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Abstract The main objective of this study was to identify

the genes causing etiolation in a rice mutant, the thylakoids

of which were scattered. Three populations were employed

to map the genes for etiolation using bulked segregant

analysis. Genetic analysis confirmed that etiolation was

controlled by two recessive genes, et11 and et12, which

were fine mapped to an approximately 147-kb region and

an approximately 209-kb region on the short arms of

chromosomes 11 and 12, respectively. Both regions were

within the duplicated segments on chromosomes 11 and 12.

They possessed a highly similar sequence of 38 kb at the

locations of a pair of duplicated genes with protein

sequences very similar to that of HCF152 in Arabidopsis

that are required for the processing of chloroplast RNA.

These genes are likely the candidates for et11 and et12.

Expression profiling was used to compare the expression

patterns of paralogs in the duplicated segments. Expression

profiling indicated that the duplicated segments had been

undergone concerted evolution, and a large number of the

paralogs within the duplicated segments were functionally

redundant like et11 and et12.

Introduction

Since it began as a cyanobacterial symbiont, approximately

1–1.5 billion years ago, the chloroplast has become an

indivisible portion of its host eukaryotes, and its functions

underpin the global ecosystem (Douzery et al. 2004).

Photosynthesis takes place within the chloroplast, and the

photosynthetic process comprises two distinctive steps.

One is the light-dependent reaction, which occurs on the

thylakoid membrane. Light energy excites the chlorophyll

pigments, which are bound by protein complexes, such as

photosystem I and photosystem II, initiates electron flow,

and generates ATP. The other step takes place in the

chloroplast stroma, where ATP is used to fix carbon

dioxide by Rubisco to generate sugar, the food source

depended on by all beings either directly or indirectly

(Blankenship 2002).

Nearly, every aspect of the chloroplast has been the

subject of biological research (for review, Jung and Chory

2010). The chlorophyll biosynthetic pathway from glut-

amyl-tRNA to chlorophylls a and b requires 15 steps in the

higher plants. Genes encoding enzymes for all steps in

Arabidopsis have been identified, such as HEMA1 to

HEMA3 encoding glutamyl-tRNA reductase; GSA1 and

GSA2 for glutamate 1-semialdehyde aminotransferase;

HEMB1 and HEMB2 for porphobilinogen synthase; CHLD,

CHLL, CHLI1, and CHLI2 encoding subunits of Mg

chelatase, and CAO for the final enzyme chlorophyllide, an

oxygenase (Beale 2005). The basic mechanism of light

signaling for photomorphogenesis has been clarified in

Arabidopsis. The structures and functional states of dimers

of phytochrome, such as CRY1, are changed by the tran-

sition between day and night. The dimers then cooperate

with the COP10/DET1/DDB1 complexes to determine the

fates of transcription factors, such as positive regulator
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HY5 or negative regulator PIF3, through ubiquitination and

subsequent degradation. The transcription factors, which

are not degraded, bind onto promoters of photomorpho-

genesis genes to promote or repress the expression of these

genes. Most of the genes involved, such as CRY1, COP1,

DET1, DDB1, COP10, and PIFs, have been cloned in

Arabidopsis thaliana (Waters and Langdale 2009).

Reflecting its complexity, chloroplast gene expression

requires four major post-transcriptional processes: RNA

processing, editing, splicing, and turnover. For chloroplast

RNA editing alone, 17 proteins have been identified as

involved in the editing efficiency of Arabidopsis (Stern

et al. 2010).

Although most genes in these pathways have been

cloned and their molecular mechanisms have been char-

acterized in the model dicot plant, A. thaliana, few studies

have examined the counterparts in monocot plants (Zhang

et al. 2006; Takano et al. 2009). Oryza sativa is a model

plant for monocots, especially for the grass families, and

this species has large genomic and phenotypic differences

from Arabidopsis. For example, the size of rice genome is

about 2.7 times larger than the Arabidopsis genome, and

rice has higher copy numbers of many gene families than

Arabidopsis (AGI 2000; IRGSP 2002; Yu et al. 2002;

Bennetzen et al. 2004). The phytochrome gene family is

small, but important for making the chloroplast. The Ara-

bidopsis phytochrome family contains five members, phyA

to phyE, and rice possesses only three, phyA to phyC

(Takano et al. 2009; Franklin and Quail 2010). The dif-

ference in the number of phytochrome genes between

Arabidopsis and rice has been caused by duplication within

their genomes and subsequent natural selection (Clack

et al. 1994). Further studies of chloroplast development are

needed in monocot plants.

