
Photosynthetic Redox Imbalance Governs Leaf Sectoring in
the Arabidopsis thaliana Variegation Mutants immutans,
spotty, var1, and var2 W

Dominic Rosso,a Rainer Bode,a Wenze Li,a Marianna Krol,a Diego Saccon,a Shelly Wang,a Lori A. Schillaci,a

Steven R. Rodermel,b Denis P. Maxwell,a and Norman P.A. Hünera,1
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We hypothesized that chloroplast energy imbalance sensed through alterations in the redox state of the photosynthetic

electron transport chain, measured as excitation pressure, governs the extent of variegation in the immutans mutant of

Arabidopsis thaliana. To test this hypothesis, we developed a nondestructive imaging technique and used it to quantify the

extent of variegation in vivo as a function of growth temperature and irradiance. The extent of variegation was positively

correlated (R2 = 0.750) with an increase in excitation pressure irrespective of whether high light, low temperature, or

continuous illumination was used to induce increased excitation pressure. Similar trends were observed with the variegated

mutants spotty, var1, and var2. Measurements of greening of etiolated wild-type and immutans cotyledons indicated that

the absence of IMMUTANS increased excitation pressure twofold during the first 6 to 12 h of greening, which led to impaired

biogenesis of thylakoid membranes. In contrast with IMMUTANS, the expression of its mitochondrial analog, AOX1a, was

transiently upregulated in the wild type but permanently upregulated in immutans, indicating that the effects of excitation

pressure during greening were also detectable in mitochondria. We conclude that mutations involving components of the

photosynthetic electron transport chain, such as those present in immutans, spotty, var1, and var2, predispose Arabidopsis

chloroplasts to photooxidation under high excitation pressure, resulting in the variegated phenotype.

INTRODUCTION

Plants sense light through an array of photoreceptors, including

phytochromes (Rockwell et al., 2006; Bae and Choi, 2008),

cryptochromes (Li and Yang, 2007), and the more recently

discovered phototropins (Christie, 2007) that are critical for plant

growth anddevelopment. However, in addition to the requirement

for photoreceptors sensitive to spectral quality, the oxidation-

reduction (redox) state of photosynthetic electron transport (PET)

has been shown to act a sensor of cellular energy status (Hüner

et al., 1998; Giraud et al., 2008; Murchie et al., 2009). Imbalances

in the redox state of PET may occur whenever the absorption

and transformation of light by the extremely fast, temperature-

insensitive photochemical reactions of photosynthesis either

exceed the capacity to use the photosynthetic electrons for

reductive C, N, and S metabolism and/or exceed the capacity of

the photosynthetic apparatus to dissipate excess energy non-

photochemically as heat (Hüner et al., 1998; Pfannschmidt, 2003;

Ensminger et al., 2006; Wilson et al., 2006; Murchie et al., 2009).

The redox state of PET has been shown to influence a diversity

of phenomena from altering the excitation distribution between

photosystems through state transitions controlled by STN7, a

chloroplast thylakoid protein kinase in Arabidopsis thaliana

(Rochaix, 2004; Kargul and Barber, 2008), to changes in organ-

ellar gene expression (Pfannschmidt et al., 1999; Pfannschmidt,

2003) and nuclear gene expression through retrograde regula-

tion (Pfannschmidt, 2003; Fernández andStrand, 2008;Woodson

and Chory, 2008; Pesaresi et al., 2009; Pfannschmidt et al.,

2009), to changes in plant growth habit and morphology (Gray

et al., 1997). Furthermore, tobacco (Nicotiana tabacum) plants

deficient in ferredoxin-NADP(H) reductase exhibit a yellow-green

phenotype due to the overreduction of the intersystem PET

chain. The extent of this phenotype is directly dependent upon

the irradiance to which the plants are exposed (Palatnik et al.,

2003). Consequently, it has been suggested that the chloroplast

has a dual role. Not only does it function as the primary energy

transducer in all photoautotrophs, it also functions as a sensor of

environmental change (Hüner et al., 1998; Pfannschmidt, 2003;

Wilson et al., 2006; Bräutigam et al., 2009; Murchie et al., 2009).

Early research with green algae indicated that a key sensor was

the redox-state of plastoquinone (PQ), a mobile electron carrier

that shuttles electrons from photosystem II (PSII) to the cyto-

chrome b6/f complex (Escoubas et al., 1995; Maxwell et al.,

1995b;Wilson et al., 2003). This was based on experiments where

the characteristic, yellow-green, high light phenotype brought

about by acclimation to high irradiance could be mimicked by

chemicallymodulating the redox statusof the intersystemPQpool

with the electron transport inhibitor 2,5-dibromo-3-methyl-6-

isopropylbenzoquinone (DBMIB) inDunalliela tertiolecta (Escoubas
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et al., 1995) and Chlorella vulgaris (Wilson et al., 2003). Since

DBMIB inhibits the oxidation of plastoquinol (PQH2) by the

cytochrome b6/f complex, PSII keeps the PQ pool reduced in

the light. This induces the high light phenotype, which is char-

acterized by low chlorophyll content per cell, high chlorophyll a/b

ratio (>10), accumulation of the carotenoid binding protein, but

suppression of both Lhcb2 accumulation and Lhcb2 expression,

the nuclear gene that encodes the major PSII light-harvesting

antenna polypeptide (Hüner et al., 1998).

While low temperature does not affect the rate of light ab-

sorption, it severely restricts the rate of downstream, enzyme-

catalyzed reactions. This restricts the capacity to use NADPH

and ATP, the products of the PET, thus causing an overreduction

of the PQ pool due to negative feedback. As a consequence, the

yellow, low-temperature phenotype is indistinguishable from the

phenotype observed in the presence of DBMIB (Maxwell et al.,

1995a; Wilson et al., 2003). By contrast, since DCMU prevents

the exit of electrons from PSII into the PQ pool, photosystem I

(PSI) is able to keep the PQpool oxidized in the light. Under these

conditions, cells exhibit a normal green phenotype that is asso-

ciated with high chlorophyll content per cell, low chlorophyll a/b

ratio (3.0 to 3.5), high levels of Lhcb2 expression, and Lhcb2

accumulation (Escoubas et al., 1995; Wilson et al., 2003). This

phenotype is mimicked by growth at either low irradiance or high

temperature in C. vulgaris (Maxwell et al., 1995a; Wilson et al.,

2003).

More recent research in Arabidopsis suggests that redox

factors on the acceptor side of PSI may be important (Dietz,

2008). These and additional signals, including the precursor of

chlorophyll synthesis, magnesium protoporphyrin (Strand et al.,

2003), and reactive oxygen species (ROS) generated by the PET

(Meskauskiene et al., 2001; op den Camp et al., 2003), may

constitute a complex network of signals involved in the retro-

grade pathway of communication from the chloroplast to the

nucleus (Koussevitzky et al., 2007; Fernández and Strand, 2008;

Woodson and Chory, 2008). However, the putative role of

Mg-protoporphyrin in retrograde signaling remains equivocal

(Mochizuki et al., 2008; Moulin et al., 2008). Genetic analyses in

Arabidopsis has identified STN7 (Bellafiore et al., 2005; Bonardi

et al., 2005) as a chloroplast protein kinase involved in redox

signaling essential for state transitions and photosynthetic ac-

climation (Pesaresi et al., 2009). However, the exact nature of the

mechanisms by which the redox state of the chloroplast is

signaled to the nucleus resulting in altered gene expression

remains largely unknown.

Changes to the redox state of the PET chain are reflected in

alterations to the excitation pressure of PSII. Excitation pressure

can be formally defined as the relativemeasure of reduction state

of QA, ([QA
2]/[QA] +[QA

2]) (Dietz et al., 1985; Hüner et al., 1998),

the first stable electron acceptor of PSII. Excitation pressure can

be measured noninvasively in intact tissues using chlorophyll a

fluorometry (Krause and Weis, 1991) to measure the parameter

1-qP (Dietz et al., 1985; Maxwell et al., 1994; Adams et al., 1995).

Photoautotrophs are in photostasis when the photochemistry

induced by the absorption of light is balanced either by use of

photosynthetically generated electrons through metabolism and

growth or through the capacity to dissipate excess energy as

heat through nonphotochemical quenching (Figure 1) (Hüner

et al., 2003). Under such conditions, excitation pressure is low,

the PQ pool is in the oxidized state, and the organism exhibits a

normal, green, low excitation pressure phenotype.

However, myriad environmental stresses, including high irra-

diance (Escoubas et al., 1995), low temperature (Maxwell et al.,

1995a, 1995b; Wilson and Hüner, 2000; Wilson et al., 2003),

Figure 1. The Redox State of the PQ Pool Is a Sensor of Environmental Change.

During steady state photosynthesis, the diffusion-dependent oxidation of PQH2 is considered the rate-limiting step of PET. At photostasis (top), the rate

of reduction of the PQ pool by electrons from PSII is balanced by its oxidation by PSI and the demands of downstream metabolism. Exposure of plants

to high light (bottom left) results in PQH2 accumulation, which is reflected by increased excitation pressure on PSII. High excitation pressure conditions

can be also mimicked by other environmental conditions (bottom right) that limit the rate of the oxidation of the PQ pool by inhibiting downstream

metabolism that consumes the electrons generated by PET.
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nitrogen deficiency (Cruz et al., 2003), and salt stress (Huang

et al., 2005) increase excitation pressure due to energy imbal-

ances between photochemistry and cellular energy use (Figure

1). In the single-cell green algae,C. vulgaris,Dunaliella salina, and

D. tertiolecta (Escoubas et al., 1995; Maxwell et al., 1995a,

1995b) as well as the cyanobacterium Plectonema boryanum

(Miskiewicz et al., 2000, 2002), this typically results in a high

excitation pressure phenotype characterized by a decrease

in chlorophyll per cell, a decreased abundance of pigments

associated with the light-harvesting antenna, and a decreased

photosynthetic efficiency typically associated with photoaccli-

mation. These algae and P. boryanum adjust the structure and

composition of light-harvesting complex II and phycobilisomes,

respectively, reflecting their acclimation response to high exci-

tation pressure.

