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is a chloroplast ABC transporter. Expression of OsABCI8 
is significantly enhanced in rainy days compared to sunny 
days. Besides defects in chloroplast development and chlo-
rophyll biosynthesis, the mutant phenotype is accompanied 
by a higher accumulation of iron, suggesting that OsABCI8 
is involved in iron transportation and/or homeostasis in 
rice. Our results demonstrate that OsABCI8 represents 
a conserved ABCI protein involved in transition metals 
transportation and/or homeostasis and suggest an impor-
tant role of the plastid-localized OsABCI8 for chloroplast 
development.
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Introduction

Chloroplasts are one of the most important plastids in 
plants. They not only are the site of photosynthesis, where 
solar energy is converted to oxygen and chemical energy 
stores in the form of sugars, but also the site for biosynthe-
sis of chlorophyll, haem and other tetrapyrroles as well as 
initiation of abscisic acid, gibberellin and oxylipin biosyn-
thesis (Neuhaus and Emes 2000). Chlorophyll biosynthesis 
shares early steps from the first committed precursor 5-ami-
nolevulinic acid (ALA) to protoporphyrin IX with that of 
heme in the tetrapyrrole biosynthetic pathway (Tanaka 
and Tanaka 2007). Two molecules of ALA are condensed 
to form a porphobilinogen by ALA dehydratase. After 
sequential enzymatic conversions, the pathway is divided 
by metal chelation reactions of protoporphyrin IX, thereby 
directing the formation of the end products chlorophyll and 
heme (Tanaka and Tanaka 2007). It is evident that ALA 

Abstract A wide range of molecules are transported 
across membranes by the ATP binding cassette (ABC) 
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bearing similarities to the components of prokaryotic 
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formation is a key point for regulation of chlorophyll bio-
synthesis (Ilag et al. 1994; Tang et al. 2012).

To understand chloroplast biogenesis and develop-
ment, various chloroplast-defective mutants have been 
identified and characterized from multiple plant species 
including rice, Arabidopsis, Oenothera (evening prim-
rose) (Sakamoto et al. 2008; Hayashi-Tsugane et al. 2014; 
Massouh et al. 2016). Analyses of albino mutants provide 
important insights into the mechanisms of plastid develop-
ment. Among them, green-revertible albino mutants are a 
new type of leaf-color mutants. These mutants are albino 
in the seedling stage, but turn to normal green color as 
the plants develop or as the environment changes, allow-
ing the mutants to reach maturity and produce seeds. For 
instance, rice young seedling albino (YSA) mutant devel-
oped albino leaves before the three-leaf stage, but gradu-
ally turns green and recovers to normal green at the six-leaf 
stage (Su et al. 2012). The YSA mutant is associated with a 
change in chlorophyll content and chloroplast development 
(Su et  al. 2012). Map-based cloning revealed that YSA 
encodes a pentatricopeptide-repeat protein (PPR). The 
v1 ~ 4 (virescent-1 ~ 4), wlp1 (white leaf and panicles1), 
and tcd9 (thermo-sensitive chloroplast development 9) are 
temperature-sensitive conditional chloroplast-deficient 
mutants (Kusumi and Iba 2014). They develop chlorotic 
leaves when germinated at low temperature but nearly nor-
mal green leaves at higher temperature. After they emerge, 
the leaf phenotype is no longer influenced by growth tem-
perature. So far, more than 200 leaf-color mutants have 
been identified in rice, however, only about a quarter of the 
mutant genes have been identified (Deng et al. 2014).

The ATP-binding cassette (ABC) transporter proteins 
belong to a large, diverse and ubiquitous superfamily (Rea 
2007). The main function of ABC transporter proteins is 
to transport a wide range of molecules across membranes. 
In plants, the ABC transporter genes are particularly abun-
dant. The Arabidopsis and rice genomes encode 130 and 
132 members, respectively, categorized into families A to 
G based on their homologies to the eukaryotic orthologs 
(Verrier et al. 2008). In addition, plants contain a collection 
of ABC proteins bearing similarities to the components of 
prokaryotic multisubunit ABC transporters, designed as 
ABC group I. The classical ABC transporters contain two 
units of transmembrane domain (TMDs) and nucleotide-
binding domain (NBD) that contain conserved Walker 
motif and the ABC signature motif, the H loop and the Q 
loop, respectively. By contrast, members of ABCI subfam-
ily encode only one single unit of TMD or NBD domain 
and/or accessory domains, which can assemble into multi-
subunit complex in planta in a manner similar to the clas-
sical ABC transporters in prokaryotes (Verrier et al. 2008). 
There are 21 and 17 group I members in Arabidopsis and 
rice genomes, respectively. Among them, AtABC1 (also 