Mutants play an important role in the study of genetics

and molecular biology. Since the late 1950s, Arabidopsis

mutation databases have been built by the EMS method

(Muller 1961). Along with highly efficient transformation,

random insertion libraries have been generated by the

method of T-DNA insertion or other transposon systems

(McElver et al. 2001; Marsch-Martinez et al. 2002).

Because Arabidopsis enjoys a huge range of genetic and

genomic resources, genetic and molecular studies have

progressed much further in Arabidopsis than in other spe-

cies (Koornneef and Meinke 2010). In contrast, rice mutant

libraries have been constructed only for the past several

years (Jeon et al. 2000; Chen et al. 2003; Wu et al. 2003).

Besides artificial mutants, natural mutants provide novel

resources and play important roles in gene isolation. In this

study, an etiolating mutant in chloroplast biosynthesis was

found within a rice recombinant inbred line RI184 from the

cross between 02428 and Teqing; the mutant grew pale

yellow leaves and subsequently died at the seedling stage.

We constructed F2 and F3 populations by crossing the

RI184 plant the progenies of which segregated with wild

types and etiolation mutants with Zhenshan 97 to fine map

the genes accounting for the etiolation. Two genes con-

trolling etiolation were located in a pair of duplicated

segments on chromosomes 11 and 12, respectively.

Materials and methods

Plant materials

RI184 was one of 191 recombinant inbred lines in an F6

population derived by single-seed descendent from a cross

between an indica variety, Teqing (TQ), and a widely com-

patible japonica variety, 02428. The seedlings of RI184 were

segregated by color: normal green and pale yellow (etiolated).

Six normal green plants were selfed to get six families. Four of

the six families were segregated by normal and etiolated

leaves. The four plants each produced segregated families in

color were crossed with ZS97 to obtain F1 plants. Their F1

plants were self-crossed to attain four potential F2 segregation

populations for gene mapping (Fig. 1).

Measurement of chlorophyll

Contents of chlorophyll a and b (Chl a and Chl b) were

dynamically measured according to the method of Arnon

(1949) with some modifications. Chlorophyll contents were

measured every 2 days from 8 to 18 days after germina-

tion, because the etiolated seedlings were too small to

remove leaves before 8 days after germination and became

withered by 18 days after germination.

Fresh leaves were cut into pieces and 0.015 g of the

material was placed into 1.5 ml of the chlorophyll extrac-

tion solution (volume ratio of 95% ethanol: pure acetone:

water = 4.5:4.5:1) and placed in the dark at 4�C for 15 h.

Using the chlorophyll extraction solution as the control, the

chlorophyll solution absorbance values were recorded at

663- and 645-nm wavelengths using a spectrophotometer

(DU640 manufacturer, city, country). The chlorophyll

contents of each genotype were measured using three

replicates. Contents of Chl a and Chl b were calculated by

the following equations:

Chl a ¼ 12:72 A663ð Þ � 2:59 A645ð Þ½ � � V= 1000 � Wð Þ
ð1Þ

Chl b ¼ 22:88 A645ð Þ � 4:67 A663ð Þ½ � � V= 1000 � Wð Þ
ð2Þ

where Chl a and Chl b represent the contents of Chl a and

Chl b in leaves (mg g-1), A663 is the absorbance at

663 nm and A645 at 645 nm, V is the volume of the
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chlorophyll extraction solution (ml), and W is the weight of

leaves (g).

Transmission electron microscopy

Unhusked seeds were put into a 75% ethanol solution for

1 min and then a 0.15% mercuric chloride solution for

15 min for sterilization, and then seeds were washed four

to six times with distilled water. The seeds were sown on

Murashige and Skoog growth medium agar with 0.8%

sucrose, growing under continuous light conditions

(50–100 microeinsteins m-1 s-1) at 25�C. The leaves of

12-day-old wild-type and mutant seedlings were removed

for observation of the chloroplast structures by transmis-

sion electron microscopy following the method of

Gothandam et al. (2005).

Genetic analysis of etiolation

To perform a primary genetic analysis of etiolation, after

germinating at 37�C for 2–3 days, F2 populations were

separately sown in a seeding bed in the field during the rice

growing season. Bulked segregant analysis (Michelmore

et al. 1991) was carried out in one segregated F2 population

of 178 plants. Five seedlings of each phenotype were

separately sampled to extract their DNA, and an equal

amount of DNA from the five seedlings was mixed toge-

ther as a DNA pool. Thus, in the F2 population two DNA

pools were attained for the wild type and etiolating

phenotype.

