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The PDM1 gene encodes a pentatricopeptide repeat protein of the PLS subfamily. It is essential for rpoA polycistronic processing 
in Arabidopsis. In this study, we performed functional analysis of PDM1 in rpoA monocistronic cleavage and chloroplast devel-
opment. The pdm1 mutants display an albino lethal phenotype with severe chloroplast development defects. When the construct 
of PDM1 fused with the GFP gene was introduced into Arabidopsis protoplasts, the GFP signal was exclusively observed in 
chloroplasts. This shows that PDM1 is localized to chloroplast. In the wild type, the rpoA transcript of about 990 nt is processed. 
In pdm1, this transcript is absent. However, Western blot showed that the RpoA protein in pdm1 is accumulated at a level ap-
proximately 1/3 of the wild type. This suggests that certain other transcripts processed from L23-L2-S19-L22-S3-L16-L14- 
S8-L36-S11-rpoA polycistronic precursor may be used as templates for protein translation. To determine whether PDM1 can bind 
to the rpoA pre-mRNA, we generated a transgenic Arabidopsis line with PDM1 fused to FLAG tag that was capable of comple-
menting the pdm1-1 mutant phenotype. RNA immunoprecipitation analysis showed that PDM1 is associated with S11-rpoA in-
tergenic sequence. This indicates that PDM1 may bind to the S11-rpoA intergenic region to perform rpoA processing.  
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Chloroplasts are derived from endosymbiotic cyanobacteria 
[1]. Throughout the course of evolution, the chloroplast ge-
nome has retained its prokaryotic characteristics and taken on 
certain new characteristics of the eukaryotic genome. As in 
the genome of cyanobacteria, many of the chloroplast genes 
are organized in multiple transcription units that are tran-
scribed into polycistronic pre-mRNAs, which are then mostly 
cleaved into monocistronic mRNAs [2]. However, the chlo-
roplast genome has evolved elaborate posttranscriptional RNA 
processing steps as well as eukaryotes. These processing 
steps include RNA splicing, RNA editing and exonucleolytic 
trimming for the purpose of stabilization and translation. 

Recently, pentatricopeptide repeat proteins (PPRs) were 
reported to be involved in these RNA processing steps in 
chloroplasts. The PPR proteins are characterized by a de-
generate motif of 35 amino acids that can be repeated up to 
30 times within a single protein. Approximately half of the 
PPR proteins in Arabidopsis thaliana display tandem arrays 
of canonical repeats (or P-repeats). These proteins are known 
as P-type PPRs. Other family members, known as PLS sub-
family, contain not only the standard 35 amino acid repeats, 
but also a shorter (S-repeats) and a longer version (L-repeats). 
The PLS subfamily proteins are further divided into PLS, E, 
E+ and DYW subgroups based on the presence of additional 
domains at the C terminus [3]. Numerous PPRs play roles in 
splicing [4–6]. Some of the PPR proteins may have an ef-
fect on both RNA stability and translation [7,8]. Fifteen 
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PPRs have been found to have RNA-editing functions; they 
serve 22 of the 34 known editing sites in Arabidopsis [9]. 

PPR proteins are also reported to be involved in mono-    
cistronic transcripts cleavage from polycistronic ones. They 
include HCF152 [5] and CRR2 [10] in Arabidopsis and 
CRP1 [11] in maize. HCF152 is essential for endonucleo-
lytic cleavage between psbH and petB. It binds certain areas 
of the petB transcripts. CRP1 is necessary for the processing 
of the monocistronic petD mRNA from the polycistronic 
precursor and for the translation of the chloroplast petA 
transcripts. It exhibits significant structural similarity to 
HCF152. CRR2 functions in the intergenic processing of 
chloroplast rps7-ndhB dicistronic transcript. It is essential 
for ndhB translation.  

Plastid genes in higher plants are transcribed by plas-
tid-encoded polymerase (PEP) and nucleus-encoded poly-
merase (NEP). Most plastid genes are transcribed by plas-
tid-encoded polymerase (PEP). RpoA is a core subunit of 
PEP. In Arabidopsis thaliana, the monocistronic rpoA tran-
script of approximately 990 nucleotides is processed from 
the L23-L2-S19-L22-S3-L16-L14-S8-L36-S11-rpoA polycis-
tron. The previous investigation shows that the PPR protein 
PDM1 is involved in the processing of the rpoA pre-mRNA 
in Arabidopsis thaliana [12]. In pdm1, the rpoA transcript 
of 990nt was absent. However, the molecular mechanism 
for PDM1 to regulate the rpoA mRNA processing is not 
clear. In this study, we performed functional analysis of 
PDM1 in rpoA monocistronic cleavage and chloroplast de-
velopment in Arabidopsis. 

