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A b s t r a c t

Pentatricopeptide repeat (PPR) proteins are a great group of RNA-binding proteins which 
critical role plays in different range of biological stages. However, further investigation is neces-
sary for deeper insight to their roles. Here, a total of 41 sequences of PPR genes were identified 
and characterized in Arabidopsis. A comprehensive analysis of PPR gene was performed conta-
ining chromosomal distribution, phylogenetic relationships, conserved motifs, and detection of 
transcription factor binding sites (TFBs). Analysis of TFBs illustrated that several transcription 
factors binding sites (TFBs) namely MYB, bZIP, WRKY, Homeodomain, and AP2 act as basic 
TFBs linked to abiotic stress responses as well as different growth stages. Our findings revealed 
a positive correlation between PPR promoter regions of genes and other genes. Expression analy-
sis revealed that PCMP-H52 is induced under iron deficiency and shift low to high light stresses. 
PCMP-H52 was highly up-regulated in senescence stage in Arabidopsis. Our results can provide 
a comprehensive insight into the expression analysis of PPRs and their roles in optimizing biolo-
gical structure and representing varied roles in PPR genes.

Introduction

The pentatricopeptide repeat (PPR) proteins are one of the greatest 
protein families in terrestrial plants. This family has more than 400 mem-
bers in Arabidopsis thaliana, rice, and foxtail millet (Liu et al. 2016). Most 
researchers have suggested that the PPR proteins are engaged in post 
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transcriptional control of gene expression in organelles such as plastid and 
mitochondria (Lurin et al. 2004). The family members are detected by the 
arrays tandem of PPR motifs, approximately 35 amino acids, which con-
tain highly degenerate units from 2 to 30 motifs. The PPR family in plants 
can be divided into the P and PLS subfamilies related to the PPR signa-
ture motifs. P class PPR proteins consist of 35 amino acids and lack 
additional domains whereas, PLS class PPR proteins possess three diffe-
rent types of PPR array repeats of P, short (S), and long (L). Many of PLS 
subfamily members also encompass C-terminal domains subdivided fur-
ther into a four subsets: PLS, E, E+ and DYW (Rivals et al. 2006). Studies 
have shown that PPR proteins are identified to be localized in the mito-
chondrial or chloroplast intracellular space, whereas few PPR proteins 
have been detected to inhabit in other cellular sections such as cytosol 
and/or nucleus. PPR proteins play a particularly significant role in RNA 
metabolism such as RNA cleavage, splicing, translation, RNA stability, 
and RNA editing. Several previous studies have shown that PPR proteins 
mediate some of the various functions in the plant biological and physiolo-
gical stages. In addition, PPR proteins have key role in response to plant 
growth and development as well as biotic and abiotic stresses. For exam-
ple, PPR40 is one of the PPR proteins that provide a signaling link between 
mitochondrial electron transport. Mutation of PPR40 resulted in incre-
ased accumulation of reactive oxygen species (ROS) which enhanced toxi-
city in cell.

