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Leaf Variegation in the Rice zebra2 Mutant Is
Caused by Photoperiodic Accumulation of
Tetra-Cis-Lycopene and Singlet Oxygen

Su-Hyun Han, Yasuhito Sakuraba, Hee-Jong Koh, and Nam-Chon Paek*

In field conditions, the zebra2 (z2) mutant in rice (Oryza
sativa) produces leaves with transverse pale-green/yellow
stripes. It was recently reported that ZEBRA2 encodes
carotenoid isomerase (CRTISO) and that low levels of lu-
tein, an essential carotenoid for non-photochemical quen-
ching, cause leaf variegation in z2 mutants. However, we
found that the z2 mutant phenotype was completely sup-
pressed by growth under continuous light (CL; permis-
sive) conditions, with concentrations of chlorophyll, caro-
tenoids and chloroplast proteins at normal levels in z2
mutants under CL. In addition, three types of reactive oxy-
gen species (ROS; superoxide [O.], hydrogen peroxide
[H20,], and singlet oxygen ['0,]) accumulated to high lev-
els in z2 mutants grown under short-day conditions (SD;
alternate 10-h light/14-h dark; restrictive), but do not ac-
cumulate under CL conditions. However, the levels of lu-
tein and zeaxanthin in z2 leaves were much lower than
normal in both permissive CL and restrictive SD growth
conditions, indicating that deficiency of these two carote-
noids is not responsible for the leaf variegation phenotype.
We found that the CRTISO substrate tetra-cis-lycopene
accumulated during the dark periods under SD, but not
under CL conditions. Its accumulation was also positively
correlated with '0; levels generated during the light period,
which consequently altered the expression of 'Oares-
ponsive and cell death-related genes in the variegated z2
leaves. Taking these results together, we propose that the
z2 leaf variegation can be largely attributed to photoperi-
odic accumulation of tetra-cis-lycopene and generation of
excessive '0, under natural day-night conditions.

INTRODUCTION

Carotenoids are among the most abundant phytochemicals in
nature, and contain a C4 isoprenoid backbone with polyene
side chains. Carotenoids contribute to the yellow, orange, and
red colors of fruits, vegetables, flowers, and autumn leaves. In
all photosynthetic organisms, carotenoids play important roles
in harvesting light energy and also in protecting cells from the

harmful effects of high light intensity. In addition, carotenoids
are also important for human beings and animals because they
are involved in vitamin A activity (Rock, 1997), antioxidant activ-
ity (Hadley et al., 2002), and preservation of eye health (Fraser
and Bramley, 2004).

Carotenoids are essential in plants, both to increase the effi-
ciency of photosynthesis and to protect the photosynthetic ap-
paratus from the effects of excess light. Some carotenoids are
incorporated into the light-harvesting complexes (LHCs) to
transfer excitation energy to chlorophyll with a high efficiency
(Grossman et al., 1995). Three kinds of xanthophylls (anther-
axanthin, violaxanthin, and zeaxanthin) are involved in the xan-
thophyll cycle, which dissipates excess energy by non-photo-
chemical quenching (NPQ) in LHCs to avoid photo-oxidative
damage (Jahns and Holzwarth, 2011; Li et al., 2009; Muller et
al., 2001). Lutein also can quench the excitation energy gener-
ated from excited chlorophyll. Mutant analysis revealed that
lutein can compensate for the absence of zeaxanthin and allow
NPQ function (Li et al., 2009). In the reaction center of Photo-
system I, B-carotene is essential for deactivation of excited
singlet oxygen ('0,) generated by excess light irradiance
(Telfer, 2002).

During last two decades, the mechanisms of carotenoid me-
tabolism have been elucidated by identification of enzymes in
this pathway (Lu and Li, 2008). In higher plants, carotenoid
biosynthesis begins with the conversion of geranylgeranyl py-
rophosphate into 15-cis-phyotene by phyotene synthase (Giu-
liano et al., 1993). To synthesize lycopene, phytoene is dehy-
drogenated by two desaturases, phytoene desaturase and C-
carotene desaturase (Dong et al., 2007; Norris et al., 1995),
which introduce a series of four double bonds in a cis-confi-
guration. The cis-bonds are isomerized into all-trans-confor-
mations by carotenoid isomerase (CRTISO) (Isaacson et al.,
2002; Park et al., 2002) and Z-ISO (Chen et al., 2010; Li et al.,
2007). All-trans-lycopene is a branch point in the carotenoid
biosynthesis pathway. It is cycled by e-cyclase (LCYE) or B-
cyclase (LCYB) to form cyclic carotenes. LCYE plays a crucial
role in determining the ratio of o-carotene/B-carotene (Harjes et
al., 2008). Both a- and B-carotene are then subjected to a se-
ries of oxygenation reactions to produce lutein and xanthophylls,
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respectively. Further modifications of xanthophylls lead to pro-
duction of abscisic acid (Comish and Zeevaart, 1988; DellaPenna
and Pogson, 2006). In higher plants, the carotenoid species
derived from all-trans-lycopene are associated with photosys-
tem proteins (Grossman et al., 1995), and all-trans-lycopene by
itself is the most abundant carotenoid in tomato fruits (Isaacson
et al., 2002). Although the physiological and biochemical func-
tions of most carotenoids have been intensively investigated,
few studies have examined the possible effects of carotenoid
intermediates on plant cells.

