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SUMMARY

The zebra-necrosis (zn) mutant of rice (Oryza sativa) produces transversely green/yellow-striped leaves. The

mutant phenotype is formed by unequal impairment of chloroplast biogenesis before emergence from the leaf

sheath under alternate light/dark or high/low temperatures (restrictive), but not under constant light and

temperature (permissive) conditions. Map-based cloning revealed that ZN encodes a thylakoid-bound protein

of unknown function. Virus-induced gene silencing of a ZN homolog in Nicotiana benthamiana causes leaf

variegation with sporadic green/yellow sectors, indicating that ZN is essential for chloroplast biogenesis

during early leaf development. Necrotic lesions often occur in the yellow sectors as a result of an excessive

accumulation of reactive oxygen species (ROS). The phenotypic severity (leaf variegation and necrosis) and

ROS levels are positively correlated with an increase in light intensity under restrictive conditions. In the

mutant leaves, chlorophyll (Chl) metabolism, ROS scavenging activities, maximum quantum yield of

photosystem II (PSII), and structures and functions of the photosynthetic complexes are normal in the

Chl-containing cells, suggesting that ROS are mainly generated from the defective plastids of the Chl-free cells.

The PSII activity of normal chloroplasts is hypersensitive to photoinhibition because the recovery rates of PSII

are much slower. In the PSII repair, the degradation of damaged D1 is not impaired, suggesting a reduced

activity of new D1 synthesis, possibly because of higher levels of ROS generated from the Chl-free cells by

excess light. Together, we propose that ZN is required for protecting developing chloroplasts, especially

during the assembly of thylakoid protein complexes, from incidental light after darkness.
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INTRODUCTION

During photomorphogenesis of the shoot organs of higher

plants, plastid differentiation from nonfunctional proplastids

to photosynthetically active chloroplasts is accomplished by

the formation of thylakoid membranes, and the assembly of

thylakoid-bound protein complexes, including photosyn-

thetic apparatus (Surpin et al., 2002; Zhang et al., 2006).

Light is the sole energy source for photosynthesis, but

ironically also causes constant damage to the photosyn-

thetic complexes of chloroplasts. When the equilibrium of

damage and repair in this machinery is disturbed by excess

light, photoinhibition (or photoinactivation) of photosys-

tem II (PSII) occurs. Photoinhibition is a complex process

that includes photodamage to D1, new D1 synthesis for PSII

repair, and reactivation of PSII function in the thylakoid

membranes. In PSII repair, damaged D1 should be rapidly

degraded by chloroplast proteases, and new D1 should be
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reincorporated into the PSII complex (Aro et al., 1993).

Prolonged photoinhibition leads eventually to bleaching or

necrotic lesions in the plant tissues as a result of an

excessive accumulation of reactive oxygen species (ROS),

reminiscent of a hypersensitive response (HR) reaction to

pathogen infection (Overmyer et al., 2003). In addition to D1

damage from photoinhibition, the PSII repair cycle is also

negatively affected by external stress (Murata et al., 2007;

Takahashi and Murata, 2008).

In plants, ROS such as singlet oxygen, superoxide anion

radicals and hydrogen peroxide (H2O2) are constantly pro-

duced in the chloroplasts, mitochondria and peroxisomes as

by-products of aerobic reactions in several metabolic pro-

cesses. When ROS production exceeds the scavenging

capacity for these radicals under unfavorable biotic and

abiotic stress, ROS act as cytotoxins to induce necrotic

lesions, and also to alter the expression of certain genes in

many signaling pathways, eventually leading to accelerated

cell death (Ahmad et al., 2008; Apel and Hirt, 2004). To

prevent photooxidative damage, phototrophic organisms

have evolved to possess several antioxidant enzymes, as

well as repair machineries in the chloroplasts and cyto-

plasm. However, the developmental and genetic regulatory

mechanisms for acquisition of a photoprotective capacity in

the chloroplasts, particularly during chloroplast biogenesis,

are largely unknown.

Leaf variegation has been identified in many species of

higher plants, and this abnormal phenotype arises from the

mutations of nuclear or plastid genes that impair chloroplast

biogenesis (Aluru et al., 2006). Variegated plants are easily

distinguished by the green/white (or yellow) sectors of

developing leaves. In most cases, the green sectors have

almost the same levels of photosynthetic pigments in the

chloroplasts of normal function, and the white (or yellow)

sectors contain no chlorophyll (Chl) or carotenoids in either

arrested or defective plastids (Kusumi et al., 2000; Yu et al.,

2007; Yoo et al., 2009). In contrast with albino mutants,

variegated plants are maintained as homozygous because

the green sectors provide sufficient levels of photosynthesis

for their growth and reproduction (Sakamoto, 2003). The

Arabidopsis immutans (im) mutant exhibits light-dependent

leaf variegation resulting from an excessive accumulation of

an intermediate precursor of carotenoids, phytoene (Aluru

et al., 2001, 2009), indicating that carotenoids are essential

for chloroplast biogenesis by preventing photoinhibition

during photosynthesis (Carol et al., 1999; Wu et al., 1999;

Carol and Kuntz, 2001). The fluorescent (flu) mutant of

Arabidopsis and the tigrina mutant of barley (Hordeum

vulgare) have a defect in the Chl synthetic pathway, and, as a

result, their leaves accumulate a phototoxic Chl precursor in

darkness, protochlorophyllide (Pchlide), that leads to leaf

bleaching under alternate light/dark cycles (Hansson et al.,

1997; Meskauskiene et al., 2001). In contrast, lesion mimic

mutants characterized by the spontaneous death of localized

cells in their leaf tissues are thought to have defects in the

regulation of programmed cell death processes, and often

display a broad spectrum of resistance to fungal and

bacterial diseases (Yamanouchi et al., 2002; Kojo et al.,

2006). Moreover, both maize lethal leaf spot 1 (lls1) and

Arabidopsis accelerated cell death 1 (acd1) mutants accu-

mulate a phototoxic Chl intermediate: pheophorbide a. They

display a spread of necrotic spots in mature leaves as a

result of a loss of pheophorbide a oxygenase activity, which

is responsible for Chl turnover (Pružinská et al., 2003; Yang

et al., 2004). A mutation in ACD2 encoding red chlorophyll

catabolite reductase causes leaf bleaching as this enzyme

can reduce a phototoxic Chl catabolism intermediate, and its

loss results in an excess accumulation of ROS in the leaf

tissues under exposure to light after a period of darkness

(Yao and Greenberg, 2006; Pružinská et al., 2007). A recent

report has also shown that the imbalance between synthesis

and degradation of proteins during photoinhibition leads to

a permanent arrest of chloroplast biogenesis during early

leaf development (Miura et al., 2007).

