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ABSTRACT: ζ-carotene desaturase (ZDS) is a key enzyme in carotenoid biosynthesis and plays an important role in plant
photosynthesis. We characterized an albino leaf-color mutant obtained from ethyl methanesulfonate treatment: albino and
seedling lethality 1 (ale1). The material contains a chloroplast thylakoid defect where photosynthetic pigments declined and
reactive oxygen species accumulated resulting in ale1 death within 3 weeks. Positional cloning and sequencing revealed that
there was a single base substitution in ALE1, which encoded a ZDS involved in carotenoid biosynthesis. RNAi and
complementation tests confirmed the identity of ALE1. Subcellular localization showed that the ALE1 protein is localized in the
chloroplast. Expression analysis indicated that the genes involved in chlorophyll and carotenoid biosynthesis were
downregulated. We conclude that ALE1 plays an important role in chloroplast and plant growth in rice.
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■ INTRODUCTION

Chloroplasts are important organs for photosynthesis in plants.
The organelles absorb light energy through photosystems and
transform it into chemical energy through a series of
photochemical reactions, providing energy for plant growth
and development.1 Photosystems, basic functional units of light
absorption, consist of chlorophyll, carotenoids, and antenna
proteins.2 The chlorophyll and carotenoid molecules tightly
connect to the thylakoid membrane, harvest light energy, and
participate in the transmission of energy.3,4 In short, carotenoids
are important photosynthetic pigments for capturing light
energy and protecting plants against light oxidative damage.5−7

Carotenoids contain β-carotene, lutein, violaxanthin, and
neoxanthin.4 In the carotenoid biosynthetic pathway of
Arabidopsis, two molecules of isopentenyl pyrophosphate
(GGPP) are catalyzed by phytoene synthase (PSY) and then
condensed to form eight hydrogen lycopene. Thereafter, they
are further catalyzed by phytoene desaturase (PDS), ζ-carotene
desaturase (ZDS), and carotenoid isomerase (crtlSO) to
synthesize all trans-lycopene. Subsequently, trans-lycopene is
catalyzed by reactions of cyclization, hydroxylation, and
epoxidation, and finally, β-carotene, lutein, and violaxanthin
are produced.4,8−10 Throughout this process, corresponding
enzymes catalyze the formation of various intermediate
products, which determine the synthesis and accumulation of
carotenoids in plants.4,8

Because of the deficiency of carotenoid precursors in the
endosperm of rice (Oryza sativa), milled rice usually appears
white. However, the famous Golden Rice 2 was produced by
introducing the psy from maize with the crtI (carotene
desaturase) from Erwinia uredovora. As a result, total carotenoid
content greatly increased and exhibited a preferential accumu-
lation of β-carotene.11 Similarly, canthaxanthin rice and

astaxanthin rice were generated by operating four synthetic
genes with different combinations of sZmPSY1, sPaCrtI,
sCrBKT, and sHpBHY, which corresponded to the functions
of phytoene synthase, phytoene desaturase, β-carotene ketolase,
and β-carotene hydroxylase, respectively.12 However, our
understanding of the underlying mechanism that regulates the
carotenoid metabolism in rice remains fragmented.
ZDS is a key enzyme in catalyzing ζ-carotene to produce tetra-

cis-lycopene through a dehydrogenation reaction. The loss of
function of the ZDS gene can result in the absence of
carotenoids, which leads to photo-oxidative stress and can
block the development of chloroplasts.13−15 There have been
several zds mutants reported in different plant species. In
Arabidopsis, the majority of zds mutants showed a stunted
development at an early stage of proplastid-to-chloroplast
differentiation and presented an albino seedling phenotype
due to severe deficiency in chlorophylls and carotenoids. Among
them, the gene deletion mutants clb5-1/zds and clb5-2 exhibited
a stunted growth and small and albino leaves, but the clb5-3
appeared to have relatively mild symptoms.16 Similarly, the
strong mutant allele spc1-2/zds also showed a complete arrest of
plant growth, and albino seedlings did not survive. However, the
weak allele spc1-1 mutant appeared morphologically normal
with a similar leaf and root size at the seedling stage, except for an
occasional chlorotic leaf. Moreover, spc1-1 was able to flower
and set seed, and the mature plants that exhibited chlorosis were
slightly smaller than theWT.14 In sunflower, nd1/zds resulted in
an albino and viviparous phenotype, and small white cotyledons
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were observed under high light intensities and pale-green
cotyledons under very dim light.17 In maize, vp-wl2/vp9 resulted
in albino seedlings, and the parts above the ground plants were
white and underground plant parts appeared faint blue-green.
Moreover, the vp-wl2 reduced yield significantly in all four
inbred breeding lines.15