The variegated phenotype is characterized by distinct green

and white sectored leaves (Rodermel, 2001, 2002; Miura et al.,

2007). The green sectors contain normal chloroplasts, whereas

the white sectors contain plastids devoid of chlorophyll and/or

carotenoids (Rodermel, 2002; Miura et al., 2007). Variegated

plants include the immutans (im) mutant of Arabidopsis, which

was isolated and preliminarily characterized nearly 50 years ago

(Rédei, 1963, 1975; Röbbelen, 1968). im is the result of a

recessive mutation of the nuclear gene IM (Carol et al., 1999;

Wu et al., 1999). Recent in vitro and in vivo evidence indicate that

IM may be the elusive plastid terminal oxidase (PTOX), an

ancillary component of the PET chain that is involved in the

chlororespiratory pathway (Cournac et al., 2000; Josse et al.,

2000, 2003; Joët et al., 2002; Peltier andCournac, 2002; Fu et al.,

2005; Shahbazi et al., 2007). It was first proposed by Bennoun

(1982) that, during chlororespiration, reducing equivalents from

the stroma are oxidized by an NAD(P)H dehydrogenase that in

turn reduces the PQ pool. The function of IM in this chlorore-

spiratory pathway would be to mediate the oxidation of plasto-

quinol (PQH2) and the concomitant reduction of O2 to water.

Chloroplasts and mitochondria represent the major redox

compartments of plant cells that can communicate through the

complex network of C- and N-metabolic pathways. Conse-

quently, plant cellular energymetabolism involves the integration

of light-dependent, photosynthetic redox reactions with the

light-independent respiratory redox reactions of mitochondria

(Noctor et al., 2007). Themitochondrial alternative oxidase (AOX)

is upregulated under stress conditions and oxidizes the ubiq-

uinone pool of the mitochondrial electron transport chain and

lowers the potential for ROS production (Maxwell et al., 1999;

McDonald, 2008). IM exhibits 37%sequence identity to AOX (Wu

et al., 1999). Consequently, it was suggested that IM, like AOX,

acts as an electron transport safety valve (Niyogi, 2000). Under

stress conditions when the PET chain becomes overly reduced,

IM may act as an alternative electron sink that, by consuming

excess photosynthetically generated electrons, would minimize

the formation of ROS (Niyogi, 2000). PTOX has been reported to

reduce oxygen and was suggested to play an important photo-

protective role in the high alpine plant species Ranunculus

glacialis acclimated to low temperature (Streb et al., 2005).

Furthermore, Stepien and Johnson (2009) reported that PTOX

acts as an alternative electron sink in the salt-stressed halophyte

Thellungiella. These effects were accompanied by a significant

increase in the relative abundance of PTOX in R. glacialis (Streb

et al., 2005) and Thellungiella but not in Arabidopsis (Stepien and

Johnson, 2009). These data support the role of IM/PTOX as an

alternative electron sink in alleviating overreduction of the PQ

pool under unfavorable environmental conditions where PSI is

limited on the acceptor side.

However, recent research comparing the function of IM in a

knockout mutant as well as in overexpressing lines of Arabidop-

sis has shown that modulation of IM expression and polypeptide

accumulation does not alter the flux of intersystem electrons

reaching PSI during steady state photosynthesis nor does the

presence or absence of IM affect sensitivity to photoinhibition

in Arabidopsis (Rosso et al., 2006). Moreover, through meta-

analyses of published Arabidopsis microarray data, Rosso et al.

(2006) reported that IM expression was insensitive to a range of

abiotic stresses. Taken together, these results do not support the

model of IM as a safety valve to regulate the redox state of the PQ

pool during stress and acclimation in fully developedArabidopsis

leaves. By contrast, the meta-analysis revealed that IM did

appear to be strongly regulated by development in Arabidopsis

(Rosso et al., 2006). This is consistent with the observations of

Aluru et al. (2001, 2009) who suggested that IM is required to

protect against the potential for photooxidation during the de-

velopment of chloroplasts, amyloplasts, and etioplasts.

Wu et al. (1999) proposed that the presence of white sectors in

im plants occurs because IM plays a critical role in carotenoid

biosynthesis due to its ability to oxidize the PQpool. Briefly, a key

enzyme in carotenoid synthesis is phytoene desaturase, which

catalyzes the oxidation of phytoene to z-carotene, and this

requires electron donation to PQ. The subsequent processing of

z-carotene leads to the biosynthesis of the complete comple-

ment of carotenoids, including b-carotene, lutein, and zeaxan-

thin, which are required to protect the photosynthetic apparatus

from photooxidation. By acting as a plastoquinol oxidase, IM

helps to facilitate phytoene desaturase function. If the PQ pool

remains reduced due to the lack of IM, carotenoid biosynthesis is

blocked at the phytoene desaturase step, phytoene accumu-

lates, and photobleaching results from an increase in chloro-

plastic ROS (Wetzel et al., 1994; Wu et al., 1999). Consistent with

the notion that white sectoring is triggered by photooxidation

(Aluru et al., 2009) is the fact that the variegated phenotype can

be suppressed in im plants when grown under low-light condi-

tions (Rédei, 1963; Wetzel et al., 1994; Aluru and Rodermel,

2004; Rosso et al., 2006).

We recently discovered that the suppression of the variegated

phenotype by low light has a clear temporal component: if

seedlings are germinated at 258C under a low irradiance of 5

mmol photons m22 s21 for 7 d and subsequently shifted to

growth at 50 mmol photons m22 s21 for 35 d, im plants can be

exposed to any growth irradiance and will still exhibit an all green

phenotype indistinguishable from the wild type (Rosso et al.,

2006). This refinement of the low light suppression of variegation

suggests that developmental stage has a critical role to play in

whether or not the variegated phenotype will develop. In a recent

detailed study, Miura et al. (2007) provided strong evidence that

leaf variegation in the var2 mutant of Arabidopsis is the result of

an imbalance between the biosynthesis and degradation of the

D1 protein, the QB binding, reaction center polypeptide of PSII,
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which transfers electrons to the PQ pool. However, these results

still do not explain the variable pattern of sectoring typically

observed during the development of a variegated leaf. Since

var2, like im, is the result of a nuclear mutation, theoretically all

cells should exhibit defective chloroplasts. Since this is not the

case, Miura et al. (2007) conclude that further research is

required to elucidate the physiological basis of the observed

variegation patterns.

The objective of this study was to ascertain whether there is a

physiological explanation for the green-white sectoring ob-

served in variegated mutants of Arabidopsis. We hypothesized

that the excitation pressure experienced early during leaf devel-

opment governs the extent of variegation in the im mutant of

Arabidopsis. Thus, changes in temperature should mimic the

effects of irradiance on the extent of variegation observed. The

development of a nondestructive imaging technique to quantify

the kinetics of leaf variegation allowed us to test this hypothesis

by examining the interactive effects of growth irradiance, growth

temperature, and photoperiod on the extent of variegation during

leaf expansion and chloroplast biogenesis.

RESULTS

Consistent with our previous report (Rosso et al., 2006), the

cotyledons and the first true leaves of im plants germinated and

grown at 258C at an irradiance of 5 mmol photons m22 s21 (25/5)

for 7 d under a short-day photoperiod (8/16 h day/night)

exhibited an all green phenotype (Figure 2). To determine

whether growth irradiance and growth temperature affected

the phenotype of the im mutant, the im seedlings subsequently

were shifted to growth at either 50, 150, or 450 mmol photons

m22 s21 at 258C (25/50, 25/150, and 25/450). im seedlings

exhibited a variegated phenotype upon exposure to growth

irradiance greater than 50 mmol photons m22 s21 at 258C (Figure

2). In parallel, im seedlings were shifted to growth at low tem-

perature (128C) and increasing irradiance (12/50, 12/150, or 12/

450).

Leaf development in im seedlings was measured microscop-

ically and visually on a daily basis by assessing the number of

leaves initiated that were$1 mm in length. The wild type and im

exhibited minimal differences in the rate of leaf initiation (0.0306
0.001 leaves/day) throughout growth and development at 25/50

(Figure 3A). After an initial lag period of ;7 d after the shift to

increased growth irradiance, the rate of leaf initiation increased in

both the wild-type and the im seedlings (Figure 3A). Although

both genotypes exhibited similar initial rates of leaf initiation at

25/150 (0.04 6 0.001 leaves/day) and 25/450 (0.07 6 0.001

leaves/day), the rate of leaf initiation in im seedlings deviated

significantly from the wild type after;27 d (Figure 3A). Thus, leaf

development in im seedlings appeared more sensitive to growth

irradiance relative to wild-type seedlings at 258C.
Leaf expansion was assessed by measuring leaf area in both

the wild type and im grown at 258C at 50, 150, and 450 mmol

photons m22 s21 (see Supplemental Figure 1 online). Both wild-

type (0.13 mm2/day) and im seedlings (0.12 mm2/day) grown at

25/50 exhibited minimal differences in their exponential growth

rates based on leaf area measurements. The exponential rate of

leaf expansion appeared to be light saturated at 150 mmol

photons m22 s21 (0.20 mm2/day) in im seedlings (see Supple-

mental Figure 1B online), whereas the exponential rate of leaf

expansion increased from 0.22 mm2/day at 25/150 to 0.28 mm2/

day at 25/450 in wild-type seedlings (see Supplemental Figure

1A online). The time required to reach the mid-log phase of

growth at 258C decreased from;33 to 35 d at 50 mmol photons

m22 s21 to 15 to 17 days at 150 and 450 mmol photons m22 s21

for both wild-type and im seedlings (see Supplemental Figure 1A

online). As expected, the time required to reach the mid-log

phase of growth for both wild-type and im seedlings at 128C
increased approximately twofold at an irradiance of either 150 or

450 mmol photons m22 s21 and;1.2-fold at an irradiance of 50

Figure 2. The Experimental Design to Assess the Effects of Light and

Temperature on the Development of Variegation in the im Mutant of

Arabidopsis.