Bulked segregant analysis showed that two unlinked loci

were associated with the etiolating phenotype in the F2

population, indicating that two genes, et11 and et12, con-

trolled etiolation. Plants segregated at one locus, but fixed

with a mutant allele at the other locus were selected to

produce F3 populations. Two F3 populations (F3-1 and

F3-2) were obtained for fine mapping of the individual

genes (Fig. 1).

DNA isolation and polymorphic marker screening

DNA was extracted from fresh leaves of plants from the F2

and F3 populations using the cetyl-trimethyl ammonium

bromide method (Murray and Thompson 1980) with a few

modifications. Markers of RM1–RM600 were designed

according to Temnykh et al. (2000, 2001) and other RM

series designed according to the rice genome sequences of

the Monsanto Company (McCouch et al. 2002) were used

for bulked segregant analysis. The SSR assay was con-

ducted by polyacrylamide gel electrophoresis, as described

by Wu and Tanksley (1993).

Development of new markers and gene mapping

To fine map the two genes, new markers including single

nucleotide polymorphism (SNP) and insertion and deletion

Fig. 1 The flow diagram of

population development
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(InDel) were developed in the two targeted regions. Their

primers from 19 to 22 bases were designed with Tm from

60 to 74�C (GC% method) using Oligo 5.0 (National

Biosciences, USA).

After comparison of sequences in the target regions

between subspecies japonica (http://rice.plantbiology.msu.

edu) and indica (http://rice.genomics.org.cn/rice/index2.jsp),

the fragments with long polymorphisms were used for

developing markers, and those with single nucleotide dif-

ferences between subspecies were designed as SNP

markers. SNP genotyping was done by sequencing PCR

products using the Big Dye Terminator mix (PE-Applied

Biosystems, USA).

Molecular linkage maps for the two genes were con-

structed using MAPMAKER/EXP version 3.0 (Lander

et al. 1987). The linkage groups and the orders of markers

on maps were determined by using the ‘‘group’’ and

‘‘order’’ commands of the MAPMAKER program. The

recombination values were converted to genetic distances

in centimorgans (cM) using the Kosambi function

(Kosambi 1944).

To distinguish the paralog pairs on chromosomes 11 and

12, some primer pairs in the ‘‘de’’ series were designed to

specifically amplify the duplicated regions of chromosome

12, but with no amplicon on chromosome 11. In addition,

other primer pairs in the ‘‘de’’ series simultaneously had

amplicons on chromosomes 11 and 12, but due to SNP

their amplicons were distinguished by presenting two peaks

at SNP sites in the sequencing electropherogram.

Sequence analysis

Gene sequences and their annotations used in this study

were from the Institute for Genomic Research database

(http://rice.plantbiology.msu.edu) for rice and from the

NCBI database (http://www.ncbi.nlm.nih.gov) for Arabid-

opsis. For comparison, the sequences containing et11 and

et12 on chromosomes 11 and 12 were downloaded from

TIGR (http://rice.plantbiology.msu.edu/segmental_dup/

100kb/segdup_100kb.shtml), and WU-blast (Washington

University BLAST) was used to search the rice genome to

identify highly homologous duplicate blocks (http://blast.

wustl.edu). The protein sequences of candidate genes and

their homologous gene in Arabidopsis were compared

using the online software ClustalW (http://www.ebi.ac.uk/

Tools/clustalw2/index.html; Thompson et al. 1994).

Microarray analysis of the duplicated genes

Sequence comparison revealed a 4.2-Mb fragment con-

taining et11 on chromosome 11 that was duplicated as the

et12-containing fragment on chromosome 12. To ascertain

whether the duplicated genes have the same expression

patterns, the expression profile data of the duplicated genes

was downloaded from our laboratory website, Collection of

Rice Expression Profiles (http://crep.ncpgr.cn). The profiles

were analyzed by collecting 36 tissues of 3 indica rice

varieties, Minghui 63 (MH63), Zhenshan 97 (ZS97), and

their hybrid Shanyou 63 (SY63) (Wang et al. 2010).

Because nearly all rice genes have probe sets with 11

probes on the Affymetrix Gene Chip Rice Genome Array,

those genes with fewer than three probes having sites tar-

geting other genes within their probe sets were chosen to

compare the expression of paralogs. The duplicate regions

of 4.2 Mb had 313 pairs of paralogs. Among them, 83 pairs

were distinguishable as they had probe sets with low or no

sequence similarity. Pearson correlation analysis was per-

formed to compare the expression levels of each pair of

paralogous genes among the 36 tissues of the three rice

varieties.