In higher plants, chloroplasts are derived from the proplastid.
In light, the membrane system of proplastids develops into
stromal thylakoids and grana thylakoid and forms a mature
chloroplast.18,19 In albino mutants, the chloroplast development
is disrupted, often causing seedling mortality.15,16,20,21 In this
study, a novel albino and lethal seedling mutant called albino
lethality 1 (ale1) was identified in the progeny of an ethyl
methanesulfonate (EMS)-mutagenized population. Using a
map-based cloning strategy, we cloned the ALE1/OsZDS gene
and revealed that a single base substitution resulted in the loss of
functional mutations in ALE1. Based on phenotypic character-
ization, expression analysis, and reactive oxygen species (ROS)
accumulation, we proposed thatALE1 is essential in maintaining
chloroplast development.

■ MATERIALS AND METHODS
Plant Materials and Growth Conditions. The rice mutant ale1

was isolated from an EMS-mutagenized population of a japonica
cultivar Wuyunjing7 (W7). Heterozygous plants with the mutant gene
were crossed with an indica cultivar Taichung Native 1 (TN1). The
resulting F1 generation of plants was self-pollinated to generate an F2
population that would segregate for fine mapping. All populations were
planted in paddy fields in Hangzhou, Zhejiang province, and Lingshui,
Hainan province. The seedlings used for phenotypic observation were
planted in rice nutrient solution.22

Determination of Chlorophyll and Carotenoid Contents.
Carotenoid and chlorophyll contents were measured according to the
method described by Arnon.23 At the three-leaf stage, fresh leaves from
both the mutant and wild type were sampled and placed into the
extracting solution (ethanol:acetone = 1:2, v/v) for 24 h in the dark.
The extracted supernatant was detected using a DU800 spectropho-
tometer (Beckman Coulter) at 470, 645, and 663 nm. Chlorophyll a
(Chl a), Chl b, and carotenoid (Car) contents of the mutant and wild
type were calculated as follows: Chl a (mg/g) = (12.7A663 − 2.69A645)
× V/W; Chl b (mg/g) = (22.9A645 − 4.68A663) × V/W; and Car (mg/
g) = (1000A470 × V/W − 3.27Chl a − 104Chl b)/198, where V is the
extraction volume, W is the weight of the fresh leaf, and A is the
absorbance.
Transmission Electron Microscopy Observation. Leaf samples

were fixed in 2.5% glutaraldehyde solution (pH = 7.0), vacuumed,
washed three times with 10mMphosphate buffer (pH= 7.0) for 15min
each, and then transferred into 1% OsO4 for 2 h. After fixation, samples
were dehydrated in gradient ethanol series and then soaked in a mixture

of acetone and resin and pure resin. Subsequently, all samples were
embedded in resin. Ultrathin section analysis was performed using a
Reichart-Jung Ultracut-E ultramicrotome. Finally, sections were stained
with uranyl acetate and observed by transmission electron microscopy
(JEOL JEM-1230 ).

Assays of Antioxidant Enzyme Activities and MDA Content.
Approximately 0.3 g leaves of 7 and 14 day old plants were ground in 8
mL of 0.05 mM cold phosphate buffer (pH 7.8) and transferred in
centrifuge tubes. After centrifugation for 15 min (10000 × g, 4°C), the
supernatant was collected for the enzyme activity assays.24 In order to
determine the antioxidant enzyme activities of peroxidase (POD) and
superoxide dismutase (SOD), guaiacol colorimetry and nitro blue
tetrazolium (NBT) photoreduction methods were used.24 The catalase
(CAT) activity was measured by assaying decomposition of H2O2,

24,25

and malonaldehyde (MDA) content was determined by the
thiobarbituric acid (TBA) reaction.25

Mapping and Sequence Analysis. STS and SSR markers evenly
distributed on 12 chromosomes were used for polymorphism screening
and locating. To finely map the ALE1 gene, about 700 mutant plants
were selected from the F2 population at the seedling stage and new STS
markers were developed based on the genome sequences for the
nipponbare and indica cultivars (https://blast.ncbi.nlm.nih.gov/Blast.
cgi) (Table S1). According to the Rice Genome Annotation Project
(http://rice.plantbiology.msu.edu), candidate genes were predicted
and some of them were sequenced.

