves and F9m and F are the maximal and actual fluorescence intensity
of illuminated leaves.

Gas-Exchange Measurements

CO2-exchange rates were measured in mature leaves of five replicate plants
(per condition) on the morning of day 3 using an LI-6400XT with a red and blue
LED light source (LI-COR). Measurements were performed in the climate
chamber in which the CL and FL plants were growing (air temperature 23°C
and relative humidity 60%). The intensity of the LED was set to 800 mmol
photons m22 s21. Leaves were allowed to reach steady state under this light
intensity and 400 mL L21 CO2, which took 20 to 30 min. During this initial
stabilization, leaf temperature increased to 26°C or 26.5°C but did not change
further until the end of the measurement. The CO2 concentration inside the
measuring cuvette was adjusted stepwise with a dwell time of 4 to 5min at each
step (400, 250, 150, 100, 50, 400, 550, 700, 900, 1,100, 1,300, and 1,500 mL L21).
The A/Ci curves were analyzed according to Sharkey et al. (2007) to estimate
the Jmax and Vcmax.

Growth Analyses

Leaf growth analysiswas started at the onset of the FL andCL treatment (day
0). Projected rosette leaf area (Fig. 1B) was determined for each of the 45 and 42
plants of the FL and CL treatments, respectively, by using the GROWSCREEN-
FLUORO method (Jansen et al., 2009). Measurements were repeated daily at
around ZT4, when leaves were in almost horizontal positions. The mean rela-
tive growth rate (% d21) during the experimentwas calculated by fitting growth
curves to an exponential function and multiplying the growth factor by 100.

The aboveground part of 17 and 20 plants (for the FL and CL conditions,
respectively)was harvested at the endof the experiment (day 7) tomeasure fresh
anddryweights. Freshweightwasmeasured using an analytical balance (XS205
DualRange; Mettler-Toledo) immediately after excision. Dry weight was de-
termined after drying at 70°C until a constant mass was reached. Leaf mass per
area was then calculated for each plant based on the dry weight and the pro-
jected rosette leaf area measured on day 7.

Pigment Analysis

Leaf discs (56 mm2 from Young leaves and 100 mm2 from Mature leaves)
were taken from four replicate plants (per condition) in MO of day 3 under the
FL and CL conditions, immediately frozen in liquid N2, and stored at 280°C
until extraction. Photosynthetic pigments were extracted by grinding frozen
leaf discs in 1mL of acetone. The homogenate was centrifuged at 13,000 rpm for
5 min, and the supernatant was filtered (0.45-mm True Syringe Filter; Alltech
Associates) before an aliquot (20 mL) was injected into an HPLC system. Chls
and carotenoids were separated on an Allsphere ODS-1 column (5 mm; Alltech
Associates) by using the method described by Matsubara et al. (2005). Photo-
synthetic pigments were identified based on retention times and absorption

spectra recorded by a Waters 996 photodiode array detector. Peak areas were
integrated at 440 nm (Chl a and carotenoids) or 470 nm (Chl b) with Waters
Empower software to determine Chl contents per unit of leaf area and levels of
individual carotenoids relative to the total Chl.

Measurements of Suc and Starch

YoungandMature leaveswere harvested from four replicate plants (per time
point and per condition) in MO and at EOD of day 3 under the FL and CL
conditions. After measuring the fresh weight with an analytical balance (XS205
DualRange; Mettler-Toledo), leaves were shock frozen in liquid N2 and stored
at 280°C until extraction. Leaves were homogenized by using TissueLyser II
(Qiagen). Soluble sugars were extracted twice with 400 mL of 80% (v/v) ethanol
in 2 mM HEPES followed by twice with 400 mL of 50% (v/v) ethanol in 2 mM

HEPES, incubating each time for 15 min at 80°C. Soluble sugar contents were
determined by coupled enzymatic assay (Jones et al., 1977). Glc-6-P dehydro-
genase, Glc-6-P isomerase, and hexokinase were purchased from Roche Diag-
nostics and invertase from Carl Roth. Absorption changes at 340 nm, arising
from the reduction of NADP+ to NADPH, were measured with a Synergy 2
microplate reader (BioTek).

Thepellets fromsugar extractionwere resuspended in 500mLofwater before
autoclaving at 120°C and 0.1 MPa for 90 min. Starch was digested enzymati-
cally using a-amylase and amyloglucosidase (Roche Diagnostics). An aliquot
(100 mL) was taken from each sample, mixed with 400 mL of 50 mM sodium
acetate buffer (pH 4.9) containing the enzymes, and incubated at 37°C for 16 h
for starch digestion. Subsequently, soluble sugar (Glc) was measured as
described above.