named as AtNAP1) has been characterized as a FR light-
specific signaling factor involved in the phytochrome 
A signaling pathway (Moller et  al. 2001). Furthermore, 
AtNAP1/AtABC1 can complex with AtNAP6/AtABCI6 
and AtNAP7/AtABCI7 to form an ATP-driven energizer 
for Fe–S cluster assembly and regulate iron homeostasis in 
Arabidopsis (Xu et al. 2004). Recently, another Arabidop-
sis ABCI member, AtNAP14 (AtABCI11) was reported to 
play an important role in plastid transition metal homeosta-
sis and in chloroplast development. Disruption of AtNAP14 
results in over-accumulation of transition metals and aber-
rant chloroplast structures (Shimoni-Shor et  al. 2010). 
These findings suggest that Arabidopsis ABCI members 
perform a wide variety of cellular functions including light 
signal transduction, Fe–S cluster assembly and the regu-
lation of iron homeostasis. However, the functions of rice 
ABCI members are largely unknown.

Here we report a naturally occurring novel rice green-
revertible albino mutant abci8, caused by a 153-bp deletion 
in the first exon of the OsABCI8 gene. OsABCI8 is chloro-
plast-localized and is required for proper formation of chlo-
roplast structure and bio-synthesis of chlorophyll precursor 
under continuous rainy days. Interestingly, abci8 mutants 
are almost indistinguishable from wild type plants grown 
under white light conditions. Thus OsABCI8 is dispensable 
during normal growth condition, but is required for chloro-
plast development and chlorophyll biosynthesis under con-
tinuing cloudy weather.

Materials and methods

Plant materials and growth condition

A spontaneously occurring rice green-revertible albino 
mutant abci8 was isolated from the Oryza sativa L. ssp. 
Japonica cultivar Zhonghua 11. A T-DNA insertion line for 
the OsABCI8 gene, ATL_03Z11JN90_LBT2, was obtained 
from the National Center of Plant Gene Research (Wuhan) 
at Huazhong Agricultural University (Zhang et  al. 2006). 
The abci8 homozygous mutant plants were screened by 
PCR amplification.

To investigate the effect of different light intensities on 
seedling growth, the WT and abci8 seeds were grown on 
1/2 MS agar without sucrose at 28 °C/25 °C day/night tem-
peratures with a 13 h-light/11 h-dark regime in culture pots 
covered with 0, 3, 5, 7 layers of print paper (to achieve dif-
ferent light irradiance of 100, 14, 1.5, 0.2  μmol  m−2  s−1, 
respectively) in a growth chamber for 12 days.

For complementation analysis, abci8 mutant and wild-
type plants were grown in a paddy field for 12 sunny days 
after germination followed by 18  day of cloudy/rainy 
conditions.
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Transmission electron microscopy

Transmission electron microscopy (TEM) was performed 
according to the method previously described (Peng et al. 
2006) with minor modifications. Briefly, pieces of leaf tis-
sue were fixed immediately with 2.5% glutaraldehyde in 
0.2 M phosphate buffer saline (PBS, pH7.2) for 4 h at 4 °C, 
rinsed 3× with the same PBS and incubated in 1% OsO4 
(in 0.2 M PBS, pH 7.2) overnight at 4 °C, rinsed again with 
PBS (pH 7.2), dehydrated in an ethanol series (30, 50, 70, 
90 and 100%), infiltrated with a graded series of epoxy 
resin in epoxy propane, and then embedded in Epon 812 
resin. Thin sections were obtained using a diamond knife 
and a Reichert OM2 ultramicrotome, stained in 2% ura-
nyl acetate, pH 5.0, followed by 10  mM lead citrate, pH 
12, then imaged with a transmission electron microscope 
(JEM-1230; JEOL).

Map-based cloning

For map-based cloning of the OsABCI8 gene, 425 indi-
vidual plants showing albino leaf were selected from an  F2 
population derived from a cross between the abci8 mutant 
and indica var Huajingxian74. Simple sequence repeat 
(SSR) markers and InDel markers on chromosome 11 were 
used for fine mapping. The OsABCI8 gene was selected 
from an approximately 17.6-kb region as the candidate 
gene. To find out the mutation site, we amplified the cor-
responding fragments from the abci8 mutant and wild-type 
plants, respectively. Primers used for the map-based clon-
ing are listed in Supplementary Table 1.

