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Abstract

Main conclusion Young Seedling Stripe1 (YSS1) was

characterized as an important regulator of plastid-en-

coded plastid RNA polymerase (PEP) activity essential

for chloroplast development at rice seedling stage.

Chloroplast development is coordinately regulated by plas-

tid- and nuclear-encoding genes. Although a few regulators

have been reported to be involved in chloroplast develop-

ment, new factors remain to be identified, given the com-

plexity of this process. Here, we report the characterization

of a temperature-sensitive young seedling stripe1 (yss1) rice

mutant, which develops striated leaves at the seedling stage,

particularly in leaf 3, but produces wild-type leaves in leaf 5

and onwards. The chlorotic leaves have decreased chloro-

phyll (Chls) accumulation and impaired chloroplast struc-

ture. Positional cloning combined with sequencing

demonstrated that aberrant splicing of the 8th intron in YSS1

gene, due to a single nucleotide deletion around splicing

donor site, leads to decreased expression of YSS1 and accu-

mulation of an 8th intron-retained yss1 transcript. Further-

more, complementation test revealed that downregulation of

YSS1 but not accumulation of yss1 transcript confers yss1

mutant phenotype. YSS1 encodes a chloroplast nucleoid-lo-

calized protein belonging to the DUF3727 superfamily.

Expression analysis showed that YSS1 gene is more

expressed in newly expanded leaves, and distinctly up-reg-

ulated as temperatures increase and by light stimulus. PEP-

and nuclear-encoded phage-type RNA polymerase (NEP)-

dependent genes are separately down-regulated and up-

regulated in yss1mutant, indicating that PEP activity may be

impaired. Furthermore, levels of chloroplast proteins are

mostly reduced in yss1 seedlings. Together, our findings

identify YSS1 as a novel regulator of PEP activity essential

for chloroplast development at rice seedling stage.
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cloning � Oryza sativa � Plastid transcription � Splicing site �
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Abbreviations

DUF Domain of unknown function

GFP Green fluorescent protein

NEP Nuclear-encoded phage-type RNA polymerase

PEP Plastid-encoded plastid RNA polymerase

TEM Transmission electron microscopy

yss1 Young seedling stripe1

Introduction

Plastid development from proplastids in shoot meristems to

mature chloroplasts involves various metabolic processes

during plant growth (Sakamoto et al. 2008). Chloroplasts
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are essential not only for photosynthesis in higher plants,

but also for the synthesis and storage of other metabolites

(Mullet 1993). Chloroplasts are semiautonomous orga-

nelles containing their own genomes originally derived

through an endosymbiotic process from a photosynthetic

cyanobacterium (Moreira et al. 2000; Sugimoto et al.

2004). Most of the genes are lost or transferred to nuclear

genomes, but a few are retained to self-replication. The

plastid genome in rice is 135 kb and contains 34 RNA-

coding genes and nearly 120 protein-coding genes (Hirat-

suka et al. 1989; Pfalz and Pfannschmidt 2013). Their

functions are involved in transcription, translation, photo-

synthetic electron transfer, and photosynthetic metabolism

(Sakamoto et al. 2008). Almost 3000 proteins function in

the chloroplast and more than 95 % of them are encoded by

nuclear genes and transported into chloroplast (Reumann

et al. 2005). Chloroplast differentiation is controlled by

both plastid and nuclear genes but is largely under nuclear

control. Many of the chloroplast proteins required for

various metabolic processes are encoded by nuclear genes

and are needed for plastid gene expression (Sakamoto et al.

2008).

The transcriptional network in plastids of higher plants

is mediated by two types of RNA polymerases: plastid-

encoded plastid RNA polymerase (PEP) and nuclear-en-

coded phage-type RNA polymerase (NEP). The PEP

complex consists of four core subunits (a, b, b0, and b00)
and at least ten PEP-associated proteins (PAPs) (Tozawa

et al. 2001; Steiner et al. 2011; Pfalz and Pfannschmidt

2013). In both Arabidopsis thaliana and rice, six r
recognition factors exist (Isono et al. 1997; Fujiwara et al.

2000; Kasai et al. 2004; Kubota et al. 2007). The core

subunits of PEP complex are separately encoded by plastid

genes rpoA, rpoB, rpoC1, and rpoC2 while the r factors

are encoded by nuclear genes required for transcription

initiation and thus allow the nucleus to regulate PEP

transcriptional activity (Allison 2000). The mutations of

many PEP complex components (e.g., PAPs and AtSIG6)

cause chlorotic phenotype accompanied by either

decreased PEP activity or disrupted plastid transcription

(Ishizaki et al. 2005; Pfalz and Pfannschmidt 2013). In

contrast, the NEP complex is encoded by RPOTp or

RPOTmp, knockout of which also leads to delayed

chloroplast biogenesis and plant growth in Arabidopsis

(Hricova et al. 2006; Kühn et al. 2009). PEP is responsible

for the transcription of photosynthesis genes and plays an

important role in chloroplast development (Hajdukiewicz

et al. 1997). Decreased PEP activity may impair chloro-

plast development (Pfalz and Pfannschmidt 2013). How-

ever, the housekeeping genes and plastid ribosomal genes

are transcribed by NEP (Hedtke et al. 1997). Protein–pro-

tein interactions between NEP and PEP complexes have

not yet been identified, although they coincide in regulating

plastid gene transcription temporally and spatially (Börner

et al. 2015).

In addition to PEP and NEP, nucleoid proteins including

some plastid transcriptionally active chromosomes (pTACs)

may also participate in plastid transcription (Pfalz et al.

2006; Pfalz and Pfannschmidt 2013). Plastid DNAs are

embedded in protein-DNA complex and form a large struc-

ture called nucleoid together with other components

involved in gene expression and inheritance (Yagi et al.

2012). It is reported that about 127 candidates were proposed

in maize plastid nucleoid (Majeran et al. 2012). Similar to

nuclear, it is assumed that the nucleoid proteins are respon-

sible for plastid transcription. However, the specific roles of

nucleoid proteins are still vague. Recent proteomics studies

identified several nucleoid proteins and genetic evidence

showed that lacks of these proteins result in different degree

of chlorotic leaf phenotypes and improper plastid develop-

ment (Pfalz and Pfannschmidt 2013). Determination of

plastid transcript in these nucleoid proteinmutants revealed a

D-rpo expression pattern, indicating that the proteins in

nucleoid may be involved in plastid transcriptional regula-

tion (Zhong et al. 2013). AtMSH1 is a nucleoid protein and

lack of which exhibits aD-rpo expression pattern and results
in undeveloped chloroplasts and a chlorotic phenotype (Xu

et al. 2011). Similar observations are obtained in mutants of

nucleoid proteins AtRugosa2 and AtPRIN2 (Quesada et al.