Results

Phenotype of the etiolation mutant

The mutant had a pale yellow shoot and leaves after

germination. The endosperm of the mutant was nearly

depleted after 18 days of growth. Finally, the etiolated

seedlings withered and died. The contents of Chl a and

b of the etiolated seedlings gradually decreased along

with the growing stage, whereas they increased in the

wild type (Fig. 2). In addition, in the wild-type chloro-

plast the thylakoids were stacked, whereas in the mutant

thylakoids were scattered at 12 days of growth. Thus, the

Fig. 2 Dynamic change of chlorophyll a and b contents in wild-type

and etiolated seedlings
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thylakoid structure was abnormal in the mutant plants

(Fig. 3).

Gene mapping for etiolation

Among the 189 progenies of RI184, there were 146 green

and 43 etiolated seedlings. The segregation ratio was in

agreement with the expected ratio of 3:1 in the single

Mendelian factor model (v2 = 0.40, P = 0.53). Two of

four F2 populations segregated in seedling color. We ran-

domly investigated one F2 population of 178 seedlings.

There were 167 normal plants and 11 mutants, which fit

well the expected ratio (15:1) of a two-gene model

including duplicate gene action (v2 = 0.01, P = 0. 91).

Clearly, the etiolation was controlled by double-recessive

genes. RI184 carried homozygous recessive alleles for one

gene and heterozygous alleles for the other. The wild-type

variety ZS97, the parent of the F2 population, carried

homozygous dominant alleles for the two genes.

A total of 500 SSR markers evenly distributed on 12

chromosomes were used to screen the two DNA pools and

the varieties 02428, Teqing (TQ), and ZS97 to identify

polymorphic markers. RM167 on chromosome 11 and

RM19 on chromosome 12 were found to have polymor-

phisms between the two DNA pools. This indicated that

two genes controlling the etiolation were likely linked to

RM167 and RM19 (Fig. 4). All the RI184 double homo-

zygotes (equal to double mutants) at RM167 and RM19

were etiolated. In contrast, all the wild-type plants carried

at least one ZS97 allele at the two marker loci. Thus, our

results confirmed that the etiolated seedling phenotype was

controlled by two recessive genes linked to RM167 and

RM19. The genes were named et11 on chromosome 11 and

et12 on chromosome 12.

Fine mapping of et11

To fine map the two genes, two F3 populations, each seg-

regated at one gene, were produced (Fig. 1). Each F3

population showed a segregation ratio of 1:3 etiolating to

green plants. Thus, the gene in each F3 population can be

regarded as a dominant marker for genotyping each plant

according to its seedling phenotype. In the F3-1 population

containing 124 plants, the region of Et12 was homozygous

for the mutant type, the interval from RM167 to RM3717

on chromosome 11 was homozygous for the mutant type,

but the site at RM286 seated on the top of interval between

RM167 and RM3717 was heterozygous. Genetic analysis

showed that the genetic distance between Et11 and RM286

was 0.5 cM (Fig. 5). Therefore, the genotype of the F3-1

population was heterozygous at Et11, but homozygous

recessive at Et12. Then, a large F3-1 population of 4,100

plants was used to screen etiolated seedlings for the fine

mapping of Et11. About 1,000 etiolated seedlings were

obtained to scan the recombinants between Et11 and

marker RM286, and 11 recombinants were identified. In

addition, four recombinants with the green phenotype were

obtained from 660 seedlings of RI184 progeny with marker

RM286.

The 15 recombinants were further screened with newly

developed InDel and SNP markers. One recombinant was

left between Et11 and the SNP marker MSC1, and Et11

was cosegregated with the SNP marker IBR2. Finally, et11

was fine mapped into the interval between the telomere and

MSC1 containing approximately 147 kb (Table 1).

The deletion of Et12 in RI184

In the F3-2 population of 80 plants, RM286 closely linking

Et11 was homozygous, and the interval around Et12 was

Fig. 3 Ultrastructures of

chloroplast thylakoids in the

wild type (left) and etiolated

type (right) at the three-leaf

stage

Fig. 4 Polymorphic markers linked to genes controlling etiolation

identified by bulk segregant analyses F2-e and F2-W, DNA pools of

mutant and wild type F2 plants from the cross between RI184 and

ZS97, respectively; RI-e and RI-W, DNA pools of mutant and wild-

type plants in the progenies of RI184; ZS97 Zhenshan 97, TQ Teqing
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Fig. 5 Genetic analyses of Et11
and Et12. a Entire physical

maps of chromosomes 11 and

12; b local genetic map of

chromosome 12; c local

physical maps of chromosomes

11 and 12. The etiolated

seedling phenotype was

controlled by the

complementary action of two

recessive genes, et11 and et12.