Vector Construction and Transformation. For the comple-
mentation test, an 8.2 kb genomic DNA fragment of ALE1 was
amplified from the wild-type W7 and cloned into the binary vector to
generate a new transformation vector. To generate the RNA
interference vector, a 300-bp fragment was amplified using the cDNA
template of the ALE1 gene. All plasmids were introduced into the callus
by Agrobacterium tumefaciens. Primers used for the detection of the
mutant site and RNAi were as follows: TS1-F: ACAGGGGTGG-
TAGGTATGATGG, TS1-R: GGTTCCTTGATCCAGTAAGGCT,
TS2-R: GGCTCATACACACTACATGCTGC, TS3-R:GAAACGA-
CAATCTGATCCAAGCT, RNAi -F : GGGATGTAGG-
GAGGTTCTCTATG, and RNAi-R: GAAGATTATCCAAGC-
CAACTGC.

Subcellular Localization of ALE1. To investigate the subcellular
localization of ALE1, cDNA of ALE1 without the terminator was
inserted into the GFP carrier and a p35S-ALE1-GFP fusion protein
expression vector was constructed. Fusion and control vectors were
introduced into rice protoplasts isolated from 2 week old rice seedlings
and observed under confocal microscopy (Carl Zeiss, LSM700).
Primers used for fragment amplification were GFP-F (GACTCTA-
GAATGGCCATGGCTGCCACGTCCC) and GFP-R (GACTCTA-
GACAGCTTGTCTGAAGGGCCTCGACC). The protoplast trans-
formation was performed using the method of Bart et al.26

Quantitative Real-TimePCR (qRT-PCR) Analysis.Twoweek old
shoots of W7 and mutants were frozen in liquid nitrogen. The total
RNA was extracted following the instruction of a Total RNA Miniprep

Figure 1. (A,B) Phenotypes of 1 and 2 day old wild type and ale1. Scale bar = 0.5 cm. (C,D) Phenotypes of 3 and 6 day old wild type and ale1. Scale bars
= 1 and 2 cm. (E,F) Phenotypes of 9 and 12 day old wild type and ale1. Scale bar = 3 cm. (G,H) Phenotypes of 15 and 17 day old wild type and ale1.
Scale bar = 4 cm.
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Kit (Axygen). First-strand cDNAwas synthesized using a ReverTra Ace
qPCRRTKit with a gDNARemover (TOYOBO) and according to the
manufacturer’s protocols. qRT-PCR was performed on an Applied
Biosystems 7900HT with an SYBR Green PCR Master Mix (Applied
Biosystems). The OsActin1 gene was used as an internal control.
Primers used for qRT-PCR are all listed in Table S1.

■ RESULTS

Mutant ale1 Leads to Albino and Seedling Lethality.
The ale1with the albino phenotype in seedling was isolated from
an EMS-treated segregating population. The mutant exhibited

an albino phenotype just 1 day after germination, easily
identifiable in 2 days of germination (Figure 1A,B). Further
observation showed that the shoot and root growth was
relatively normal before the three-leaf stage in ale1 (Figure
1A−F) but began to senesce gradually and died at the four-leaf
stage (Figure 1G,H).

Chloroplast Development Is Arrested in ale1. Leaf-
color mutations are usually caused by abnormal chloroplast
development. To determine whether chloroplast development is
also affected in ale1, we carried out an ultrastructure observation

Figure 2. (A,D)Chloroplast ultrastructures of wild type and ale1. Scale bar = 2 μm. (B,E) Enlarged sizes of panels (A) and (D). Scale bar = 2 μm. (C,F)
Enlarged sizes of panels (B) and (E). Scale bar = 2 μm. CP = chloroplasts and Thy = thylakoid.