Rice transformation

For complementation of the abci8 mutation, a full-length 
genomic sequence of OsABCI8 containing its promoter 
was cloned into the p2300 binary vector. The resulting plas-
mid was introduced into the calli generated from the mature 
seed embryos of the abci8 mutants through the Agrobacte-
rium (strain EHA105)-mediated method (Hiei et al. 1994).

RT-PCR

Total RNA was extracted from frozen samples with TRI-
zol reagent (Invitrogen) according to the manufacturer’s 
instructions. The RNA was pre-treated with DNase I, and 
first-strand cDNA was generated using the RevertAid First 
Strand cDNA Synthesis Kit (Thermo Scientific). The prim-
ers used for RT-PCR and quantitative qRT-PCR were listed 
in Supplementary Table  1. For qRT-PCR analysis, leaf 
samples were collected from 32-day old seedlings grown in 
paddy field that were subsequently subjected to continuous 
10 sunny days, followed by 4 more rainy days, then 2 rainy 

days, then 2 more sunny days. The rice ACTIN gene was 
used as an internal control for the RT-PCR analysis.

Subcellular localization

To determine subcellular localization of OsABCI8, an 867-
bp coding sequence of OsABCI8.1 was amplified with the 
primers ABC-GEXANF and ABC-GEXANR (Table  S1) 
and ligated upstream to the GFP coding sequence of 
pAB580 vector at the SpeI/XbaI sites. The resulting 
pOsABCI8.1-GFP construct was transformed into rice pro-
toplasts as reported previously (Zhang et  al. 2011). Simi-
larly, an 828-bp coding sequence of OsABCI8.2 was ampli-
fied and fused upstream of the GFP sequence at the XbaI/
BamHI sites of the pAN580 vector to generate OsABCI8.2-
GFP fusion transgene for rice protoplast transformation.

Phylogenetic analysis

Protein sequences of OsABCI8 members in rice and Arabi-
dopsis were obtained from RGAP (http://rice.plantbiology.
msu.edu) and TAIR (http://www.arabidopsis.org), respec-
tively. The phylogenetic unrooted tree was constructed by 
neighbor-joining (NJ) method based on the amino acid 
pairwise distance with the Poisson-correction method using 
the Mega6 software (Tamura et al. 2013). Bootstrap values 
were estimated (with 1000 replicates) to assess the relative 
support for each branch. All positions containing alignment 
gaps were eliminated in pairwise sequence comparisons 
during NJ analyses.

Measurement of photosynthetic pigments

For total chlorophyll and carotenoid concentration meas-
urememt, pigments were extracted from leaf tissues of 
wild-type and abci8 plants with 95% ethanol. The con-
centrations of chlorophyll and carotenoid were determined 
by UV/Vis spectrophotometer as described previously 
(Lichtenthaler 1987). Protoporphyrin IX and protochloro-
phyllide (Pchlide) concentrations were determined as pre-
viously described (Hodgins and Van Huystee 1986). The 
concentrations of 5-aminolevulinic acid (ALA) in 10 days-
old WT and abci8 leaves grown under darkness and light 
conditions were performed spectrophotometrically at the 
wavelengths 553 nm as described (Dei 1985).

Elemental analysis

Elemental analysis was performed as described (Cheng 
et  al. 2007) with minor modifications. The field grown 
abci8 albino leaves and wild type normal leaves were col-
lected at six-leaf stage. All the rice samples were dried 
and milled into powder with a mixer mill (Retsch MM301, 

http://rice.plantbiology.msu.edu
http://rice.plantbiology.msu.edu
http://www.arabidopsis.org
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German) and oven-dried at 65 °C for 72  h. Dried pow-
ders (0.2 g) were digested with 4.0 mL of  HNO3 (reagent 
grade) and 1.0 mL of  H2O2 (30%, analytical reagent, Bei-
jing Chemical Works, China) in a screw cap polypropyl-
ene sample tube (Corning Incorporated, Corning, NY, 
USA) using a Hot Block Digestion System (Model SC154, 
Environmental Express, Mt. Pleasant, SC, USA). The con-
centrations of elements in each sample (i.e., Ca, Mn, Fe, 
Zn, and Mg) were determined using inductively coupled 
plasma mass spectrometry (ICP-MS; Agilent 7500a, Agi-
lent Technologies, Palo Alto, CA, USA). The concentra-
tions of nickel elements in the samples were determined by 
graphite furnace atomic absorption spectrometry (Analytik 
Jena AG, Zeenit 60).