Here, we show the phenotypic characteristics of a varie-

gation/lesion mimic zn mutant of rice under field and growth

chamber conditions, and the positional cloning of ZN that

encodes a thylakoid-bound protein, the sequence and

function of which are highly conserved in plants. Transverse

green/yellow stripes on the mutant leaves are produced as a

result of the random disability of chloroplast development

before emergence from the leaf sheath under diurnal

fluctuations of light/dark or high/low temperatures. Necrotic

lesions often occur in the yellow sectors because of an

excessive accumulation of ROS. The phenotypic severity

and ROS accumulation are positively correlated with an

increase in light intensity, and the PSII activity of the Chl-

containing cells is hypersensitive to photoinhibition because

of its slow recovery rate of PSII. This inefficient PSII repair

appears to result from a retardation of the de novo synthesis

of D1, possibly because of elevated levels of singlet oxygen

that have been generated from the trace levels of free Chls in

the yellow cells, by excess light. Taken together, we report

that ZN is an essential thylakoid component of higher plants

for protecting developing chloroplasts, possibly during the

assembly of thylakoid protein complexes, under natural

growth conditions.

RESULTS

Phenotypic characterization of the zebra-necrosis (zn)

mutant of rice

Under field conditions, the zn mutant plants produce trans-

verse striped leaves with the green (zn-G) and yellow (zn-Y)

sectors, and necrotic lesions often occur in the zn-Y sectors

during leaf elongation. This unusual phenotype is main-

tained in the leaf organs throughout development (Fig-

ure 1a). The yellow cross-bands (referred to as zebra stripes)
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of the leaf blades always develop from the early seedling

stage (Figure 1b). This defective symptom becomes more

severe as the leaves mature (Figure 1c).

Many previous reports showed that variegation/lesion

mimic mutants are hypersensitive to light and/or tempera-

ture (Carol et al., 1999; Kusumi et al., 2000; Carol and Kuntz,

2001; Sugimoto et al., 2004; Aluru et al., 2006). We thus first

examined the effects of light and temperature on the

development of the mutant phenotype in growth chambers

(Figure 1d–f). When the mutant plants were grown under

normal conditions for wild-type rice plants (12-h white light,

300 lmol m)2 sec)1, at 30�C and 12-h dark at 20�C; L30/D20),

the concentrations of Chls and carotenoids in the mutant

were about 50% of those of the wild type (Figure 1d,g, left).

In contrast, the mutant phenotype had almost disappeared

when they were grown under constant light at 30�C (CL30)

(Figure 1e). However, the leaf color of the mutant was less

green because the concentration of photosynthetic pig-

ments was lower (Figure 1g, middle). Notably, not only did

the mutant phenotype disappear completely under L30/D20

conditions with low-intensity light (20 lmol m)2 sec)1;

Low-L30/D20), but the pigment contents of the mutant were

similar to that of the wild type (Figure 1f,g, right).

Microscopic analyses revealed that under permissive

CL30 conditions, Chl-containing cells in the upper epidermal

layers of the mutant leaves are almost normally distributed,

despite the presence of a few Chl-free cells (Figure S1a,b).

Under restrictive L30/D20 conditions, the zn-G sectors con-

tain mostly Chl-containing cells, but Chl-free cells exist more

frequently (Figure S1c). In the zn-Y sectors, most cells are

Chl-free, but a few Chl-containing cells also exist, mainly

around the small longitudinal veins (Figures S1d,e). We thus

concluded that a mix of Chl-containing and Chl-free cells of

different densities are present in the zn-G and zn-Y sectors

(Figure S1f), although the mutant leaves display distinct

transverse green/yellow stripe patterns.

The zn mutant phenotype is established before emergence

from the leaf sheath

The effects of light and temperature on the expressivity of

the zn mutation were investigated in more detail under

permissive light conditions (300 lmol m)2 sec)1) (Fig-

ure 2a–h). The overall results of this experiment demon-

strate that the mutant phenotype is formed under diurnal

fluctuations of either light/dark (12-h L/12-h D) (Figure 2b,c)

or high/low temperatures (30�C/20�C) (Figure 2d). Only

(a)

(b) (c) (d) (f)(e) (g)

Figure 1. Phenotypic characteristics of the zn

mutant.

(a, b) Phenotypes of 2-month-old plants (a) and

10-day-old seedlings (b) of a parental wild-type

japonica cultivar ‘Sinsunchalbyeo’ (left) and

mutant plants (right) grown in a paddy field.

(c) Necrosis (dark-brown spots) in the yellow

leaf sectors of the mature leaves of mutant

plants.

(d–f) Leaf blade phenotypes of the 1-month-old

wild type (left) and mutant (right) plants. (d)

Grown under 12-h light at 30�C and 12-h dark at

20�C (L30/D20). (e) Grown under constant light

at 30�C (CL30). (f) Grown under L30/D20 with low

light (20 lmol m)2 sec)1; Low-L30/D20). All

plants were grown in growth chambers. Rice

plants were grown under cool-white fluorescent

light (300 lmol m)2 sec)1) unless otherwise

stated.