Figure 3. (A) Fine mapping of ALE1. The numerals indicate the number of recombinants. (B) The structure of candidate gene LOC_Os07g10490.
Orange boxes indicate the exons. ATG and TGA indicate start and stop codons, respectively. The arrow and numeral show mutation sites. (C,D) The
three-dimensional structures of ALE1 and ale1 proteins. Arrows indicate the differences in protein folding.
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of the wild type and mutant at the three-leaf stage by a
transmission electron microscope (Figure 2). The result
indicated that the plastids of the ale1 mutant were restrained
at an early stage of differentiation and contained large vesicle-
like structures (Figure 2D−F). In fact, no mature chloroplast
was found in ale1 (Figure 2D), but the thylakoid structure of
chloroplasts was clearly and well arranged in the wild type
(Figure 2A−C). Therefore, ALE1 plays a key role in regulating
chloroplast development.
Positional Cloning of ALE1 Gene. The homozygous ale1

mutant contained an albino color and high seedling lethality, so
no seeds were obtained. The F1 plants were generated by
crossing heterozygous plants with an indica cultivar TN1. Ten
days after germination, the albino plants were isolated from a
single F1 plant progeny, and the genetic separation ratio was fit
toMendel’s 3:1 genetic law (green:albino = 395:118, χ2 = 0.99 <
χ20.05,1 = 3.84), which indicated that ale1 was controlled by a
single recessive locus. The ALE1 gene was first mapped on the
long arm of chromosome 7 between markers ap2 and ap4, which
narrowed to an interval of 86.3 kb with the introduction of the
newly developed markers ap8 and ap10 (Figure 3A). In the
candidate region, 11 ORFs were predicted using the RGAP
database and a single base substitution of C to T at site 3607 was
detected in LOC_Os07g10490, resulting in a change from Pro to
Leu (Figure 3B). The three-dimensional structure models of
ALE1 and ale1 proteins were built using a SwissModel (https://
swissmodel.expasy.org/), and differences of the mutant and wild
type in protein folding were found (Figure 3C,D).

Transgenic Verification of ALE1 Gene. To verify the
identity of the ALE1 candidate gene, we constructed a
pCAMBIA1300-ALE1 complementation vector containing the
entire ALE1 coding region, 2.0 kb upstream sequence, and 1.3
kb downstream sequence. The plasmid was introduced into the
ale1 callus, and four homozygous positive plants were gained
using the detection markers TS1, TS2, and TS3 (Figure 4A−E).
Compared with the empty vector, the mutation phenotypes
were fully complemented in transgenic plants, which were
similar to the wild type. In addition, an RNAi vector pTCK303-
ALE1 was assembled to further verify the function of ALE1, and
eight positive plants were obtained. Consistent with the ale1
phenotype, all of the T0 transgenic rice plants exhibited an albino
characteristic and seedling mortality. Among them, three
transgenic plants with a mild phenotype were selected to
conduct the qRT-PCR analysis, which showed that the
expression level of ALE1 decreased significantly (Figure 4F,G).

ALE1 Encodes a ζ-Carotene Desaturase. Sequence
analysis revealed that ALE1 contained 14 exons and encoded a
ζ-carotene desaturase of 579 amino acid residues with a 63.7
kDamolecular weight and 8.41 isoelectric point. BLAST analysis
indicated that ALE1 was also a putative chloroplast precursor
with a conserved FAD/NAD(P)-binding domain, which was
highly homologous with other ζ-carotene desaturases in
different species (Figure 5A). To determine the evolutionary
relationships of ZDS proteins, an unrooted tree was constructed
using the neighbor-joining method. Phylogenetic analysis
showed that Gramineae, Rosaceae, Solanaceae, and Legumino-