In recent years, it has been revealed that some chlorophyll
intermediates have unique functions in plant development or
physiological processes. For instance, the chlorophyll interme-
diate Mg-protoporphyrin IX (Mg-proto IX) acts as a retrograde
signaling molecule between the chloroplast and the nucleus. In
Arabidopsis, Mg-proto IX down-regulates the expression of
many nuclear genes encoding chloroplast proteins, including
photosynthetic proteins (Isaacson et al., 2002) and a heat
shock protein HSP70 (Kropat et al., 1995). However, the par-
ticulars of this retrograde signaling are still being debated
(Mochizuki et al., 2008; Moulin et al., 2008). Some chlorophyll
intermediates, including protochlorophyllide a (Pchlide a), pheo-
phorbide a (Pheide a), and red chlorophyll catabolite (RCC),
also can function as strong photosensitizers.

Some of these photosensitizers act through the production of
reactive oxygen species (ROS). For example, studies of the
Arabidopsis flu mutant allowed the elucidation of the singlet
oxygen ('Oy) signaling pathway between chloroplast and nu-
cleus (Danon et al., 2004; op den Camp et al., 2003; Wagner et
al., 2004). In flu mutants, Pchlide a accumulates under diurnal
light-dark conditions, leading to the generation of singlet oxygen
('0y) in plastids (Meskauskiene et al., 2001). Two Arabidopsis
mutants affecting chlorophyll catabolism, acd? encoding Pheide
a oxygenase (PAO) and acd2 encoding RCC reductase (RCCR),
also exhibit a cell-death phenotype similar to that of the flu mu-
tant. In diurnal light-dark growth conditions, these mutants show
cell death and leaf necrosis because the chlorophyll catabolic
intermediates, Pheide a and RCC, accumulate in these mu-
tants, respectively (Hirashima et al., 2009; Pruzinska et al.,
2007). Thus, some chlorophyll intermediates have drastic ef-
fects on plant development and physiological events. Given
these properties of chlorophyll intermediates, it can be thought
that some of carotenoid intermediates may also have specific
effects on plant cells. Because all carotenoid species are incor-
porated into photosystem proteins in the chloroplasts, it is pos-
sible that they may have particular characteristics similar to
chlorophyll intermediates. In Arabidopsis, mutants that are de-
fective in the carotenoid biosynthetic pathway cause accumula-
tion of substrates for their respective enzymes as well as sig-
nificant down-regulation of photosynthesis-related genes (Dong
et al., 2007; Qin et al., 2007). These indicate that accumulation
of carotenoid intermediates is closely associated with the de-
creased expression of photosynthesis-related genes, although
carotenoid pigments are already incorporated in photosystem
proteins (Albuguerque et al., 2009; Dall'Osto et al., 2007; Reins-
berg et al., 2001).

Recently, characterization and molecular identification of the
rice zebra2 (z2-1) mutant has been reported (Chai et al., 2011).
In this z2 mutants, the activity of CRTISO, one of the carotenoid
synthetic enzymes, is absent because of a 24-bp deletion mu-
tation by an alteration in the splicing site. In the etiolated seed-
ling of z2 mutants, a lack of CRTISO activity caused accumula-
tion of a carotenoid intermediate, tetra-cis-lycopene. Further-
more, under natural day-night conditions, z2 mutants contained
low levels of lutein, which are essential for quenching excited

energy generated from ftriplet chlorophylls. However, the de-
tailed mechanism of the formation of leaf variegation during
early z2 leaf development remains poorly understood.

In this study, we characterized different allele of zebra2 mu-
tant (designated z2-2). We found that transverse green/yellow
leaf sectors developed in z2 mutants under diurnal light/dark
conditions (restrictive conditions), but not under continuous light
(CL) (permissive conditions), although under both conditions
the levels of lutein and zeaxanthin were significantly lower than
wild-type (WT) plants. Here we show that tetra-cis-lycopene
accumulated during the dark period, and 'O, was generated
excessively during the light period under restrictive conditions,
but not under permissive conditions. The levels of tetra-cis-
lycopene were positively correlated with 'O, production. Fur-
thermore, drastic changes in gene expression of 'Ox-respon-
sive, cell death- and photosynthesis-related genes occurred in
the variegated z2 leaves. A detailed mechanism of how the
zebra phenotype develops in z2 mutants and a possible func-
tion of carotenoid intermediates are discussed.