(g) Chlorophyll (Chl) and carotenoid concentra-

tions of the leaves of the wild type and mutant

are shown in (d–f). Black and white boxes

indicate total chlorophylls (Chls) and carote-

noids, respectively. The mean and SD values

were obtained from three replicates. Abbrevia-

tions: FW, fresh weight; WT, wild type.
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under constant light and temperature (CL20 and CL30) con-

ditions do the mutant seedlings produce normal leaves,

although these are a pale green (Figure 2e,f). Therefore, to

discern the exact leaf developmental stage responsible for

the onset of the mutant phenotype, we performed a shift

experiment by transferring the mutant seedlings from

restrictive L30/D20 to permissive CL30 conditions (Fig-

ure 2g), and vice versa (Figure 2h), when the third leaf had

half-emerged from the leaf sheath. Shifting the mutant

seedlings from restrictive to permissive conditions led to the

production of a normal fourth leaf, whereas the third leaf

maintained variegation (Figure 2g). Similarly, when they

were transferred from permissive to restrictive conditions,

the variegated fourth leaf emerged from the third leaf

sheath, whereas the third leaf maintained a pale green color

(Figure 2h), indicating the mutant phenotype is established

before emergence of the leaf sheath under restrictive con-

ditions, and is irreversible thereafter.

Chloroplast biogenesis is impaired in the Chl-free cells of

the zn mutant

Under alternate high/low temperatures in complete dark-

ness (CD30/20), the seedling phenotype of the zn mutant was

indistinguishable from that of the wild type, with both

exhibiting yellowish-brown leaf blades (data not shown). In

addition, ultrastructural analysis revealed that shapes and

internal structures of the etioplasts had no significant dif-

ferences between them (Figure 3a,b), suggesting that the zn

mutation does not affect the development of etioplasts.

Chloroplast structures in the Chl-containing cells of a mutant

grown under permissive CL30 (Figure 3d) and restrictive

L30/D20 (Figure 3e) conditions appeared to be equivalent

with those of the wild type (Figure 3c). Under restrictive

conditions, however, the Chl-free cells had fewer and

smaller defective plastids, with loose lamellar structures and

several plastoglobuli (Figure 3f), which seemed to undergo

irrevocable impairment in the middle of the synthesis of

thylakoid membranes or during the assembly of thylakoid

protein complexes.

Map-based cloning of ZN encoding a thylakoid-bound

protein of unknown function

The zn locus has previously been mapped onto the classical

genetic map of rice on the short arm of chromosome 6. To

identify ZN using a map-based cloning method, 670 F2 rice

plants generated by a cross of the zn mutant (japonica) with

(a) (b) (c) (g) (h)

(d) (e) (f)

Figure 2. Effects of light and temperature on the

development of the zn mutant phenotype.

(a–f) Phenotypes of the wild type (left) and

mutant (right) grown in growth chambers: (a)

under 12-h light at 30�C and 12-h dark at 20�C
(L30/D20), (b) under 12-h light and 12-h dark at

20�C (C20L/D), (c) under under 12-h light and

12-h dark at 30�C (C30L/D), (d) under continuous

light (CL) at 30�C for 12 h and 20�C for 12 h

(CL30/20), (e) under CL at 20�C (CL20), and (f)

under CL at 30�C (CL30).

(g, h) Phenotypic changes in the fourth leaf

blade of mutant seedlings when shifted (g) from

L30/D20 to CL30, or (h) from CL30 to L30/D20,

conditions at half emergence of the third leaf

blade from the leaf sheath. Plants were grown

for 14 days after germination under white light

(300 lmol m)2 sec)1) in growth chambers. This

experiment was repeated at least three times

with the same results. Numbers 1–5 indicate the

first to fifth leaf blades from the shoot base,

respectively.
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Milyang23 (an indica/japonica hybrid cultivar) were first

used to genetically map the zn locus. The analysis initially

revealed that this gene was located within a 3.9-cM region

between two simple sequence repeat (SSR) markers,

RM8107 and RM8075, at the end region of the short arm of

chromosome 6 (Figure 4a). By physical mapping, the zn

locus was further delimited to within a 182-kb region

between a sequence-tagged site marker, STS1 (AP001389,

82 kb), and an SSR marker, RM4784, in AP003564 (GenBank

accession number) (Figure 4b). Because of the lack of poly-

morphic markers within this genomic region, we analyzed

all of the genes identified by the Rice Genome Research

Program (http://rgp.dna.affrc.go.jp). Twenty-two expressed

and hypothetical genes (Figure 4c, top) were subsequently

cloned by RT-PCR or genomic PCR. As a result, in AP002837,

an expressed gene of unknown function (LOC_Os06g02580,

GenBank accession number EU430513) comprising a

1292-bp-long region harboring two exons and one intron

(exon 1–intron 1–exon 2) was identified in which the zn

allele contains a single base transition from G to A at the

start point of the 5¢ splicing junction of intron 1 (Figure 4c,

bottom), leading to a loss of function (Figure S2).

In the NCBI BLAST search, we found that a ZN-like gene

(hereinafter referred to as OsZNL) exists on chromosome 3

(LOC_Os03g06090, EU430514) with a putative protein

sequence that is highly homologous with ZN (hereafter

referred to as OsZN) (Figure S3a). OsZN consists of a 1104-

bp open reading frame (ORF) (Figure 4c, bottom) encoding

367 amino acids with a molecular mass of 37.7 kDa. OsZN

harbors a chloroplast signal peptide at the N terminus,

predicted by ChloroP and TargetP (Emanuelsson et al., 1999,

2000), a bipartite thylakoid transit peptide [AXA(S/A/T/G)]

that has a cleavage site for thylakoid lumen processing

peptidase (Tissier et al., 2002), and seven transmembrane

domains (TMDs) (Figure 4d) predicted by ENSEMBLE (http://

pongo.biocomp.unibo.it/pongo), as previously described

(Eitinger et al., 2005). The NCBI BLAST and the Gene

Index Project databases (http://compbio.dfci.harvard.

edu/tgi/cgi-bin/tgi/Blast/index.cgi) revealed that amino acid

sequences of ZN homologs are highly conserved in all

higher plants (Figure S3).