Figure 4. (A,B) BAC name AP004273 and complementation vector pCambia-1300-ALE1. Green, red, and blue boxes indicateALE1 promoter, coding
sequence, and terminator region, respectively. The star symbol specifies ale1mutant site. TS1, TS2 (TS1-F, TS2-R), and TS3 (TS1-F, TS3-R) primers
are used for the detection of mutant site, background, and complementation plant, respectively. (C) Complemented plants. Scale bar = 10 cm. (D)
Leaf blades of complemented plants. Scale bar = 2 cm. (E) DNA sequencing graphs of the wild type (WT), ale1, and complemented plants from the
amplification of TS1 marker. (F) RNAi plants of ALE1. Scale bar = 3 cm. (G) Expression level of RNAi plants (n = 3).
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sae families could be classified into one clade (Figure 5B),

indicating that ZDS is highly conserved in different families.
Expression Pattern and Subcellular Localization. To

investigate the tissue-specific expression of the ALE1 gene, total

RNA was isolated from different tissues including roots, culms,

leaves, sheaths, and panicles at the heading date (Figure 6A).

qRT-PCR analysis found that theALE1 gene was expressed in all

tested tissues and was greater in the leaves and sheaths and

Figure 5. (A) Protein sequence analysis of ALE1 in different species. Numbers on the right refer to the positions of amino acid, and the conserved
domain is underlined. (B) Phylogenetic analysis of ALE1.
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smaller in the culms and panicles (Figure 6B). Examined on the
iPSORT Sever online (http://ipsort.hgc.jp/), the ALE1 protein
was confirmed to act in the chloroplast or mitochondria.
The fullALE1 cDNAwithout the terminator was inserted into

the pBI221-GFP vector to construct fusion expression vector.
According to the transient expression system in rice protoplasts,
a single green fluorescence was detected in the chloroplast and
overlapped with the chloroplast spontaneous red fluorescence
(Figure 6C), indicating that the ALE1 protein was localized to
the chloroplast.
Chlorophyll and Carotenoid Biosynthesis Were Re-

duced in ale1. The contents of chlorophyll and carotenoid
were measured in 7 day old ale1 and wild-type plants (Figure
7A). Results showed that chlorophyll a, chlorophyll b, and
carotenoid contents were all significantly lower or even hardly
detected in the mutant (Figure 7B). In addition, the expression
levels of chlorophyll and carotenoid related-genes were also
detected. The results indicated that Glutamyl-tRNA reductase 1
(HEMA1), divinyl reductase (DVR), protochlorophyllide
oxidoreductase B (PORB), Mg-chelatase H subunit (CHLH),
non-yellow coloring4 (NYC4), pheophorbide a monooxygenase
(PAO), and red chlorophyll catabolite reductase genes (RCCRI)
involved in chlorophyll biosynthesis and degradation pathway
were downregulated significantly.
Meanwhile, except for crtlSO and ζ-carotene isomerase genes

(Z-ISO), violaxanthin de-epoxidase (VDE), lycopene epsilon-
cyclase (lcyE), lycopene β-cyclase (lcyB), PSY, and PDS, major
genes of the carotenoid biosynthesis pathway, were also
downregulated significantly in ale1 (Figure 7C−E).
ROS andMalondialdehyde (MDA) Are Accumulated in

ale1.The levels of superoxide dismutase (SOD) and peroxidase
(POD) in 7 day old ale1 were 1.31- and 1.42-fold higher than
those in the wild type under natural conditions. Furthermore,
the SOD and POD activities in the 14 day old ale1 plants
increased extremely significantly compared to the wild type
(Figure 8A−C,E−H). Catalase (CAT) activity in mutants at
two time points decreased extremely significantly, especially in

Figure 6. (A) Schematic diagram of plant organs used for ALE1 expression profile. Scale bar = 5 cm. (B) Transcript levels of ALE1 in different organs
(n = 3). (C) Subcellular localization of ALE1. Scale bar = 10 μm.

Figure 7. (A) 7 day old plants used for gene expression and
determination of pigment content. Scale bar = 1 cm. (B) Pigment
contents of WT and ale1. (C) Real-time PCR analysis of ALE1
transcript levels in WT and ale1. (D) Transcript levels of chlorophyll
synthesis and degradation-related genes inWT and ale1. (E) Transcript
levels of carotenoid synthesis related genes in WT and ale1. (B−E)
Values are mean ± SD (n = 3).
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the 14 day old ale1 (Figure 8D,I). In addition, the MDA
contents of 7 and 14 day old ale1were 1.99- and 3.50-fold higher
than those in the wild type, respectively (Figure 8E,J).