In Arabidopsis, LPA66 is encoded in the chloroplast and is necessary 
for conversion of amino acids and mutation in LPA66 causing a defect at 
the RNA transcription level (Cai et al. 2009). Hammani et al. (2011) reve-
aled that the Organelle Transcript Processing 87 (OTP87) gene encoded  
a PPR protein which was indicated at the editing of nad7 and atp1 tran-
scripts in Arabidopsis. The MLT1 is another pentatricopeptide repeat 
engaged in the translation of mitochondrial nad7 mRNA in Arabidopsis. 
This protein is a localized membrane-bound mitochondrial protein, indica-
ted its function in nad7 mature mRNA translation. In rice, ASL3 encodes 
a novel PPR protein with 10 tandem repeats, having an essential role in 
chloroplast development and seedling growth. Recently, molecular eviden-
ces have revealed that PPRs play a vital role in organelle biogenesis and 
function and, subsequently, on growth, development, and various biotic 
and abiotic stresses (Barkan and Small 2014). In rice, WSL5 is important 
for chloroplast ribosome biogenesis under cold stress. Knock-out of wsl5 
resulted in inability to assemble functional ribosomes due to the abnormal 
splicing of rpl2 and rps12. Consequently, the absence of RPL2 and RPS12 
proteins prevent formation of functional ribosomes (Liu et al. 2018). 
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Empty pericarp12 (EMP12), a PPR protein, is implicated in the spli-
cing of three nad2 introns and seed development in maize. Mutation in 
Emp12 severely arrests embryo and endosperm development, leading to 
embryo lethality in maize (Sun et al. 2019). PPR40 is implicated to incre-
ase seed and seedling development of the plants under salt stress, whe-
reas, ppr40 causes an increased accumulation of ROS, enhanced sensiti-
vity to abiotic stresses, and less intense growth retardation. PPR protein 
SVR7 is localized in Arabidopsis chloroplast and is implicated in RNA pro-
cessing and plastid gene expression. Further, svr7 mutants have been 
demonstrated to aggregate under higher levels of ROS and reveal sensiti-
vity to H2O2 with reduced photosynthetic activity (Lv et al. 2014). In the 
present study, comprehensive analysis of PPR genes including phyloge-
netic tree, chromosomal distribution, genes structure, transcription factor 
binding sites (TFBs), and their gene expression were performed. Our 
results can provide an understanding on the molecular mechanisms of the 
PPR genes in response to developmental stages and environmental stres-
ses in Arabidopsis.

Material and Methods

Phylogenetic Analysis PPR Genes of A. thaliana  
and Its Structure Analysis

Gene sequences of 41 PPR proteins of A. thaliana was retrieved from 
the Arabidopsis Information Resource (TAIR). All of the gene sequences 
were confirmed against NCBI and Plant Genome and System Biology 
(PGSB) databases. Alignment of the sequences of the PPR genes was per-
formed using CLUSTALW program with MEGA software version 6. Phy-
logenetic tree was constructed in the NJ method and diagrams of phyloge-
netic trees were drawn with MEGA6 software with bootstrap analysis of 
1,000 replicates. 

Chromosomal Locations and Analysis of TFBS

Chromosome map of A. thaliana PPR genes were constructed by Chro-
mosome Map Tools available at TAIR (https://www.arabidopsis.org/jsp/
ChromosomeMap/tool.jsp). All of PPR genes were analyzed to identify 
their cellular status using CELLO database (http://cello.life.nctu.edu.tw/) 
(Yu et al. 2006). Promoter regions of 41 PPR proteins were analyzed using 
PlantPAN (http://plantpan2.itps. ncku.edu.tw/) for the detection of tran-
scription factor binding sites (TFBS) in PPR gene promoters. Pfam program 
was used to find out the PPR proteins domain in the predicted sequences.
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Analysis of Gene Ontology and Gene Characterization

The list of PPR genes were subjected to GO analysis using the Classi-
fication Super Viewer web-based tool (http://bar.utoronto.ca/ntools/cgibin/
ntools_classification_superviewer.cgi) available from http://bioinfo.cau.
edu.cn/. The tool generated an overview of functional classification of a list 
of AGI IDs based on the GO database. This database was used to identify 
the biological processes, molecular functions, and cellular component. 

Expression Study of PPR Genes

To evaluation the PPR gene expression, microarray expression data 
were taken (Zimmermann et al. 2008) from Arabidopsis thaliana database 
using Affymatrix Arabidopsis ATH1 Genome Array. In addition, the genes 
up and/or down regulated by 1.5 folds were considered as differentially 
expressed genes (DEG) and these DEG find out using “Perturbations” tool 
under biotic and abiotic stresses. Differentially expressed genes (DEG) 
were utilized to generate gene expression heatmap using compendium-
-wide analysis in genevestigator program. The “red” and “green” colors 
reflect up and down-regulation of genes, respectively. ‘Development’ tool 
was used to identify PPR gene expression study using microarray AT-AF-
FY-ATH1-0 dataset in 10 developmental stage (seed germination, seedling 
young rosette, developed rosette, bolting, young flower, developed flower, 
flowers and siliques, senescence).