2011; Kindgren et al. 2012).

Chloroplast development is mostly blocked in rice Chl-

deficient mutants. Stripe leaf mutant plants usually produce

longitudinally green/white-striped leaves and abnormal

chloroplasts at an early stage and develop normally during

later growth stages. Previous studies showed that v1, v2,

v3, st1, and ylc1 are temperature-sensitive mutants that

generate severe leaf chlorosis at a constant 20 �C condi-

tion, but exhibit phenotypic changes towards normality as

temperatures increase (Kusumi et al. 1997, 2011; Sugimoto

et al. 2004, 2007; Yoo et al. 2009; Zhou et al. 2013). Many

undifferentiated chloroplasts are present in leaf cells of v3

and st1 mutants under low temperatures (Yoo et al. 2009).

Chloroplast development may also be affected in v1, v2,

and ylc1 mutants grown at less than 20 �C, although data

are not available. Accumulation of different gene tran-

scripts might be closely related to the phenotype. It is

reported that amylose content is regulated by alteration

between pre-mRNA and mature mRNA of the Wx gene.

Glutinous rice with no mature Wx mRNA shows extremely

low amylose content. Conversely, mature Wx mRNA is

abundant in non-glutinous cultivars that have higher amy-

lose contents. Cultivars with intermediate levels of amylose

produce both pre-mRNA and mature mRNA (Wang et al.

1995; Isshiki et al. 1998). However, as far as we know,

such regulatory model for chloroplast development in rice

remains unreported.
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In this paper, we describe a temperature-sensitive

seedling stripe mutant yss1 in rice. Under paddy field

conditions, the striated phenotype in yss1 mutant is visible

in leaf 2 and became evident in leaf 3, but slowly weakens

until completely disappears in leaf 5 and thereafter.

Decreased Chl accumulation and undifferentiated chloro-

plasts are displayed in the yss1 mutant in comparison to the

wild type at 20 �C, but developed almost normal at 30 �C.
A single base deletion in the YSS1 gene leads to an

incomplete splicing of the 8th intron, thus producing two

transcripts: the wild-type YSS1 transcript and an aberrant

yss1 transcript. Expression analysis revealed that the

expression levels of wild-type YSS1 transcripts are closely

related to the yss1 phenotypic alternations. The YSS1 gene

was isolated via the map-based cloning strategy; it encodes

an unknown functional protein belonging to the DUF3727

superfamily. The YSS1 gene is more expressed in newly

expanded leaves and up-regulated as temperatures increase

and by light stimulus. The expression levels of genes

required for PEP and NEP are differentially regulated and

exhibited a D-rpo expression pattern in yss1 mutant. Fur-

thermore, western blot analyses revealed that the contents

of both nuclear-encoded and plastid-encoded chloroplast

proteins are mostly lower in the yss1 mutant than in wild-

type seedlings. These observations suggest that YSS1

mutation might affect chloroplast development through

modulating PEP activity during the early leaf development

in rice.

Materials and methods

Plant materials and treatments

The seedling stripe mutant yss1 was obtained from a 60Co-

irradiated population of indica rice cultivar II-32B. Plants

were grown in a paddy field during the rice growing season

or in a growth chamber. For temperature treatments,

seedlings were grown in a growth chamber with 12 h of

light/12 h of darkness at a constant temperature of 20 �C
(C20), 23 �C (C23), 30 �C (C30), and 12 h of light at

30 �C/12 h of darkness at 20 �C (L30/D20). For light

treatments, seedlings were cultivated in a growth chamber

with 15 h of light at 30 �C/9 h of darkness at 25 �C and

10 h of light at 30 �C/14 h of darkness at 25 �C. For

nutrition treatments, seedlings were grown in hydroponic

solutions (1 mM NH4NO3, 0.32 mM NaH2PO4�2H2O,

1.5 mM KCl, 1.7 mM MgCl2�6H2O, 0.67 mM CaCl2,

0.4 mM Na2SiO3�9H2O, 9 lM MnCl2�4H2O, 0.6 lM Na2-
MoO4�2H2O, 0.14 lM ZnSO4�7H2O, 0.16 lM CuSO4-

5H2O, and 44.8 lM FeSO4�7H2O, pH 5.6). Crosses

between yss1 and rice varieties II-32B and 02428 were

made for genetic analysis and mapping. The phenotype of

yss1 mutant was identified from the L2 to L5 stage. The

varieties II-32B and 02428 were obtained from the Chinese

National Key Facility for Crop Gene Resources and

Genetic Improvement.

Determination of chlorophyll content

Fresh leaves of wild type and yss1 mutant from different

developmental stages (L3–L5) or from temperature treat-

ments were collected to determinate Chl contents as

described previously (Zhou et al. 2013). The leaf samples

were marinated in 95 % ethanol for 48 h in darkness, and

then the absorbance of supernatants was measured with a

DU 800 UV/Vis Spectrophotometer (Beckman Coulter).

Confocal and transmission electron microscopy

(TEM) analyses

To investigate the number of Chl-containing cells, leaf

samples of wild type and the yss1 mutant at the L3 stage

under different temperature conditions (C20, C23, C30,

and L30/D20) were collected and observed with a confocal

laser scanning microscope (Carl Zeiss LSM700). For TEM,

transverse sections of wild-type and the yss1 mutant leaves

from the L3 stage at C20, C23, C30, and L30/D20 were

fixed in 2.5 % glutaraldehyde in a phosphate buffer and

further fixed in 1 % OsO4 overnight at 4 �C. After staining
with uranyl acetate, tissues were further dehydrated

through an ethanol series, and then embedded in Spurr’s

medium prior to ultrathin sectioning. Sections were air-

dried, stained again, and viewed with a Hitachi H-7650

transmission electron microscope. For measuring the per-

centages of normal and undifferentiated chloroplasts in

mesophyll cells, 50 cells were examined for each

determination.