Expression analyses of OsZN showed that it is expressed

only in the shoot organs, with the highest levels found in

younger leaf tissues, but not in the roots (Figure 4e, top).

OsZN mRNA is most abundant in the leaf tissues at the early

developmental stage, and decreases thereafter (Figure 4e,

middle). In contrast, the expression of OsZNL is the highest

in the roots (Figure 4e, top), plausibly in the mitochondria,

as predicted by TargetP (Figure S3a). In the wild-type rice

seedlings, the levels of OsZN mRNA are approximately two-

fold higher in the leaves of plants grown under continuous

light (CL) than in those grown under complete darkness

(CD), suggesting that OsZN is highly expressed by light at

the transcriptional level (Figure 4e, bottom).

To complement the zn mutant phenotype, we constructed

the recombinant binary vectors containing: (i) the genomic

ZN fragment (gZN), along with 2 kb of the 5¢ upstream

region and 1 kb of the 3¢ downstream region; and (ii) the

OsZN ORF downstream of the cauliflower mosaic virus 35S

promoter (35S:OsZN). These two recombinant plasmids

were introduced independently into the calli of the zn seed

embryos via Agrobacterium-mediated transformation. Four-

teen gZN and nineteen 35S:OsZN transformants produced

normal green leaves, like the wild type, under restrictive L30/

D20 conditions (Figure S4), indicating that the zn mutation is

rescued by introducing the OsZN allele into the mutant.

(a) (b)

(c) (d)

(e) (f)

Figure 3. Transmission electron microscope

(TEM) analysis of the zn mutant.

(a, b) Etioplasts in the mesophyll cells of dark-

grown leaf tissues of (a) wild-type and (b)

mutant seedlings. Germinating seeds were

placed in complete darkness (CD), and leaf

tissues of plants grown for 10 days under

CD30/20 were then examined. Abbreviations:

EP, etioplasts; PLB, prolamellar body. Scale

bars: 1 lm.

(c–f) TEM samples were then obtained from (c)

green leaves of wild-type plants grown in

growth chambers under 12-h light at 30�C and

12-h dark at 20�C (L30/D20), (d) green leaves of

the mutant plants grown under constant light at

30�C (CL30), and (e) green (zn-G) and (f) yellow

(zn-Y) sectors of mutant plants grown under L30/

D20. Abbreviations: CP, chloroplasts; G, grana;

M, mitochondria; N, nucleus; PG, plastoglobuli;

TM, thylakoid membranes. Scale bars: 1 lm.
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OsZN is predicted to harbor a chloroplast-transit peptide

at the N terminus. To confirm this prediction, we generated

transgenic Arabidopsis plants containing 35S:OsZN-GFP

and 35S:GFP (negative control). Confocal images of the

protoplasts isolated from their rosette leaves revealed that

OsZN localizes to the chloroplasts (Figure S5a). To further

examine the intralocalization of ZN, the chloroplasts of

transgenic Arabidopsis plants containing the 35S:AtZN1-

GFP (At2g16800; Figure S3b) were isolated, and their

envelopes and thylakoids were then separated and immu-

noblotted, verifying that ZN is a thylakoid-bound protein

(Figure S5b). Furthermore, ZN is preferentially associated

with PSII among the photosynthetic complexes in the

thylakoid membranes (Appendix S1; Figure S6).

The higher accumulation of ROS in the mutant leaves

To investigate whether necrotic lesions in the zn-Y sectors

occur as a result of an excess accumulation of ROS, we

examined the ROS levels in the mature leaves of the mutant

(Figure 5a), particularly superoxide anion radicals and H2O2.

Unexpectedly, we found that even under permissive CL30

conditions, the green mature leaves of the mutant accumu-

lated more H2O2 (Figure 5b, left) and superoxide anion rad-

icals (Figure 5c, left), by 3,3¢-diaminobenzidine (DAB) and

nitroblue tetrazolium (NBT) staining, respectively. Under

restrictive L30/D20 conditions, it appeared that H2O2 accu-

mulated at higher levels in the zn-Y sectors (Figure 5b,

middle), whereas more superoxide anion radicals accumu-

lated in the zn-G sectors (Figure 5c, middle). However, ROS

accumulation was rarely observed in the pale-green leaves

of mutants grown under Low-L30/D20 conditions (Fig-

ure 5b,c, right panels), or in the yellowish-brown etiolated

(a)

(b)

(c)

(d)

(e)

Figure 4. Map-based cloning and characterization of ZN.

(a) Genetic mapping of the zn locus. The zn locus was initially mapped to a 3.9-

cM region between the simple sequence repeat (SSR) markers, RM8107 and

RM8075, at the end of the short arm of chromosome 6. PCR-based SSR and

sequence-tagged site (STS) marker primer information is listed in Table S1.

(b) Physical mapping of the zn locus. The zn locus was delimited to a 182.91-kb

interval between STS1 and RM4784 using 22 F2 recombinant individuals.

Numbers indicate F2 recombinants at the marker regions.

(c) Identification of OsZN among 22 candidate genes. The genomic structure

of ZN comprises two exons (white bars) and one intron (thin line). The point

mutation yielding the zn mutant is a G fi A transition at the start site of the

5¢ splicing junction of intron 1.

(d) OsZN protein sequence. A predicted chloroplast targeting peptide (CPT), a

bipartite thylakoid transit peptide (BTTP) and seven transmembrane domains

(TMDs) are underlined. A topological model of OsZN integrated into the

thylakoid membranes is shown in the lower panel, as depicted previously

(Eitinger et al., 2005).

(e) Expression profiles of OsZN and its homolog OsZNL in wild-type rice.