Only the double-recessive

homozygote (et11et11/

et12et12) was an etiolated

seedling. The Et11 gene was

fine mapped to approximately

147 kb between the telomere

and InDel marker MSC1 on

chromosome 11, whereas Et12
was mapped into an

approximately 209-kb region on

chromosome 12, which was

deleted in RI184

Table 1 Fine mapping of Et11

G series were from R184 selfing

progenies, the others were from

population F3-1

R is the genotype of RI184

(et11et11) in population F3-1,

T is the genotype of TQ

(et11et11) in RI184 selfing

population, and H is

heterozygote (Et11et11).

Genetic analysis of Et11 in RI

184 selfing population showed

that et11 came from DNA

fragment of the parent TQ

Plants Phenotype RM25950 IBR1 MSC1 Esr11 Esr1 Esr3 Eid1 Eid15 RM286

A313 Mutant R R R R R R R H H

A347 Mutant R R R R R R R H H

Y15 Mutant R R R R R R R H H

Y154 Mutant R R R R R R R H H

Y219 Mutant R R R H H H H H H

Y236 Mutant R R R R R R R H H

Y354 Mutant R R R R R R R H H

Y396 Mutant R R R R R R R H H

Y405 Mutant R R R R R R R H H

Y526 Mutant R R H H H H H H H

Y607 Mutant R R R R R R R H H

G12 Green H H H H H H H T T

G22 Green H H H T T T T T T

G444 Green H H H H H H H T T

G470 Green H H H H H H H T T
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heterozygous. The genetic analysis showed that Et12

cosegregated with the InDel marker Eid32.

The polymorphisms among the four parents TQ, 02428,

ZS97, and RI184 were tested using InDel markers (with

prefix ‘‘Eid’’) in the Et12 region. With the Eid19 primer

pair and Eid31-33 primer pairs, all four parents amplified

products. However, with markers from Eid20 to Eid30, TQ,

02428, and ZS97 amplified PCR products, but no products

were amplified in RI184 (Fig. 6). Then markers with prefix

‘‘de’’ were used to confirm whether RI184 had a deletion in

this interval and, if so, to measure the length of the dele-

tion. Ten markers (sequential order from the telomere to

centromere: de13, de15, de27, de29, de23, de1, de4, de24,

de31, and de19) were designed based on the sequences of

the short arm of chromosome 12. Comparison of sequences

in the duplicated regions of chromosomes 11 and 12 sug-

gested that de27, de29, and de31 were able to anchor both

chromosomes 11 and 12, but their PCR products could be

distinguished by an SNP. Other markers had special

anchors only on chromosome 12. Markers de13, de15, and

de19 had PCR products in the four rice varieties, but de23,

de1, de4, and de24 had no PCR products in RI184. The

sequencing results showed that de31 had double signal

peaks at an SNP position in all the varieties, whereas de27

and de29 had double signal peaks except in RI184 (Fig. 6).

The analysis indicated that RI184 had an approximately

209-kb deletion from de27 to de24 on chromosome 12. The

markers at the two ends of the deletion region were used to

genotype two recombinants between et12 and InDel mar-

ker Eid32 from 270 plants in the F3-2 population. No

recombinant between the deletion markers and Et12 was

identified, indicating that Et12 was located in the deleted

region (Fig. 5).

Thus, RI184 had a heterozygous interval from the

telomere to RM286 on chromosome 11 and an approxi-

mately 209-kb deletion from de27 to de24 on chromosome

12. This explains why etiolation in progeny of the RI184

line seemed to be controlled by a single gene.

Paralogs in the regions of et11 and et12

Segmental duplication of an approximately 4.2-Mb fragment

was identified between the two regions containing et11 and

et12 based on a combined WU-blast and DAGchainer

search. The fragment contains 313 pairs of paralogs. Almost

all the genes in the 147-kb interval containing Et11 have their

paralogs in the corresponding region on chromosome 12.