■ DISCUSSION

To clarify the genetic and molecular mechanisms of chloroplast
development in rice, currently, an albino and seedling lethal
mutant ale1 was identified and cloned. Ultrastructure observa-
tion showed that the chloroplast development was disrupted in
ale1 and no mature chloroplast was found in mesophyll cells
(Figure 2). This was consistent with the undetectable
chlorophyll a, chlorophyll b, and carotenoid in the mutant
(Figure 7B). In addition, qRT-PCR analysis indicated that
chlorophyll and carotenoid related-genes were downregulated,
thus reducing pigment synthesis (Figure 7C−E). In fact, the
albino plants had similar properties in terms of chloroplast
thylakoid defects, and pigment content extremely de-
clined,21,27−32 indicating that the albino-related genes play a
role in early chloroplast development.
In this study, the ale1 plants died within 3 weeks after

germination, differing from the lethal mutants wdl1 (wilted
dwarf and lethal 1) and mini1 (mini rice 1). WDL1 encodes an
SGNH subfamily protein of the GDSL lipase superfamily, which
is involved in cutin organization and depolymerizable
components.33 Mini1 encodes a HOTHEAD-like protein,
which regulates shoot development by maintaining SAM
activity.34 Except for the gene function difference, both wdl1
andmini1 present dark-green leaf colors with normal chloroplast
developments, indicating that the lethal mechanisms are
different from ale1. In fact, there have been reports on the
genes responsible for albino and seedling mortality in rice,
including OspTAC2 (plastid transcriptionally active chromo-
some protein 2), ASL1 (albino seedling lethality 2), ASL2, AL1
(albino leaf 1), AL2, which encode PPR repeat protein,31

chloroplast 30S ribosomal protein S20,28 chloroplast 50S
ribosomal protein L21,29 sole octotricopeptide repeat protein,32

and putative chloroplast group IIA intron splicing facilitator
CRS1.30 Among them, ASL1, ASL2, and AL2 directly encode
chloroplast-related proteins, the PPR domain of OspTAC2 is
involved in the processing of chloroplast RNA,27,31 and AL1 is
required for chloroplast 16S rRNA maturation.32 Similarly,
ALE1/OsZDS encodes a putative chloroplast precursor and acts

in the biosynthesis of carotene, suggesting that ALE1/OsZDS is
necessary for early chloroplast development.
Carotenoids are a class of isoprenoid compounds synthesized

in the plastid, which play important roles in photosynthesis,
photomorphogenesis, photoprotection, and development.35

Sequencing analysis revealed that ALE1 encodes a ζ-carotene
desaturase, which is highly homologous with other ZDS proteins
in different species. Previous studies have shown that ZDS is a
key enzyme in the carotenoid biosynthetic pathway and all
mutants exhibited an albino or yellowish phenotype where there
were prevalent stunted growth and even seedling mortality
across species.14−17,35 In Arabidopsis, loss of the function of ZDS
disrupted the chloroplast development and led to albino plants
and seedling mortality. However, its weak mutation retained its
partial function and produced yellowish leaves and slightly
smaller plants with reduced fertility than the WT.14,16 In ale1,
the single base substitution resulted in the protein’s three-
dimensional structure, which could affect the enzyme activity
and give rise to a defect in gene function (Figure 3C,D).
Therefore, ale1 exhibited characteristics associated with ZDS
gene defects that hindered chloroplast development and
resulted in albino and seedling lethality suggesting that the
ZDS function in the chloroplast and plant development is
important and conserved in rice. We further collected several
ZDS proteins from different species using homologous blasting.
Phylogenetic analysis showed that different species belonging to
the same family could all be classified into one clade, including
Gramineae, Rosaceae, Solanaceae, and Leguminosae (Figure
5B). This revealed that ZDS proteins are highly conserved in the
same family.
ROS is an important indicator of premature senescence and

stress responses in plants.36,37 A slight rise in ROS content is
beneficial to senescence resistance and stress, but excessive
levels are harmful and result in cell damage and death.38,39 ROS
and MDA accumulated in 7 day old seedling and were
significantly greater in 14 day old seedling (Figure 8), which
indicated that the neutralized system of ROS was broken and
injury to ale1 occurred at the very early stage. Moreover,
chloroplast development was disrupted, and photosynthetic
pigment biosynthesis was restricted in ale1 (Figures 2 and 7),
which can lead to the blocking of photochemical reactions in
photosynthesis. This suggests that AlE1 plays a key role in
chloroplast development and the loss of the gene function will