Seeds from both the wild type and im were germinated and allowed to

grow at 258C under an irradiance of 5 mmol photons m�2 s�1 (25/5) for 7

d. One group of these seedlings was shifted to either 50 (25/50), 150 (25/

150), or 450 (25/450) mmol photons m�2 s�1 for up to 42 d. In addition, a

second group of the same seedlings was shifted to 128C at an irradiance

of 50 (12/50), 150 (12/150), and 450 (12/450) mmol photons m�2 s�1. All

plants were grown with an 8/16-h day/night cycle. Photographs shown

are only of im plants.
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mmol photons m22 s21 compared with leaf expansion at 258C
(see Supplemental Figure 1 online).

Effects of Irradiance and Temperature on the Extent of

Leaf Variegation

The kinetics for the development of leaf variegation were quan-

tified nondestructively in intact im seedlings initially germinated

and grown at 25/5 and subsequently shifted to either 25/50, 25/

150, or 25/450 by calculating the ratio of the area of white sectors

to total leaf area per plant as a function of time. Leaves of im

seedlings that developed at 25/50 produced no white sectors

(Figure 3B, closed squares) and thus exhibited an all green

phenotype as previously reported by Rosso et al. (2006). How-

ever, after an initial lag of ;15 d, the percentage of leaf white

sector areas increased to;50% at 25 d for seedlings grown at

25/150 (Figure 3B, closed circles). Growth of im seedlings at 25/

450 not only decreased the initial lag time for the development of

white sectors to ;10 d but also increased the extent of varie-

gation to ;65% at 25 d after the shift from 25/5 (Figure 3B,

closed triangles).

If excitation pressure controls the variegated phenotype in im

seedlings, then exposure to low temperature should enhance the

development of leaf variegation. In contrast with growth of im

seedlings at 258C, im seedlings exhibited a variegated pheno-

type at all irradiances tested during growth at 128C (Figure 3C).

im seedlings exhibited 25% variegation when grown at 128C
even at an irradiance of 50 mmol photons m22 s21 for 42 d.

Similar to that observed during growth at 258C, the lag time

required to detect leaf variegation decreased with an increase in

growth irradiance, and the extent of variegation increased as a

function of growth irradiance as measured after 30 d (Figure 3C).

As expected, the lag time for the induction of the variegated

phenotype increased;1.5-fold during growth at either 12/150 or

12/450 (Figure 3C) compared with growth at either 25/150 or 25/

450 (Figure 3B).

While using intact plants to measure the percentage of white

sectors is an appropriate way to investigate the extent of varie-

gation nondestructively, leaves of Arabidopsis exhibit overlap as

the rosette develops. This would introduce a systematic error in

our attempts to quantify the proportion of white versus green

sectors in mature plants. To test the accuracy of our nonde-

structive method, we quantified the extent of variegation using

excised leaves, thus eliminating the potential error due to leaf

overlap. Figure 4 illustrates the effects of growth irradiance at

258C (Figure 4A to 4C) and 128C (Figures 4D to 4F) on the extent

Figure 3. Analysis of Leaf Initiation and Variegation during Seedling

Development.

(A) Kinetics of leaf initiation was assessed by counting, on a daily basis,

the number of leaf initials that were $1 mm in size for both wild-type

(closed symbols) and im (open symbols) plants. Counting began exactly

7 d after seeding at 5 mmol photons m�2 s�1 at 258C to prevent the onset

of white sectors in the cotyledons. Both genotypes were grown at 258C at

an irradiance of either 50, 150, or 450 mmol photons m�2 s�1. All plants

were grown under an 8/16-h day/night cycle.

(B) and (C) The kinetics of variegation in im seedlings. Variegation was

estimated as the percentage of leaf area that was white in im plants using

the nondestructive method described in Methods. Plants were grown at

either 258C (B) or at 128C (C) at an irradiance of either 50, 150, or 450

mmol photons m�2 s�1. All plants were grown with an 8/16-h day/night

cycle. Data represent the mean 6 SE from 10 plants per time point.
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of variegation in cotyledons (Figure 4, Cot.) and subsequent leaf

pairs (1st to 4th) of the rosette. The trends for the effects of

irradiance on the extent of variegation for excised leaves devel-

oped at either 258C (Figure 4G) or 128C (Figure 4H) were com-

parable to those estimated at the end of each experiment

illustrated in Figures 3B and 3C. However, we found that the

nondestructive method systematically overestimated the pro-

portion of white to green sectors by 5 to 10% in mature plants

compared with the destructive method. We noted with interest

that cotyledons (Figures 4A and 4D, Cot.) and the first true leaves

(Figures 4A and 4D, 1st) of im plants exhibited an all green

phenotype irrespective of conditions during growth under an 8-h

photoperiod (Figures 4A to 4F).

Our growth kinetic data indicated that low temperature in-

creases the time required to reach mid-log phase of growth in

wild-type and im plants. However, by comparing plants at the

mid-log phase of growth, we were able to assess the interactive

effects of growth irradiance and growth temperature on the

extent of variegation in im seedlings at the same developmental

stage. At mid log-phase during growth at 258C, the proportion of

white sectors was 0, 8, and 25% at 50, 150, and 450 mmol

photons m22 s21, respectively. By contrast, at mid-log phase

during growth at 128C, the proportion of white sectors was 20,

40, and 60% at 50, 150, and 450 mmol photons m22 s21. Thus,

when measured at the same developmental stage, im seedlings

exhibited greater variegation at low temperature than at 258C
irrespective of irradiance. Thus, it appears that the extent of

variegation is the result of a complex interaction between growth

irradiance and growth temperature.

Effects of Irradiance and Temperature on Excitation

Pressure and Photoacclimation

Excitation pressure, measured as 1 – qP, is an estimate of the

proportion of closed PSII reaction centers, which reflects the

redox state of the PET chain. Consequently, excitation pressure

should be sensitive to both irradiance and temperature (Dietz

et al., 1985; Hüner et al., 1998, 2003; Wilson et al., 2006). Since

Figure 4. Leaf Phenotype and Quantified Variegation of Excised Leaves.

(A) to (C) Leaf scans performed on im plants that were grown at 258C and either 50, 150, or 450 mmol photons m�2 s�1. The leaf scans are arranged in

consecutive order of development, from the cotyledons (Cot.) to the 4th leaf pair. All plants were grown under an 8/16-h day/night cycle.

(D) to (F) Leaf scans were performed as described above except im plants were grown at 128C and either 50, 150, or 450 mmol photons m�2 s�1.

(G) and (H)Quantification of variegation from the scans for im leaves developed at 258C (G) or 128C (H) and either 50, 150, or 450 mmol photonsm�2 s�1.

Variegation was estimated as the percentage of white sectors as described in Methods. Data represent the mean6 SE calculated from two independent

experiments with three to six different plants per treatment. Letters represent statistically significant differences between means at the 95% confidence

interval.
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IM is considered to be a plastid terminal oxidase capable of

oxidizing the intersystem PQ pool (Joët et al., 2002; Josse et al.,

2003, Aluru and Rodermel, 2004; Streb et al., 2005; Stepien and

Johnson, 2009), we examined the effects of either changes in

measuring irradiance or measuring temperature on excitation

pressure in im seedlings. The data in Figure 5A illustrate the light

response curves for excitation pressure in fully expanded leaves

of im seedlings grown at 25/50, which results in an all green

phenotype. At a measuring temperature of 258C (closed

squares), excitation pressure in im seedlings exhibited the ex-

pected light saturation response to increasing measuring irradi-

ance and resulted in an apparent quantum requirement,

estimated from the initial slope of the light response curve, of

263 mmol photons absorbed to close 50% of the PSII reaction

centers. However, lowering the measuring temperature from 25

to 58C (open squares) significantly increased excitation pressure

at any given irradiance, and as a result, the quantum requirement

decreased to only 63 mmol photons absorbed to close 50% of

PSII reaction centers. The sensitivity of PSII reaction centers to

closure increased fourfold by simply decreasing the measuring

temperature from 25 to 58C (Figure 5A). Thus, excitation pressure

in im seedlings responds to short-term light and temperature

changes as expected (Maxwell et al., 1995a) and in a similar

fashion to that observed for the wild type.

However, can im seedlings photoacclimate in response to

increased growth irradiance? If so, then im seedlings should

respond to increased growth irradiance by decreasing the effi-

ciency of PSII reaction center closure. This can be detected as an

increase in the quantum requirement for PSII closure measured

as a decrease in the initial slope of the light response curve for

excitation pressure. The data in Figure 5B illustrate that the initial

slope of the light response curves for excitation pressure in green

sectors decreased as the irradiance for growth and development

of im seedlings increased from 50 to 450 mmol photons m22 s21.

As a consequence, the quantum requirement for PSII closure in

green sectors increased with increasing growth irradiance from

298 to 439 to 610 mmol photons absorbed to close 50% of PSII

reaction centers in im seedlings grown at 25/50, 25/150, and 25/

450, respectively. Similar trends were observed for growth of im

seedlings under increasing irradiance at 128C (see Supplemental

Figure 2 online). Since im seedlings decreased their efficiency for

PSII closure in response to either high growth irradiance or low

growth temperature, we conclude that im seedlings photoaccli-

mate to excitation pressure as reported previously for wheat

(Triticum aestivum), rye (Secale cereale), the green algae C.

vulgaris and D. tertiolecta, as well as the cyanobacterium P.

boryanum (Hüner et al., 2003).