However, the paralogs of most genes in the 209-kb region of

chromosome 12 are found in the counterpart on chromosome

11. The 147-kb interval and the 209-kb region share highly

similar sequences of 38 kb, which possess genes with the

same functions as predicted by the gene annotation of TIGR,

such as part of RNA recognition motif-containing protein

(LOC_Os11g01190 and LOC_Os12g01190), senescence-

induced receptor-like serine/threonine-protein kinase

precursor (LOC_Os11g01200 and LOC_Os12g01200),

HCF152 (LOC_Os11g01210 and LOC_Os12g01210),

expressed protein (LOC_Os11g01220 and LOC_Os12g

01220), IBR domain-containing protein (LOC_Os11g

01240 and LOC_Os12g01230), and mitochondrial substrate

Fig. 6 A deletion of approximately 209 kb on chromosome 12 in

RI184. a The primer pairs of de27, de29, and de31 can anchor both of

the duplicated regions of chromosomes 11 and 12, and the sequenced

PCR products from the two chromosomes are presented. At the SNP

sites on chromosomes 11 and 12, a double peak means no deletion of

de27 and de29 on chromosome 12 in RI184, a single peak means a

deletion of de31 on chromosome 12. b Pairs of primers that

specifically bind onto chromosome 12. PCR product means no

deletion on chromosome 12, whereas no PCR product means a

deletion of the region. c The physical order of primers on the short

arm of chromosome 12
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carrier family protein (LOC_Os11g01270 and

LOC_Os12g01240) (Table 2).

Comparison of gene expression patterns

in the duplicated segments

Three crossover events occurred among the duplicated

regions in the distal parts of chromosomes 11 and 12 after

the segmental duplication (Wang et al. 2007). The total

duplicated region can be divided into four interval pairs:

the first crossover interval (first COI: 0.13–1.50 Mb), sec-

ond crossover interval (second COI: 1.50–2.00 Mb), third

crossover interval (third COI: from the telomere to

0.13 Mb), and a remnant part with no crossover (NCOI:

2.00–4.20 Mb). The breaking points of each crossover

event were referred to by the corresponding positions on

chromosome 11 as followed Wang et al. (2007). The first,

second, and third COIs and NCOI contain 162, 58, 17, and

76 pairs of paralogs, with densities of 1.2, 1.3, 1.2, and 0.3

pairs per 10 kb, respectively. The younger crossover

intervals possess higher paralog density than the older

intervals, and NCOI has fewer paralog pairs than COIs, on

average (Table 3).

A total of 83 of the 313 pairs of paralogs have special

probe sets that could be used to distinguish them between

chromosomes 11 and 12 (Table S1). The pairs of special

probe sets of NCOI, first COI, second COI, and third COI

were 54, 25, 4, and 0. NCOI had most of these probe sets,

suggesting that the sequence in the duplicated regions

without crossover has diverged much over time (Table 3).

Comparison of the expression profiles of duplicated

gene pairs showed that most of the 83 pairs had a similar or

Table 2 Distinguishable paralogs in the fine-mapping regions of et11 and et12 (the deletion cosegregating with et12) using WU-blast

Chromosome 11 Chromosome 12 Putative function BLASTP

Locus Coordinates Locus Coordinates E-value

LOC_Os11g01180.1 107153-106431 LOC_Os12g01180.1 102956-100009 Superfamily of TFs having WRKY and

zinc finger domains

6.00E-126

LOC_Os11g01190.1 109395-115173 LOC_Os12g01190.1 105119-110825 RNA recognition motif-containing protein 1.00E-250

LOC_Os11g01200.1 123018-116428 LOC_Os12g01200.1 118819-112039 Senescence-induced receptor-like

serine/threonine-protein kinase precursor

1.00E-250

LOC_Os11g01210.1 126373-128004 LOC_Os12g01210.1 125052-127145 HCF152 1.00E-250

LOC_Os11g01220.1 133454-129261 LOC_Os12g01220.1 131889-127617 Expressed protein 1.00E-250

LOC_Os11g01240.1 135610-137959 LOC_Os12g01230.1 132654-134280 IBR domain-containing protein 7.20E-201

LOC_Os11g01270.1 147869-143576 LOC_Os12g01240.1 139966-135627 Mitochondrial substrate carrier family protein 1.00E-250

LOC_Os11g01300.1 162402-162079 LOC_Os12g01260.1 156023-155700 Protein transport protein Sec61 subunit

beta, putative, expressed

1.50E-51

Genes noted in bold and italics are located within to the interval of about 147 kb and the deletion of about 209 kb on chromosomes 11 and 12,

respectively

Table 3 Analysis of duplicated genes in the distal regions of chromosomes 11 and 12

Crossing overa Intervals (Mb)b Paralog pairsc SPBd Positivee Irrelevante Negativee Single silentf Both silentf