1  Materials and methods 

1.1  Plant material and growth conditions 

Arabidopsis mutant pdm1-4 (Landsberg erecta background) 
was screened using an EMS mutagenesis strategy. Prior to 
phenotypic analysis, pdm1-4 was backcrossed to Landsberg 
erecta ecotype three times. The T-DNA insertion lines (Co-
lumbia ecotype) were obtained from the Arabidopsis Bio-
logical Resource Center (ABRC; Ohio State University). 
Seeds were sown on vermiculite and MS medium agar 
plates according to the different experimental procedures 
after imbibition for 3 d at 4°C. Plants were grown under 
long-day conditions (16 h of light/8 h of dark) at a constant 
temperature of 22°C. 

1.2  Phenotype characterization and microscopy 

Plants were photographed with a Nikon digital camera, 
Coolpix 4500 (Nikon, Japan). Small leaf segments were ob-
tained from 2-week-old plants grown on MS medium agar 
plates added 2% sucrose. Transmission electron micrographs 
(TEMs) were obtained exactly as described [13]. The speci-
mens were examined under transmission electron micros-
copy (Hitachi H7650; Hitachi, http: //www.hitachi.com).  

1.3  Molecular cloning of the PDM1 gene  

The presence of the T-DNA insertion in the mutant was 
validated using primers that specifically amplified a se-
quence of the T-DNA (F: 5′-AGATTATTGCTCGGGTAG-    
AT-3′; R: 5′-GCTAATGGTAATGGTGCTAC-3′). Co-segre-  
gation of the T-DNA insertion site and the mutant pheno-
type were analyzed with AtLBb1.3 and the plant-specific 
primers (pdm1-1-LP: 5′-AAAGGCCATAAACTTGGAA-   
GC-3′; pdm1-1-RP: 5′-TTCATGGACCGCTATGATCTC-3′; 
pdm1-2-LP: 5′-TTCTTCTTTGCAATGGAATGG-3′; pdm1- 
2-RP: 5′-TGCACGTAAAGTGTTCGACAG-3′; pdm1-3-LP: 
5′-TGGAAATGTGTCACTAAGGCC-3′; pdm1-3-RP: 5′- 
AAACACGGTCACATGGACTTC-3′). For each of the 
mutant plant, PCR using AtLBb1.3 and specific RP primers 
amplified a specific DNA fragment. For the WT plants, 
PCR using paired LP and RP primers amplified longer spe-
cific DNA fragments. PCR with both primer pairs exhibited 
positive results for the heterozygous mutant plants. 

Complementation experiment was performed as follows: 
a DNA fragment of 3834 bp, including an 1983 bp upstream 
and 1851 bp coding sequence without a termination codon of 
PDM1 was amplified and fused to a FLAG-tagged sequence 
(DYKDDDDK, nucleotides GACTACAAAGACGATGAC-   
GACAAG) using KOD plus polymerase (TAKARA, Japan) 
(CMP-F: 5′-CCATGGATACTGCTTCCAGTCATC-3′; CMP- 
R: 5′-AGATGTCTCCAAGTAACAAGTTGC-3′). Follow-
ing sequence verification, the fragment was cloned into the 
pCAMBIA1300 binary vector (CAMBIA; http://www. 
cambia.org.au), then the recombinant was introduced into 
heterozygous plants using the infiltration method by Agro-
bacterium strain LBA4404. The transformants were selected 
on PNS culture medium with 80 mg L1 hygromycin, and 
screened for plants with a green phenotype and a homozy-
gous background. The primer sets were used as follows: 
AtLB3/RP primers were used to validate the presence of a 
T-DNA insertion in pdm1-1; genomic specific primers 
CI-F/CI-R (CI-F: 5′-TAGAAACACGGTCACATGG-3′; CI- 
R: 5′-ATTTGGTGCTATTGTGGAA-3′) were used to vali-
date the homozygous (pdm1/pdm1) background.  