MATERIALS AND METHODS

Plant materials and growth conditions

The zebra2 (z2-2) mutant was previously isolated from a mu-
tant pool produced by chronic gamma irradiation of the indica
rice cultivar IR36 as described (lwata and Omura, 1977). The
wild-type IR36 and z2-2 mutant plants were cultivated in paddy
fields (Korea; 37°N latitude) or in growth chambers. In the
growth chambers, rice plants were grown in short-day (SD; 10-
h light/14-h dark) or continuous light (CL) conditions under cool-
white light (300 umol m?s™) at 25-28°C.

Measurement of photosynthetic pigments

For the measurement of total chlorophyll and carotenoid con-
centrations, pigments were extracted from the second or third
leaf tissues of 2-week-old plants with 80% ice-cold acetone.
The concentrations of chlorophyll and carotenoids were deter-
mined from absorbance values measured with a spectropho-
tometer (Lichtenthaler, 1987). The extraction and analysis of
carotenoids by reverse-phase HPLC analysis were performed
as previously described (Pogson et al., 1996). Briefly, a re-
verse-phase C18, 5 um column (250 x 4.6 mm; RS Tech, Ko-
rea) with an ethyl acetate-based mobile phase was used.
Throughout chromatography, the elution was monitored at 440
nm. The extraction and analysis of lycopene were performed as
previously described (Fraser et al., 2000). Briefly, a reverse-
phase C30, 3 um column (250 x 4.6 mm; Prontosil, Germany)
with a methanol/tert-methyl butyl ether-based mobile phase
was used. The elution was monitored continuously at 290 nm.
The extraction and analysis of chlorophyll intermediates were
performed as previously described (Zapata et al., 2000). Briefly,
the symmetry C8, 5 um column (250 x 4.6 mm; VYDAC, USA)
was used. Ultimate 3000 (Dionex, USA) HPLC system was
used, and each elution was monitored continuously by photodi-
ode detector system. Each pigment was identified by its
characteristic absorption spectrum.

SDS-PAGE and immunoblot analysis

Leaf tissue (1.0 mg) was homogenized with 10 pl of SDS-
PAGE sample buffer [50 mM Tris, pH 6.8, 2 mM EDTA, 10%
(w/v) glycerol, 2% SDS, and 6% 2-mercaptoethanol], and dena-
tured at 75°C for 3 min, then samples were subjected to SDS-
PAGE. For immunoblot analysis, 10 pl of each protein sample
was used. The resolved proteins were electroblotted onto an
Immobilon-P Transfer Membrane (Millipore). Antibodies against
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photosystem proteins (Lhcb1, Lhcb2, Lhcb4, Lhcb5, Lhcat,
Lhca2, D1, PsbO, ATPase, and Tic100) were obtained from
Agrisera (Sweden). The horseradish peroxidase activity of sec-
ondary antibodies (Sigma) was detected using an ECL detec-
tion kit, WEST SAVE (AbFRONTIER, Korea), as per the manu-
facturer's instructions. RbcL protein on the membrane was
visualized by staining with Coomassie Brilliant Blue reagent
(Sigma) after immunoblot analysis.

Detection of reactive oxygen species

Detection of hydrogen peroxide (H20.) and superoxide (Oz)
was carried out as previously described (Li et al., 2010; Wi et al.,
2010) with minor modifications. Hydrogen peroxide (H.O,) and
superoxide (O2) were detected by 3,3-diaminobendizine (DAB)
and nitroblue tetrazolium chloride (NBT), respectively. Leaves
of 2-week-old plants grown under CL or SD conditions in the
growth chambers were sampled and incubated in 0.1% DAB
(Sigma) or 0.05% NBT (Duchefa) in 50 mM sodium phosphate
buffer (pH 7.5) at room temperature overnight with gentle shak-
ing. Chlorophyll was completely removed by incubating in 90%
ethanol at 80°C. For singlet oxygen ('O,) detection, Singlet
Oxygen Sensor Green (SOSG; Invitrogen) reagent was used.
Leaves of 2-week-old plants were treated with 50 mM SOSG in

Fig. 1. Phenotypic characterization of z2 mutants.
(A) 80-day-old WT and z2 plants grown under
natural day-night conditions in the paddy field. (B,
C) 2-week-old WT and z2 plants (B) and their leaf
blades (C) grown under SD (10 h-light/14 h-dark)
and CL conditions at 25-28°C in the growth cham-
bers. Cool-white light intensity was 300 pmol m?s™.
WT, wild type; z2, zebra2; SD, short day; CL, con-
tinuous light.

10 mM sodium phosphate buffer (pH 7.5). After 30-min incuba-
tion, fluorescence emission following excitation at 480 nm was
imaged using a laser scanning confocal microscope (LSM510,
Carl Zeiss-LSM510). The red autofluorescence emission from
chlorophyll was also detected following excitation at 543 nm.