Position Length No. Density No. % No. % No. % No. % No. % No. %

NCOI 2.00–4.20 2.20 76 0.3/10 kb 54 71.1 27 50.0 17 31.5 2 3.7 6 11.1 2 3.7

First COI 0.13–1.50 1.37 162 1.2/10 kb 25 15.4 18 72.0 2 8.0 0 5 20.0

Second COI 1.50–2.00 0.50 58 1.2/10 kb 4 6.9 3 75.0 0 0.0 0 1 25.0

Third COI 0.00–0.13 0.13 17 1.3/10 kb 0 0.0

a Three crossover events have occurred after the segmental duplication in the distal regions of chromosomes 11 and 12 (Wang et al. 2007). First

COI, second COI, and third COI are the intervals from the initial to final physical positions of each crossover event. NCOI is the remnant part of

the segmental duplicated region in which no crossover occurred
b The physical position and length of each interval from the initial to end position
c The number of paralog pairs in each of the four intervals. Paralog numbers divided by the length of each interval equals paralog density
d The number and percent of special probe set pairs for duplicated genes in each interval
e The number and percent of duplicated gene pairs with positive, irrelevant, and negative expression correlation in each interval
f One or both members of the duplicated gene pairs have no expression signal, as the largest expression value is less than 100, as is the

background
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the same expression pattern at different developmental

stages (Table S1). The expression levels of 48 pairs were

positively correlated in the 36 tissues examined. For

example, LOC_Os11g06020.1 and LOC_Os12g06340.1

have homologous protein sequences, with a BLASTP E

value of 1.7E-70, and both encode homeobox domain-

containing protein. They have very similar expression

patterns, with a positive correlation of 0.672 for expression

level (Fig. S2). For different intervals in the duplicated

region, at least 72% of paralogs were expressed positively

in the first and second COIs, which more than that in the

NCOI (50.0%) is. In total, 19 pairs of paralogs expressed

irrelevantly. Of them, 17 pairs were located in NCOI and

only 2 pairs were located in COIs (Table 3). This result

suggests that the paralogs in the COIs tend to retain similar

functions. Two pairs of duplicated genes were negatively

expressed (Table 3). Both were located into NCOI. For

example, LOC_Os11g06880.1 and LOC_Os12g07110.1

have similar protein sequences, with a BLASTP E value of

1.2E-168, and encode putative acyl-CoA synthetase pro-

tein, but they show negative expression patterns (Fig. S2).

In addition, some genes had expression signals as low as

the background in all 36 tissues, suggesting that their

expression is silent (Table S1). There were six pairs in the

NCOI, five in the first COI, and one in the second COI with

expression silence in a single copy of the paralog pairs.

Two pairs of duplicated genes were located in the NCOI,

and both copies of each pair showed silent expression in all

tissues, probably because the ancestral genes of these

duplicated genes were silent as well (Table 3).

Discussion

The candidate genes for etiolated seedling

The very large PPR protein family, of which there are 450

members in Arabidopsis and 477 in rice, has been well

studied. PPR proteins are encoded by nuclear genes and are

predicted to be targeted to mitochondria or plastids

(O’Toole et al. 2008). Most of the PPR proteins have been

shown to play important roles in chloroplast gene expres-

sion (Fisk et al. 1999; Koteral et al. 2005). For example, as

an RNA-binding protein, HCF152 is required for the pro-

cessing and expression of psbB-psbT-psbH-petB-petD

transcripts and subsequently affects the accumulation of

the plastid cytochrome b6f complex, which is located on

the chloroplast thylakoid in A. thaliana (Meierhoff et al.

2003; Nakamura et al. 2003).

Our findings indicate that the 147-kb region containing

Et11 is composed of 19 genes and the 209-kb region co-

segregating with Et12 possesses 31 genes. A pair of

duplicated genes in the two regions possess high protein

sequence identities of 59 and 52% with HCF152 in Ara-

bidopsis (Fig. S1), respectively, and is named OsHCF152s

(LOC_Os11g01210 or LOC_Os12g01210). These genes

are likely the candidate genes accounting for the etiolated

seedling phenotype.

Genes involved in transcription or signal transduction

tends to retain the primary function because of purifying

selection (Blanc and Wolfe, 2004). In Arabidopsis,

HCF152 encodes a PPR protein that is imported into the

chloroplast, where it is involved in the processing and

expression of psbB-psbT-psbH-petB-petD transcript. The

mutant hcf152 results in a seedling lethal phenotype

(Meierhoff et al. 2003; Nakamura et al. 2003). The rice

mutant RI184 in this study presents a similar phenotype as

that of the mutant hcf152 in Arabidopsis. In addition,

comparative sequencing of Os11HCF152, the candidate of

et1l, showed that there were many polymorphisms in pro-

moter region and coding regions between the wild type and

mutant (Table S3). Of them, 3 SNPs resulted 3 amino acid

changes. Et12 was completely deleted in the mutant. These

results provide evidence that OsHCF152s are the candidate

genes controlling etiolation. OsHCF152s likely have

retained a similar function as that of HCF152 under puri-

fying selection in the evolution of rice.