Although excitation pressure may be calculated as either 1-qP

(Dietz et al., 1985; Schreiber et al., 1994; Hüner et al., 1998) or

1-qL (Kramer et al., 2004; Baker, 2008), the use of theHeinz-Walz

Imaging PAM (seeMethods) precludes the ability to calculate qL.

However, our previous results (Rosso et al., 2006) indicate that

although the absolute values of excitation pressure may vary

depending upon whether it is calculated as 1-qP or 1-qL, the

trends do not.

Interaction of Photoperiod, Temperature, and Irradiance on

Excitation Pressure and Leaf Variegation

Plant development is very sensitive to photoperiod (Bae and

Choi, 2008). In our experimental design (Figures 2 and 3), all

seedlings were grown under a short-day, 8-h photoperiod to

prevent flowering and to ensure that they remained in the

vegetative state over the course of our experiments. To assess

the potential influence of photoperiod on the extent of variega-

tion, we exposed im seedlings to continuous light (CL) under

growth conditions of either 25/50, 25/150, or 25/450 (Figure 6). im

seedlings grown under CL exhibited an increase in variegation at

Figure 5. The Effects of Irradiance and Temperature on Excitation Pressure and Photoacclimation in im.

(A) The effects of measuring temperature on excitation pressure (1-qP) light response curves for the immutant of Arabidopsis. im seedlings were grown

to mid-log phase at 258C and 50 mmol photons m�2 s�1. Excitation pressure was measured on attached leaves at either 258C (closed squares) or at 58C

(open circles) with increasing irradiance from 0 to 1200 mmol photons m�2 s�1.

(B) The effects of growth irradiance on excitation pressure (1-qP) in attached leaves of im seedlings. Plants were grown to mid-log phase at either 25/50,

25/150, or 25/450 and measured at 258C with increasing irradiance from 0 to 1200 mmol photons m�2 s�1. For both (A) and (B), plants were grown with

an 8/16-h day/night cycle, and attached leaves were measured 4 h into the photoperiod. Data represent the mean 6 SE calculated from two

independent experiments with three to six different plants per treatment.
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258C as irradiance increased from 50 to 450 mmol photons m22

s21 (Figure 6) similar to that observed for im seedlings grown

under the short-day photoperiod (Figure 4). However, in contrast

with growth under a short-day photoperiod and 50mmol photons

m22 s21, which induced no variegation (Figures 3B and 4G), im

seedlings grown under CL at the same irradiance exhibited 30%

variegation (Figure 6), which is similar to that observed for im

seedlings grown at 50 mmol photons m22 s21 but at low tem-

perature (128C) (Figures 3C and 4H).

The extent of variegation induced by CL also appeared to be a

response to increased excitation pressure (Figure 6). At mid-log

phase of vegetative growth, im seedlings grown under an 8-h

photoperiod at 25/50 exhibited the lowest excitation pressure

(1-qP = 0.16 6 0.01), at 25/150 exhibited moderate excitation

pressure (1-qP = 0.3456 0.01), whereas those grown at 25/450

exhibited the highest excitation pressure (1-qP = 0.500 6 0.01).

Consequently, we observed a strong, positive correlation (R2 =

0.750) between excitation pressure and the extent of variegation

irrespective of whether excitation pressure was modulated by

irradiance, low temperature, or by exposure to CL (Figure 7).

In addition to im, several other mutants ofArabidopsis, such as

spotty, var1, and var2, exhibit a variegated phenotype (Aluru

et al., 2006; Miura et al., 2007). Consequently, we examined the

effects of varying the growth irradiance regime at 258C for spotty,

var1, and var2 (Figure 8). The extent and pattern of variegation for

spotty (Figure 8; see Supplemental Figure 3 online) was very

similar to those observed for im (Figure 8). Although both var1

and var2 also exhibited an increase in the extent of variegation as

a function of growth irradiance at 258C (Figure 8), the patterns of

leaf sectoring and the pigmentation of the variegated sectors

were distinct from those observed for either im or spotty. Fur-

thermore, variegation in var2 appeared to be more sensitive to

growth irradiance than either im, spotty, or var1 since significant

variegation could be detected in the former even at the low

growth irradiance of 50 mmol m22 s21 under an 8-h photoperiod

(Figure 8; see Supplemental Figure 3 online). Irrespective of the

irradiance, growth at 128C enhanced the extent of variegation in

spotty, var1, and var2 (see Supplemental Figure 4 online) as was

observed for im (Figures 3 and 4; see Supplemental Figure 4

online). Since IM cannot compete with P700
+ of PSI for PSII-

generated electrons in fully expanded leaves of wild-type seed-

lings (Rosso et al., 2006), this prompted the question of why the

absence of IM leads to variegation under high excitation pressure

in Arabidopsis.

Greening of im Cotyledons

Since excitation pressure appeared to regulate the extent of

variegation in im seedlings (Figure 7), we hypothesized that IM

may be important in keeping the PQ pool oxidized early in

chloroplast biogenesis during the assembly of the photosyn-

thetic apparatus. To test this hypothesis, both wild-type and im

knockout seedlings were germinated and grown in the dark prior

to exposure to either low or high irradiance at 258C under CL

conditions for 24 h. The greening of cotyledons was used to

assess etioplast-to-chloroplast conversion in both the wild type

and im. Although all wild-type cotyledons exhibited normal

greening at either 50 or 150 mmol photons m22 s21 (Figure 9A),

75% of the im cotyledons that were subjected to greening at 50

mmol photonsm22 s21 exhibited an all green phenotypewhereas

25%were variegated (Figures 9A and 9B). By contrast, only 25%

of the im cotyledons that were subjected to greening at 150mmol

photons m22 s21 exhibited an all green phenotype, whereas

75% were variegated (Figures 9A and 9B). This visual scoring

was confirmed by quantifying total chlorophyll per seedling after

24 h greening. Both wild-type (63 6 11 ng chlorophyll/seedling)

and im seedlings (64 6 11 ng chlorophyll/seedling) exhibited

similar chlorophyll levels when exposed to greening at 50 mmol

photons m22 s21. By contrast, the chlorophyll content of wild-

type etiolated seedlings exposed to greening at 150 mmol

photons m22 s21 was 72 6 6 ng chlorophyll/seedling, whereas

greening of im etiolated seedlings at the same irradiance resulted

in 56% decrease in chlorophyll content (28 6 5 ng chlorophyll/

seedling). Furthermore, even after an extension of the greening

time to 72 h at 150 mmol photons m22 s21, 60% of im seedlings

Figure 6. The Effects of Excitation Pressure and CL on Leaf Variegation.

Representative photographs of im plants grown at 258C under CL of

either 50, 150, or 450 mmol photons m�2 s�1.

Figure 7. Correlation between Variegation of im Seedlings and Excita-

tion Pressure Experienced under Various Growth Conditions.

Variegation was measured as the percentage of white sector area as

described in Methods. All plants were germinated and grown for 1 week

at 5 mmol photons m�2 s�1 at 258C under 8/16-h day/night cycle and

were then shifted to different temperature/irradiance conditions for the

remainder of the experiment. Temperature/irradiance: closed circles, 25/

150; closed triangles 25/450; open squares, 12/50; open circles, 12/150;

open triangles, 12/450; closed squares, 25/50 CL; closed circles, 25/150

CL; closed triangles, 25/450 CL. Data represent the mean 6 SE with five

to six different plants per treatment.
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exhibited an all white phenotype, 32% were variegated, and 8%

exhibited an all green phenotype.

Protochlorophyllide oxidoreductase (POR) is the major poly-

peptide associated with the prolamellar bodies of etioplasts, and

its disappearance represents an excellent marker for the con-

version of etioplasts to chloroplasts (Biswal et al., 2003; Philippar

et al., 2007; Sakamoto et al., 2008). Similarly, Lhcb2, a major

polypeptide of PSII light-harvesting pigment protein complex,

PsbA, the D1 reaction center polypeptide of PSII, and PsaA/B,

the reaction center polypeptide of PSI, were used as markers for

the biogenesis of thylakoidmembranes (Biswal et al., 2003;Minai

et al., 2006). Ribulose-1,5-bisphosphate carboxylase/oxygenase

was used as a marker for the development of Calvin cycle in

the stroma of the chloroplast. The abundance of POR was

comparable in wild-type and im etiolated cotyledons (Figure 9C,

0). Furthermore, POR abundance decreased similarly during

greening under CL at either 50 or 150 mmol photons m22 s21

such that minimal levels were detected after 24 h of greening in

both wild-type and im cotyledons (Figure 9C). The kinetics for the

disappearance of PORAmRNA (Figure 9D) was similar to that for

the decrease in POR polypeptide levels during greening of both

wild-type and im cotyledons irrespective of irradiance. In con-

trast with PORA, PHYA expression remained relatively constant

throughout the greening process, and no trends in differential

PHYA expression were observed during greening of wild-type

and im cotyledons (Figure 9E).

As expected, Lhcb2 polypeptides were not detected in either

wild-type or im etiolated cotyledons (Figure 9C, 0). The relative

abundance of Lhcb2 increased similarly during greening of both

genotypes when exposed to CL of 50 mmol photons m22 s21.

Lhcb2 was detected from 6 h after exposure to 50 mmol photons

m22 s21 and reached a maximum abundance after 24 h (Figure

9C). Although the kinetics of Lhcb2 accumulation during green-

ing of wild-type cotyledons appeared to occur independently of

irradiance, Lhcb2 accumulation during greening of im cotyle-

dons appeared to be irradiance dependent. Lhcb2 was detected

only after 24 h of greening of im cotyledons under CL at 150mmol

photons m22 s21 and was present at reduced levels relative to

greening of im cotyledons at 25/50 (Figure 9C). In the wild type,

PsaB was detectable between 3 and 6 h followed by the

detection of PsbA after 6 to 12 h of greening at 150 mmol

photons m22 s21, whereas their appearance was delayed during

greening of im cotyledons relative to the wild type (see Supple-

mental Figure 5 online). RbcL was present in etiolated cotyle-

dons, and its abundance increased similarly as a function of

greening time in both wild-type and im seedlings irrespective of

irradiance (Figure 9C).