1.4  Subcellular localization of the PDM1 fused GFP 
protein 

For GFP fusion, the 201-bp sequence containing the plastid 
transit peptide encoding sequence and the full-length CDS 
lacking a stop codon were respectively cloned from the 
seedling cDNA of the wild type with the following primers: 
PDM1-TP-F: 5′-ATGTTTTCGTTATCGTTAAT-3′; PDM1- 
TP-R: 5′-TCCTTTGAAACCACTAAAAC-3′; PDM1-CDS- 
F: 5′-ATGTTTTCGTTATCGTTAAT-3′, PDM1-CDS-R: 5′- 
AGATGTCTCCAAGTAACAAG-3′. The two sequences 
respectively fused with eGFP were cloned into the pMON530 
binary vector. Transformation was performed as described 
above and the transformants were selected using 50 mg/L 
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kanamycin. The GFP fluorescence of the transgenic plants 
was observed under Confocal Laser Scanning Microscopy 
(LSM 5 PASCAL; ZEISS, http://www.zeiss.com). 

1.5  Phylogenetic analysis 

The multiple sequence alignment of the full-length protein 
sequences was performed using the ClustalX tool. The phy-
logenetic tree was constructed and tested by MEGA3.1 
based on the UPGMA method. 

1.6  Western blot analysis 

Total leaf proteins were extracted, fractionated by SDS- 
PAGE and analyzed using immunoblotting, as described 
previously [14]. The anti-FLAG M2 monoclonal antibody 
was purchased from Sigma-Aldrich (http://www.sigmaal-      
drich.com), and the anti-RpoA polyclone antibody was raised 
against a synthetic peptide of RpoA by the GL Biochem 
company (http://www.glbiochem.com). The RpoA peptide 
was composed of the following amino acids: KCVESKRD-     
SKRLYYGR. We identified the activity and specificity of 
the anti-RpoA antibodies as follows: The rpoA gene from 
Arabidopsis was recombined with pET-51b vector and ex-
pressed in E. coli Rosseta strain. Western blot was then 
performed to verify the anti-RpoA antibodies against the 
expressing RpoA peptide in E. coli Rosseta strain. The 
empty pET-51b was used as a negative control.  

1.7  RNA immunoprecipitation 

Arabidopsis seedlings (21 d old) were fixed with 1% for-
maldehyde. Then the chloroplast isolation was performed 
according to Ketcham et al. [15]. The chloroplast was used 
for immunoprecipitation of specific RNA-protein complex-
es according to the description of Terzil et al. [16]. The an-
ti-FLAG M2 monoclonal antibody and Dynabeads® Pro-
teinG were purchased from Sigma-Aldrich and Invitrogen 
respectively (Sigma, http://www.sigmaaldrich.com; Invi-
trogen, http://www.invitrogen.com). RNA was isolated, 
purified and reverse-transcribed according to Cao et al. [17]. 
For real-time PCR, 1 L of the cDNA was analyzed in a 20 
L reaction using the Quantitect SybrGreen PCR kit (Qi-
agen, http://www.qiagen.com) in an ABI7300 system (Bio-
Rad, http://www.bio-rad.com). Each realtime PCR reaction 
was performed in triplicate. Primers used in the analysis are 
listed in Table S1. 

2  Results  

2.1  A point mutation in PDM1 leads to an albino  
phenotype 

To identify gene important for chloroplast development, an 
albino mutant was identified from a population of the Ara-

bidopsis Landsberg erecta ecotype (Ler) mutagenized with 
ethyl methane sulphonate (Figure 1(a)). Genetic analysis 
revealed this phenotype resulted from a single recessive 
locus (data not shown). The mutated locus was mapped us-
ing an F2 population generated by crossing the heterozygote 
with the Arabidopsis Columbia ecotype (Col). For the first- 
pass mapping, a total of 20 insertion/deletion (In/Del) markers 
were used [18], and the mutated locus was linked to the 
In/Del marker FCA6 on chromosome 4. Fine mapping was 
carried out using a population of approximate 1800 albino 
progenies. The mutated locus was narrowed to a region of 
49.6 kb between F28J12 and F28A21 on chromosome 4 
(Figure 1(b)).  