Mapping of YSS1 and complementation test

For linkage analysis, 94 typical individuals showing the

mutant phenotype were generated from the 02428/yss1 F2
population. A further 1223 F2 mutant plants were used for

fine mapping. Insertion/deletion (InDel) markers were

developed with Primer Premier 5.0 based on differences in

the entire genomic sequence between japonica rice Nip-

ponbare and indica cultivar 93-11. Primer pair K83 (F: 50-
ATTTCAGTGGCTGGATTGC-30, R: 50-AACATCACAG
TGCTCCATTCTAT-30) was designed to distinguish YSS1

transcript from yss1 transcript in the yss1mutant. In a search

for candidate genes, both full-length cDNA and genomic

DNA of wild type and the yss1 mutant were amplified and

sequenced.

For the complementation test, a 960-bp wild-type YSS1

coding region was amplified (primer pair YSS1GBD,
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Suppl. Table S1) from II-32B and inserted downstream of

the UBIQUITIN promoter in the binary vector pCUbi1390

to generate the transformation plasmid pUbi::YSS1. Due to

difficulties in obtaining callus of the yss1 mutant (an indica

variety), the recombinant plasmid pUbi::YSS1 was intro-

duced into individuals with the homozygous yss1 allele in a

japonica genetic background selected from one 02428/yss1

F2:3 line by Agrobacterium-mediated transformation as

described previously (Hiei et al. 1994). To determine

whether the abnormal yss1 transcript is responsible for the

mutant phenotype, the full-length yss1 cDNA sequence

from yss1 mutant was also amplified (primer pair

YSS1GBD, Suppl. Table S1) and cloned into the binary

vector pCUbi1390 to generate the transformation plasmid

pUbi::yss1, which was then transformed into rice cultivar

Kitaake as described above. The expression levels of total

YSS1 transcripts and abnormal yss1 transcript in transgenic

plants were separately detected by real-time RT-PCR pri-

mers YSS1 and yss1 (Suppl. Table S1).

Quantitative real-time RT-PCR analysis

Total RNA was extracted using an RNA Prep Pure Plant kit

(Tiangen Co., Beijing, China) and reverse-transcribed

using a SuperScript II kit (TaKaRa) following the manu-

facturer’s instructions. Real-time RT-PCR was performed

using a SYBR� Premix Ex TaqTM kit (TaKaRa) on an ABI

prism 7500 Real-Time PCR System. Primers for real-time

RT-PCR designed using GenScript (https://www.genscript.

com/ssl-bin/app/primer) are listed in Suppl. Table S1. The

rice ubiquitin gene (LOC_Os03g13170) was used as the

internal control (primer pair Ubq, Suppl. Table S1). The

2-DDCT method was used to analyze relative gene expres-

sion (Livak and Schmittgen 2001).

Phylogenetic and sequence analysis

Sequence information of YSS1 gene was found with the

NCBI accession number: NM_001060901.1. Homologous

sequences of YSS1 protein were identified using NCBI

(http://www.ncbi.nlm.nih.gov/) and sequences alignment

was performed with BioEdit software. A maximum parsi-

mony (MP) tree was generated using PAPU4.0B software

with 1000 bootstrap replications.

Subcellular localization

Subcellular localizations of YSS1 protein and its chloro-

plast-targeting signal were predicted using ChloroP (Ema-

nuelsson et al. 1999) and TargetP (Emanuelsson et al. 2000),

respectively. The coding sequences of YSS1 and yss1 were

amplified and cloned to the N-terminus of green fluorescent

protein (GFP) in the transient expression vector pA7-GFP to

form YSS1-GFP and yss1-GFP fusion plasmids (primer

pairs shown in Suppl. Table S1). Both constructs were sep-

arately transformed or co-transformed with chloroplast

nucleoid marker (PEND-CFP) into rice protoplasts and

incubated in darkness at 28 or 23 �C for 16 h before exam-

ination (Terasawa and Sato 2005; Chen et al. 2006). The full-

length cDNAofYSS1was also inserted into the binary vector

1305-GFP (Ren et al. 2014; primer pairs YSS1-1305GFP are

shown in Suppl. Table S1), and then introduced into rice

cultivar Kitaake by Agrobacterium-mediated transforma-

tion. Fluorescence of GFP was observed using a confocal

laser scanning microscope (Carl Zeiss LSM700).

Protein extraction and Western blot analysis

Fresh rice leaves were weighed and ground with liquid

nitrogen. Total plant proteins were extracted with moderate

NB1 buffer (50 mM Tris-Mes, 0.5 M sucrose, 1 mM

MgCl2, 10 mM EDTA, 5 mM DTT and protease inhibitor

cocktail CompleteMini tablets, pH 8.0), followed by

denaturation at 95 �C for 5 min. The extracts were resolved

in 10 or 15 % SDS–PAGE gels and transferred to

polyvinylidene difluoride (PVDF) membranes (0.45 lm,

Millipore). The proteins were detected with relevant anti-

bodies (Huada Co., Beijing, China) using an ECL Plus

Western Blotting Detection Kit (Thermo). The software

‘‘Quantity One’’ was used to quantify the intensity of

chloroplast proteins.

Results

yss1 is a young seedling stripe mutant

The yss1 mutant was isolated from a 60Co-irradiated pop-

ulation of indica variety II-32B. Under paddy conditions,

the mutant seedlings exhibited an obvious striated leaf

phenotype compared to the green leaves of wild-type plants

(Fig. 1a). To characterize the yss1 mutant in detail, we

performed time-course analysis from the L3–L5 stage.

Notably, irrespective the developmental stage, the striated

leaf phenotype occurred in leaf 2 to leaf 4, with the sig-

nificant difference detectable in leaf 3. Interestingly, the

phenotypic defects in leaf color completely disappeared in

leaf 5 and onwards (Fig. 1b). Furthermore, examination of

the Chl contents showed that compared with the wild type,

the defective yss1 leaves had reduced both Chl a and Chl

b levels, and that reduction degree was positively related to

the leaf color defects. The chlorotic leaves (i.e., leaf 2 to

leaf 4) did not become green and the Chl contents also

failed to restore to normal levels as the plants growth

(Fig. 1b, c). Together, these data suggested that yss1 is a

young seedling stripe mutant.
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To verify whether the yss1 phenotype was temperature-

dependent, we planted wild-type and yss1 mutant seedlings

in a growth chamber with 12 h of light/12 h of darkness

under different temperature conditions, and examined the

expressivity of the yss1 phenotype and Chl contents. As

shown in Fig. 2a, under constant 20 �C (C20) condition,

the yss1 mutant exhibited extreme chlorosis and contained

only traces of Chl a and b, compared with the moderate

chlorosis phenotype of the wild-type plants. As tempera-

tures increased, the mutant plants showed lighter chlorotic

symptoms and higher accumulations of Chls at constant

23 �C (C23) condition (Fig. 2b). Under optimum 12 h of

light at 30 �C/12 h of darkness at 20 �C (L30/D20) con-

dition for rice growth, yss1 mutant plants displayed mild

striping and accumulated more Chls than at either C23 or

C20 conditions (Fig. 2c). Notably, the yss1 mutant pro-

duced light chlorosis only at the tip of leaf 3 and had much

higher Chl concentrations at constant 30 �C (C30) condi-

tion (Fig. 2d), indicating that high temperature could

weaken the yss1 phenotype. These observations suggested

that the mutation in yss1 causes a temperature-sensitive

chlorotic defect in rice seedlings.