Results

Phenotypic characterization of rice abci8 mutant

A naturally occurring rice mutant with green-revertible 
albino phenotype, named abci8, was isolated from a japon-
ica variety Zhonghua 11 in Guangzhou, South China dur-
ing a 2-month long rainy season (2006). In paddy field, the 
leaves of the abci8 mutant exhibited normal green color 
under normal daylight conditions (Supplementary Fig. 1A), 
but turned albino during a continuous rainy period of 
10 days or longer (Fig.  1, Supplementary Fig.  1B), and 
returned to normal green color when the weather turns to 
normal sunny days (Fig. 1). In addition, the albino pheno-
type can also be observed in the tillering (Supplementary 
Fig.  1C) and heading stages (Supplementary Fig.  1D) if 
mutant plants are exposed to prolonged cloudy/rainy days 
in paddy field. Most of these mutant seedlings died before 
flowering under a continuous rainy period of more than 6 
weeks. However, some mutants (less than 10%) could sur-
vive and set seeds, despite the fact that plant height and 
tiller numbers are reduced compared to wild type plants 
(Supplementary Fig.  1E, F). These results indicated that 
the rice abci8 albino phenotype is not developmental 
stage-specific.

The abci8 albino phenotype under continuous cloudy/
rainy days (Fig.  1a), but not in sunny days (Supplemen-
tary Fig. 1A), could be due to light conditions. We exam-
ined the effects of light intensities on the phenotype of the 
abci8 mutant. As shown in Supplementary Fig.  2A, the 
abci8 plant was similar to the wild-type plant under differ-
ent intensities of white light. In addition, abci8 mutant had 
no significant difference in chlorophyll and carotenoid con-
tents compared to WT seedlings (Supplementary Fig. 2B). 
The results suggested that the albino phenotype of abci8 
did not depend on light intensities.

Defect in OsABCI8 impairs chloroplast development 
and chlorophyll precursor synthesis

To investigate the effects of OsABCI8 on chloroplast devel-
opment, we examined the ultrastructure of chloroplasts in 
both wild-type and the albino abci8 plants grown in the 
field at the albino-stage by transmission electron micros-
copy (TEM). A typical leaf blade of abci8 mutant at the 
albino-stage could be divided into green, chlorotic and 
albino three sections from leaf tip to leaf base (Fig.  2a). 
At the green section of leaf blade, the chloroplasts in the 
abci8 plants displayed well-developed lamellar structures 
equipped with normally stacked grana and thylakoid mem-
branes, which is comparable to those of wild-type plants 
(Fig.  2b, c-I). However, the thylakoid membranes were 
much less abundant in the chloroplasts of the abci8 mutants 
at the chlorotic section of leaf blade (Fig. 2c-II). As far as 
the albino section of leaf blade was considered, the abci8 
contained only rudimentary plastids that lack internal 
membrane structure and are devoid of grana thylakoids 
(Fig.  2c-III). Moreover, the development of grana thyla-
koids was severely disturbed in mutant plastids. Thus, the 
results suggest that the albino abci8 has a dramatic distor-
tion in chloroplast development, characterized by inchoate 
or absent grana thylakoids.

To examine the effects of the abci8 mutation on rice 
chlorophyll synthesis, we analyzed the pigment contents 
and precursor for chlorophyll synthesis in wild-type and 
abci8 plants. At the green section of leaf blade, the amount 
of pigment in the abci8 is similar to those of wild-type 
seedlings in spite of the fact that the abci8 mutant tend to 
overaccumulate 5-Aminolevulinic acid (ALA). However, 
the albino section of leaf blade in abci8 mutants contained 
no measurable pigment. Analysis of ALA content revealed 
that the abci8 mutant had a great reduction in ALA content 
(Fig.  3). Moreover, the abci8 mutant exhibited extremely 
reduced protoporphyrin IX and protochlorophyllide con-
tents at the albino section of leaf blade (Fig.  3). 5-Ami-
nolevulinic acid (ALA) is the universal precursor for 
tetrapyrrole biosynthesis, including chlorophyll and heme 
(Tanaka and Tanaka 2007). The results indicate that loss 
of OsABCI8 function impairs bio-synthesis of chlorophyll 
precursor under continuous cloudy/rainy days.