(Top) Plants were cultivated for 15 days in growth chambers under 12-h light

at 30�C and 12-h dark at 20�C (L30/D20). OsZN expression was then examined

by semiquantitative RT-PCR. Abbreviations: LB, the expanded fourth leaf

blade; LS, leaf sheath; RT, root; YL, the fourth leaf at emergence. (Middle)

Plant samples were harvested from a paddy field. Total RNA samples from

fourth leaf blades were extracted and used for semiquantitative RT-PCR. The

numbers indicate days after leaf emergence from the sheath. The expression

of Ubiquitin (Ub) was used as a loading control. (Bottom) Plants were grown

for 10 days in growth chambers under continuous light with 30�C for 12 h and

20�C for 12 h (CL30/20) and continuous darkness with 30�C for 12 h and 20�C
for 12 h (CD30/20) conditions.
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seedlings grown under CD30/20 conditions (data not

shown). We consistently observed a much higher accumu-

lation of ROS in the etiolated mutant seedlings during

greening (i.e. during the conversion from etioplasts to

chloroplasts) under white light (300 lmol m)2 sec)1) (data

not shown). From these results, we became aware that

newly developing plastids of the etiolated mutant leaves and

defective plastids of the Chl-free cells in both zn-G and zn-Y

sectors are the main source of light-inducible ROS.

The zn mutant is hypersensitive to photoinhibition

We found that the light-induced generation of ROS in the

mutant leaves is not a result of defects in the Chl anabolic or

catabolic pathway (Appendix S1; Figures S7 and S8).

Moreover, the total activities of the ROS scavenging

enzymes are actually enhanced in the mutant leaves

(Appendix S1; Figure S9). As the scavengers superoxide

dismutase (SOD) and ascorbate peroxidase (APX) do not

interfere with singlet oxygen, it seems likely that the light-

induced ROS production primarily enhances singlet oxygen

concentration. We next examined the maximum quantum

yield of PSII (variable fluorescence Fv/maximum fluores-

cence Fm) to assess the PSII function of the mutant. The

Fv/Fm value of a healthy leaf is usually around 0.83 under

normal growth conditions (Krause and Weis, 1991; Muth-

uchelian et al., 2005). The Fv/Fm values of the zn-G and zn-Y

sectors under restrictive L30/D20, and of the green leaves

under permissive CL30, were all above 0.75 (Table 1). Fur-

thermore, before or even after short-term photoinhibitory

illumination, structures or functions of the photosynthetic

apparatus were not impaired in the mutant (Appendix S1;

Figures S10–13).These results indicate that the Chl-contain-

ing cells in both zn-G and zn-Y sectors (Figure S1) have

chloroplasts of normal photosynthesis function, regardless

of growth conditions.

We further tested whether the chloroplasts of the Chl-

containing cells are more susceptible to photoinhibition.

Under photoinhibitory illumination (1500 lmol m)2 sec)1)

for 2 h (Figure 6a), the Fv/Fm values of both the zn-G and zn-Y

sectors of mutant grown under restrictive L30/D20 condi-

tions rapidly dropped to 0.15 after 1 h of photoinhibitory

irradiation, but it was reduced to only 0.28 in the wild type.

Even under permissive CL30 conditions, the mutant was also

more sensitive to photoinhibition than the wild type (Fig-

ure 6b), indicating that the PSII activity is hypersensitive to

Table 1 Chlorophyll fluorescence parame-
ters in the wild-type and mutant plants
grown under restrictive, 12-h light at 30�C
and 12-h dark at 20�C (L30/D20), and per-
missive, constant light at 30�C (CL30),
conditions

Parameter

L30/D20 CL30

Wild type zn-G zn-Y Wild type zn

F0 0.18 � 0.04 0.12 � 0.02 0.05 � 0.02 0.23 � 0.02 0.16 � 0.01
Fm 1.04 � 0.20 0.54 � 0.12 0.21 � 0.10 1.12 � 0.02 0.82 � 0.02
Fv/Fm 0.82 � 0.01 0.78 � 0.01 0.75 � 0.02 0.80 � 0.02 0.80 � 0.01

The F0 and Fm values were measured in fully matured third leaf blades of 1-month-old plants
raised in growth chambers, and Fv was caluclated using Fv = Fm ) F0. Mean and SD values were
obtained from five replicates. zn-G and zn-Y represent the green and yellow sectors of the mutant,
respectively.

(a)

(b)

(c)

Figure 5. Reactive oxygen species (ROS) accumulation in the zn mutant.

(a) The wild-type and mutant plants were grown for 14 days after germination

in growth chambers under constant light at 30�C (CL30), 12-h light at 30�C and

12-h dark at 20�C (L30/D20), and Low-L30/20 conditions as described in

Figure 1.

(b, c) The fourth leaf blades of the wild-type and mutant plants in (a) were used

for the detection of H2O2 (b) and superoxide anion radicals (c) by 3,3¢-
diaminobenzidine (DAB) and nitroblue tetrazolium (NBT) staining, respec-

tively. These experiments were repeated more than three times with similar

results.
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photoinhibition, independent of growth conditions. To dis-

tinguish whether this hypersensitivity of normal chlorop-

lasts in the Chl-containing cells of the mutant is caused by

accelerated damage to PSII or impaired repair of photodam-

aged PSII, the plants were illuminated in the presence of

lincomycin (an inhibitor of chloroplast protein synthesis),

which blocks PSII repair. Under both growth conditions, the

Fv/Fm values of both the wild type and the mutant rapidly

decreased (by approximately 88%) at the same rate during a

2-h period of photoinhibitory illumination (Figure 6c,d),

suggesting that the rate of PSII inactivation does not differ

between the wild type and the mutant. Interestingly, in the

absence of lincomycin ()LN), the decrease of the Fv/Fm

values of the mutant leaves proceeded with the same rapid

kinetics as the lincomycin-treated (+LN) mutant leaves under

both growth conditions (Figure 6a–d). This finding suggests

that regardless of growth conditions the hypersensitivity of

the mutant to high light stress is caused by preferential

impairment of PSII repair, rather than by a greater degree of

inactivation of PSII.