This region contains 13 putative genes, among which 
PDM1 (At4g18520) encodes a PPR protein localized to 
chloroplast. Sequence analysis showed that a TGG to TGA 
mutation occurred in the mutant which caused translation to 
end prematurely in PDM1, resulting in a truncated form of 
426 aa from a full length protein of 617 aa. We obtained 
three knockout lines for PDM1 from the SIGnAL collection 
at the Arabidopsis Biological Resource Center (ABRC), 
pdm1-1(SALK_034701), pdm1-2 (CS835488) and pdm1-3 
(SALK_005288). The T-DNA insertions in PDM1 were 
confirmed by PCR analysis (Figure 1(c)). Semiquantitative 
RT-PCR analysis showed that the PDM1 expression was 
not detectable in these mutants (Figure 1(d)). Allelism tests 
indicated that our mutant and these pdm1 mutants belonged 
to the same locus mutation (data not shown). Therefore, our 
mutant is named pdm1-4. As the four alleles exhibit a simi-
lar phenotype, pdm1-1 was chosen for further analysis. 

To further investigate whether PDM1 is responsible for 
the albino phenotype, we carried out a genetic complemen-
tation experiment. The PDM1 genomic fragment, including 
a 1983-bp sequence upstream from the initiation codon, the 
3′ end of which lacks a termination codon, was fused to a 
FLAG-tagged sequence. This fused sequence was intro-
duced into PDM1/pdm1 heterozygous plants through Agro-
bacterium tumefaciens-mediated transformation. Eight trans-
genic plants carrying the complementation construct were 
obtained. These transgenic lines show the same phenotype 
as the WT. PCR analysis confirmed that the genetic back-
ground of one transgenic line was pdm1/pdm1. These re-
sults verified that PDM1 was responsible for the pdm1 al-
bino phenotype.  

2.2  Chloroplast development is defective in pdm1-1 
mutant 

When grown in plant soil, the pdm1-1 mutant displayed 
albino cotyledons. It could not survive more than 10 d after 
germination. When grown in MS medium containing 2% 
sucrose, it produced two to four etiolated true leaves. How-
ever, it died shortly after developing the second pair of true 
leaves (Figure 1(a)). To understand the chloroplast develop-
mental defects in pdm1-1, the morphology and ultrastructure  
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Figure 1  Characterization of the pdm1-1 mutant phenotype and the PDM1 gene. (a) Phenotypes of the wild-type Columbia-0(WT), pdm1-1, pdm1-2, 
pdm1-3 and pdm1-4 mutants, and the complemented pdm1. (b) Mapping of the PDM1 Locus. Black spot, the centromere. Fine mapping of PDM1 to a 
49.6-kb region between the In/Del markers F28J12 and F28A21 on chromosome 4. (c) The PDM1 gene structure and T-DNA insertions of pdm1-1, pdm1-2 
and pdm1-3, and the position of the nucleotide change in pdm1-4. The complement fragment is indicated. (d) Expression analysis of the PDM1 gene in the 
WT and pdm1 mutants. TUBLIN expression is indicated as a control. 

of the chloroplasts in 14-d-old leaves were examined under 
transmission electron microscopy (TEM). The mature WT 
chloroplasts exhibited normal stacked grana thylakoids, 
stroma thylakoids and starch grains. In contrast, only a few 
unstacked thylakoid lamella without stacked grana thylakoids 
were observed in the pdm1-1 mutant (Figure 2). These re-
sults demonstrate that PDM1 is essential for chloroplast 
development. 

2.3  PDM1 encodes a PPR protein localized to chloroplast 

Arabidopsis PDM1 encodes a PPR protein harbouring 14 
PPR motifs, which are arranged as S-P-L-S-P-L-S-P-L-S- 
P-L-S-P. In the C terminus of the PDM1 protein, there are 
extra 32 amino acids. However, this sequence is different 
from the currently identified E, E+ and DYW domains. 
Thus, PDM1 is classified into the PLS subgroup. In the 
pdm1-1 mutant, the last 28 amino acids are deleted, sug-
gesting this region is essential for PDM1 function (Figure 
3(a)). Homologues of the PDM1 protein have been identified  

 
Figure 2  Ultrastructure of chloroplasts in the wild-type and pdm1-1. In 
the mature chloroplasts of the WT, the stacked grana thylakoids and non-
stacked stroma thylakoids are well organized, but in the pdm1-1 mutant the 
early development of chloroplasts has been disturbed. Scale bars=0.5 m. 