Figure 8. (A) 7 day old plants used for determination. Scale bar = 1 cm. (B,G) SOD activity. (C,H) POD activity. (D,I) CAT activity. (E,J) MDA
content. (F) 14 day old plants used for determination. Scale bar = 1 cm. (A−E) 7 day old plants. (F−J) 14 day old plants. Values aremean± SD (n = 3).
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cause a series of abnormalities in biosynthesis and metabolism
accessions, resulting in albino plants and seedling death.
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apocarotenoid-derived signal generated in ζ-Carotene desaturase
mutants regulates leaf development and the expression of chloroplast
and nuclear genes in Arabidopsis. Plant Cell 2014, 26, 2524−2537.
(17) Conti, A.; Pancaldi, S.; Fambrini, M.; Michelotti, V.; Bonora, A.;
Salvini, M.; Pugliesi, C. A deficiency at the gene coding for zeta-
carotene desaturase characterizes the sunflower non dormant-1mutant.
Plant Cell Physiol. 2004, 45, 445−455.
(18) Vothknecht, U. C.; Westhoff, P. Biogenesis and origin of
thylakoid membranes. Biochim. Biophys. Acta 2001, 1541, 91−101.
(19) Reinbothe, C.; El Bakkouri, M.; Buhr, F.; Muraki, N.; Nomata, J.;
Kurisu, G.; Fujita, Y.; Reinbothe, S. Chlorophyll biosynthesis: spotlight
on protochlorophyllide reduction.Trends Plant Sci. 2010, 15, 614−624.
(20) Su, N.; Hu, M. L.; Wu, D. X.; Wu, F. Q.; Fei, G. L.; Lan, Y.; Chen,
X. L.; Shu, X. L.; Zhang, X.; Guo, X. P.; Cheng, Z. J.; Lei, C. L.; Qi, C. K.;
Jiang, L.; Wang, H.; Wan, J. M. Disruption of a rice pentatricopeptide
repeat protein causes a seedling-specific albino phenotype and its
utilization to enhance seed purity in hybrid rice production. Plant
Physiol. 2012, 159, 227−238.
(21) He, L.; Zhang, S.; Qiu, Z.; Zhao, J.; Nie, W.; Lin, H.; Zhu, Z.;
Zeng, D.; Qian, Q.; Zhu, L. FRUCTOKINASE-LIKE PROTEIN 1
interacts with TRXz to regulate chloroplast development in rice. J.
Integr. Plant Biol. 2018, 60, 94−111.
(22) Yoshida, S.; Forna, D. A.; Cock, J.H.; Gomez, K. A. Laboratory
manual for physiological studies of rice; International Rice Research
Institute (IRRI): Los Banos, Philippines, 1976, pp 62−63.
(23) Arnon, D. I. Copper enzymes in isolated chloroplasts. Polyphe-
noloxidase in Beta vulgaris. Plant Physiol. 1949, 24, 1.
(24) Zhang, X.; Chen, H.; Jiang, H.; Lu, W.; Pan, J.; Qian, Q.; Xue, D.
Measuring the damage of heavy metal cadmium in rice seedlings by
SRAP analysis combined with physiological and biochemical
parameters. J. Sci. Food Agric. 2015, 95, 2292−2298.
(25) Ahmad, H.; Hayat, S.; Ali, M.; Liu, T.; Cheng, Z. The
combination of arbuscular mycorrhizal fungi inoculation (Glomus
versiforme) and 28-homobrassinolide spraying intervals improves
growth by enhancing photosynthesis, nutrient absorption, and
antioxidant system in cucumber (Cucumis sativus L.) under salinity.
Ecol. Evol. 2018, 8, 5724−5740.
(26) Bart, R.; Chern, M.; Park, C. J.; Bartley, L.; Ronald, P. C. A novel
system for gene silencing using siRNAs in rice leaf and stem-derived
protoplasts. Plant Methods 2006, 2, 13.
(27) Kotera, E.; Tasaka, M.; Shikanai, T. A pentatricopeptide repeat
protein is essential for RNA editing in chloroplasts. Nature 2005, 433,
326−330.
(28) Gong, X.; Jiang, Q.; Xu, J.; Zhang, J.; Teng, S.; Lin, D.; Dong, Y.
Disruption of the rice plastid ribosomal protein s20 leads to chloroplast
developmental defects and seedling Lethality. Genetics 2013, 3, 1769−
1777.