The wild type and the mutant were next treated by

photoinhibitory illumination (1500 lmol m)2 sec)1) for 1 h

and then placed under dim light (20 lmol m)2 sec)1) for PSII

recovery, which is a requirement for the synthesis of new D1

during the reassembly of the PSII reaction center. We found

that the recovery of PSII function in the wild-type leaves was

faster than that of the mutant leaves at the start of dim-light

treatment, independent of the growth conditions (Fig-

ure 6e,f). However, the Fv/Fm values of the mutant grown

under both L30/D20 and CL30 conditions reached almost the

wild-type levels after 12 and 4 h of recovery under dim light,

respectively, suggesting that the hypersensitivity to pho-

toinhibition may result from the attenuation of the PSII

repair process in the functional chloroplasts of Chl-contain-

ing cells.

The protease-mediated degradation of damaged D1 during

PSII repair is not impaired in the zn mutant

The D1 protein of PSII is easily damaged by excess light, and

damaged D1 must be degraded rapidly and replaced by

newly synthesized D1 to reactivate PSII function. Hence, we

examined whether the inefficient repair cycle of PSII is

caused by a defect in the D1 degradation steps, akin to the

yellow variegated (var) mutants of Arabidopsis (Chen et al.,

2000; Bailey et al., 2002; Sakamoto et al., 2002). Immunoblot

analyses were thus performed using an antibody specific to

a lumen-exposed C-terminal part of D1 (D1C) (Figure 7).

When the pale green leaves of plants grown under permis-

sive CL30 conditions were subjected to photoinhibitory

illumination (1500 lmol m)2 sec)1), total concentrations of

the 23 and 16-kDa fragments of D1 were considerably higher

in the mutant leaves (Figure 7a), indicating a greater degree

of inactivation of PSII by high light stress (Figure 6b) (Miyao,

1994). However, in the presence of lincomycin (+LN), the

levels of degraded D1 fragments in the mutant did not

significantly differ from those in the wild type (Figure 7b).

We also obtained similar results when the zn-G sectors of

(a) (b)

(c) (d)

(e) (f)

Figure 6. Photoinhibition of photosystem II (PSII) and subsequent recovery

kinetics in the zn mutant. Leaf blades were detached from the plants grown

under the restrictive 12-h light at 30�C and 12-h dark at 20�C (L30/D20) (a, c, e)

and permissive constant light at 30�C (CL30) (b, d, f) conditions in growth

chambers, and the Fv/Fm values were measured under photoinhibitory

illumination at 1500 lmol m)2 sec)1 for 2 h in the absence (a, b) or presence

(c, d) of lincomycin.

(e, f) The wild-type and mutant leaves were then exposed to photoinhibitory

illumination at 1500 lmol m)2 sec)1 for 1 h, and subsequent recovery was

followed by exposure to dim light at 20 lmol m)2 sec)1 at room temperature.

A time of –1 h represents overnight dark adaptation prior to high light

treatment. A time of 0 h represents the end of the 1-h high light treatment, and

1, 2, 4 and/or 12 h represent subsequent recovery periods under dim light at

20 lmol m)2 sec)1 at room temperature. Means and SD values were

obtained from five replicates. White and grey areas represent photoinhibitory

illumination and recovery periods, respectively.
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mutants grown under restrictive L30/D20 conditions were

subjected to photoinhibitory illumination (Figure 7c,d).

These results indicate that the protease-mediated degrada-

tion of photodamaged D1 is not altered by the zn mutation.

Thus, we concluded that a slow recovery of the PSII activity

from photoinhibition (Figure 6e,f) is mainly the result of

delayed synthesis of new D1 during PSII repair.

DISCUSSION

Here, we report the phenotypic characteristics of the rice zn

mutant, and the positional cloning of ZN, which encodes a

thylakoid-bound protein of unknown function. Given that

the mutant phenotype is closely associated with the bio-

genesis of chloroplasts that have been unequally damaged

by incidental light after a period of darkness (Figures 1, 2,

and S1), it seems intuitive that normal development of the

etioplasts in the dark would occur in the mutant leaves

(Figure 3a,b). Both the Chl-containing cells having normal

chloroplasts, and Chl-free cells containing defective chlo-

roplasts are mixed together at different densities (Fig-

ures 3c–f and S1), leading to the formation of transverse

green/yellow stripes (zn-G and zn-Y) in a monocot plant

(rice) and sporadic green/yellow sectors in a dicot plant

(Nicotiana benthamiana; Appendix S1; Figure S14). The

onset of this variegation seems to be confined to the early

stages of leaf development, i.e. prior to emergence from the

leaf sheath under restrictive conditions (Figure 2). OsZN is

constitutively expressed at low levels in the etiolated seed-

lings, and is highly transcribed in the de-etiolated seedlings,

but not in the roots (Figure 4e, top). In addition, OsZN tran-

scripts are highly transcribed during early leaf development,

and its expression decreases thereafter. Thus, we propose

that ZN is a critical component for protecting the developing

chloroplasts of newly dividing leaf cells from photodamage

under normal growth conditions, i.e. alternate light/dark and

day/night temperatures. Hypersensitivity to alternate high/

low temperatures under constant light (Figure 2d) remains

to be determined.

The ZN homologs of higher plants are mainly predicted to

localize in the chloroplasts (Figure S3). Interestingly, they

have a similar signature sequence (HTLSGPDHL) in TMD-II,

(a) (b)

(c) (d)

Figure 7. Immunoblot analysis of D1 and its degraded fragments from

photoinhibition. The wild-type and mutant plants were grown for 14 days in

growth chambers under conditions of constant light at 30�C (CL30) (a, b) and

12-h light at 30�C and 12-h dark at 20�C (L30/D20) (c, d), as described in

Figure 1. The leaf blades were then detached and exposed to 1500 lmol m)2

sec)1 (+HL) for 1 h in the absence (a, c) or presence (b, d) of lincomycin (LN).