Quantitative real-time PCR (qRT-PCR) analysis

Total RNA was isolated from the leaves of 2-week-old plants
grown under CL and SD conditions with the Total RNA Extrac-
tion Kit (iNtRON Biotechnology, Korea). Then, first-strand cDNA
was prepared with 2 pg of total RNA in a 50 pl reaction volume
using M-MLV reverse transcriptase and oligo(dT)s primer
(Promega). The transcript levels of photosynthesis-related
genes (Lhecb1, Lhcb4, and Lhcat), cell death-associated genes
(JAmyb, OsNAC4, and MT2b) and singlet oxygen-responsive
genes (OsACS6, 0s02g49880, and Os119g03370) were deter-
mined by qRT-PCR analysis with gene-specific primers (Sup-
plementary Table S1). The 20 pl of gRT-PCR mixture con-
tained 2 pl of the first-strand cDNA mixture (50 wl), 10 pl of 2X
QuantiTect LightCycler 480 SYBR Green | Master (Roche) and
0.25 uM of the forward and reverse primers for each gene.
PCR was performed on the Light Cycler 2.0 instrument (Roche
Diagnostics, Germany). The qRT-PCR conditions used were:
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Carotenoid level Fig. 2. Characterization of pho-

tosynthetic parameters. (A, B)
Concentrations of photosynthe-

tic pigments. Chlorophyll (A) and
carotenoids (B) were extracted
from the leaves of 2-week-old
plants grown under SD or CL
conditions in the growth cham-
bers (see “Materials and Meth-
ods”). The mean and SD values
were obtained from more than
five biological replicates. The
same letter above each bar indi-
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95°C for 2 min, followed by 45 cycles at 95°C for 5 s, 59°C for
15 s, and 72°C for 10 s. Data were obtained from three repli-
cates per cDNA sample, and the mRNA levels of each gene
were normalized to those of glyceraldehyde phosphate dehy-
drogenase (GADPH) (GenBank accession number: AK064960)
as previously described (Jain et al., 2006).

Genetic and physical mapping of the z2 locus

A mapping population of 1080 F; individuals was obtained by a
cross of the indica-type z2-2 mutant and a japonica cultivar
‘Sinseonchalbyeo’. To confirm the chromosomal localization of
the z2 locus, we performed genetic mapping using 284 z2-type
F.> plants and eight simple sequence repeat (SSR) markers
distributed on chromosome 11 (marker information is available
in GRAMENE; http://www.gramene.org). One SSR and nine
sequence-tagged site (STS1-STS9) markers were used for
physical mapping (Supplementary Table S1). To examine nu-
cleotide sequence divergence between japonica and indica on
chromosome 11, we used BLAST searches of the National

SD CL cates that means are not sig-
nificantly different at the 0.05
level as determined by ANOVA.
(C) Immunoblot analysis of chlo-
roplast proteins. Total protein
was extracted from the leaves
of 2-week-old plants of equal
fresh weight, and extracts were
subjected to SDS-PAGE. The
levels of chloroplast proteins
were analyzed by immunoblot
analysis using specific antibod-
ies. z2-G, pale-green sectors; z2-
Y, yellow sectors of z2 mutant.

Center for Biotechnology Information database (NCBI; http://www.
ncbi.nim.nih.gov/BLAST)/).

RESULTS

Phenotypic characterization of the rice zebra2 mutant

The zebra2 (z2) mutant was isolated from an M, population of
indica rice IR36 irradiated with gamma rays (lwata and Omura,
1977). In the field, z2 mutants produce variegated leaf blades
with transverse sectors of pale-green/yellow (zebra phenotype)
throughout development (Fig. 1A). The zebra phenotype ap-
pears most strongly at the early seedling stage, and the ex-
pressivity gradually declines thereafter. In this study, we fo-
cused on determining the mechanisms that produce the z2
phenotype. Previously, Kusumi et al. (2000) reported a zebra
mutant TCM248. The zebra phenotype of TCM248 developed
under diurnal light-dark cycles (restrictive), and it was almost
suppressed under continuous light (CL; permissive) conditions.
Thus, to examine whether the z2 phenotype showed a similar
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CL

Fig. 3. H,O,and O, accumulation in z2 leaves. (A, B)

WT z2

Accumulation of superoxide anion radicals (O,) and
hydrogen peroxide (H.O,) in the WT and z2 leaves
under SD and CL conditions visualized by NBT (A) and
DAB staining (B), respectively. Photographs of the
leaves before (left) and after (right) NBT or DAB staining
are shown.