Differential Changes in PSII Photochemistry during

Greening of Cotyledons

The parameter Fv/Fm is a measure of the maximum photochem-

ical efficiency of PSII and can be used as an indicator of the

competence of PSII photochemistry and PET (Schreiber et al.,

1994; Kramer et al., 2004; Baker, 2008). Upon exposure of

etiolated wild-type (closed symbols) and im cotyledons (open

symbols) to greening under CL at 50 mmol photons m22 s21,

there was an initial lag of ;3 h in Fv/Fm (Figure 10A). Maxi-

mum Fv/Fm was attained after 24 h in both the wild-type control

(Fv/Fm = 0.760 6 0.005) and im cotyledons (Fv/Fm = 0.658 6
0.023). Thus, the final Fv/Fm of im cotyledons was only ;13%

lower than that of wild-type seedlings after 24 h of greening at low

light (Figure 10A).

When wild-type etiolated cotyledons were exposed to green-

ing under CL at 150 mmol photons m22 s21, the Fv/Fm increased

to 0.765 6 0.01 after 24 h of exposure with no initial lag period

(Figure 10B, closed symbols). By contrast, im etiolated cotyle-

dons exposed to greening still exhibited an initial 3-h lag time

after which Fv/Fm increased to a maximum of only 0.471 6 0.03

after 24 h (Figure 10B, open symbols). Thus, after 24 h of

greening at 150 mmol photons m22 s21, Fv/Fm of im cotyledons

was 38% lower than that of wild-type controls. The apparent

inhibition of PSII photochemistry during greening at the higher

irradiance in im cotyledons compared with the wild type (Figure

10B) is consistent with the inhibition of chlorophyll accumulation

in im cotyledons (Figures 9A and 9B).

Figure 8. Representative Photographs of Wild-Type, im, spotty, var1, and var2 Seedlings Grown at 258C at an Irradiance of Either 50, 150, or 450 mmol

Photons m�2 s�1.
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Concomitantly, excitation pressure (1-qP) was measured in

both wild-type and im etiolated cotyledons exposed to greening

under CL at 50 mmol photons m22 s21. After 3 h of exposure to

CL, 80 to 90% of the PSII reaction centers in wild-type (1-qP =

0.8346 0.07) and im cotyledons (1-qP = 0.9086 0.020) were still

closed (Figure 10C). However, 1-qP decreased dramatically

between 3 and 6 h of greening and remained relatively constant

for the duration of the greening period such that after 24 h, wild-

type cotyledons exhibited a 1-qP of 0.227 6 0.020 and the

mutant a 1-qP value of 0.1606 0.020 (Figure 10C). This indicates

Figure 9. The Effects of Irradiance on Chloroplast Development.

(A) Representative photographs showing cotyledons of wild-type and im plants germinated at 258C and either 50 or 150 mmol photons m�2 s�1.

(B) The effect of growth irradiance on the proportion of green seedlings in im. 625 seedlings (25 per agar plate) were germinated in the dark for a period

of 5 d and subsequently exposed to continuous irradiance of either 50 or 150 mmol photons m�2 s�1 for 24 h at 258C. The number of green versus either

variegated or white cotyledons was scored visually. Letters represent statistically significant differences between means at the 95% confidence interval.

Data represent the means 6 SE.

(C) Accumulation of chloroplast polypeptides in wild-type and im cotyledons as a function of time (h) during greening. Seeds were germinated in the

dark for 5 d and subsequently exposed to CL of either 50 or 150 mmol photons m�2 s�1 for up to 24 h at 258C. SDS-PAGE was performed using equal

amounts of protein per lane. Immunoblots were probed with polyclonal antibodies raised against POR, Lhcb2, and RbcL as described in Methods.

(D) Relative expression level of PORA mRNA during greening of dark-grown wild-type and im cotyledons at either 50 or 150 mmol photons m�2 s�1

using qRT-PCR. The relative expression levels of mRNA in three replicate samples were normalized to Actin2, which served as the endogenous control,

and were standardized to a calibrator sample consisting of mRNA from dark-grown wild-type seedlings (0 h) at both 50 and 150 mmol photons m�2 s�1,

at 258C. Data represent the means 6 SE.

(E) Relative expression level of PHYAmRNA during greening of dark-grown wild-type and im cotyledons at either 50 or 150 mmol photons m�2 s�1 using

qRT-PCR. All conditions are identical to those described in (D). Data represent the means 6 SE.

3482 The Plant Cell



that PSII reaction centers opened rapidly in the first 6 h of

greening at low irradiance for both wild-type and im cotyledons.

In contrast with greening at 50 mmol photons m22 s21, exci-

tation pressurewas significantly lower after 3 h of greening at 150

mmol photons m22 s21 in wild-type (1-qP = 0.446 6 0.040) than

im cotyledons (1-qP = 0.869 6 0.040) (Figure 10D). This trend

persisted throughout the 24-h greening process under CL at

150 mmol photons m22 s21, which indicates that a greater

proportion of PSII reaction centers remained closed in im than

wild-type cotyledons during greening under CL at 150 mmol

photons m22 s21. Since im cotyledons cannot synthesize carot-

enoids involved in the xanthophyll cycle (Wetzel et al., 1994),

nonphotochemical quenching (qN) capacity did not change

during the 24-h greening period, whereas wild-type cotyledons

exhibited a 1.5-fold increase in qN after 12 h of greening. Thus,

the differential sensitivity of greening to irradiance in im com-

pared with wild-type cotyledons was associated with the main-

tenance of a higher excitation pressure in im seedlings especially

during the first 12 h of greening.

Effects of a Short Pulse of High Light on Greening

in Cotyledons

To test whether the apparent differential excitation pressure

observed during the first 12 h of greening in the wild type versus

im cotyledons (Figure 10D) affects chloroplast biogenesis, etio-

lated cotyledons of wild-type and im cotyledons were subjected

to a single, 60-min pulse of high excitation pressure created by

high light exposure (HL; 700 mmol photons m22 s21) at various

times during early chloroplast biogenesis and subsequently

shifted back to a continuous low-light greening regime (LL; 15

mmol photons m22 s21). If uninterrupted, this treatment should

result in a comparable all green phenotype in thewild type aswell

as im . This HL irradiance was chosen because, based on the

data presented in Figure 5B (closed squares), exposure to 700

mmol photons m22 s21 would be sufficient to create maximum

excitation pressure (1-qP = 1.0) in low-light-grown im seedlings.

Figure 11 (control) confirmed that the chlorophyll content of wild-

type (Figure 11, black bar) and im cotyledons (Figure 11, white

bar) subjected to greening for 24 h under the continuous LL were

Figure 10. The Development of PSII Photochemistry in the Wild Type and im.

(A) and (B) Development of maximum PSII photochemical efficiency (Fv/Fm) during greening of etiolated wild-type and im cotyledons at 258C under an

irradiance of either 50 (A) or 150 (B) mmol photons m�2 s�1. Data represent mean 6 SE of 5 to 11 different seedlings per time point.

(C) and (D) The effect of greening time on excitation pressure (1-qP) in etiolated wild-type and im cotyledons. For each time point, 250 seeds among 10

agar plates were germinated in the dark for 5 d and subsequently exposed to CL of either 50 or 150 mmol photons m�2 s�1 for up to 24 h at 258C. All

seedlings were dark adapted for 20 min prior to measurement of Fv/Fm and 1-qP. Data represent the mean6 SE from 5 to 11 different seedlings per time

point.
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indeed comparable, indicating normal chloroplast biogenesis in

both genotypes.

However, exposure of wild-type etiolated cotyledons to a

single, 60-min pulse of HL stimulated chlorophyll accumulation

threefold to fourfold relative to controls during subsequent

greening at LL regardless of time at which this pulse of HL was

imposed within the first 12 h of greening. In contrast with the wild

type, etiolated im cotyledons immediately exposed to 60 min of

HL (Figure 11, 0 greening time, white bar) prior to subsequent

greening for an additional 23 h at LL, exhibited a 50% reduction in

chlorophyll content relative to controls. Chlorophyll accumula-

tion during greening of im cotyledons was also inhibited relative

to controls when the HL pulse was imposed at either 3 or 6 h of

greening at LL. However, the inhibition of chlorophyll accumu-

lation in im cotyledons appeared to be less severe at either 3 or 6

h than at the 0 h greening time (Figure 11, white bars). Only after

12 h of greening at LL did the imposition of a 60 min pulse of HL

stimulate chlorophyll accumulation by ;60% in im cotyledons.

As expected, the trends for chlorophyll accumulation using either

a 30- or 90-min pulse of HL were similar to that shown in Figure

11 except that the extent of the inhibition during greening of im

cotyledons was lower using a 30-min pulse but greater with the

90-min pulse during the first 6 h of greening relative to the effects

of the 60-min pulse of HL (see Supplemental Figure 6 online).

However, irrespective of the duration of the HL pulse, im

cotyledons exhibited a 53 to 76% stimulation in chlorophyll

accumulation relative to controls when the HL pulse was im-

posed at 12 h of greening (see Supplemental Figure 6 online). By

contrast, the HL pulse stimulated chlorophyll accumulation dur-

ing the greening of wild-type cotyledons under LL irrespective of

duration of the HL pulse (see Supplemental Figure 6 online).

Although exposure of wild-type cotyledons to greening under

continuous HL for 24 h resulted in chlorophyll levels comparable

to those exposed to greening for 24 h at LL (Figure 11, HL, black

bar), as expected, exposure of im cotyledons to the same

continuous HL greening regime for 24 h inhibited chlorophyll

accumulation by fourfold to fivefold (Figure 11, HL, white bar)

such that these seedlings exhibited a white phenotype. Thus,

chloroplast biogenesis in im seedlings appeared to be most

sensitive to a brief HL exposure during the first 6 h of greening.