Thylakoid membranes were then isolated and 2 lg of chlorophyll (Chl) was

loaded into each lane. Degraded D1 fragments were detected with D1-specific

antibodies both before and after photoinhibitory illumination. After D1

detection, the LHCII levels were immunoblotted with an anti-Lhcb2 antibody

as an internal loading control. Relative quantities of 16-kDa D1-F were divided

by the values of the wild type ()LN/HL). Means and SDs are obtained from

three replicates. D1, 32-kDa D1; D1/D2, 65-kDa heterodimer of D1 and D2; D1-F,

degraded D1 fragment.
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and a His-containing motif (GHDAGQ) in TMD-III, to a high-

affinity nickel/cobalt transporter (NiCoT), one of the second-

ary metal transporter families in bacteria and fungi (Eitinger

et al., 2005). Except for the topological similarity, amino acid

sequences of ZN homologs are quite different from those of

bacterial NiCoTs, and have no His-repeating motifs (up to 14

His residues) in the stromal loops between TMD-IV and

TMD-V, which seems to play an important role in cellular Ni

affinity, compared with UreH in the bacterial urease ope-

rons, and SodT in the Ni-dependent SOD operons in many

marine cyanobacteria (Eitinger et al., 2005). Urease is a

unique Ni-binding enzyme among metalloenzymes of

plants, and its cytoplasmic and intercellular localization

has been identified in jack bean (Canavalia spp.) (Murray

and Knox, 1977). However, the urease activity is not altered

in the mutant leaves (Figure S15), indicating that the zn

mutation is irrelevant to the urease activity. Furthermore,

using an inductive coupled plasma spectrum (data not

shown), we could not obtain any evidence of alteration in the

concentrations of several metal ions (Ni, Co, Zn, Mg, Mn, Cu

or Fe) of the leaves, or purified chloroplasts, between the

wild type and the zn mutant, or between the wild type and

the OsZN- or AtZN1-overexpressed transgenic plants of

Arabidopsis (Figure S5b). These negative results suggest

that ZN may not act as a secondary metal transporter,

although this should be further verified.

Unlike albinism, leaf variegation is a nonlethal trait, and is

formed by sectors that contain either normally appearing

chloroplasts or abnormally arrested/defective plastids

(Sakamoto, 2003; Aluru et al., 2006, 2009). In this study, a

fundamental question is which principal mechanism leads

to variegation in the same leaf tissues of the mutant. We

consistently observed that during greening (i.e. during the

conversion from etioplasts to chloroplasts) of dark-grown

etiolated seedlings under permissive conditions

(300 lmol m)2 sec)1), more ROS accumulated in the already

developed leaf blades of the mutant compared with those of

the wild type (data not shown). Based on the shapes and

internal structures of defective plastids of the Chl-free cells

(Figure S1d,f), it is evident that an impediment of chloro-

plast biogenesis occurs during the assembly of thylakoid

protein complexes, possibly during the biogenesis of PSII,

as ZN is preferentially associated with the PSII complex in

the thylakoid membranes (Figure S6). It suggests that in the

absence of ZN, newly differentiating chloroplasts are highly

susceptible to damage from incidental light through an

as-yet undefined mechanism, and the impaired plastids lead

to the formation of Chl-free cells (Figure 3f). Our shift exper-

iments strongly support this notion that the fate of chlorop-

lasts of photosynthetic cells is irreversibly determined at this

early stage of chloroplast biogenesis (Figure 2g,h). Based on

this scenario, it is possible to explain the presence of Chl-

containing cells in the mutant leaves: at a critical stage of

thylakoid complex formation, some developing chloroplasts

escape from photodamage during the night period, or by

chance under low-intensity light at dawn, and subsequently

differentiate into the chloroplasts of normal shapes and

functions (Figures 3d and S1F). In the Chl-containing cells,

however, ROS may also be produced from the chloroplasts

under restrictive conditions, but those levels are not critical

enough to induce oxidative damage because the ROS

scavenging activities have also been greatly elevated in the

mutant leaves (Figure S9).

Prolonged oxidative conditions in the defective plastids of

Chl-free cells appear to be the main source of ROS under

excess light (Figure 5). We observed that under a medium

intensity (100 lmol m)2 sec)1) of white light, the zebra

phenotype was clearly developed, but necrosis in the zn-Y

sectors never occurred under restrictive L30/D20 conditions

(data not shown), indicating that the phenotypic severity

and ROS levels from the Chl-free cells are directly correlated

with an increase in light intensity. Furthermore, we could

not find any abnormalities in chlorophyll biosynthesis and

catabolism, total cellular activities of SOD and APX for ROS

detoxification, Fv/Fm as a measure of the maximum PSII

quantum yield, or structures and functions of the photosyn-

thetic complexes in the functional chloroplasts of Chl-

containing cells (Figures S7–13; Table 1). We only found

that its PSII activity is hypersensitive to photoinhibition

(Figure 6a,c) because of a slow recovery of the PSII activity

under dim light, regardless of growth conditions (Fig-

ure 6e,f). The protease-mediated degradation of damaged

D1 is not impaired (Figure 7), strongly suggesting that the

de novo synthesis of D1 is not fully active in the PSII repair

cycle of the mutant. It should be noted that ROS suppress

PSII repair at the translational level of new D1 synthesis

(Nishiyama et al., 2001; Murata et al., 2007; Takahashi and

Murata, 2008). In addition, ROS has a high diffusion rate,

and specific aquaporins facilitate its diffusion across the

biological membranes (Bienert et al., 2007). We showed that

the leaf phenotype and pigment concentrations of the

mutant were almost identical with those of the wild type

under Low-L30/D20 conditions (Figure 1f,g), and that ROS

accumulation was barely detectable in the pale green leaves

of the mutant (Figure 5, right panels) because the defective

Chl-free cells were hardly found (data not shown). In this

respect, it is highly possible that although the Chl-free cells

are unable to green normally, and the assembly of thylakoid

membrane components is irreversibly disturbed, the trace

levels of Chls may still be synthesized in the absence of

membrane assembly, because tetrapyrrole synthesis in

the zn mutant seems to operate as indicated by the

5-aminolevulinate (ALA) feeding experiment and HPLC

analysis of pigments (Figures S7 and S8). They may act as

photosensitizers that can generate singlet oxygen under

high-intensity light. Thus, during photoinhibitory irradia-

tion, the elevated levels of singlet oxygen generated

from the Chl-free cells may negatively affect the de novo
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synthesis of D1 in normal chloroplasts in the Chl-containing

cells, resulting in hypersensitivity to photoinhibition. In

other words, the inefficient repair cycle of PSII in the mutant

leaves mainly results from elevated levels of ROS under

high-intensity light. Further identification of the genes

responsible for other zebra mutations of rice is ongoing in

our laboratory, and will enable us to provide more insights

into the molecular function of ZN, as well as new compo-

nents involved in the photoprotection of developing chlo-

roplasts during early leaf development in higher plants.