PPR Proteins Sequence Identification and Domain Analysis

Peptide length, molecular weight, and PI were calculated using the 
ProParam tool (https://web.expasy.org/protparam/). Characterization of 
PPR genes were performed from PGSB PlantsDB. Sub-cellular localiza-
tion was predicated using Plant-Mploc server (http://csbio.sjtu. edu.cn/bio-
inf/plant multi) (Hall 2002). MEME program (http://alternate.meme-
-suite.org/tools/ meme) and the Pfam tool were utilized to detect the con-
served motifs and domains of PPR proteins, respectively. Motifs functions 
were determined using the hmmscan (https:// www.ebi.ac.uk/Tools /hmmer 
/search/hmmscan) tool. Then, detected PPR sequences were aligned using 
Muscle, and identity residue was calculated. GSDS program was utilized 
to analyze the exon-intron structures of PPR genes.
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Results and Discussion

Characteristics of 41 PPR genes of A. thaliana taken from TAIR data-
base are illustrated in table 1 and their locations on each chromosome 
have also been represented. In this analysis, the names of the PPR prote-
ins, their corresponded protein ID, and the 5’-upstream promoters of each 
PPR gene were surveyed and chromosomal location of the related PPR 
genes have been depicted (Table 1).

Chromosomal Organization of PPR Genes and Phylogenetic 
Analysis

To characterize the genomic distribution of the PPR genes on the  
A. thaliana genome, we extracted their chromosomal locations from the 
PGSB database and found their positions. Total of 41 PPR genes were 
mapped irregularly to the five chromosomes. While chromosome 3 and  
5 each were found to possess 10 PPR genes, five PPR genes were observed 
to be located in chromosome 4 (Fig. 1). Chromosome 2 was detected to pos-
sess the least number of PPR genes (4) while the highest number of PPR 
genes (11) were found on chromosome 1. Gene clusters are orders of func-
tionally related genes on a chromosome and clustering of some PPR genes 
were evident on all of the chromosomes, indicating valuable information 
about their evolution (Xing et al. 2018). Accordingly, based on the Holub’s 
criterion, we found 11 PPR gene clusters containing a total of eight genes. 
The clustering patterns of these sequences were compared with their pla-
cement on each chromosome, confirming the presence of the sequences of 
the same chromosomal origin in the same phylogeny (Liu et al. 2016). 
Only one gene cluster was found on each of the chromosomes 2 and no 
cluster was found on chromosome 4. Chromosome 5 has the highest num-
ber (5) of gene clusters, whereas the least number (only 1) of gene cluster 
was identified on chromosome 2. The phylogenetic tree was constructed on 
the nucleotide sequences of 41 Arabidopsis PPR proteins using the  
NJ method. The tree was classified into two distinct subfamilies (P and 
PLS subfamily) – Figure 2. However, some of PPR members of the PLS 
subfamily were clustered with the P subfamily, which is consistent with 
the results from the Arabidopsis phylogenetic analysis in which some of 
the PPR proteins possessed the PLS structure, but were clustered into the  
P subfamily. Our results agreed with Xing et al. (2018) where some of the 
PPR proteins were classified in PLS subfamily and were clustered with 
the P subfamily (Xing et al. 2018). 
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Phylogenetically, 41 PPR genes were divided into two different clu-
sters with bootstrap values of 0 to 100 (Fig. 2). Cluster 1 (PLS subfamily) 
contained nine sequences from chromosome 1, while cluster 2 (P subfa-
mily) had two sequences belonging to the chromosome 1. Cluster 1 conta-
ined four sequences (PCMP-H5, PCMP-H52, PCMP-E5, and PCMP-H84) 
from chromosome 2 while cluster 2 was formed of only one sequence 
(AT2G17140) from chromosome 2. Cluster 2, as the smallest clade, inc-
luded 15 sequences; of which one (PCMP-E56) was from chromosomes 3, 
four sequences (3100, E39, E46, E90) from chromosome 4, and seven sequ-
ences (PCMP-E29, AT5G61400, PCMP-E103, PCMP-E35, PCMP-E31, 
and PCMP-E49) from chromosome 5. Cluster 1, as the largest clade, con-
sisted three nucleotide sequences from chromosome 5 and the remaining 
nine sequences belonged to chromosome 1, two sequences were belonged to 
chromosome 4, eight sequences belonged to chromosome 3, and four sequ-
ences belonged to chromosome 2. 