Next, we tested whether the yss1 phenotype was also

affected by other external conditions. The yss1 chlorotic

phenotype appeared more severe under short day than

under long day (Fig. 2e). However, the observed

phenotypic defects of yss1 mutant plants grown under

various nutrient-deficient mediums showed no significant

difference from those grown under normal condition,

except for slightly delayed growth such as in N and K

deficiencies (Suppl. Fig. S1a). These data collectively

suggested that the phenotypic defects of the yss1 mutant

are more sensitive to photoperiod than nutrient

deficiencies.

The yss1 mutant impairs chloroplast development

To investigate the effect of the yss1 mutation on chloro-

plast development, we compared the number of Chl-con-

taining cells and the ultrastructure of chloroplasts in yss1

mutant and wild-type plants under different temperature

conditions. Confocal microscopic observations demon-

strated that under L30/D20, green leaves in the wild-type

plants had almost normal numbers of Chl-containing cells

except for stomatal and motor cells (Suppl. Fig. S2a). In

contrast, yss1 mutant leaves had less numbers of Chl-

containing cells at C20 (Suppl. Fig. S2b), and the number

of Chl-containing cells increased with the increase of

temperature (Suppl. Fig. S2b–d).

We further observed the ultrastructure of chloroplasts

using TEM. Under C30, similar to the wild type, most of

chloroplasts in yss1 mutant exhibited well-developed

Fig. 1 Phenotypic analysis of the yss1 mutant. a Phenotype of wild

type and the yss1 mutant at the seedling stage grown in field.

b Detailed observations of leaf color appearance of the yss1 mutant at

the L3, L4, and L5 stages grown in field, respectively. The numbers

indicate different leaves. c Determination of both Chl a and Chl

b contents in different leaves corresponding to b (L3-2, L3-3, L4-2,

etc. indicate different leaves; for example, L3-2 represents leaf 2 of

the L3 stage). Values are mean ± SD from three independent repeats
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lamellar structures, which were equipped with normally

stacked grana and thylakoid membranes (Fig. 3a, b). Under

L30/D20, chlorotic leaf cells in the yss1 mutant contained

more undifferentiated chloroplasts (Fig. 3c). Under both

C23 and C20, most of chloroplasts were undifferentiated in

the chlorotic leaves of yss1 mutant and abnormalities were

greater at C20 than at C23 (Fig. 3d, e). The percentages of

normal (NC) versus undifferentiated chloroplasts (UC) also

increased with temperature (Fig. 3f). These data revealed

that the yss1 mutation disrupts the chloroplast differentia-

tion especially at low temperature conditions.

Cloning of the YSS1 gene

Genetic analyses of crosses yss1/II-32B, II-32B/yss1, and

yss1/02428 showed that the yss1 phenotype was controlled

by a single nuclear recessive gene (Suppl. Table S2). Cross

02428/yss1 was used to generate an F2 mapping popula-

tion; 94 F2 individuals with typical striated leaves were

used to map the yss1 locus to a 2.7-cM (centimorgan)

segment distal to the simple sequence repeat (SSR) marker

RM127 at the end of chromosome 4L (Fig. 4a). We further

narrowed the yss1 locus to a 16.4-kb region between the

insertion/deletion (InDel) markers JW12-16 and JW12-18

on bacterial artificial chromosome (BAC) clone

OSJNBb0020J19 based on 1223 F2 homozygous yss1

individuals (Fig. 4b). There are four open reading frames

(ORFs) in the segment and the genes were predicted using

FGENESH 2.2 (http://www.softberry.com). Comparison

with the wild-type genomic sequences revealed that the

third ORF (expression protein designated

LOC_Os04g59570) in the yss1 mapping interval carried a

single base ‘A’ deletion neighboring the splicing donor site

of the 8th intron (Fig. 4c, d). cDNA sequencing further

showed that the single base deletion in yss1 mutant caused

an incomplete splicing of the 8th intron (83 bp in length),

thus producing two types of transcripts. One is the wild-

type YSS1 transcript; the other is an 8th intron-retained yss1

transcript (Fig. 4e). If translated, the later would encode a

truncated protein, named yss1, which is missing the

C-terminal 36 amino acid residues, but contains an extra 4

amino acid residues resulting from the frame-shift trans-

lation. To more clearly distinguish the aberrant yss1 tran-

script from the wild-type YSS1 transcript in yss1 mutant,

primer pairs K83-F/R amplifying a smaller DNA fragment

was used (YSS1 607 bp vs yss1 690 bp; Fig. 4e). YSS1 with

Fig. 2 Phenotypic characteristics and Chls levels of wild type and

yss1 mutant under different temperature and photoperiod conditions.

Leaf 3 of wild-type and the yss1 mutant seedlings grown in a growth

chamber with 12 h of light/12 h of darkness under C20 (a), C23 (b),
L30/D20 (c) and C30 (d) and under short day (SD) and long day (LD)

(e) was used for Chl measurement, respectively. Values are

mean ± SD of three replicates. FW fresh weight, C20 constant

20 �C. C23 constant 23 �C, L30/D20 12 h of light at 30 �C/12 h of

darkness at 20 �C, C30 constant 30 �C. LD represents 15 h of light at

30 �C/9 h of darkness at 25 �C. SD represents 10 h of light at 30 �C/
14 h of darkness at 25 �C
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ten exons and nine introns was identified as gene encoding

a polypeptide of 319 amino acid residues belonging to the

DUF3727 superfamily. Blast analysis and sequence align-

ment showed only one copy of the YSS1 gene in rice and no

paralogs. The YSS1 protein had high similarity to

DUF3727 superfamily proteins in other species in a region

of nearly 200 amino acids in the C-terminus (Suppl.