EXPERIMENTAL PROCEDURES

Plant materials and growth conditions

The zn mutation was induced by applying a chemical mutagen
N-methyl-N-nitrosourea (MNU) to the fertilized egg cells of a Korean
glutinous japonica rice cultivar ‘Sinsunchalbyeo’, as previously
described (Kim et al., 1991). The wild-type ‘Sinsunchalbyeo’ and the
zn mutant plants were cultivated in a paddy field or in growth
chambers. The chamber conditions were as follows: alternate 12-h
light with low intensity (20 lmol m)2 sec)1) at 30�C and 12-h dark at
20�C (Low-L30/D20); alternate 12-h light (300 lmol m)2 sec)1) at
30�C and 12-h dark at 20�C (L30/D20); alternate 12-h light and 12-h
dark at a constant 20�C (C20L/D) or 30�C (C30L/D); continuous light
with 30�C for 12 h and 20�C for 12 h (CL30/20); continuous light at
20�C (CL20) or 30�C (CL30).

Measurement of photosynthetic pigments

Pigments were extracted from equal fresh weights of leaf tissues
with 80% ice-cold acetone. The concentrations of Chls and carote-
noids were determined with a UV/VIS spectrophotometer according
to Lichtenthaler’s (1987).

Confocal and transmission electron microscopy (TEM)

analyses

For microscopic analysis, a confocal laser scanning microscope
(Zeiss, http://www.zeiss.com) and a transmission electron micro-
scope (JEM-1010; JEOL, http://www.jeol.com) were used, as previ-
ously described (Park et al., 2007).

Histochemical detection of superoxide anion radicals and

hydrogen peroxide

Histochemical assays for ROS accumulation were conducted as
previously described (Fryer et al., 2002; Kariola et al., 2005; Maha-
lingam et al., 2006; Lin et al., 2009). Briefly, for the determination of
superoxide anion radicals, leaf samples were immersed in 6 mM

NBT solution containing 50 mM HEPES buffer (pH 7.5) for 2 h in the
dark. For H2O2 detection, detached leaves were immersed in 5 mM

DAB solution containing 10 mM 2-(N-morpholine)-ethanesulphonic
acid (MES; pH 3.8) for 8 h in darkness.

Genetic and physical mapping

A mapping population of 670 F2 individuals was produced by
crossing a japonica-type zn mutant and a tongil-type cultivar,
Milyang23, which is derived from an indica · japonica hybridiza-
tion, and has a genetic make-up that is close to that of indica. To
confirm the chromosomal localization of the zn locus, we had pre-
viously performed small-scale mapping using forty zn homozygous
F2 plants and nine SSR markers distributed on chromosome 6 (this
information is available in GRAMENE; http://www.gramene.org).

Three SSR markers and one STS marker (STS1) were used for
physical mapping.

Measurement of Chl fluorescence and photoinhibitory

illumination

The leaves were detached from 15-day-old rice plants and cultivated
in growth chambers under L30/D20 or CL30 conditions. Prior to dark
adaptation, leaf segments were prepared in water to protect against
severe wounding, and were then floated on water (control) or
immersed in 3 mM lincomycin using a single layer of Kimwipes. The
segments were then kept in the dark at 20�C overnight to enable
lincomycin infiltration. The minimum (F0) and maximum (Fm) Chl
fluorescence of PSII was then measured using a portable fluorom-
eter (PAM-2000; Walz, http://www.walz.com) at room temperature
(22–24�C). Next, the leaf segments were dark-adapted for 30 min
prior to fluorescence measurements at room temperature. The
maximum quantum yield of PSII photochemistry, Fv/Fm, was
calculated as Fv/Fm = (Fm – F0)/Fm (Genty et al., 1989). All mea-
surements were performed in a dark room under stable ambient
conditions. In vivo photoinhibition was induced by illumination
with white light (1500 lmol m)2 sec)1) from a metal halide lamp to
induce PSII photodamage with or without lincomycin, and a 15-cm-
deep water bath was placed under the lamp, and was cooled with an
air conditioner to prevent overheating. Photoinhibition was
assessed by measuring the Fv/Fm values before and after high light
treatments using a portable fluorometer. A saturating light pulse
(3000 lmol m)2 sec)1 for 800 msec) was used to measure Fm. After
photoinhibition, leaf samples were placed under dim white light
(20 lmol m)2 sec)1) to induce de novo synthesis for the repair of
damaged PSII for the indicated time periods.

Preparation of thylakoids and immunoblotting analysis

The thylakoid membrane fractions from leaf tissues were prepared
and Chl concentration was measured as described previously (Porra
et al., 1989). The levels of D1 protein and its degradation were
detected as described by Miyao (1994) using a D1C-specific anti-
body against the C terminal of the D1 protein generously donated
by M. Miyao (NIAR, Japan). An anti-Lhcb2 antibody (AgriSera,
http://www.agrisera.com) was used as a loading control.
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Figure S7. Protochlorophyllide concentrations in the ALA-fed seed-
lings.
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in the zn mutant.
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idase (APX) activities in the zn mutant.
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(BN-PAGE).
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