Fig. 1.  Chromosomal distribution of 41 different Arabidopsis PPR genes
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Analysis of the TFBs

TF families (MBY, bZIP, WRKY, Homeodomain, and AP2) have been 
identified on the promoter regions of both strands, and were mostly loca-
ted in the upstream region of 1000 bp. Description of the first five most 
frequently occurring TFBs of the total detected elements is provided in 
Table 2. In the following section the importance of surveyed TFBs in the 
PPR genes upstream promoter regions have been investigated, carefully 
considering their correlation with regulatory patterns and their roles. 

Mby. MYB transcription factors play a key role in controlling various 
processes like metabolism, development, differentiation, defense and 
responses to biotic and abiotic stresses (Ambawat et al. 2013, Saidi et al. 
2020a). Microarray expression study showed at MYB60 gene is up-regula-
ted upon exposure pathogen and abiotic stress (Rasheed et al. 2016). Five 
MYB members, MYB15, MYB20, MYB44, MYB52, and MYB96 genes are 
implicated in drought, ABA, salt or/and cold responses. In another study 
OsMYB48-1 has been over-expressed in transgenic rice which resulted in 
lower rate of water loss and improved drought tolerance in comparison to 
non-transgenic line under drought stress (Xiong et al. 2014).

Fig. 2.  Molecular Phylogenetic analysis of PPR genes from A. thaliana by Maximum Likelihood 
method. The green demonstrated the P class and the black demonstrated the PLS class. The tree 

was produced in MEGA7.0 with the NJ method and 1000 bootstrap replicates
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bZIP. In plants, bZIPs are master regulators of several processes inc-
luding seed formation, pathogen defense, light signaling, abiotic and biotic 
stress responses (Rahaie et al. 2011, Saidi et al. 2020b). Some bZIP are 
activated by salt stress, and act as salt stress sensor in Arabidopsis. In 
addition, stress-inducible expression through participating transfer from 
the endoplasmic reticulum to the nucleus and subsequently up-regulation 
of salt stress genes. Beside abiotic stress control, nine of bZIP TFs incre-
ased expression during the course of Ustilago maydis infection in maize 
where same expression profile was observed by Colletotrichum gramini-
cola infection (Wei et al. 2012).

WRKY. Members of this family of WRKY contain at least a conserved 
class of DNA-binding region for abiotic and biotic stress management in 
rice (Ross et al. 2007). The upregulation of some members of WRKY TFs 
have been reported to be positive regulators of drought tolerance. Also, 
under salt and pathogen infection, most WRKY were significantly upregu-
lated (Jiang et al. 2009, Saidi and Hajibarat 2019).

 Homeodomain. Homeodomain encoded by homeobox genes contain 
a specific DNA sequence that provides instruction for making a string of 
60 protein building blocks. This TFBs was increased against pathogen 
infection (Coego et al. 2005) 

AP2. AP2 has a role in controlling seed mass, seed development, and 
development of the ovule and seed coat (Ohto et al. 2005). AP2, as a novel 
role, is incorporated in the floral homeotic gene APETALA2 during Arabi-
dopsis fruit development (Ripoll et al. 2011).

In the present study, five TFBs were identified among 41 PPR gene 
promoters with the greatest number of TFBs detected in MYB and least 
number of TFBs identified in AP2 (Table 2). Also, the maximum and mini-
mum number of TFBs was observed on PCMP-H52 and PCMP-E55, 
respectively. Although the correlation between TFBs and genes response 
under stress conditions need more experimental and systematic analysis 
of most of PPR proteins, these results only showed the stress-responsive 
nature of PPR genes (Chen et al. 2018). In silico analysis of transcription 
factor binding site has demonstrated that the availability of a TFBs bZIP 
in PCMP-H52 is far higher as compared to PCMP-E55 promoter region. 
Pervious study is shown that TFBs “bZIP” has been identified to be impli-
cated in drought, senescence, and pathogen defense response (Jakoby et 
al. 2002, Chen et al. 2018) and it could be expected that PCMP-H52 might 
be highly responsive to drought stress. Further experimentation is required 
with the high and low TFBs possessing PPR promoters to unravel their 
biological significance (Das et al. 2019). 
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Gene Expression of PPR Genes in Developmental Stages