in various species by BLASTp or tBLASTn search in the 
NCBI database. Those proteins sharing a high degree of  
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Figure 3  Phylogenetic analysis of PDM1 homologous proteins and subcellular localization of the PDM1 protein. (a) Protein structure of PDM1. The transit 
peptide is boxed. Black arrows indicate T-DNA interruption in the pdm1-1 mutant. (b) Phylogenetic tree of PDM1 and homologous proteins. Protein se-
quence files: Vitis vinifera, XP_002284293.1; Ricinus communis, XP_002513855.1; Populus trichocarpa, XP_002307403.1; Hordeum vulgare, BAJ99605.1; 
Oryza sativa, NP_001173562.1; Sorghum_bicolor, XP_002464828.1; Zea mays, ACG29369.1; Picea sitchensis, ABR17838.1; Physcomitrella, PpPPR_77. 
The amino acid sequences of the PDM1 homologous proteins were analyzed by the UPGMA method with the genetic distance calculated by Mega 3.1. (c) 
Subcellular localization of GFP fluorescence in the transformed protoplasts with the constructs of PDM1:GFP and PDM1 TP:GFP. Green fluorescence 
indicates the localization of PDM1:GFP and PDM1 TP:GFP proteins, while the red fluorescence is the autofluorescence of chlorophyll. Scale bars=20 m.

similarity with the PDM1 are used for phylogenetic analysis. 
In the phylogenetic tree PDM1 forms a basal clade within 
the dicotyledons (Figure 3(b)). The results indicated that 
PDM1 has been conserved in the evolutionary process, and 
that putative homologues are present in various land plants, 
including mosses, gymnosperm and angiosperm. 

TargetP program analysis showed that the 19 amino ac-
ids at the N-terminus of PDM1 had the capacity to function 
as a plastid transit peptide (http://www.cbs.dtu.dk/services/ 
TargetP) [19]. To investigate this possibility, we fused the 
first 67 amino acids and the full-length PDM1 protein to the 
N-terminus of a green fluorescent protein (GFP) to obtain 
PDM1 TP:GFP and PDM1:GFP constructs. These con-
structs, driven by a cauliflower mosaic virus (CaMV) 35S 
promoter, were transformed into Arabidopsis protoplasts. At 
the same time, the only GFP driven by the 35S promoter 
was transformed into protoplasts as a control. In the proto-
plasts transformed with the control construct, the GFP fluo-
rescence was observed in the cytoplasm. However, in the 
protoplasts transformed with the PDM1 TP:GFP construct 
or PDM1:GFP construct, the GFP fluorescence co-localized 
with the red autofluorescence of chlorophyll (Figure 3(c)). 
These results confirm that the Arabidopsis PDM1 protein is 
localized to the chloroplast. 

2.4  The defective processing of the RpoA polycistronic 
transcript leads to a low accumulation level of the RpoA 
protein 

It was reported that monocistronic rpoA transcript cannot be 
detectable and that PEP-dependent chloroplast gene expres-
sion is affected in the pdm1-1 mutant [12]. In the pdm1-1 
mutant, the 990 nt transcript for rpoA was lacking, while 
two new transcripts S1 and S2 were processed. The tran-
script S1 is shorter than the dicistronic transcript S11-rpoA. 
The transcript S2 is longer than the S11-rpoA dicistronic 
transcript, but shorter than the L36-S11-rpoA tricistronic 
transcript (Figure 4(a)).  