Determination of Amino Acids and Pip

Young andMature leaves were harvested inMO and at EOD of day 3 under
the FL and CL conditions, frozen in liquid N2, and stored at 280°C until ex-
traction. Twelve leaves from six plants were pooled together for each of the
three or four biological replicates for analyses of amino acids and defense
hormones (Pip, SA, SA glucosides, and JA). Free amino acids were extracted
from 60mg of homogenized frozen leaf material in 500 mL of 25% acetonitrile in
0.01 M HCl. After adding 10 mL of heptylamine (2 mg mL21), the samples were
mixed thoroughly for 15 min at room temperature and centrifuged at
14,000 rpm for 4 min. The supernatant (100 mL) was taken, and amino acids
were extracted with the EZ:faast free amino acid analysis kit for gas
chromatography-mass spectrometry (GC-MS; Phenomenex) as specified in the
manufacturer’s instructions. Subsequently, the samples were dissolved in 70mL
of dichloromethane, and 3 mL was injected into the GC-MS apparatus (GC
7890A; Agilent Technologies). Amino acids were separated on a silica capillary
column (ZB-AAA, 10 m3 0.25 mm; Phenomenex). The GC-MS measurements
and amino acid quantification were performed as described by Návarová et al.
(2012). The method did not allow determination of Arg and Met.

Analysis of SA, SA Glucosides, and JA

For the analysis of SA, SA glucosides, and JA, 150 mg of the homogenized
frozen leaf material was taken from the samples described for amino acid
analysis. After adding 600 mL of preheated (70°C) extraction buffer (water:1-
propanol:HCl, 1:2:0.005), a mixture of D4-SA and dihydro-JA (3.33 ng mL21

each) was added to each sample as an internal standard. The samples were then
mixedwith 2mL of dichloromethane, and organic supernatants were separated
for the analysis of SA and JA, while pellets and inorganic supernatants were
collected for the extraction of SA glucosides. Water was removed from the or-
ganic supernatants by using Na2SO4. To remove solvent, vapor-phase extrac-
tion was conducted with Porapak-Q absorbent (VCT-1/4X3-POR-Q; Analytical
Research Systems). Metabolites were eluted from the collector trap with
dichloromethane, and the sample volume was reduced to 30 mL before storage
at 220°C.

For extraction of SA glucosides, 1 mL of 0.1 M HCl was added to the pellets
and inorganic supernatants before mixing with 30 mL of the internal standard
and heating to 100°C for 30 min. After cooling, dichloromethane (2 mL) was
added and organic and inorganic phases were separated. The organic phase
was dried three times with Na2SO4, and solvent was evaporated under an N2

gas stream. The extracts were methylated with dichloromethane (300 mL)
and methanol (60 mL). The vapor-phase extraction was performed as
described above.
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The sample mixture (4 mL) was injected into the GC-MS apparatus (GC
7890A; Agilent Technologies) and separated on a fused silica capillary column
(ZB-5MS, 30 m 3 0.25 mm; Zebron, Phenomenex). The separation was per-
formed as described by Mishina and Zeier (2006). The mass spectra were
recorded with a combined 5975C MS detector (Agilent Technologies) in the
electron ionization mode. Peak areas of ion chromatograms were integrated for
typical ions of the metabolites by using Agilent software.

Metabolic Profiling

For each of the six replicate samples (per time point and per condition),
Mature leaves (;500 mg) were harvested from six or seven plants on day 7,
pooled together, and immediately frozen in liquid N2. The frozen leaf samples
were sent to Metabolomic Discoveries for nontargeted profiling of metabolites.
The methods of sample extraction and derivatization, instrument settings, and
data analysis are as described by Lisec et al. (2006). The concentrations of me-
tabolites were normalized to the internal standards, and data were tested for
normality (Shapiro-Wilk test) and variance homogeneity (F test) using the ap-
propriate statistical tests (Student’s t test, Welch test, and Mann-Whitney test).
Relative changes in the FL samples compared with the corresponding CL
samples were then calculated for eachmetabolite. The changes were considered
significant at P , 0.05. Statistical analyses were performed using the software
JMP Genomics 5.1 (SAS Institute).