Map-based cloning of the OsABCI8 gene

To determine the inheritance of abci8, we examined the 
phenotypes of progeny derived from a cross between 
abci8 and wild type (Zhonghua11). All  F1 plant displayed 
wild-type phenotype, and their  F2 progenies showed 
a segregation ratio of 3:1 (normal:albino = 320:102; 
χ2 = 0.11 < χ2

0.05 = 3.84), indicating that the mutant phe-
notype was controlled by a single recessive nuclear locus. 
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To identify the mutated gene responsible for the green-
revertible albino phenotype, map-based cloning method 
was employed. Using an  F2 mapping population derived 
from a cross between indica var Huajingxian74 and the 
abci8 mutant, the mutated gene locus was mapped to a 
17.6 kb DNA region on chromosome 11 between marker 
RM26739 and IDM-2 (Fig. 4a). Within this 17.6-kb inter-
val, there are two predicted ORFs: LOC_Os11g29840 
and LOC_Os11g29850. DNA sequence comparison 
revealed a 153-bp deletion in the first exon of LOC_
Os11g29850 in the abci8 and no sequence difference 

was found in LOC_Os11g29840. The 153-bp deletion 
in the abci8 mutant occurred at 12  bp upstream from 
the initiation codon ATG and is predicted to produce a 
truncated protein product. LOC_Os11g29850 encodes a 
protein with an ABC transporter domain, and was named 
OsABCI8 according to the nomenclature of plant ABC 
transporter proteins (Verrier et  al. 2008). The OsABCI8 
contained two alternatively spliced isoforms, OsABCI8.1 
and OsABCI8.2, encoding predicted 289 and 276 amino 
acid polypeptides, respectively (Fig. 4a).

Fig. 1  Phenotypes of the abci8 
mutant. Wild-type (WT) and 
abci8 mutant plants were grown 
in a paddy field for 2 weeks of 
sunny days after germination, 
followed by 2 weeks of cloudy/
rainy, and then continuous 
sunny days. Bar 10 cm
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Fig. 2  Transmission electron microscopy (TEM) analysis of plastids 
in different section of abci8 leaves. a Leaves of green (I), chlorotic 
(II), albino (III) sections in the abci8 mutant; b TEM analysis of plas-

tids in wild-type rice leaves; c TEM analysis of plastids in the three 
section of the abci8 mutant leaves. C chloroplast; N nucleus; G grana 
thylakoid; PG plastoglobule

Fig. 3  Determination of pigment contents in leaves of green and 
albino sections of the abci8 and wild-type plants. Leaf samples were 
collected from 30-day-old wild-type (WT) and abci8 mutant plants 
grown in a paddy field for 12 sunny days after germination followed 

by 18 day of cloudy/rainy conditions. Chla chlorophyll a; Chlb chlo-
rophyll b; Car carotenoid; ALA δ-Aminolevulinic acid; Proto IX pro-
toporphyrin IX; Pchl protochlorophyllide. In each graph, statistically 
significant differences are indicated by the asterisks **P < 0.01
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To confirm the mutation in OsABCI8 was responsible 
for the mutant phenotype, a transgenic construct, pABCI8, 
containing the entire OsABCI8 coding region and 1264 bp 
5′ upstream sequences was introduced into the binary vec-
tor pCAMBIA2300, and transformed into the abci8 back-
ground. As a control, the pCAMBIA2300 empty vector 
p2300 was also introduced into the abci8. We found that 
the abci8 mutant phenotype was rescued in pABCI8 trans-
genic plants (Fig.  4b). Expression analysis by RT-PCR 
showed that OsABCI8 was truncated in the abci8 plants, 
and normal length of OsABCI8 transcript was detected 
in the complementing transgenic plants (Fig.  4c). Fur-
thermore, plants homozygous for an independent T-DNA 
insertion mutant in the OsABCI8 coding region (abci8-t) 
exhibited identical phenotype to that of the abci8 (Supple-
mentary Fig. 3). These findings confirmed that mutation in 
OsABCI8 is responsible for the mutant phenotype.

OsABCI8 is homologous to a putative iron transporter 
from Arabidopsis

The ABCI subfamily consists of 17 members in rice. 
Among them, the CBY/Y179 subgroup has three mem-
bers including OsABCI8 (Verrier et  al. 2008). Phylo-
genetic analysis showed that the OsABCI8 (encoded by 
Os11g29850) is more closely related to AtNAP14 (encoded 

by At5g14100) than to others in the CBY/Y179 subfamily 
(Fig.  5a). Comparison of deduced amino acid sequences 
showed that OsABCI8 shares a high degree of sequence 
identity with the AtNAP14 (Fig. 5b).