To investigate the expression profile of the PPR proteins in Arabidopsis 
development, we analyzed microarray dataset in genevestigator (Fig. 3). 

PCMP-H38 was a highly expressed in all stages of development except sene-
scence, where, PCMP-E105 and PCMP-H52 were highly expressed in sene-
scence stage. PCMP-H21 was slightly up-regulated in all developmental 
stages in Arabidopsis (Fig. 3). In the course of seed germination stage, all 

Fig. 3. Expression profiles of PPR genes at different developmental stages of A. thaliana
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genes showed almost similar level of expression. Expression of all genes 
were maximal during senescence and seed germination stage whereas, 
expression of these genes was minimal during the young rosette and flo-
wer development stages.

Gene Expression of PPR Genes in Abiotic and Biotic Stresses

Expression analysis of A. thaliana PPR genes in response to abiotic 
stress was surveyed by genevestigator (Fig. 4). Based on our results,  
a positive correlation was obtained between PPR up-stream promoter 
regions of genes and presence of TFBs. Based on the available microarray 
data, it has been observed that PCMP-H52 and PCMP-E105 were highly 
up-regulated in response to iron deficiency and shift low to high light stres-
ses. Whereas, these genes were down-regulated in RNA labeling and EMS 
mutation (Fig. 5). Additionally, the gene expression data showed that the 
gene expression of most PPR genes were up-regulated in response to  
a shift low to high light stress. But, majority of PPR genes were down-re-
gulated in response to RNA labeling and EMS mutation. Furthermore, 
some PPR genes were up-or down-regulated in response to cordycepin 
stress whereas, others showed no response to cordycepin stress. 

Plants utilize complex signaling pathways containing stress-related 
TFBs and regulate their compatibility to changing stresses. To identify 
linked TFBs to abiotic stresses, the 5’ up-stream sequences of PPR genes 
of A. thaliana were surveyed using PlantPAN. In this study, PCMP-H52 
and PCMP-E105 were expressed under iron deficiency and shift low to 
high light stresses perhaps due to the presence of both MYB and bZIP. 
MYB has been shown to possess regulatory effects on cell fate, hormonal 
action, response to environmental factors, as well as in the control of Fe 
transport, and tissue partitioning under iron deficiency (Wang et al. 2018). 

Microarray data also showed up-regulation of most genes during iron 
deficiency which can be related to the presence of bZIP. These results are 
in agreement with the finding that bZIP possesses indirect roles in Fe-re-
sponse in Arabidopsis (Sinclair et al. 2018). Cordycepin, a transcription 
inhibitor, causes premature termination of protein synthesis. PCMP-H58 
and PCMP-E33 were up-regulated after cordycepin; this can be due to the 
presence of MYB and bZIP in their promoter regions. Whereas, other genes 
were down-regulated under cordycepin stress. BZIP present in PCMP-E35, 
PCMP-E5, and PCMP-E51 play an important role in glucose-ABA interac-
tion network, regulating mRNA decay in cordycepin stress (Matiolli  
et al. 2011). Most of PPR genes are highly expressed under a shift low to 
high light stress condition which can be due to presence of MYB TFBs, 
which act as a clock-controlled element (Yang et al. 2018).
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Structure and Characteristic Analysis of PPR Genes

The characteristics of the PPR genes were analyzed in detail. The 
length of protein sequences of PPR genes ranged from 490 (PCMP-H43) to 
1271 (PCMP-H52) amino acids and their gene size ranged from 1475 
(PCMP-H43) to 3816 (PCMP-H52) KDa (Table 1). 