RNA-Seq Analysis

Young andMature leaveswere collected from three replicate plants (per time
point and per condition) on day 3. Leaves were immediately frozen in liquid N2

and stored at280°C until RNA extraction. Total RNAwas isolated by using the
RNeasy Plant Mini kit (Qiagen) according to the manufacturer’s instructions.
The RNA quality was checked in aliquots by running denaturing agarose gels.
Additional aliquots were taken and kept for RT-qPCR validation of RNA-Seq
results. The remaining total RNA extracts were frozen in liquid N2 and sent to
the Genomics Core Facilities of the EMBL for sequencing (Illumina HiSeq 2000;
50-bp paired-end reads). The complementary DNA (cDNA) library was pre-
pared from each RNA sample (i.e. each biological replicate) and individually
barcoded. Then all sampleswere pooled together and sequenced six times using
three different sequencing lanes (i.e. two technical repetitions per lane) to ac-
count for within-lane and between-lanes variability.

The initial quality check of RNA-Seq reads was performed using FastQC
V0.10.1 (https://www.bioinformatics.babraham.ac.uk/projects/fastqc; Schmieder
and Edwards, 2011). After reads were trimmed and technical sequences
(adapters, PCR primers, or fragments thereof) were removed by Trimmomatic
V0.30 (http://www.usadellab.org/cms/index.php?page=trimmomatic; Bolger
et al., 2014), data quality was checked again by FastQC. The Burrows-
Wheeler Alignment tool and BLAST were used for sequence alignment. Gene
annotation was based on the gene function descriptions AGI Locus TAIR10
(August 2012) of TAIR (https://www.arabidopsis.org). For the DE genes
shown in Figures 5, 7, and 8 and Supplemental Figure S4, annotation was
updated manually using the TAIR Web site.

For each gene in each biological replicate, a mean value was calculated from
the reads of six technical (sequencing) replicates. Differential gene expression
was analyzed between three biological replicates of the FL samples and the CL
samples by using edgeR V3.14.0 (Bioconductor; http://bioconductor.org;
Robinson et al., 2010; McCarthy et al., 2012). Data were excluded from further
analyses unless CPM . 3 and the differential expression was supported by
FDR , 0.01. Overrepresentation of Gene Ontology (GO) cellular components
and biological processes in the DE genes was analyzed using the PANTHER
classification system (http://www.geneontology.org/page/go-enrichment-
analysis; Mi et al., 2013).

RT-qPCR Analysis

For validation of RNA-Seq results, cDNAwas synthesized from 1mg of total
RNA (aliquots of the total RNA samples used for RNA-Seq) with the iScript
cDNA synthesis kit (Bio-Rad Laboratories) and diluted to 1:10 by water. The
RT-qPCR reactionswere performedwith the iCycler iQ real-time PCR detection
system (Bio-Rad) using iQ SYBR Green Supermix (Bio-Rad) and following the
manufacturer’s recommendations. Four genes (LHCB1.2, ELIP2, GPX7, and
PR2) were analyzed to cover a wide range of fold change. The transcript

abundance of the target genes was normalized to LCYE (LYCOPENE EPSILON
CYCLASE), which served as an endogenous reference in each sample.

For analysis of DE cyclic genes (LHCB1.2, CAT2, ELIP2, GPX7, CCA1, and
ELF3), Young and Mature leaves were harvested from three or four replicate
plants (per time point and per condition) at seven time points (ZT23, ZT1, ZT3,
ZT7, ZT11, ZT15, andZT19) during the light/dark cycle of day 1 and day 3. Leaf
samples were immediately frozen in liquid N2 and lyophilized. Total RNAwas
isolated by using the E.Z.N.A. Plant RNA kit (Omega Bio-tek) followed by
DNase treatment (Ambion TURBODNA-free kit; Fisher Scientific). Then cDNA
was prepared from 500 ng of total RNA using the iScript cDNA synthesis kit
(Bio-Rad) and diluted to 1:5 by water. The RT-qPCR was performed with
Mastercycler ep realplex 2 (Eppendorf) using Applied Biosystems SYBR Green
PCR Master Mix (Thermo Fisher Scientific) according to the user guide. Two
genes, LCYE and ISOPENTENYL PYROPHOSPHATE:DIMETHYLALLYL PY-
ROPHOSPHATE ISOPERASE2, served as endogenous references for gene ex-
pression analysis. Supplemental Table S5 shows the sequences of all primers
used in the RT-qPCR experiments.