WT
g__‘\-

dependence on diurnal light-dark conditions, the parental wild-
type (IR36) and z2 plants were grown under cool-white light
(300 pmol m*® s™) under short-day (SD; 10-h light/14-h dark;
restrictive) or CL conditions. Like TCM248, z2 mutants exhib-
ited the mutant phenotype under SD, but not under CL condi-
tions (Figs. 1B and 1C). Chlorophyll and carotenoid contents of
z2 leaves under SD were considerably lower in the yellow sec-
tors, approximately 18% and 22% of WT levels, respectively,
and those in the pale-green sectors of z2 leaves were approxi-
mately 50% of WT levels (Figs. 2A and 2B). Next, we examined
the relative levels of chloroplast proteins including nine thyla-
koid proteins (Lhcb1, Lhcb2, Lheb4, Lheb5, Lheat, Lhea2, D1,
PsbO, and ATPase), a stroma protein (RbcL), and an envelope
protein (Tic100). Under SD, all the tested proteins were consid-
erably lower in the yellow sectors (z2-Y) of z2 mutant leaves
(Fig. 2C) and the green sectors (z2-G) also contained reduced
levels of LHCI. Under CL, however, the z2 mutant leaves de-
veloped no lesions or stripes, and appeared completely wild
type (Figs. 1B and 1C). Moreover, under CL, the levels of chlo-
rophyll (Fig. 2A) and chloroplast proteins (Fig. 2C) in z2 leaves
were almost the same as those in WT, though total carotenoid
levels were slightly lower (Fig. 2B). Under extended long-day
(18-h light/ 6-h dark) conditions, the mutant phenotype became
much weaker; in these conditions, z2 mutants produced leaves
with transverse green/pale-green stripes or almost all pale-
green color, but not a clear transverse pale-green/yellow phe-
notype (data not shown). Taken together, these results suggest
that the phenotypic severity of the z2 mutant is closely associ-
ated with the dark period under restrictive conditions.

Recently, map-based cloning of the Z2 gene using the z2-1
mutant was reported by Chai et al. (2011). We had also identi-
fied the z2locus by map-based cloning using different SSR and
STS markers in 2010. It revealed that the z2 mutant in this
study has a different allele (designated z2-2)(Supplementary
Fig. S1 and Table S1). ZEBRAZ2 encodes a carotenoid isom-
erase (CRTISO) which is one of the carotenoid biosynthetic
enzymes (Supplementary Fig. S2). CRTISO is a single-copy
gene in the rice genome, and its amino acid sequence is highly
conserved in higher plants (Supplementary Fig. S2). The defec-
tive phenotypes of z2-1 and zebra-leaf1 (zelt; another mutant
allele of CRTISO) in rice were rescued by constitutive expres-
sion of CRTISO (Chai et al., 2011; Wei et al., 2010), indicating
that the zebra phenotypes of z2/zel1 mutations result from a
lack of carotenoid isomerase.

ROS production is proportional to dark period length
under diurnal light-dark conditions

It has been reported that leaf variegation or necrosis in some
rice mutants, such as preharvesting sprouting3 (phs3), zebra-
necrosis (zn) and Stay-green (SGR)-overexpressiong mutants,
can be caused by excess accumulation of ROS during early
leaf development (Fang et al., 2008; Jiang et al., 2011; Li et al.,
2010). In this respect, it is possible that the z2 mutant pheno-
type may also be caused by ROS accumulation under restric-
tive conditions. We thus examined the levels of three types of
ROS using different staining methods: NBT for O (blue precipi-
tate), DAB for H,O, (brown precipitate), and SOSG for 'O,
(green fluorescence). Under SD, all three types of ROS accu-
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mulated in z2 leaves, but not in WT leaves (Figs. 3 and 4). Un-
der CL, ROS accumulation was nearly negligible in the normal
green leaves of z2 mutants. Noticeably, we detected a larger
amount of 'O; in the z2 leaves when the SD-grown plants were
dark-incubated for 4 days and then exposed to cool-white light
(300 pumol m?s™) for 3 hours (Fig. 4, bottom). The 'O, accu-
mulation was quite similar to the Arabidopsis acd1 mutant,
which is deficient in PAO activity (Supplementary Fig. S3)
(Hirashima et al., 2009). These results strongly suggest that
ROS generation, especially '0, accumulation, in z2 mutant
leaves is closely related to diurnal light-dark growth conditions.

Tetra-cis-lycopene accumulates in z2 mutant only under
restrictive conditions

The isomerization from tetra-cis-lycopene to all-trans-lycopene
by CRTISO occurs only in darkness (Fang et al., 2008; Isaac-
son et al., 2002; Park et al., 2002). In other words, accumula-

Fig. 4. '0, accumulation in z2 mutants under different growth
conditions. Singlet oxygen ('0,) was detected by SOSG fluo-
rescence (see “Materials and Methods”). For D — L condi-
tions, the SD-grown WT and z2 plants were transferred into
darkness at ZT-0, incubated for 4 days in the dark and then
exposed to white light for 3 h. Red chlorophyll autofluores-
cence (left), green SOSG fluorescence (middle), and merged
images (right) are shown. Each fluorescence signal was ob-
served by laser scanning confocal microscopy. SOSG fluo-
rescence was collected at 520 nm and chlorophyll autofluo-
rescence was collected at 680 nm. Scale bar = 50 um.