Fig. S3). Phylogenetic analysis demonstrated that YSS1

orthologs broadly exist in many photosynthetic organisms

and evolve from cyanobacteria, suggesting that YSS1 is

probably transferred from prokaryotic to eukaryotic gen-

omes (Suppl. Fig. S4).

Decreased accumulation of YSS1 transcripts causes

the yss1 phenotype

To determine whether downregulation of YSS1 transcript or

increased accumulation of yss1 transcript caused the yss1

phenotypes, we performed a set of stable transgenic

experiments. Firstly, we transformed a 960-bp wild-type

YSS1 coding sequence under the control of the UBIQUITIN

promoter into the yss1 homozygous mutant. Four green and

two chlorotic plants derived from T1 transgenic progenies

were selected for further real-time RT-PCR analysis using

primer pairs YSS1-F/R common for both YSS1 and yss1

transcripts as well as primer pairs yss1-F/R specific for yss1

transcript. As shown in Fig. 5a, the wild-type plant accu-

mulated high level of YSS1 transcript, while the yss1

mutant expressed significantly lower levels of both YSS1

and yss1 transcripts, indicating primer pairs used here

could distinguish and quantify both transcripts efficiently.

Further analyses showed that YSS1 transcript was differ-

ently overexpressed in four green plants but not in two

chlorotic plants (Fig. 5a). And the four YSS1-overex-

pressed transgenic plants showed a complete rescue of the

mutant phenotypes, including leaf color appearance, Chls

accumulation and chloroplast structure (Fig. 5b–d). Next,

to investigate the possibility that the yss1 had modified

inhibitory effect on wild-type YSS1, we overexpressed the

yss1 transcript driven by an UBIQUITIN promoter in rice

cultivar Kitaake. The transgenic plants failed to phenocopy

the yss1 mutant defects, although they show distinctly

increased accumulations of the yss1 transcript (Fig. 5e, f).

This result was consistent with our genetic analysis

demonstrating that yss1 phenotype was controlled by a

single nuclear recessive gene. Together, these data

Fig. 3 Ultrastructures of chloroplasts in the leaf 3 of wild type

(a) and yss1 mutant (b-e) at the L3 stage under various temperature

conditions. Electron micrographs showing ultrastructures of chloro-

plasts from the leaf 3 of wild-type (a) and yss1 mutant (b–e) seedlings
grown in a growth chamber with 12 h of light/12 h of darkness under

C30 (a, b), L30/D20 (c), C23 (d) and C20 (e). The right micrographs

in a–e represent magnified chloroplasts as indicated by arrowheads in

the left micrographs. C30 constant 30 �C, L30/D20 12 h of light at

30 �C/12 h of darkness at 20 �C, C23 constant 23 �C, C20 constant

20 �C, TM thylakoid membrane, N nucleus, M mitochondrion, NC

normal chloroplast, UC undifferentiated chloroplast. Bars 2 lm (left);

0.5 lm (right). f Percentage of NC and UC in mesophyll cells of wild

type and yss1 mutant at different temperatures; 50 cells were

examined for each determination. The data are from two independent

repeats
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collectively suggested that LOC_Os04g59570 indeed cor-

responds to the YSS1 gene, and that it is the declined

expression of YSS1 transcript but not the accumulation of

yss1 transcript confers the yss1 mutant phenotype.

Subcellular localization of YSS1

ChloroP (Emanuelsson et al. 1999) and TargetP (Ema-

nuelsson et al. 2000) prediction analyses showed that YSS1

possessed a chloroplast-targeting signal (29 amino acid

residues in length and probably 3.1 kDa in size) in the

N-terminus, and likely localized to the chloroplasts. To

determine the actual localization of YSS1, we constructed

the plasmid that fused YSS1 to the N-terminus of GFP and

transiently expressed them in rice protoplasts. Confocal

microscopic observations demonstrated that YSS1-GFP

displayed a spotty localization seemingly associated with

chloroplasts (labeled by Chl autofluorescence; Fig. 6a). To

further verify the subcellular localization of YSS1 in vivo,

we constructed the P35S:YSS1-GFP binary vector and

transformed it into the rice japonica cultivar Kitaake.

Positive T1 transgenic seeds were grown for 5 days, and

used to observe GFP signals. Fluorescence microscopy

observation revealed that YSS1-GFP exhibited a similar

localization pattern in the transgenic leaf sheath and roots

to that observed in the rice protoplasts (Fig. 6b; Suppl.

Fig. S5). In addition, further fluorescence microscopy

observation demonstrated that the lack of C-terminal 36

amino acid residues in yss1 mutant did not interfere with

the localization pattern of yss1-GFP fusion proteins

(Fig. 6c). It is reported that GFP-tagged plastid binding

protein PEND also appeared in small dot-like structures

throughout the chloroplasts and can be used as an fluo-

rescent marker protein characteristic for plastid nucleoids

(Terasawa and Sato 2005). To determine the nature of

YSS1-GFP-labeled punctate compartments, we

Fig. 4 Positional cloning of the YSS1 gene. a The yss1 locus was

mapped to a 2.7-cM region containing six bacterial artificial

chromosome (BAC) clones at the terminal region of chromosome

4L. b Fine mapping of YSS1. The yss1 locus was narrowed to a 16.4-

kb interval between InDel markers JW12-16 and JW12-18 on the

BAC clone OSJNBb0020J19 using 1223 F2 homozygous mutant

plants. c Four open reading frames (ORFs) were predicted in the

region. The third ORF has a deletion of base ‘A’ approaching the

splicing donor site of the 8th intron. Gray boxes indicate 50 and 30

UTR. Black boxes indicate exons and lines between them indicate

introns. ATG and TGA represent the start and stop codons,

respectively. d Diagrams depicting the partial exon/intron structure

of YSS1 and yss1 transcripts. The intron sequences are in lowercase

and italic. ‘‘gt’’, ‘‘ag’’, ‘‘-’’, and ‘‘TAA’’ are in red and indicate

splicing donor site, splicing acceptor site, the deleted ‘‘A’’ base, and

newly formed stop codon, respectively. e PCR amplification using

primer pairs K83-F/R as indicated in c. Note that two bands were

amplified in yss1 mutant (up yss1 transcript; down YSS1 transcript)

but only one in wild type
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coexpressed YSS1-GFP and PEND-CFP in rice proto-

plasts. As shown in Fig. 6d, YSS1-GFP colocalized with

PEND-CFP, suggesting that YSS1 may be a chloroplast

nucleoid-association protein.