Journal of Agricultural and Food Chemistry Article

DOI: 10.1021/acs.jafc.9b05051
J. Agric. Food Chem. 2019, 67, 11607−11615

11614

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.jafc.9b05051
http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.9b05051/suppl_file/jf9b05051_si_001.pdf
mailto:hujiang588@163.com
mailto:dwxue@hznu.edu.cn
http://orcid.org/0000-0001-9904-7615
http://www.letpub.com
http://dx.doi.org/10.1021/acs.jafc.9b05051


(29) Lin, D.; Jiang, Q.; Zheng, K.; Chen, S.; Zhou, H.; Gong, X.; Xu, J.;
Teng, S.; Dong, Y. Mutation of the rice ASL2 gene encoding plastid
ribosomal protein L21 causes chloroplast developmental defects and
seedling death. Plant Biol. 2015, 17, 599−607.
(30) Liu, C.; Zhu, H.; Xing, Y.; Tan, J.; Chen, X.; Zhang, J.; Peng, H.;
Xie, Q.; Zhang, Z. Albino Leaf 2 is involved in the splicing of chloroplast
group I and II introns in rice. J. Exp. Bot. 2016, 67, 5339−5347.
(31)Wang, D.; Liu, H.; Zhai, G.; Wang, L.; Shao, J.; Tao, Y.OspTAC2
encodes a pentatricopeptide repeat protein and regulates rice
chloroplast development. J. Genet. Genomics 2016, 43, 601−608.
(32) Zhang, Z.; Tan, J.; Shi, Z.; Xie, Q.; Xing, Y.; Liu, C.; Chen, Q.;
Zhu, H.; Wang, J.; Zhang, J.; Zhang, G. Albino Leaf1 that encodes the
sole octotricopeptide repeat protein is responsible for chloroplast
development. Plant Physiol. 2016, 171, 1182−1191.
(33) Park, J. J.; Jin, P.; Yoon, J.; Yang, J. I.; Jeong, H. J.; Ranathunge,
K.; Schreiber, L.; Franke, R.; Lee, I. J.; An, G. Mutation inWilted Dwarf
and Lethal 1 (WDL1) causes abnormal cuticle formation and rapid
water loss in rice. Plant Mol. Biol. 2010, 74, 91−103.
(34) Fang, Y.; Hu, J.; Xu, J.; Yu, H.; Shi, Z.; Xiong, G.; Zhu, L.; Zeng,
D.; Zhang, G.; Gao, Z.; Dong, G.; Yan, M.; Guo, L.; Wang, Y.; Qian, Q.
Identification and characterization of Mini1, a gene regulating rice
shoot development. J. Integr. Plant Biol. 2015, 57, 151−161.
(35) Nisar, N.; Li, L.; Lu, S.; Khin, N. C.; Pogson, B. J. Carotenoid
metabolism in plants. Mol. Plant 2015, 8, 68−82.
(36) Khanna-Chopra, R Leaf senescence and abiotic stresses share
reactive oxygen species-mediated chloroplast degradation. Protoplasma
2012, 249, 469−481.
(37) Choudhury, F. K.; Rivero, R. M.; Blumwald, E.; Mittler, R.
Reactive oxygen species, abiotic stress and stress combination. Plant J.
2017, 90, 856−867.
(38) Mittler, R. ROS Are Good. Trends Plant Sci. 2017, 22, 11−19.
(39) Mhamdi, A.; Van Breusegem, F. Reactive oxygen species in plant
development. Development 2018, 145, No. dev164376.

Journal of Agricultural and Food Chemistry Article

DOI: 10.1021/acs.jafc.9b05051
J. Agric. Food Chem. 2019, 67, 11607−11615

11615

http://dx.doi.org/10.1021/acs.jafc.9b05051