Effects of Greening on IM and AOX1a Expression

If IM plays an important role as a plastid terminal oxidase to keep

the PQpool oxidized during early biogenesis and assembly of the

photochemical apparatus of Arabidopsis, we hypothesized that

IM should be transiently expressed. Maximum expression

should be induced rapidly during the onset of greening of wild-

type Arabidopsis followed by a subsequent decrease in expres-

sion to constitutive levels after completion of the biogenesis and

assembly of the photosynthetic apparatus. In addition, exposure

to increased irradiance during greening should significantly

enhance the transient expression levels of IM. The results for

real-time quantitative RT-PCR (qRT-PCR) for IM expression in

the wild type is illustrated in Figure 12A. In contrast with our

hypothesis, the results show that the relative expression of IM

increased gradually during greening of the wild type under CL at

either 50 or 150mmol photonsm22 s21. Furthermore, the relative

expression levels of IM during greening of the wild type at 150

mmol photonsm22 s21 tended to be lower than that observed for

greening at 50 mmol photons m22 s21.

AOX expression has been shown to be an excellent marker

for assessing redox energy imbalances in mitochondria

(Vanlerberghe and McIntosh, 1997; Maxwell et al., 1999;

Arnholdt-Schmitt et al., 2006; Noctor et al., 2007; McDonald,

2008). In contrast with IM, the relative expression of mitochondrial

AOX1a did exhibit a transient stimulation of expression in the

wild type but only when exposed to greening at 150 mmol

photons m22 s21 (Figure 12B). After 6 h of greening at 150 mmol

photonsm22 s21, the relativeAOX1a expression levels increased

;3.5-fold and subsequently returned to control levels (Figure

12B, 0) after 24 h of greening. However, greening of wild-type

etiolated cotyledons at 50 mmol photons m22 s21 induced

minimal changes in AOX1a expression compared with controls

(Figure 11B, closed bars). Similar to the wild type, im etiolated

cotyledons exposed to greening at 150 mmol photons m22 s21

also exhibited a 3.5-fold stimulation in the relative expression of

AOX1a after 6 h relative to controls (Figure 12B, 0). However, the

relative level of AOX1a expression remained at approximately

Figure 11. The Effects of a HL Pulse on the Greening in Wild-Type and

im Cotyledons.

Seeds of the wild type and imwere germinated on agar plates and grown

in the dark as described for Figure 9. Etiolated cotyledons were then

shifted to low light (LL; 15 mmol photons m�2 s�1) at 258C to initiate

greening. The extent of greening was quantified as total chlorophyll per

seedling in the wild type (closed bars) and im (open bars). Control

etiolated cotyledons were exposed to greening under continuous LL for

24 h. In addition, etiolated wild-type and im cotyledons were exposed to

a 23 h of greening at LL, which was interrupted by a 60min of exposure to

HL (700 mmol photons m�2 s�1) either prior to exposure to greening at LL

(0 greening time) or after 3, 6, or 12 h of greening under continuous LL.

After the 60 min exposure to HL, cotyledons were transferred back to

continuous LL to complete the 24 h of greening. After 24 h of greening,

the total chlorophyll accumulated per seedling was determined. The data

represent the means 6 SD of three replicate chlorophyll measurements

within a single experiment. The number of seedlings used per treatment

ranged between 80 and 150.
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threefold even after 24 h in im cotyledons. Even exposure of im

etiolated cotyledons to greening at 50 mmol photons m22 s21

(Figure 12B, open bars) stimulated the relative expression levels

of AOX1a by twofold in im cotyledons, which remained relatively

constant throughout the 24-h greening period. Thus, in contrast

with the wild type, the stimulation of AOX1a expression in im

cotyledons persisted throughout the greening period consistent

with the proposed role of AOX1a in sensing mitochondrial redox

imbalance (Giraud et al., 2008).

DISCUSSION

To elucidate the physiological basis for variegation in im seed-

lings, we established an in vivo, nondestructive assay to quantify

the extent of variegation as a function of developmental time

(Figures 3 and 4). We showed that both the rate of development

of the variegated phenotype as well as the overall extent of

variegation in im seedlings were strongly dependent upon

growth irradiance with no variegation detected at a growth

irradiance of 50 mmol photons m22 s21 at 258C and an 8-h

photoperiod (Figures 3B and 4A). However, our results clearly

indicate that the expression of the variegated phenotype cannot

be explained as a simple irradiance effect since growth at the

same low irradiance combined with low temperature (128C)

(Figures 3C, 4D, and 4H) resulted in a significant increase in

variegation of im seedlings.

As a consequence, the development of variegation in im

seedlings appears to be a complex interaction of irradiance

and temperature. We show that the extent of variegation in im

seedlings is not caused by irradiance and temperature per se,

but rather, is governed by excitation pressure which reflects the

redox state of the PQ pool of the PET chain (Figure 1). This

conclusion is supported by the results of Figure 7, which illustrate

a strong, positive correlation between excitation pressure and

the extent of variegation regardless of how the excitation pres-

sure was generated. Light initially trapped and transformed

through extremely fast, temperature-insensitive photochemistry

(in the femtosecond [10215 s] to nanosecond [1029 s] time scale)

represents the ultimate form of energy used through much

slower, temperature-dependent biochemical processes (ms

[1023 s] to s to h time scales) to maintain cellular homeostasis,

growth, and development in all photoautotrophs. Thus, imbal-

ances between photochemistry and redox biochemistry result in

modulation of the redox state of the PQ pool of PET (Figure 1) as

well as the redox state of the ubiquinone pool of mitochondria

(Figure 12B), indicating that information regarding energy imbal-

ance is transferred between chloroplasts and mitochondria

(Noctor et al., 2007; Aluru et al., 2009). Furthermore, we conclude

that variegation governed by the redox state of the PET chain is

not restricted to im, but rather, also appears to govern variega-

tion in spotty, var1, and var2 (Figure 8; see Supplemental Figure 4

online). A common feature of all the mutants tested is that the

mutations affect components of the PET chain. im and spotty are

knockout mutants of IM/PTOX, a plastid terminal oxidase of the

thylakoid membrane that uses PQH2 as an electron donor. var1

and var2 are genes encoding FtsH5 and FtsH2, respectively, that

appear to be involved in PSII photodamage and repair (Aluru

et al., 2006; Miura et al., 2007).

Chloroplast biogenesis and the development of a functional

photosynthetic apparatus is part of a complex photomorpho-

genic process in plants. Light has two important roles in this

developmental process. First, light quality provides the neces-

sary information for the initiation of photomorphogenesis and

plant growth through an integrated network of photoreceptor-

mediated signal transduction pathways involving phytochromes

(Rockwell et al., 2006; Bae and Choi, 2008), cryptochromes (Li

and Yang, 2007; Ruckle et al., 2007), and phototropins (Christie,

2007) as well as a new nonphotoreceptor signal transduction

Figure 12. The Effect of Greening on the Relative Expression Levels of

IM and AOX1a.

Seeds of both wild-type and im seeds were germinated in the dark for 5 d

and subsequently exposed to CL of either 50 or 150 mmol photons m�2

s�1 for up to 24 h at 258C. Relative expression levels of IM (A) and AOX1a

(B) were quantified by qRT-PCR as described in Methods. Data repre-

sent the means 6 SE of three replicate measurements.
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pathway involving the flavoprotein HAL (Sun et al., 2009). Our

results indicate that irradiance and photoperiod influence the

extent of variegation in Arabidopsis. Since photoreceptors re-

spond to light and photoperiod, can the control of variegation

through photoreceptors account for the variable extent of varie-

gation reported here for im, spotty, var1, and var2?

In contrast with light and photoperiod, there is no evidence that

photoreceptors respond to temperature. Since low temperature

mimics the effects of irradiance on the extent of variegation, we

conclude that the extent of variegation observed cannot be

explained by the action of photoreceptors, such as phytochrome

or cryptochrome. Furthermore, the induction of variegation un-

der CL (Figures 6 and 11) can be explained on the basis that

the absence of an 8-h photoperiod precludes the possibility for

the dark relaxation of excitation pressure by respiratory metab-

olism in the absence of photosynthesis. Thus, excitation pres-

sure is created by feedback inhibition of PET induced by the

accumulation of photosynthetic end products under CL condi-

tions.

The second role for light in plant photomorphogenesis is as the

energy source for growth and development. The light trapped by

the pigments of the photosystems is initially transformed through

extremely fast, temperature-insensitive, photophysical, andpho-

tochemical processes. The biogenesis and assembly of PSI and

PSII requires tight coordination between the de novo synthesis of

chlorophyll and other pigments, lipids as well as chloroplast and

nuclear-encoded proteins (Tobin and Silverthorne, 1985; Biswal

et al., 2003; Eberhard et al., 2008; Sakamoto et al., 2008). Thus,

this raises an important developmental question as to how a

photoautotroph mitigates the potential damaging effects of

photooxidation during the biogenesis and assembly of its pho-

tosystems prior to the establishment of a fully functional photo-

synthetic apparatus. Important photoprotective mechanisms

during chloroplast biogenesis include transient stimulation of

nonphotochemical dissipation of excess energy through the

xanthophyll cycle (Murchie et al., 2009) as shown during early

greening in barley (Hordeum vulgare; Krol et al., 1999) as well as

the induction of myriad plant oxidative stress genes including

AOX (Aluru et al., 2009).

Since im seedlings are unable to biosynthesize photoprotec-

tive carotenoids involved in the xanthophyll cycle (Wetzel et al.,

1994) and thus cannot modulate nonphotochemical quenching,

we hypothesized that IM may play an important role in photo-

protection from photooxidation during early chloroplast biogen-

esis and assembly of the photosynthetic apparatus prior to the

establishment of full photosynthetic competence. The following

data are consistent with this hypothesis. First, although greening

at low irradiance indicatedminimal differences in chloroplast bio-

genesis based on the disappearance of PORA and the appear-

ance of Lhcb2 in the wild type and im (Figure 9C), the

accumulation of Lhcb2, PsaB, and PsbA were delayed and the

relative abundance of these thylakoid proteins was reduced in im

cotyledons relative to the wild type during greening at 150 mmol

photons m22 s21 (Figure 9C; see Supplemental Figure 5 online).