tion of tetra-cis-lycopene (substrate of CRTISO) in z2 mutants
is dependent on the dark period because CRTISO works only
in darkness. Based on this, we postulated that accumulation of
tetra-cis-lycopene during the dark period is associated with 'O,
production during the light period (Figs. 3 and 4), which leads to
the development of transverse leaf variegation under natural
day-night conditions (Fig. 1). To verify, levels of tetra-cis-lyco-
pene and other carotenoids were measured using reverse-
phase HPLC analysis. For plant materials under SD, we sam-
pled just before the beginning of the light period (zeitgeber time;
ZT-0). For dark treatment, the SD-grown plants were trans-
ferred into darkness at ZT-0 and incubated for 3 days (3 days
dark incubation; 3 DDI). All the peaks of carotenoid pigments
were normalized to the peak of chlorophyll a (Fig. 5). The
amounts of lutein, zeaxanthin, and p-carotene were also quanti-
fied using standard methods (Table 1).

Compared with WT, the levels of lutein and zeaxanthin were
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Table 1. Carotenoid concentrations in WT and z2 leaves under SD and CL conditions

SD CL
WT z2-G z2Y WT z2
Lutein 164.3 (18.8) a 37.9(7.7)b 17.9(56) ¢ 174.8 (14.2) a 44.9(105)b
Zeaxanthin 14.5(2.9)a 28(0.9)b 0.8(0.3)¢c 15.1 (3.0)a 32(1.00b
B-Carotene 82.3(21.3)b 41.3(11.3)c 23.3(5.1)d 80.3 (12.4) b 119.3(13.5)a

Units for carotenoid content are ng/g fresh weight. Numbers in parentheses indicate SD value. Carotenoid contents were quantified by reverse-phase
HPLC analysis (see “Materials and Methods”).

SD, short-day; CL, continuous light; WT, wild type; z2, zebra2; G, green sectors; Y, yellow sectors. Means with the same letter within each column are
not significantly different at the 0.05 level as determined by ANOVA.
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Fig. 5. HPLC analysis of photosynthetic pigments in WT and z2 leaves. Comparison of (A) carotenoids and chlorophylls, (B) zeaxanthins, (C)
lycopenes in 2-week-old WT and z2 leaves grown under 3 different conditions. CL, continuous light; SD, short day; D, the SD-grown plants
were transferred into darkness at ZT-0 and then incubated for 3 days (D). Leaves grown under each condition were sampled just before the
onset of light irradiance (ZT-0). Each peak of pigments was normalized to chlorophyll a. Peaks of carotenoids and chlorophylls were monitored
at 290 nm. N, neoxanthin; V, violaxanthin; A, antheraxanthin; L, lutein; Ca, chlorophyll a; Cb, chlorophyll b; B, B-carotene; Z, zeaxanthin; Lyco,

tetra-cis-lycopene.

significantly lower in z2 mutants under CL (Table 1; Figs. 5A
and 5B). However, total carotenoids were slightly lower (Fig.
2B) because B-carotene and other xanthophylls (neoxanthin,
violaxanthin, and antheraxanthin) were significantly higher. This
may explain why z2 mutants can produce normal green leaves
under CL; i.e. higher levels of p-carotene and other xantho-
phylls nearly compensate for lower levels of lutein and zeaxan-
thin. In addition, the levels of tetra-cis-lycopene were so low as
to be nearly absent (Fig. 5C).

Under SD, however, the levels of lutein, zeaxanthin, and (-
carotene were significantly lower in z2 mutants (Table 1; Figs.
5A and 5B). As expected, the peaks of tetra-cis-lycopene both
in the green (z2-G) and yellow (z2-Y) sectors were detected but

no peak was detected in WT (Fig. 5C). Noticeably, tetra-cis-
lycopene accumulated to higher levels in the 3 DDI-treated
leaves than in the SD-grown leaves of z2 mutant (Fig. 5C).
These results suggest that accumulation of tetra-cis-lycopene
depends on the dark period, similar to the patterns of ROS
production (Figs. 3 and 4). We further examined chlorophyll
intermediates Pheide a and Pchlide a, which are strong photo-
sensitizers (op den Camp et al., 2003; Pruzinska et al., 2007).
No detectable levels of Pheide a and Pchilde a were found in
the SD-grown z2 leaves (Supplementary Fig. S4).