Next, we transformed the fusion plasmids YSS1-GFP

and yss1-GFP into rice protoplasts, respectively. Western

blot analyses showed that two bands were separately pro-

duced in transformed protoplasts expressing either YSS1-

GFP or yss1-GFP, indicating that both YSS1 and yss1

proteins could be posttranslationally processed in chloro-

plasts and accumulated stably. In addition, it is worth noting

that the detected proteins had a larger molecular weight than

the calculated size, most likely resulting from the potential

occurrence of modifications such as glycosylation or/and

phosphorylation (Fig. 6e). These results further supported

the notion that YSS1 may be targeted to the chloroplasts by

the predicted 29 amino acid transit peptides.

Expression pattern of YSS1 and its response

to external conditions

To investigate the expression profile of YSS1, we analyzed

YSS1 expression in various tissues by real-time RT-PCR.

YSS1 was constitutively expressed in culms, flag leaves,

young panicles and leaf sheaths at the booting stage, as

well as young leaves and roots at the seedling stage. The

strongest expression was detected in young leaves

(Fig. 7a). In addition, we further determined the expression

of YSS1 in different sections of seedlings at the L3 stage.

The wild-type YSS1 plants showed significantly higher

expression in leaf 3 than in other tissues. In contrast, YSS1

transcripts (including wild-type YSS1 transcript and the

aberrant yss1 transcript) were also most abundant in leaf 3

of the yss1 mutant, but the overall expression levels were

lower than in the wild type (Fig. 7b, c). In addition, we

Fig. 5 YSS1 complementation test. a Real-time RT-PCR analysis

showing the expression levels of both YSS1 and yss1 transcripts in

four green and two chlorotic T1 transgenic progenies grown in a

greenhouse. ‘YSS1’ and ‘yss1’ indicate normal and abnormal

transcripts, respectively. The ubiquitin gene was used as an internal

control. Data are mean ± SD of three repeats. b Phenotype of the

yss1 mutant and four complemented transgenic plants at the L3 stage.

c Chls levels of wild type, yss1 and four complemented plants at the

L3 stage, respectively. d TEM analysis of chloroplast ultrastructure in

wild type, yss1 mutant, and a representative complemented plant C9.

Positive plants C1, C5, C9, and C10 were selected from the T1

transgenic progenies C1–C10. e Expression levels of YSS1 and yss1 in
Kitaake and 3 overexpression lines of yss1 transcript (OE1–OE3)

using real-time RT-PCR. OE overexpression. f Phenotypic charac-

teristics of the leaf 4 at the L4 stage in 3 yss1-overexpressed lines

(OE1–OE3)
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analyzed the expression of YSS1 during leaf development.

YSS1 achieved the highest expression levels in wild-type

leaves at the L3 stage, and accumulated more in newly

expanded leaves but decreased with leaf aging (Fig. 7d).

These observations suggested that YSS1 might play an

important role at the early leaf development stage, but with

a relatively minor role in the mature leaf.

To identify whether YSS1 expression was induced by

light, we tested the alteration of YSS1 transcripts during

light-induced greening of wild-type seedlings. The YSS1

mRNA levels increased after exposure to light, peaked

after 9 h of illumination, and then gradually decreased

and tended to be stable after 15 h of illumination

(Fig. 7e). This indicated that light might play an

important role in regulating YSS1 expression. Further-

more, we measured the transcript levels of YSS1 and

yss1 in yss1 mutant leaves under different temperature

conditions and at the L5 stage or booting stage by real-

time RT-PCR. Total YSS1 transcripts accumulated less in

the yss1 mutant than those in the wild type under dif-

ferent temperature conditions, and reduced as tempera-

tures decrease. yss1 transcripts in yss1 mutant seldom

accumulated at C30, but increased under L30/D20 con-

ditions, and accumulated to high levels at C20. Corre-

spondingly, normal YSS1 transcripts lessened as

temperatures decrease (Fig. 8a). This corresponded to the

observed yss1 phenotypes at different temperatures

(Fig. 2a–d). Similarly, total YSS1 expression levels were

lower in the leaves of yss1 mutant than wild type at the

L5 stage or booting stage (Fig. 8b). We also detected

that yss1 transcripts in the yss1 mutant were abundantly

present in leaves 2, 3, and 4, but extremely seldom in

leaf 5 at the L5 stage and flag leaves at the booting

stage. In contrast, in the yss1 mutant plants, the normal

YSS1 transcript increased in leaf 5 at the L5 stage,

potentially explaining the phenotypic alternation at this

stage. These data further supported the notion that

decreased accumulation of YSS1 transcripts caused the

yss1 phenotypic alternations at the seedling stage.

The yss1 phenotype was affected by some external

factors; therefore, we further examined whether the YSS1

expression levels were also regulated. Consistent with the

phenotype observed in Fig. 2e, YSS1 transcripts in the yss1

mutant accumulated more under long day than short day

(Fig. 8c). However, under nutrient element deficiency

conditions, YSS1 expression showed no significant differ-

ence in the yss1 mutant compared with the control (Suppl.

Fig. S1b). These data further provide evidence that YSS1

expression levels were closely associated with the yss1

mutant phenotypic defects.

Fig. 6 Subcellular location of YSS1 and yss1 proteins. GFP signals

of YSS1-GFP fusion protein were located in the chloroplasts by

transient expression analyses in rice protoplasts (a). b Localization of

YSS1 protein in leaf sheath cells from 5-day-old YSS1-GFP

transgenic plants. c yss1-GFP protein was also localized in the

chloroplasts of rice protoplasts. d Colocalization of YSS1 (GFP) and

PEND (CFP) within chloroplast nucleoids. GFP, GFP signals of YSS1

(a–b, d) and yss1 (c); Auto chlorophyll autofluorescence; Bright

bright field; CFP CFP signals of chloroplast nucleoid marker PEND;

Merged merged images. e Western blot analysis with transformed

cells expressing YSS1-GFP and yss1-GFP in rice protoplasts,

respectively. The diagram below indicates the calculated band sizes

of YSS1-GFP and yss1-GFP fusion proteins with or without

processing. TPL transit peptide-like sequence, MP mature protein
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Fig. 7 Expression analysis of YSS1. a Expression levels of YSS1

transcript in culms (C), flag leaves (FL), panicles (P), and leaf sheaths

(LS) at the booting stage, as well as young leaves (YL) and roots (YR)

at the seedling stage of wild-type plants grown in a paddy field.

b Diagram of L3 stage rice seedling in which the leaf 3 was fully

expanded. L3-1, L3-2, L3-3, and L3-4 represent the first, second, third,

and fourth leaf, respectively. SB (shoot base), a 5 mm piece from the

bottom of the shoot. P0–P6 indicates the developmental stages of leaf

formation, respectively. c Real-time RT-PCR analysis of YSS1

transcript in SB, L3-2, L3-3, and L3-4 of the wild-type and yss1

seedlings at the L3 stage grown in a paddy field. d Expression levels

of YSS1 in leaves of wild-type plants at different stages grown in a

paddy field. L2-2, L3-2, L3-3, etc. indicate different leaves (for

example, L3-2 represents leaf 2 of the L3 stage), respectively. e YSS1
expression analysis during greening of etiolated seedlings by light.