Comparison with Public Arabidopsis Leaf
Transcriptome Data

The expression patterns of highly up-regulated genes (FL/CL $ 4) were
compared with public Arabidopsis microarray data sets studying biotic stress
and hormone responses as described by Gruner et al. (2013). The following data
sets were included in the comparison: systemic (nontreated) leaves of Col-0 2 d
after inoculation with Psm inducing SAR versus mock (SAR 48 h), cpr5mutant
versus Col (cpr5/Col), local (treated) leaves of Col-0 24 h after inoculation with
Psm versus mock (Psm 24 h), Col versus SA-deficient or JA- and ethylene-
insensitive mutants 24 h after inoculation with Psm (Col/sid2, Col/coi1, and
Col/ein2), 2 h after spraying with 1 mM SA versus mock (SA 2 h), 3 h after
treatment with 10 mM MeJA versus mock (MeJA 3 h), 1 h after application of
20mMH2O2 versusmock (H2O2 1 h), 3 h after treatment with 10 mMABA versus
mock (ABA 3 h), 3 h after treatment with 1 mM IAA versus mock (IAA 3 h), and
4 h after treatment with 1 mM 22-mer peptide of the elicitor-active domain of
bacterial flagellin versus mock (flg22 4 h). The sources of the public data sets are
described by Gruner et al. (2013). The FiRe Excel macro program (Garcion et al.,
2006) was used for data alignment.

Identification of Cyclic Genes

Cyclic geneswere identifiedwith theWeb-based tool Phaser (http://phaser.
mocklerlab.org; Mockler et al., 2007) by using our DE genes as queries. The
cyclic gene data sets of Bläsing et al. (2005) in a 12-h/12-h light/dark condition
and of Edwards et al. (2006) in a continuous light condition were used as ref-
erence for light/dark cyclic and circadian regulated genes, respectively. The
correlation cutoff was set to 0.8. Biological processes of the DE cyclic genes were
analyzed by MapMan version 3.5.1 (https://mapman.gabipd.org; Thimm
et al., 2004).

Cis-Element Analysis

Putative cis-regulatory elements were searched in promoter regions of the
DE cyclic genes using ATCOECIS (http://bioinformatics.psb.ugent.be/
ATCOECIS; Vandepoele et al., 2009). The motif search was restricted to 1,000-
bp upstream regions from the translation start site (or shorter if the adjacent
gene is located within this region). We considered only those motifs that ful-
filled the following four criteria: (1) the upstream regions were enriched in the
motif by more than 2-fold compared with the genome-wide occurrence; (2) the
enrichment is significant at P, 0.01; (3) themotif is shared by greater than 1% of
the DE light/dark cyclic genes in the sample; and (4) the motif satisfies the
above three criteria in more than one sample.

Statistical Analysis

For measurements of Chl fluorescence and growth as well as the contents of
sugar, pigments, and hormones, data were statistically analyzed by Student’s
t test. For metabolomic and RNA-Seq analyses, the statistical methods used are
described in the corresponding sections.
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Accession Numbers

Gene sequence data from this article canbe found in theTAIRdatabase under
the accession numbers listed in Supplemental Data (all DE genes). Raw RNA-
Seq data (288 files for 144 data sets) are available at the European Nucleotide
Archive (ENA) under the project ID PRJEB31094.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Levels of free amino acids in leaves after a 3-d
exposure to the FL or CL condition.

Supplemental Figure S2. Selection of fold change cutoff values for differ-
ential gene expression analysis between FL and CL.

Supplemental Figure S3. Validation of RNA-Seq fold change values by
RT-qPCR.

Supplemental Figure S4. Heat maps of the responses of highly up-
regulated genes to biological stress and hormone treatments.

Supplemental Figure S5. Accumulation of SA, SA glucosides, and Pip in
leaves on day 3 under the FL and CL conditions.

Supplemental Figure S6. Cyclic gene expression in leaves on day 1 and
day 3 under the FL and CL conditions.

Supplemental Figure S7. Differentially expressed cyclic genes associated
with the circadian clock.

Supplemental Table S1. Fold changes of metabolites in Mature leaves on
day 7.

Supplemental Table S2. Overrepresentation of GO cellular components
associated with up- and down-regulated genes under FL.

Supplemental Table S3. Overrepresentation of GO biological processes
associated with up- and down-regulated genes under FL.

Supplemental Table S4. List of highly up-regulated genes that were not
included in Figure 6 and Supplemental Figure S4.

Supplemental Table S5. List of primers used for the RT-qPCR
experiments.

Supplemental Data. Lists of DE genes under FL compared with CL.
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