Furthermore, the observed kinetics for the disappearance of

PORA and the appearance of PsaB, PsbA, and and Lhcb2 during

the greening of wild-type Arabidopsis cotyledons are consistent

with those published for chloroplast biogenesis in other photo-

autotrophs (Krol et al., 1987; Biswal et al., 2003; Philippar et al.,

2007; Sakamoto et al., 2008).

Second, although the development of maximum PSII photo-

chemical efficiency (Fv/Fm) was stimulated by greening at 150

mmol photons m22 s21 in wild-type cotyledons (cf. Figures 10B

and 10A, closed symbols), greening at this higher irradiance

impaired the development of PSII photochemistry in im cotyle-

dons (cf. Figures 10B and 10A, open symbols). These functional

data are consistent with the biochemical data indicating a

delayed appearance of both PSII and PSI reaction centers during

greening of im compared with the wild type (see Supplemental

Figure 5 online).

Third, although the kinetics and the extent of the decrease in

excitation pressure were comparable for im and wild-type cot-

yledons during greening at 25/50 (Figure 10C), excitation pres-

sure after 3 h of greening at 25/150was twofold higher in im (0.86)

than wild-type cotyledons (0.45) (Figure 10D). However, this

difference in excitation pressure between im and wild-type

cotyledons gradually decreased as a function of greening time

such that after 24 h, the difference in excitation pressure between

im andwild-type cotyledonswas only 30%. This indicates that im

seedlings have a greater propensity to accumulate closed PSII

reaction centers than wild-type seedlings especially during the

early stages of greening.

Finally, the sensitivity of chloroplast biogenesis in im seedlings

to a pulse of high excitation pressure was greatest between 0

and 6 h of greening (Figure 11; see Supplemental Figure 6 online).

Only after 12 h of greening did the imposition of a pulse of high

excitation pressure no longer inhibit chlorophyll accumulation

relative to the control. In contrast with im, the imposition of the

same pulse of high excitation pressure during greening of wild-

type cotyledons stimulated chloroplast biogenesis regardless of

the time during wild-type greening at which the pulse of high

excitation pressure was imposed (Figure 11; see Supplemental

Figure 6 online). Since the major difference in the complement of

the redox components of the photosynthetic electron chain

between wild-type and im seedlings is the absence of IM in the

latter (Rosso et al., 2006), we conclude that IM has a important

role in photoprotection from photooxidation by lowering the

excitation pressure during the initial early stages of chloroplast

biogenesis in Arabidopsis. This photoprotective requirement for

the presence of IM is developmentally dependent and becomes

minimal in mature chloroplasts of Arabidopsis with a functional

photosynthetic apparatus. However, we do not wish to imply that

photoprotection through IM as a plastoquinol oxidase is the only

mechanism induced during normal chloroplast biogenesis in

Arabidopsis. The role of IM as a plastoquinol oxidase must be

integrated over time with nonphotochemical quenching (Krol

et al., 1999; Falkowski andChen, 2003;Murchie et al., 2009), and

the induction of antioxidant stress genes to prevent photooxi-

dation during chloroplast biogenesis (Aluru et al., 2009).

We note with interest that, although the levels of expression of

IM increase gradually as a function of greening time in wild-type

cotyledons, there are minimal differences in expression levels

during greening at either 25/50 or 25/150 (Figure 11A). Thus, IM

expression is not sensitive to excitation pressure. In fact, the

differences in excitation pressure during greening at 25/150

between im and wild-type cotyledons appear to be inversely
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related to the degree of stimulation of IM expression. Clearly, the

putative role for IM in photoprotection by modulating excitation

pressure during chloroplast biogenesis does not requiremaximal

expression of IM. Constitutive levels of IM must be sufficient to

keep the PQ pool oxidized during the first 6 h of greening.

Photostasis, that is, photoautotrophic energy balance, in-

volves communication between chloroplasts and mitochondria

through the integration of light-dependent, photosynthetic redox

reactions with the light-independent respiratory redox reactions.

These two redox compartments are linkedmetabolically through

the complex C- and N-metabolic networks. IM exhibits 37%

sequence identity to mitochondrial AOX (Wu et al., 1999). Plant

AOX expression is both developmentally regulated and stimu-

lated by myriad abiotic stresses (Vanlerberghe and McIntosh.,

1997; Arnholdt-Schmitt et al., 2006; Clifton et al., 2006; Umbach

et al., 2006; McDonald, 2008). In contrast with IM, we show that

AOX1a expression is sensitive to excitation pressure during

greening of wild-type and im cotyledons (Figure 12B). Although

minimal stimulation of AOX1a was detected over the course of

greening of the wild type at 25/50, 6 h of greening of the wild type

at 25/150 induced a transient threefold stimulation of AOX1a

expression, which returned to control levels upon completion of

chloroplast biogenesis after 24 h of greening. By contrast,

greening of im at 25/50 stimulated AOX1a expression approxi-

mately twofold, whereas greening at 25/150 stimulated AOX1a

expression threefold (Figure 12B). Furthermore, this stimulation

was not transient during greening of im cotyledons but remained

high even after chloroplast biogenesis was completed after 24 h.

The sensitivity of AOX1a to excitation pressure illustrates the

important interplay between chloroplast and mitochondrial en-

ergy metabolism.

In summary, we report that IM is necessary but not sufficient to

account for the variegated phenotype in im plants ofArabidopsis.

We show that chloroplast energy imbalance as detected by

increased excitation pressure through modulation of the redox

state of the PQ pool governs variegation in im, spotty, var1, and

var2 seedlings. This is consistent with the model proposed by

Rodermel and coworkers (Wu et al., 1999; Aluru et al., 2001,

2006, 2009; Aluru and Rodermel, 2004) for im seedlings as well

as variegation in the ghost mutant of tomato (Solanum lycoper-

sicum; Barr et al., 2004; Yu et al., 2007) whereby the presence of

white sectors are due to chloroplast photooxidation. We agree

with Miura et al. (2007) and Eckardt (2007) that variegation in

Arabidopsis is a consequence of balance. However, the notion of

an imbalance between D1 protein synthesis and degradation as

suggested by Miura et al. (2007) fails to account for the hetero-

geneity in chloroplast development evident by the presence of

white and green sectors in the var2 mutant of Arabidopsis. We

suggest that photosynthetic redox energy imbalance rather than

D1 protein turnover governs the extent of variegation in Arabi-

dopsis as indicated by modulation of excitation pressure in the

chloroplast (Figures 7 and 11; see Supplemental Figure 5 online).

In our opinion, this provides the basis for a simple explanation

for the variability not only in the extent but also in the exquisite

patterns of variegation observed for im, spotty, var1, and var2.

Leaf angle relative to incident light, leaf position relative to its

nearest neighbors, leaf morphology, and leaf anatomy all dra-

matically attenuate light capture and light propagation within a

mature leaf. This results in a very heterogeneous distribution of

light and, thus, gradients of photosynthetic activity within a leaf

(Vogelmann et al., 1996). It seems reasonable to suggest that, for

the same reasons, internal light will be attenuated during the

emergence of cotyledons as well as during leaf initiation and

expansion creating a heterogeneous distribution of excitation

pressures internally that will affect heterogeneity in chloroplast

biogenesis. Thus, green sectors observed in leaves of the varie-

gated seedlings arise because chloroplasts present in those cells

develop under sufficiently low excitation pressure (1-qP # 0.2;

Figure 10C) during early chloroplast biogenesis such that the

cellular antioxidant capacity and/or nonphotochemical quenching

capacity is sufficient to protect against chloroplast photooxida-

tion. Thus, under these conditions, chloroplast biogenesis in the

first 12 h is able to proceed normally and leaf sectors will appear

green. By contrast, the combination of either high irradiance at

moderate temperature or moderate irradiance at low temperature

will induce a variegated phenotype because the cellular antioxi-

dant capacity and/or the nonphotochemical quenching capacity

is insufficient to counteract the production of ROS during biogen-

esis of the photosynthetic apparatus under these high excitation

pressure conditions (1-qP$ 0.4; Figures 10D and 11) and protect

the developing chloroplast against photooxidation. Thus, in our

opinion, regulation of leaf variegation by photosynthetic redox

imbalance can account for the variable sectoring patterns as well

as the variable extent of white sectors typically observed during

leaf variegation in im, spotty, var1, and var2.

METHODS

Growth Conditions

Seeds of Arabidopsis thaliana (ecotype Columbia) wild type and the

variegatedmutants im (CS3157; AT4G22260), var1 (CS271; AT5G42270),

and var2 (CS271; AT2G30950) were obtained from the ABRC (Columbus,

OH), and spotty was generated as described previously (Wetzel et al.,

1994). All seeds were germinated and grown under controlled environ-

ment conditions at 258C with a photosynthetic photon flux density of 5

mmol photons m22 s21 for 1 week. Plants were thinned to one plant per

pot and grown at either 25 or 128C with increasing irradiance of either 50,

150, or 450 mmol photons m22 s21. All plants were grown with an 8/16-h

day/night cycle to prevent the induction of flowering.

For the experiments that monitored the greening of cotyledons, wild-

type and im seeds were sterilized with 20% (v/v) bleach and 0.05% (v/v)

Tween 20 and placed on Petri plates containing 0.53 Murashige and

Skoog basal salt mixture, pH 5.7, with 0.8% (w/v) agar (McCourt and

Keith, 1998), with 25 seeds per plate. The plateswere placed in the dark at

48C for 3 d to ensure maximum, synchronized germination. Seeds were

then removed from the cold treatment to 258C but remained in darkness

for an additional 5 d. After this dark period, seedswere placed under CL at

either 50 or 150 mmol photons m22 s21 for a period of 24 h at 258C.