To investigate whether the translation of RpoA was af-
fected, a polyclonal antibody against RpoA was prepared in 
rabbits. A peptide specific for RpoA was used for immun-
ization. The specific anti-RpoA antibody was purified, and 
then the RpoA antibody was tested for activity and specificity 
using recombinant protein (Figure 4(b)). This verified anti-
body was used to analyze the accumulation of RpoA protein 
in the pdm1-1 mutant and the WT. The result showed that 
the amount of RpoA in the pdm1-1 mutant is approximately 
1/3 the level in the WT (Figure 4(c)). These results indicate 
that the defective rpoA polycistronic processing affects the  
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Figure 4  Schematic diagram of the rpoA transcripts and the change in 
RpoA protein accumulation in the pdm1-1 mutant. (a) Schematic diagram 
of smaller transcripts containing rpoA according to Wu et al. [12]. Black 
lines, normal transcripts in the WT and the pdm1-1 mutant; dashed lines, 
additional transcripts in the pdm1-1 mutant. (b) Activity and specificity 
identification of anti-RpoA antibody. The rpoA gene from Arabidopsis 
recombined with pET-51b vector was introduced into E. coli Rosseta strain. 
1, Lysate of Rosseta expressing pET-51b; 2, lysate of Rosseta expressing 
pET-51b-RpoA. (c) RpoA protein accumulation characterization. Total pro-
teins were extracted from 2-week-old WT and pdm1-1 mutant plants, re-
spectively, then size-fractionated by SDS-PAGE, transferred to a PVDF 
membrane, and detected with anti-RpoA antibodies. 

translation and accumulation of the RpoA protein in the 
pdm1-1 mutant. 

2.5  PDM1 is associated with the rpoA polycistronic 
transcripts 

PPR motifs have been demonstrated to have the capacity to 
bind RNA transcripts in vivo [6,8,20,21]. To determine 
whether PDM1 associate with rpoA pre-mRNA, RNA im-
munoprecipitation (RIP) was performed. In the comple-
mentation experiment, we obtained a transgenic Arabidop-
sis line that expresses PDM1 fused to the FLAG tag which 
can rescue the albino phenotype (Figure 1(a)). Expression 
of the fusion protein was verified by Western blot assay 
with an anti-FLAG M2 monoclonal antibody (Figure 5(a)). 
This transgenic line was used for RIP analysis. The PDM1- 
FLAG protein was immunoprecipitated from the crude 
chloroplast protein extract of the transgenic plants using 
Dynabeads decorated with anti-FLAG antibodies (IP+). As 
a negative control (IP), Dynabeads without antibodies 
were used. Then RNA extracted from the immunoprecipi-
tated products was used for quantitative real-time RT-PCR 
analysis. When the primer pairs for the intergenic region of 
S11-rpoA (designated RB1) and the L23-L2.1 (designated 
RB7) were used (Figure 5(b)), the copy number of the PCR 
products from the anti-FLAG precipitate was nearly 88-fold 
and 14-fold that of those from the mock immunoprecipita-
tion respectively (Figure 5(c)). To further understand the 
binding of PDM1 with rpoA pre-mRNA, we quantified the 
RNA level of the fragments RB2, RB3, RB4, RB5 and RB6 
in the anti-FLAG precipitate (Figure 5(b)). The quantitative 
real-time RT-PCR results showed that RB2 in the anti- 
FLAG immunoprecipitated samples had a similar enrich-
ment level as RB1, being nearly 88-fold that of mock  

 

Figure 5  RNA immunoprecipitation analysis of PDM1 and associated 
RNA. (a) Verification of PDM1-FLAG protein accumulation. Total pro-
teins were extracted respectively from 2-week-old WT and complemented 
PDM1-FLAG transgenic plants, then immunoblot analysis was performed 
with anti-FLAG antibodies. (b) Distribution of the gene fragments in the 
polycistron L23-L2-S19-L22-S3-L16-L14-S8-L36-S11-rpoA for RNA im-
munoprecipitation analysis. (c) RNA immunoprecipitation analysis. Chlo-
roplasts fixed with FA were extracted from the PDM1-FLAG transgenic 
plants, and then all of the RNA transcripts were sonicated into short frag-
ments under specific conditions and incubated with a Dynabeads-linked 
FLAG antibody. With the interaction between FLAG antibody and PDM1- 
FLAG protein, associated RNA was immunoprecipitated and analyzed 
through realtime RT-PCR. IP+, anti-FLAG immunoprecipitation; IP, 
mock immunoprecipitation. Data presented are mean values obtained from 
three replicates. Bars denote standard errors. 

immunoprecipitation. However, RB3, RB4, RB5 and RB6 
exhibited much lower enrichment (Figure 5(c)). These re-
sults suggest that PDM1 can bind to the S11-rpoA intergenic 
sequence.  