After 10-day darkness treatment, etiolated wild-type seedlings grown

in a growth chamber under constant 30 �C (C30) were illuminated for

3, 6, 9, 12, 15, 18, or 24 h, respectively. Seedlings grown under

continuous darkness were used as a control. The YSS1 gene was

normalized using an ubiquitin gene as an internal reference. Data are

mean ± SD of three replicates

Fig. 8 Real-time RT-PCR detection of transcriptional levels of YSS1

and yss1 transcripts. a Expression levels of YSS1 and yss1 transcripts

in the wild-type and yss1 mutant seedlings grown in a growth

chamber with 12 h of light/12 h of darkness under C30, L30/D20, and

C20. C30 constant 30 �C, L30/D20 12 h of light at 30 �C/12 h of

darkness at 20 �C, C20 constant 20 �C. b Expression levels of YSS1

and yss1 transcripts in different leaves at the L5 stage and flag leaves

(FL) at the booting stage grown in a paddy field. L5-2, L5-3, L5-4, L5-

5 indicate the second, third, fourth, and fifth leaf at the L5 stage,

respectively. c Expression levels of YSS1 and yss1 transcripts in the

wild-type and yss1 mutant seedlings grown in a growth chamber with

short day (SD) and long day (LD). LD represents 15 h of light at

30 �C/9 h of darkness at 25 �C; SD represents 10 h of light at 30 �C/
14 h of darkness at 25 �C. ‘‘YSS1’’ and ‘‘yss1’’ indicate normal and

abnormal transcript, respectively. The ubiquitin gene was used as an

internal control. Data are mean ± SD of three repeats
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yss1 is defective in plastid transcription

and synthesis of chloroplast proteins

Given that YSS1 is a chloroplast nucleoid-localized protein,

we speculated that it may be responsible for plastid tran-

scription. Next, we examined the plastid gene expression

patterns in wild type and yss1mutant using quantitative real-

time RT-PCR method. Expression of PEP-dependent pho-

tosynthesis genes (psaA, psaB, psbA, and rbcL) was clearly

down-regulated in the yss1 mutant compared to wild type.

On the contrary, NEP-dependent housekeeping genes (rpoA,

rpoB, and rpoC1) were up-regulated in the yss1 mutant

(Fig. 9a). This is a typical plastid gene expression pattern

resulting from impaired PEP transcription.

Next, we performed Western blot analyses to detect

whether the synthesis of chloroplast proteins were affected

in the yss1 mutant. The contents of all tested plastid-en-

coded proteins, including photosystem-II subunits (psbA

and psbD), photosystem-I subunit (psaA), RNA poly-

merase subunits (rpoB and rpoC2), ATP synthase CF1 b
subunit (AtpB), ribosomal protein L2 (RPL2), and NADH

dehydrogenase subunits (NADH4, NADH5, and NADH7),

were reduced in yss1 seedlings. Similarly, the contents of

nuclear-encoded proteins CP29 (chlorophyll a/b binding

protein), ATPase (ATP synthase b subunit), OEEP1, and

OEEP3 (oxygen-evolving enhancer proteins 1 and 3), were

also decreased. However, we found no clear reductions in

nuclear-encoded proteins POR (protochlorophyllide oxi-

doreductase proten) and OspTAC3 (plastid transcription-

ally active 3) in the yss1 mutant (Fig. 9b, c).

Discussion

In recent years, a number of Chl-deficient mutants have

been reported in rice. Some of them are seedling-specific

and gradually become normal during later growth stages,

and some affect the plants for the entire life cycle. For

example, young seedling albino (ysa) mutant plants show

obvious albino phenotypes before the L3 stage but gradu-

ally turn green and recover to normal wild-type appearance

after the L6 stage (Su et al. 2012). ylc1 is a young leaf

chlorosis mutant that exhibits a chlorotic phenotype in

seedlings or young leaves (Zhou et al. 2013). In addition,

ygl1 and vyl are reported to affect rice growth throughout

the whole developmental stages. Leaves of the ygl1 mutant

display a yellow-green leaf phenotype and contain less

chlorophyll than the wild type throughout life cycle (Wu

et al. 2007). The vyl mutant also shows decreased Chl

levels throughout all developmental stages (Dong et al.

2013). Here, we identified a novel young seedling stripe

mutant, yss1, which produced striated leaves before the L5

stage. Unlike the above mutants, the chlorotic leaves in

yss1 mutant was detected only in the second, third, and

fourth leaves and did not become green (Fig. 1b, c).

Phenotypic analyses demonstrated that yss1 is a low tem-

perature-sensitive mutant (Figs. 2a, Fig. 3e). The v1, v2,

v3, st1, and ylc1 mutants were also reported to exhibit more

extreme phenotypes at C20 (Kusumi et al. 1997, 2011;

Sugimoto et al. 2004, 2007; Yoo et al. 2009; Zhou et al.

2013), potentially due to the blocked translation of plastid

proteins (Grennan and Ort 2007; Rogalski et al. 2008; Liu

et al. 2010). However, not all Chl-deficient mutants are to

be temperature-sensitive; for example, the vyl mutant

exhibits a similar chlorotic phenotype across a range of

temperatures (Dong et al. 2013).