The AtNAP14 has been demonstrated to play an impor-
tant role in plastid iron homeostasis (Shimoni-Shor et  al. 
2010). In addition, it was shown that  Ni2+can be absorbed 
via the  Fe2+ uptake system in Arabidopsis (Nishida et  al. 
2011). These suggest that OsABCI8 may be involved in 
iron/nickel transportation and/or homeostasis. We meas-
ured the transition metal concentration, including Fe, Ni, 
Ca, Mg and Mn elements in the abci8 and wild-type plants 
grown in the field at the albino stage (Fig. 6). The largest 
effect observed in the abci8 shoots was the Fe concentra-
tion, which was 2.78-fold higher in the abci8 than that in 
wild-type shoots. A significant increase in Ni concentra-
tions was observed as well (2.23-fold). In addition, small 
differences in Mn (1.29-fold) and Ca (0.77-fold) were also 
detected between abci8 and wild-type plants. The concen-
tration of transition metals Mg and Zn distribution in the 
abci8 was not significantly different from that of wild-
type plants. As expected, OsABCI8 T-DNA mutant plant 
also accumulated more Iron than WT plants (Supplemen-
tary Fig. 4). In addition, we examined the iron content of 
the abci8 mutant grown under white light conditions. The 
results showed that Fe content of seedlings of abci8 mutant 

Fig. 4  Map-based cloning of the OsABCI8 gene. a The OsABCI8 
locus was mapped to the long arm of rice chromosome 11. Black 
boxes indicate the coding sequence, grey boxes indicate the 5′ and 3′ 
untranslated regions, and lines between boxes indicate introns. Dele-
tion site identified in the abci8 are indicated by dashed lines around 
ATG. b Complementation analysis of the abci8 mutant. Seedling 
phenotype of 30-day-old of WT, abci8, abci8 transformed with an 
empty vector p2300, or with the OsABCI8 genomic fragment grown 
in a paddy field for 12 sunny days after germination followed by 

18 day of cloudy/rainy conditions. Bar  10 cm. c Expression analysis 
of OsABCI8 in WT, abci8, or p2300 and pABCI8 transgenic plants 
in the abci8 background. RT-PCR analysis of OsABCI8 showed that 
complementation of abci8 by the pABCI8 transgene was accompa-
nied by expression of full length OsABCI8 transcript. These plants 
tested were grown in a paddy field under 12 sunny days after germi-
nation followed by 18  day of cloudy/rainy conditions. ACTIN was 
used as a control
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were similar to that of WT (Supplementary Fig.  5). The 
results suggest that OsABCI8 might function as an iron/
nickel transporter to regulate iron/nickel homeostasis in 
cloudy/rainy days.

Subcellular localization of OsABCI8

A chloroplast signal peptide was identified in OsABCI8 
by TargetP and SignalP prediction servers (Emanuelsson 
et al. 2000). In addition, OsABCI8 exhibits a high degree 
of sequence identity with the chloroplast-localized Arabi-
dopsis ABC transporter AtNAP14 (Fig. 5b) (Shimoni-Shor 
et al. 2010), suggesting they might share the same subcellu-
lar localization. To ascertain this hypothesis, we fused the 
GFP protein to the C terminus of OsABCI8.1 and expressed 
this fusion protein in rice protoplasts. The green GFP sig-
nal merged with red auto-fluorescence of chloroplast, as 
seen in the merged regions (yellowish orange) in the over-
lay (Fig. 7). Furthermore, the green fluorescence from the 

OsABCI8.2-GFP fusion protein was also co-localized with 
chlorophyll auto fluorescence. The results indicated that 
both OsABCI8 protein isoforms are chloroplast-localized.

OsABCI8 is sensitive to variable weather conditions

Given the abci8’s conditional albino phenotype (Fig. 1), we 
speculated that the expression of OsABCI8 might be sen-
sitive to variable weather conditions. To test this hypoth-
esis, we conducted expression analysis of OsABCI8 when 
plants are exposed to sunny and rainy in paddy field. The 
OsABCI8 contained two alternatively spliced isoforms 
(Fig.  8a), OsABCI8.1 and OsABCI8.2. The latter, aris-
ing from intron IX retention, contained a stop codon that 
produces a shorter protein. Expression analysis showed 
that the transcript abundances of the variants were signifi-
cant higher when plants were exposed to rainy days com-
pared to sunny days (Fig.  8). Interestingly, the transcripts 
of both variants were remarkably down-regulated when 