Taken together, the levels of lutein and zeaxanthin in z2
leaves were consistently lower regardless of permissive and
restrictive conditions, indicating that low levels of these carote-
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Fig. 6. Expression analysis of WT and z2 leaves by gRT-PCR. (A-C) Expression levels of photosynthesis-related genes, Lhcb1 (Os01g41740),
Lhcb4 (Os07g37240), and Lhcal (Os06921590). (D-F) Expression levels of cell death-related genes, JAmyb (Os11g45740), OsNAC4
(0s01g60020), and MT2b (Os05g02070). (G-1) Expression levels of 'O,-responsive genes, OsACS6 (Os04g48850; Fig. S5), Os04g32480,
and Os11903370. Relative mRNA levels were normalized to the transcript levels of glyceraldehyde phosphate dehydrogenase (GAPDH,
GenBank accession number AK064960). The mean and SD values were obtained from more than nine biological replicates.

noid pigments are not a critical factor for leaf variegation and
0, production in z2 mutants. Instead, accumulation of tetra-cis-
lycopene (substrate of CRTISO) during the dark period might
be critical for leaf variegation under restrictive conditions, al-
though tetra-cis-lycopene levels detected in this series of ex-
periment (using green tissue) were considerably lower than that
in etiolated seedlings of z2 mutant (Chai et al., 2011).

Altered expression of 'O-responsive, photosynthesis- and
cell death-related genes in z2 mutants under restrictive
conditions

In Fig. 4, we showed that light-induced 'O, production in z2
leaves is a crucial factor for transverse variegation. It was pre-
viously reported that 'O, is not only a cytotoxic molecule, but is
also involved in the control of nuclear gene expression in plants
(Kim et al., 2008). In addition to stress-related genes, '0, trig-
gers ectopic expression of programmed cell death-related

genes, leading to the formation of necrotic lesions in plant tis-
sues (Danon et al., 2004; op den Camp et al., 2003). Moreover,
'0, down-regulates photosystem-related genes (Khandal et al.,
2009). Thus, we examined the correlation between alteration of
nuclear gene expression and the severity of leaf variegation. By
quantitative real-time RT-PCR (gRT-PCR) analysis, we meas-
ured the expression levels of three photosynthesis-related genes
(Lheb1, Lhcb4, and Lhcal), three cell death-related genes
(JAmyb, OsNAC4, and MT2b), and three singlet oxygen-res-
ponsive genes [OsACS6 (Supplementary Fig. S5), Os04932480,
and Os11903370] (Jiang et al., 2011).

The two LHCIl genes, Lhcb1 and Lhcb4, were down-
regulated in both pale-green (z2-G) and yellow (z2-Y) sectors of
z2 mutants grown under SD (Figs. 6A and 6B) as previously
reported (Chai et al., 2011). Unexpectedly, they were also
down-regulated in the normal green leaves of z2 mutants under
CL, inconsistent with their protein levels (Fig. 2C). Furthermore,
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a LHCI gene, Lhca1, was highly up-regulated in z2 leaves re-
gardless of photoperiod conditions (Fig. 6C), which could be
related to lower protein levels of Lhca1 subunits under SD (Fig.
2C). This result suggests that alteration of photosynthesis-
related genes in z2 mutants is not largely associated with the
development of leaf variegation.

Under SD, JAmyb and OsNAC4, positive regulators of cell
death in rice, were significantly up-regulated (Figs. 6D and 6E),
and a negative regulator, MT2b, was down-regulated (Fig. 6F).
This result indicates that 'O, signaling induces the expression
of cell death-related genes, leading to programmed cell death
(PCD) or cytotoxicity-induced cell death (CICD) in z2 leaves,
especially in the yellow (z2-Y) sectors. The mRNA levels of
three 'O,-responsive genes were significantly up-regulated in
the variegated leaves of z2 mutants grown under SD, espe-
cially in the yellow (z2-Y) sectors, but not significantly in the
normal green z2 leaves under CL (Figs. 6G-6l), consistent with
the levels of 'O, produced in z2 leaves (Fig. 4). It indicates that
the 'O, signaling pathway is being activated under restrictive
conditions, leading to leaf variegation in z2 mutants.

DISCUSSION

Low levels of lutein and zeaxanthin are not responsible for
leaf variegation in z2 mutants

Previously, Chai et al. (2011) suggested that transverse leaf
variegation in z2 mutants is caused by low levels of lutein. In
this study, we showed that z2 mutants did not exhibit leaf varie-
gation under CL (Fig. 1), even though lutein and zeaxanthin
levels were considerably lower in z2 mutants compared with
those in WT (Fig. 5). This finding strongly suggests that leaf
variegation in z2 mutant under restrictive conditions cannot be
attributed to low levels of lutein and zeaxanthin.

Arabidopsis mutants with low levels of lutein or zeaxanthin
have been reported previously (Li et al., 2009; Pogson et al.,
1996; 1998). Despite low levels of these carotenoids, pheno-
types and chlorophyll accumulation of these mutants were al-
most the same as WT. Instead, other carotenoid species ac-
cumulate to higher levels in these mutants (Li et al., 2009;
Pogson et al., 1996), which may compensate for reduced lutein
and zeaxanthin functions including photoprotection, energy
transfer, and accumulation of photosystem proteins. A similar
phenomenon was observed in z2 mutants. Under CL (permis-
sive) conditions, total carotenoid levels in z2 mutants are only
slightly lower than that of WT (Fig. 2B), because higher amounts
of B-carotene, antheraxanthin, neoxanthin, and violaxanthin
accumulated instead of lower amounts of lutein and zeaxanthin
(Figs. 5A and 5B). Furthermore, levels of three ROS (102, HxOo,
and Oy) in the normal green leaves of CL-grown z2 mutants
were not substantially different from those of WT (Figs. 3 and 4),
indicating that photoprotective and energy-transfer functions of
carotenoids are almost normal due to compensation by other
carotenoid species. These results further support our conclu-
sion that low levels of lutein and zeaxanthin in z2 mutants are
not responsible for leaf variegation under restrictive conditions.