OsHCF152s are the candidate genes for the phenotype

of etiolated seedling in rice, it is likely that a single

mutation at either Et11 or Et12 does not affect the pro-

cessing and expression of the psbB-psbT-psbH-petB-petD

transcripts. However, double mutants of these duplicated

genes would result in blocking of biosynthesis of the

chloroplast thylakoids, as the mutant phenotype suggests.

The light-dependent reaction cannot occur normally within

the abnormal thylakoids, and ultimately biological energy

cannot be produced to support other biosynthesis, such as

that of Chl a and b. Thus, the mutation results in an etio-

lated seedling that soon withers and dies.

Functional redundancy of duplicated genes on distal

parts of rice chromosomes 11 and 12

During the evolution of the rice genome, a whole-genome

duplication occurred about 70 million years ago (Paterson

et al. 2004; Wang et al. 2005), and single gene duplication

is ongoing at a massive scale in the genome (Yu et al.

2005). It was suggested that a recent segmental duplication

had occurred on the initial parts of chromosomes 11 and 12

about 5–7 million years ago (Rice Chromosomes 11 and 12

Sequencing Consortia 2005; Wang et al. 2005). However,

recently it was proposed that the apparent segmental

duplication actually resulted from the whole-genome

duplication and became differentiated from the remainder

of the chromosome(s) owing to concerted evolution

(Paterson et al. 2009).
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Since Ohno (1970) argued that gene or genome dupli-

cation supplies raw genetic material for biological evolu-

tion, several prevalent models for the fate of duplicated

genes have been proposed, such as nonfunctionalization

(Harrison et al. 2001), subfunctionalization (Giuseppe et al.

2005), neofunctionalization (Hideki and Fyodor 2010), and

subneofunctionalization (He and Zhang 2005). In addition,

subfunctionalization was thought to be a transition state to

neofunctionalization (Rastogi and Liberles 2005). These

hypotheses proposed explanations for the functional

divergence of the duplicated genes. There is another situ-

ation, however, in which duplicated genes maintain the

same function. This is referred to as concerted evolution,

which is achieved by gene conversion and/or purifying

selection (Nei and Rooney 2000). Gene conversion is often

involved in homogenization of small tracts of paralogous

DNA sequences, usually between several and several

hundred base pairs (Petes et al. 1991), whereas the

homogenization of larger tracts of DNA is generally

believed to involve crossing over (Szostak and Wu 1980).

Since the segmental duplication on rice chromosomes

11 and 12, concerted evolution had occurred through gene

conversion. As involved in a large DNA fragment of more

than 3.5 Mb, crossover, instead of gene conversion, has

taken place three times in the duplicated regions (Wang

et al. 2007). COIs have much greater densities of paralogs

than NCOI in the duplicated regions. In addition, the

sequences of NCOI are more diverse than those of COIs,

which was helpful as we developed special probe sets for

distinction of the duplicated genes. The COIs have more

duplicated genes with the same or similar expression pat-

terns as compared to NCOI, and fewer pairs of duplicated

genes showed irrelevant or negative expression. This situ-

ation was observed in the first, second, and third COIs.

Moreover, the more recently the crossover event occurred,

the higher the degree of similarity in sequences and/or

expression patterns. In this study, rice etiolation was shown

to be controlled by duplicated genes et11 and et12. They

were fine mapped into the third COI in the duplicated

segments. A single mutant of either et11 or et12 can grow

normally. An RI184 plant carrying the Et11 allele could

normally complete its life cycle despite the deletion of

about 209 kb on chromosome 12. These results suggest

that the genes’ functions are redundant and buffer each

other. In addition, 31 genes in the deletion region of

chromosome 12 are located in the intervals where the first

and third crossover events took place, suggesting that

crossover has homogenized the differences between the

duplicated regions, resulting in functional redundancy.

In summary, two recessive genes, et11 and et12, con-

trolling etiolation in rice were fine mapped to duplicated

segments in the short arms of chromosomes 11 and 12,

respectively. The duplicated genes et11 and et12 are

functionally redundant. OsHCF152 is likely the candidate

gene of et11 and et12. Both the duplicated segments pos-

sess paralogous genes with similar expression patterns,

suggesting that concerted evolution has occurred in the

segments.
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