Fig. 5  Evolutionary relationship between the rice OsABCI8 and 
the Arabidopsis AtNAP14. a Phylogenetic relationship of the CBY/
Y179 subgroup of ABCI subfamily proteins in rice and Arabidop-
sis. The phylogenetic tree was constructed using MEGA6 software. 
Bootstrap analysis was performed with 1000 replicates. The num-
bers at the branches are confidence values (percent). b Amino acid 
sequences alignment of OsABCI8 and AtNAP14. Identical amino 

acids are shown as white letters on a black background. OsABCI8 
protein is characterized by the possession of an ATP-binding cassette, 
also known as the nucleotide-binding domain (NBD), which contains 
several highly conserved motifs, including the Walker A/P, Q-loop/
lid, ABC transporter signature motif, walker B loop, walker D loop, 
H loop/switch region
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plants were returned to two more sunny days. The results 
demonstrate that the transcripts of OsABCI8 is sensitive 
to variable weather conditions, suggesting the possibility 
that OsABCI8 functions mainly in rainy days rather than in 
sunny days.

Discussion

Rice abci8 is a conditional, chloroplast-deficient mutant

Rice leaf-color mutants are important materials for study-
ing the molecular mechanism of chlorophyll biosynthe-
sis or chloroplast development. To date, more than 200 
rice leaf-color mutants have been identified, such as 
v1(virescent 1), v2, v3, v4, st1(stripe1), ysa (young seedling 
albino), ylc1(young leaf chlorosis1), fdl (faded green leaf), 
wlp1(white leaf and panicles1), and tcd9 (thermo-sensitive 
chloroplast development 9) (Yoo et  al. 2009; Zhou et  al. 
2013; Gong et al. 2014; Jiang et al. 2014; Kusumi and Iba 
2014; Song et al. 2014). Some of these mutants with albino 
phenotype are stage-dependent or low-temperature respon-
sive during early leaf development stage. In this study, we 
isolated and characterized a novel conditional green-revert-
ible albino mutant abci8. Our results showed the rice abci8 
mutant phenotype was not developmental stage-specific 
(Supplementary Fig. 1). And light intensities was not asso-
ciated with the albino leaves of abci8. Aside from raining 
day, the major factors affecting the abci8 phenotype remain 
to be determined.

Unlike Arabidopsis nap14 mutant, which exhibited 
albino phenotype in white light (Shimoni-Shor et al. 2010), 
abci8 mutants were almost indistinguishable from wild 
type plants grown under white light condition, suggest-
ing that Arabidopsis might be more sensitive to the loss of 

Fig. 6  Elevated levels of iron and nickel accumulation in the abci8. 
To determine element content, the leaves from the abci8 mutant 
developing albino leaves and wild type plants grown in field were col-
lected at six-leaf stage. abci8 mutant plants accumulate significantly 
higher levels of iron and nickel compared to WT plants. Mean and 
SD of three biological replicates are shown (Relative content, per-
centages). The actual concentrations of the elements were shown in 
Supplementary Table  2. Significant difference from the correspond-
ing wild-type value, based on the Student’s t-test, are marked by 
*P < 0.05 or **P < 0.01

Fig. 7  Co-localization of OsABCI8 proteins with chlorophyll auto 
fluorescence in rice protoplasts. ABCI8.1/2-GFP, green fluorescence 
from OsABCI81/2-GFP fusion protein; Chl-AF chlorophyll auto 
fluorescence; Bright field bright-field image under transmitted light; 

Merge merged image of OsABCI8-GFP, Chl-AF, and Bright field. 
Excitation/emission wavelengths were 488/516  nm for GFP, and 
488/620 nm for the auto fluorescence. Bar 5 μm
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chloroplast-related gene than monocots rice. Ultra struc-
tural analysis revealed that the abci8 albino leaf contained 
aberrant chloroplasts that completely lacked the thylakoid 
membrane (Fig.  2), suggesting OsABCI8 is required for 
plastid development and internal membrane organiza-
tion during suboptimal light conditions such as continu-
ous cloudy/rainy days. Thus analysis of rice abci8 has the 
potential to uncover additional gene functions that were not 
revealed in Arabidopsis research. It is interesting to note 
that the OsABCI8 has two alternatively-spliced isoforms 
(Fig.  4a) while no splicing isoforms were detected for 
AtNAP14 gene in Arabidopsis (Shimoni-Shor et al. 2010). 
Whether or not the isoforms in rice contributes to the dif-
ference of phenotype in chloroplast development between 
the rice abci8 and Arabidopsis nap14 mutant remains to be 
investigated.