Tetra-cis-lycopene accumulation in the dark is correlated
with light-induced singlet oxygen ('0,) production under
restrictive conditions

By SOSG analysis, we found that 'O, levels in the 3 DDI-
treated leaves of SD-grown z2 mutants were much higher than
those in the untreated SD-grown plants (Fig. 4), and that 'O,
levels are closely associated with tetra-cis-lycopene levels in
each condition (Fig. 5C). These results suggest that, at least in
part, tetra-cis-lycopene accumulation during the dark period

might induce 'O, generation during the light period, leading to
transverse variegation only under diurnal light-dark conditions.

There are two possibilities for the involvement of tetra-cis-
lycopene in leaf variegation of z2 mutants under restrictive con-
ditions. One possibility is that tetra-cis-lycopene may act as an
antioxidant. Generally, carotenoids at low concentrations serve
as antioxidants, and inhibit 'O, generation (Stahl and Sies,
2003; Stahl et al., 1998). Studies have revealed that lycopene
(all-trans-lycopene) is one of the most potent antioxidants
among major carotenoids (Di Mascio et al., 1989; Stahl et al.,
1998), and tomato lycopene extracts have been found to inhibit
proliferation of several types of cancer cells (Amir et al., 1999).
However, at high concentrations or in the presence of chronic
oxidative stress, they can function as pro-oxidants by promoting
free radical-induced reactions, and stimulate cell-death ma-
chinery (Jakus and Farkas, 2005; Melnikova et al., 1999). In
this scenario, it is highly possible that a trace amount of tetra-
cis-lycopene also functions as an antioxidant in plant cells.
However, high concentrations of free tetra-cis-lycopene may
promote light-induced 'O generation indirectly, which leads to
leaf variegation under restrictive conditions. Another possibility
is that tetra-cis-lycopene by itself functions as a photosensitizer.
Tetra-cis-lycopene is a precursor and tetra-cis-isomer of all-
trans-lycopene. This structure enables it to achieve a high-
energy transition state upon light exposure after dark, which
may cause it to act as a photosensitizer. In chlorophyll metabo-
lism, seven chlorophyll intermediates have been reported to act
as photosensitizers in plants (Hortensteiner and Krautler, 2011;
Tanaka and Tanaka, 2007). These photosensitizers are con-
sidered to control gene expression in the nucleus by generating
'0,when exposed to light. Hence, it is reasonable that carote-
noid intermediates including tetra-cis-lycopene might also act
as photosensitizers. In this respect, our characterization of the
causes of the z2 phenotype provides new insight into the
physiological functions of a carotenoid intermediate, tetra-cis-
lycopene, as a possible photosensitizer in developing chloro-
plasts in rice.

Altered expression of 'O,-responsive and cell death-
related genes is a critical factor for leaf variegation in z2
mutants

By gRT-PCR analysis, we found that some 'O-responsive
genes were significantly up-regulated in z2 mutants under SD
(Figs. 6G, 6H, and 6l), whereas their mRNA levels were almost
the same as those in WT plant under CL, indicating that the
'Ox-mediated plastid-to-nucleus signaling pathway is highly
activated in z2 mutants only under restrictive conditions. 'O
causes severe damage to plant tissues by two mechanisms.
One is direct peroxidation of lipids and oxidative damage to
another macromolecules, and the other is induction of PCD
(Kim et al., 2008). These responses depend on the levels of 'O,
in plant cells. We showed that mRNA levels of cell death-
related genes changed significantly in z2 leaves only under SD,
and these changes were larger in the yellow (z2-Y) sectors than
the pale-green (z2-G) sectors (Figs. 6D, 6D, and 6F). Consider-
ing the photoperiodic cycle under restrictive conditions, 'O,
production in z2 leaves would not stay constant because 'O; is
not generated in the dark. It is probable that 'O, accumulates
excessively during the day period, in the presence of tetra-cis-
lycopene, which may act as a photosensitizer. Taken altogether,
we suggest that the photoperiodic accumulation of tetra-cis-
lycopene and singlet oxygen causes severe damage to devel-
oping chloroplasts during early leaf development, and that this
is a critical factor for leaf variegation of z2 mutants.
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Note: Supplementary information is available on the Molecules
and Cells website (www.molcells.org).
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