Determination of Growth Rate

Growth of bothwild-type and im plantswasmeasured by twomethods. In

the first method, leaf initials were observed under a dissecting micro-

scope (Leica Wild M3B) andmeasured daily. Positive identification of leaf

initials was standardized by counting only those leaf initials that were

$1mm. Second, growth ofArabidopsiswas alsomeasured bymeasuring

leaf area as a function of time. Leaf area wasmeasured using a dissecting
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microscope (LeicaWildM3B) at 4, 10, and340magnification attached to

a CCD camera. Digital photos were taken, and leaf area was analyzed

using imaging analysis software (Northern Eclipse Image Analysis Soft-

ware 7.0; Empix Imaging). Leaf area was measured by tracing and

measuring the area of each leaf per plant. The image analysis software

was calibrated with an object of known size for each magnification, and

the number of pixels was divided by the appropriate conversion factor.

Exponential growth rates of Arabidopsis leaf expansion were calculated

by linear regression analysis on log-transformed data of leaf area (mm2)

versus time. One-way analysis of variance (ANOVA) was performed to

determine statistical significance between genotypes (P# 0.05) followed

by aBonferroni test to test for differences between groupmeans at a 95%

confidence interval (Microcal Origin Lab 7.5; Origin Lab).

Quantification of Variegation

The extent of leaf variegation in im seedlings was estimated nondestruc-

tively from images captured by a CCD camera (Retiga 1300monochrome

10bit; Qimaging) attached to a dissectingmicroscope (LeicaWildM3B) at

4, 10, and 340 magnification as required. The camera was oriented

directly over the center of the plant and the magnification selected on the

dissecting microscope ensured that an image of the entire plant was

captured for each measurement. Digital photos were analyzed using

imaging analysis software (Northern Eclipse Image Analysis Software 7.0;

Empix Imaging). The image analysis software was calibrated with an

object of known size for eachmagnification, and the number of pixels was

divided by the appropriate conversion factor. Images were then con-

verted to grayscale, thereby creating a binary partitioning of the image

intensities. An intensity value was determined, called the threshold value

in order to separate green versus white sectors (Pham et al., 2000; Sezgin

and Sankur, 2004). Threshold analysis was performed on each image

captured to ensure that all green sectors could be clearly resolved from all

white sectors irrespective of magnification. Total leaf area was measured

by tracing and then calculating the area of each leaf per plant. Subse-

quently, the total area of white sectors per leaf was calculated and then

divided by the total area of the leaf to determine the percentage of white

sectors for each leaf examined. Statistical significance was determined

by a one-way ANOVA at a 95% confidence interval, followed by a

Bonferroni test to test for differences between group means (Microcal

Origin Lab 7.5; Origin Lab).

Variegation during greening of wild-type and im etiolated cotyledons

was assessed first by visual scoring of all cotyledons on each agar plate

as either all green, all white, or variegated. Subsequently, this visual

scoring of phenotype was verified by quantifying the total chlorophyll per

germinated seedling from the same agar plates.

Chlorophyll Analyses

Chlorophyll was extracted from wild-type and im cotyledons with buff-

ered 80% (v/v) aqueous acetone containing 2.5 mM sodium phosphate

buffer, pH 7.8, and was measured by the method of Porra et al. (1989).

The absorbance of the extracts wasmeasured at 663.6 and 646.6 nm and

corrected to 750 nm for light scattering in a Beckman DU-640 spectro-

photometer (Beckman Coulter). Total chlorophyll was divided by the total

number of seedlings. One-way ANOVA was performed to determine

statistical significance between genotypes (P # 0.05) followed by a

Bonferroni test to test for differences group means at a 95% confidence

interval (Microcal Origin 7.5; Origin Lab).

Room Temperature Chlorophyll a Fluorescence

Light response curves and steady state fluorescence measurements

were made using an Imaging PAM Chlorophyll Fluorometer (Heinz Walz).

Samples were dark adapted for 20 min prior to all measurements. All

fluorescence measurements were made at room temperature. The fluo-

rescence parameters were calculated according to Schreiber et al.

(1994). The maximum photochemical efficiency of PSII was calculated

as Fv/Fm. Immediately after dark adaptation at room temperature, dark-

adapted leaves and cotyledons were exposed to a short (800ms) pulse of

saturating blue light (6000 mmol photons m22 s21; l = 470 nm) provided

by the Imaging PAM photodiode (IMAG-L; Heinz Walz). Nonphotochem-

ical quenching was calculated as qN, and photochemical quenching was

calculated as qP (Schreiber et al., 1994). The relative reduction state of

PSII was calculated as 1-qP, which has been termed excitation pressure

(Dietz et al., 1985; Hüner et al., 1998, 2003). Statistical significance was

determined by a one-way ANOVA at a 95% confidence interval, followed

by a Bonferroni test to test for differences between group means

(Microcal Origin Lab 7.5; Origin Lab).

SDS-PAGE and Immunoblots

Whole plants from both wild-type and im genotypes were frozen in liquid

nitrogen and ground to a fine powder. Total protein was extracted by the

addition of 4% (w/v) SDS and heated for 20 min at 608C in a water bath,

with occasional mixing using a vortex. Total protein was measured using

a BCA protein assay kit (Pierce) by measuring the change in absorbance

at 562 nm using a Beckman DU-640 spectrophotometer (Beckman

Coulter). Polypeptides were loaded on an equal protein basis of 20 mg

protein and were separated on a 12% (w/v) SDS-PAGE according to the

method of Laemmli (1970). Immunobloting was performed by electro-

phoretically transferring the proteins from SDS-PAGE gel to a nitrocellu-

lose membrane (Bio-Rad Laboratories). Immunodetection was performed

using horseradish peroxidase–conjugated secondary antibodies (Sigma-

Aldrich) and enhanced chemiluminescence according to the manufacturer

(ECL; Amersham-Pharmacia Biotech).

Wild-type and im seedlings germinated and grown to the cotyledon

stage in the dark and subsequently exposed to CL of either 50 or 150

mmol photons m22 s21 at 258C. Seedlings were harvested either in the

dark (time 0) or at various times during the greening period up to 72 h,

immediately frozen in liquid nitrogen, and ground to a fine powder.

Sampleswere loaded on an equal protein basis (7mgprotein per lane) and

were separated as previously described. Proteins were detected using

specific polyclonal antibodies raised against protochlorophyllide oxido-

reductase (POR) (1:1000 dilution; Agri-Sera), the light-harvesting com-

plex associated with PSII (Lhcb2; 1:1000 dilution; Agri-Sera), PsbA and

PsaB (1:2000 and 1:5000 dilution; Argi-Sera), and the large subunit of

ribulose-1,5-bisphosphate carboxylase/oxygenase isolated from Secale

cereale cv Musketeer (1:1000 dilution).

RNA Isolation, cDNA Synthesis, and Real-Time qRT-PCR

Wild-type and im seedlings were germinated and grown to the cotyledon

stage on agar plates in the dark and subsequently exposed to CL of either

50 or 150 mmol photons m22 s21 at 258C as described above. Seedlings

were harvested either in the dark (time 0) or at various times during the

greening period for up to a 24 h. Total RNA was extracted from these

seedlings with the RNeasy plant mini kit (Qiagen). Total RNA (1 mg) was

reverse transcribedwith the high-capacity cDNA reverse transcriptase kit

(Applied Biosystems). Real-time qPCR was performed using an Applied

Biosystems 7900HT fast real time thermal cycler (Applied Biosystems)

with primers designed for IM, AOX1a, PHYA, PORA, and an endogenous

actin control gene, ACT2. The primers were designed between exon-

exon boundaries to prevent amplification of genomic DNA. The primer

sequences used are summarized in Supplemental Table 1 online. Quan-

titative analysis of gene expression was generated by the Power SYBR

Green master mix kit (Applied Biosystems). Amplification for each gene

was analyzed in the logarithmic phase. Relative quantification by com-

parative threshold cycle (CT) analysis of IM, AOX1a, PHYA, and PORA
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was performed against an internal standard (ACT2), and all samples were

subtracted against a calibrator sample, wild type grown in the dark (0 h) at

either 50 or 150 mmol photons m22 s21 depending on treatment. One-way

ANOVA was performed to determine statistical significance between

genotypes (P # 0.05) followed by a Bonferroni test to test for differences

groupmeans at a 95%confidence interval (MicrocalOrigin 7.5; Origin Lab).

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data

libraries and have the following Arabidopsis Genome Initiative locus

identifiers: ACT2, At3g18780.2; AOX1a, At3g22370.1; IM, At4g22260.1;

PHYA, At1g09570.1; PORA, At5g54190.1. Mutant lines used: im

(CS3157; AT4G22260), spotty (AT4G22260), var1 (CS271; AT5G42270),

and var2 (CS271; AT2G30950).
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Hüner, N.P.A. (2006). Energy balance, organellar redox status,

and acclimation to environmental stress. Can. J. Bot. 84: 1355–1370.

Woodson, J.D., and Chory, J. (2008). Coordination of gene expression

between organellar and nuclear genomes. Nat. Rev. Genet. 9: 383–395.

Wu, D., Wright, D.A., Wetzel, C.M., Voytas, D.F., and Rodermel, S.R.

(1999). The IMMUTANS variegation locus of Arabidopsis defines a

mitochondrial alternative oxidase homolog that functions during early

chloroplast biogenesis. Plant Cell 11: 43–55.

Yu, F., Fu, A., Aluru, M., Park, S., Xu, Y., Liu, H., Liu, X., Foudree,

A., Nambogga, M., and Rodermel, S.R. (2007). Variegation mutants

and mechanisms of chloroplast biogenesis. Plant Cell Environ. 30:

350–365.

3492 The Plant Cell