3  Discussion 

In this study, the function of the PPR protein PDM1 in RNA 
processing and chloroplast development was investigated in 
Arabidopsis. A defect in rpoA processing resulted in a low 
level of accumulation of RpoA protein, which exerted an 
effect on the expression of PEP-dependent plastid genes and 
chloroplast development in the knockout mutant pdm1-1. 
The RNA immunoprecipitation results suggest that PDM1 
binds to the intergenic sequence between rpoA and S11 to 
carry out endonucleolytic cleavage of rpoA from the pre-
cursor polycistronic transcripts.  

3.1  PDM1 is essential for chloroplast development in 
Arabidopsis thaliana 

Many factors have been reported to influence chloroplast 
development, including ribosome assembly [22], thylakoid 
membrane formation [23] and chloroplast gene expression 
[24]. In chloroplast development, PEP is indispensable for 
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chloroplast gene expression as part of the essential tran-
scription machinery. In recent years, many proteins have 
been reported to regulate PEP activity, with most of them 
belonging to the plastid Transcriptionally Active Chromo-
some (pTAC) complex. The knockout of these genes affects 
PEP activity and chloroplast development [25,26]. Accord-
ing to the results presented here, the pdm1-1 mutant dis-
plays an albino phenotype with severely defective chloro-
plast development (Figure 2), while the results of Wu et al. 
[12] reveals that PEP-dependent gene expression is dramat-
ically reduced in this mutant. These suggest that the defec-
tive PEP activity in pdm1 is the major factor that results in 
its lethal albino phenotype. 

RpoA is a core subunit of PEP. The normal 990 nt rpoA 
transcript is cleaved from polycistronic transcripts and is 
responsible for efficient RpoA protein synthesis in the WT. 
In this work, our results show that PDM1 is associated with 
the rpoA polycistronic transcript (Figure 5). However, a 
new transcript of approximate 1300 nt (S1, Figure 4(a)) was 
present in the pdm1-1 mutant instead of the 990 nt transcript 
observed in the WT [12]. The RpoA protein can be trans-
lated with low efficiency and its accumulation amounted to 
about 1/3 of the WT (Figure 4). This suggests other tran-
scripts of rpoA may be used as templates for protein transla-
tion. This decreased RpoA amount in pdm1 would be ex-
pected to exert an effect on PEP activity. However, PEP 
seems to have very low activity in pdm1-1 mutant [12]. The 
PPR proteins have a range of essential functions in post-
transcriptional processes [3]. For instance, PPR10 can stim-
ulate atpH translation in addition to stabilizing the 5′ and 3′ 
chloroplast mRNA termini [8]. Additionally, the PPR pro-
tein CRP1 is required for the accumulation of processed 
transcripts of petB and petD in maize chloroplasts and the 
translation of RNAs [11,20]. Given the complexity of the 
functions of the PPR proteins, the possibility cannot be 
ruled out that PDM1 may be involved in an as yet unidenti-
fied process which affects PEP activity. 

3.2  PDM1 is involved in the endonucleolytic cleavage 
of S11 and rpoA 

PDM1 encodes a PPR protein of the PLS subfamily (Figure 
3). PPR motifs have been demonstrated to have a capacity 
to bind RNA and the PDM1 protein consists of 14 PPR mo-
tifs. Since the RIP result showed that PDM1 was associated 
with the S11-rpoA intergenic sequence, PDM1 may bind to 
rpoA pre-mRNA. In the C terminus of PDM1, there is an 
extra 32 amino acid sequence that does not belong to PPR 
motif. In the pdm1-1 mutant, 28 of the 32 amino acids are 
deleted, and two new transcripts are processed instead of the 
990 nt transcript for rpoA (Figure 4(a)). This cleavage pat-
tern change suggests that the C terminal region in PDM1 is 
responsible for the recognition of the PDM1 or PDM1 com-
plex on the polycistronic precursor. However, there are no 
reports to show that PPR proteins have catalytic activity. 

PDM1 might associate or interact with other proteins in 
order to perform the cleavage function. The amino acid se-
quence from Val116 to Val585 in PDM1 composes tandem 
arrays of PPR motifs. In the N terminus of the PDM1 protein, 
the first 19 amino acid sequence is predicted to be a transit 
peptide (Figure 3(a)). The amino acid sequence from Gln20 
to Gln115 may play a role in the interaction with other pro-
teins. The identification of proteins interacting with PDM1 
should facilitate our understanding of the molecular mecha-
nism that PDM1 regulate rpoA monocistronic RNA cleavage. 
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