Previous studies showed that mutations in the splicing

site usually abolished the splicing of impaired intron and

generated an elongated transcript, such as wsl2 and vyl

(Mao et al. 2012; Dong et al. 2013). In contrast, in addition

to the 8th intron-retained transcript, the yss1 mutant was

still able to generate wild-type transcript and displayed a

stripe leaf phenotype at the early seedling stage. We

speculated that point mutations abolishing the splicing of

the 8th intron would lead to more severe or even lethal

phenotypic defects. Supporting the notion, dramatically

down-regulated expression of wild-type YSS1 transcript as

temperature decreased led to more severe leaf color phe-

notype and disrupted chloroplast development (Figs. 2a–d,

3, 8a). Quantative analysis using real-time RT-PCR

showed that the mutation in yss1 mutant led to significantly

reduced accumulation of total YSS1 transcripts (Fig. 5a),

possibly due to RNA quality control mechanisms (Isken

and Maquat 2007). Furthermore, our transgenic experi-

ments demonstrated that downregulation of YSS1 transcript

potentially conferred the leaf color phenotype in yss1

mutant (Fig. 5b). Supporting the notion, overexpression of

the aberrant yss1 transcript under the control of the same

UBIQUITIN promoter failed to phenocopy the yss1 mutant

defects (Fig. 5e, f), thus also ruling out the possibility that

bFig. 9 Real-time RT-PCR expression of chloroplast genes and

immunoblot analysis of chloroplast proteins. a Transcript abundance

of PEP-dependent (psaA, psaB, psbA, and rbcL) and NEP-dependent

genes (rpoA, rpoB, and rpoC1). Total RNA was extracted from leaf 3

of wild-type and yss1 mutant seedlings at the L3 stage under a paddy

field. The ubiquitin gene was used as an internal control. Data are

mean ± SD of three repeats. ‘‘**’’and ‘‘*’’ separately indicate

significance at P = 0.01 and P = 0.05 by Student’s t test.

b Western blot analysis of plastid-encoded and nuclear-encoded

proteins in WT and yss1 plants. Total proteins were extracted from

fully emerged leaf 3 of wild-type and yss1 seedlings at the L3 stage

grown in a paddy field. Antibodies for the following chloroplast

proteins were used: psbA, psbD, psaA, rpoB, rpoC2, AtpB, rpl2,

NADH4, NADH5, NADH7, CP29, ATPase, OEEP1, OEEP3, POR,

and OspTAC3. HSP82 was used as a loading control. c Quantification
of the band intensity of chloroplast proteins in WT (90.5 and 90.25)

and yss1 mutant (91) compare to WT (91) corresponding to b
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yss1 caused yss1 mutant phenotypes potentially through

modified inhibitory effect on wild-type YSS1 functions.

Interestingly, we observed that yss1 mutant phenotypic

alternations were significantly enhanced as temperature

decreased, and quantative analysis using real-time RT-PCR

showed that expression of wild-type YSS1 transcript was

dramatically down-regulated as temperatures decrease

(Fig. 8a), which is a possible dosage effect, similar to the

previously reported Wx gene for regulating amylase con-

tent (Wang et al. 1995; Isshiki et al. 1998).

The reason why many Chl-deficient mutants exhibit

seedling-specific chlorotic phenotypes but subsequently

develop normally remains unknown. Previous assumptions

were that paralogs may compensate the functions during

the later stages, or such genes play essential roles during

early leaf stages but are dispensable at later growth stages

(Su et al. 2012; Zhou et al. 2013). As for the question how

a generally down-regulated condition increased abnormal

transcript only in specific leaf, one possible explanation is

that low temperature can disrupt the amendment of YSS1

transcript in yss1 mutant, thus producing more abnormal

yss1 transcript, and vice versa at high temperature. The

enhanced accumulation of YSS1 transcript in leaf 5 at the

L5 stage may explain the reason why the yss1 phenotype

disappeared in leaf 5. However, as for stage-specific

absence of yss1 phenotype in other stages, such as the

booting stage, it is possible that YSS1 might be sufficient to

maintain the wild-type phenotype, although it has lower

expression (Fig. 8b). Alternatively, other regulatory factors

may also facilitate the phenotypic recovery at these stages.

It is noted that YSS1-GFP and the Chl autofluorescence

signals do not completely merge (Fig. 6a), indicating a

possible non-chloroplast second localization of YSS1-GFP.

To further identify the nature of YSS1-GFP located com-

partments, we tried to perform cell fractionation analysis of

the YSS1 protein in rice seedling. Unfortunately, we failed to

detect the distribution of native YSS1 protein in various cell

compartments in wild-type plant, although extensive efforts,

most likely due to the poor quality of the anti-YSS1 anti-

bodies. Actually, spotty localization patterns similar to

YSS1-GFP have been reported previously and are defined as

nucleoids, such as AtHSP21 and AtpTAC3 (Yagi et al. 2012;

Zhong et al. 2013). However, the reason why partial spotty

nucleoids seemingly located in the periphery of Chl aut-

ofluorescence-labeled chloroplast remains unknown. It is

reported that the nucleoid-associated proteins might partici-

pate in plastid genes expression (Yagi et al. 2012; Zhong

et al. 2013). Similarly, decreased accumulation of YSS1 gene

also led to the reduced expression levels of PEP-dependent

photosynthetic genes (psaA, psaB, psbA, and rbcL) and the

increased transcriptional accumulations of genes for NEP

(rpoA, rpoB, and rpoC1) (Fig. 9a), implying that PEP

activity for plastid transcription was suppressed in yss1

mutant. Furthermore, our results showed that the levels of

nuclear-encoded and plastid-encoded chloroplast proteins

were generally decreased in yss1 mutant (Fig. 9b, c). These

data suggest that YSS1 mutation might influence the

chloroplast development potentially through modulating

PEP activity during the early leaf development in rice. Given

the low temperature influence on yss1 phenotype, it is pos-

sible that decreased chloroplast translation and transcription

by PEP may be due to oxidative damage resulting from the

decreased electron transport efficiency and ROS production

(Nishiyama et al. 2006). Because the lack of evidence that

YSS1 protein interacts with the PEP complex, we cannot

conclude that YSS1 is directly involved in plastid tran-

scription. Additionally, nucleoid-localized nature of YSS1

protein does not mean that it is essentially involved in tran-

scription; this can be other functions such as replication and

stability. Further experiments aim at isolating YSS1-inter-

acting partners and functional analyses of these factors are

needed to unravel the molecular function of YSS1 in regu-

lating chloroplast development. Nevertheless, this is the first

report that a DUF3727 superfamily member participates in

regulation of chloroplast development. The mutational yss1

protein lacked an intact DUF3727 domain and thus probably

lost it’s, at least partial, function specific for early leaf

development in rice. Interestingly, we also recently presented

evidence that a DUF1338 superfamily member FLO7 func-

tions as a plant unique regulator required for amyloplast

development in peripheral endosperm in rice (Zhang et al.

2016).
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