abci8 has higher accumulation of iron

In this study, elemental analysis showed that iron and 
nickel were significantly increased in the abci8 plants 
compared to wild-type plants at albino stage, while no 
significant change in the other elements such as Mg and 

Zn (Fig. 6). Thus, our results suggest that the OsABCI8 
is involved in iron and nickel transportation and/or home-
ostasis. Similar to the transport mechanism of iron-nickel 
in the dicot Arabidopsis (Nishida et al. 2011), our results 
also support that nickel can be absorbed through iron 
transport systems in rice, implying that the molecular 
mechanism might be conserved among plants. The find-
ings are helpful to understand the competitive absorption 
of iron and nickel in plants.

Studies with the dgl and brz mutants of pea showed 
that there is a shoot-to-root signal transduction regu-
lating Fe homeostasis in plants (Grusak and Pezeshgi 
1996). The dgl and brz mutants have been shown to have 
the capacity to over accumulate Fe. Reciproca1 graft-
ing experiments suggested that the dgl and brz shoots 
transmits a signal compound that acts as a promoter in 
this root response and resulted in Fe hyper accumulat-
ing phenotype in the mutants. It has been reported that 
FRO1 gene from pea (Pisum sativum) encodes a ferric-
chelate reductase, which reduce soil Fe (III) to Fe (II) 
and is involved in root iron acquisition (Waters et  al. 
2002). FRO1 transcription and its reductase activity 
were detected only under Fe-deficient conditions in pea 
(Waters et  al. 2002), whereas both dgl and brz mutants 
show constitutive root Fe (III)-chelate reductase activity 
and overaccumulate Fe (Waters et al. 2002). These find-
ings suggest the possibility that FRO1 might be involved 
in transmission of a shoot-derived signal of iron status 
in pea whereas overaccumulation of iron in dgl and brz 
mutants may be due to increased activity of ferric-chelate 
reductase. Similarly, our results showed that the abci8 
mutant over accumulates Fe (Fig. 6). Thus, it is possible 
that loss of OsABCI8 activity might cause a Fe deficiency 
signal and promote this root response to over accumulate 
Fe.

 In addition to defects in pigment biosynthesis causing 
an albino mutation (Jung et al. 2003), there are a number 
of factors that can lead to an albino phenotype in plants. 
It has been shown that knockout plants for the Fe trans-
porter localized in chloroplast exhibit severe chlorotic phe-
notype in Arabidopsis (Duy et al. 2007; Jeong et al. 2008; 
Shimoni-Shor et  al. 2010). Arabidopsis ferric reductase 
oxidase 7 (FRO7) is essential for seedling viability under 
iron limiting conditions (Jeong et al. 2008). The fro7 seed-
lings showed severe chlorosis and growth defects in alka-
line soil (pH 8) where the availability of iron is limited, 
whereas the wild-type plants were only slightly chlorotic. 
The phenotype was rescued by watering with excess solu-
ble iron (Jeong et al. 2008). Since the albino phenotype of 
the abci8 mutant is accompanied by an elevated accumula-
tion of Fe, it is tempting to speculate that the albino pheno-
type might have resulted from unusual Fe homeostasis in 
abci8 mutants.

Fig. 8  Expression analysis of OsABCI8 gene under variable weather 
conditions. a Structures of the OsABCI8 transcription. Arrows indi-
cate primers used for the RT-PCR analysis in (b). b Quantity RT-
PCR analysis of OsABCI8 transcripts in rice seedlings under variable 
weather conditions. After continuous 10 sunny days, leaf samples 
were collected from 32-day-old seedlings grown in paddy field, fol-
lowed by 4 more rainy days, then 2 rainy days, and then 2 sunny days, 
respectively. Data are means ± SD of three biological replicates
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In conclusion, we characterized a naturally occurring 
conditional albino rice mutant in this study. Interestingly, 
abci8 mutants were almost indistinguishable from wild 
type plants under sunny conditions, but exhibited albino 
phenotype in continuous rainy days, which is caused by 
the mutation of an ABC transporter family gene, OsABCI8. 
OsABCI8 transcript levels in rainy days are dramatically 
higher than that in sunny days. This study provides an 
important evidence for a key role of chloroplast-localized 
OsABCI8 in rice chloroplast development under subopti-
mal light conditions.
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