To examine the structural diversity of PPR genes, exon-intron distri-
bution and conserved motifs were analyzed according to maize and Bra-
chypodium (Saidi and Hajibarat 2018, Sun et al. 2019). Gene structure 
analysis revealed that the number of introns in the PPR genes of the three 
clusters ranged from 1 to 2. Most of the PPR members were classified in 
the same subfamily. Both PCMP-H43 and PCMP-E35 genes each conta-
ined two exons. The PCMP-H43 and PCMP-E35 possess 1 intron (Fig. 5).

Fig 5.  Distributions of the conserved motifs detected by GSDS and displayed in different colored 
boxes
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Multiple Sequence Alignment, Conserved Motifs, and Domain 
Architectures in PPR Proteins

To obtain more understanding into the structure characteristics of the 
PPR proteins and conserved motif analysis, their amino acid sequences 
were submitted to MEME program. As shown in Figure 6, three motifs 
were identified in the PPR family members which were explored to encode 
functional domains when subjected to Pfam. Motif 3 was annotated as 
DYW family of nucleic acid deaminases while, motifs 1 and 2 were assigned 
by the Pfam as PPR domain. Highly similarity motifs are expected  
to have similar functions. DYW family belonged to PLS group having three 
motifs sequences namely, motif 1, 2, and 3. PPR proteins relevant to P group 
contained two motifs (1 and 2) (Fig. 5, Fig. 7). 

The sequence alignment was performed among the reduced amino 
acid sequences of the 41 templates by Muscle, and identity residue was 
calculated (Fig. 6). The three general domain such as E, E+, and DYW 
were identified as the dedicated motifs in the domain PLS-type proteins. 
According to other findings, the PLS subfamily have four subclasses:  
1) proteins that do not possess none of the three motifs, 2) proteins have 
only E motif, 3) proteins with both E and E+ motifs, and 4) proteins with 
the E, E+, and DYW motifs (Fig. 8). Whereas, P-type proteins lack E, E+ 

and DYW. Table 1 and Table 2 supplies details of the numbers of PPR 
genes in each subgroup and characterization of type motifs. The largest 
difference is the number of PPR genes in the PLS/P subgroups, with  
24 PPR genes in PLS-type but only 17 in P-type (Table 1, Fig. 1). Previous 
studies have shown that these three motifs were located in C-terminal 
ends of PPR proteins and which were only present in PPR proteins and 
PCMPs and not in any other proteins of Arabidopsis (Lurin et al. 2004). 
Aubourg et al. (2000) concluded that both E and E+ motifs were extremely 
degenerate, but DYW motif was highly conserved in the amino acid sequ-
ence (Fig. 6).

As described earlier, the DYW domain is a typical feature of the PLS 
subfamilies. Hence, the domain architectures in PLS subfamilies were 
analyzed. Results showed that most of the PPR proteins included the DYW 
domain. However, some members of the PLS groups do not possess a DYW 
domain, required for site-specific editing factors in chloroplast. The DYW 
domain, one of the PLS family, is the candidate domain for cytidine deami-
nase, a highly evolutionarily domain correlated with RNA editing. While, 
P-type is a type of classical PPR proteins with p-motifs, having a vital role 
in RNA-interacting with other protein and RNAs ae well as the role played 
by combinatorial motifs (Fig. 6).
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Gene Ontology Annotation and Subcellular Localization Prediction

GO analysis was performed the using BAR database, suggesting the 
putative participation of PPR in various biological processes, molecular 
functions and cellular components (Fig. 8). All 41 PPR proteins were gro-
uped into seven separate categories of biological processes. Our finding sug-
gested that a most of PPR were probably associated to metabolic and cellu-
lar, followed by cell organization and biogenesis processes within mitochon-
dria and chloroplasts including RNA editing, RNA splicing, RNA stability 
and translation, response to abiotic or biotic stimulus, and response to stress. 
PPR proteins were indicated to participate in molecular function such as 
hydrolase activity and other binding. The second most frequently annotated 
molecular function was nucleic acid and protein binding function, which is in 
agreement with the role of PPR10 protein in interaction with protein/RNA 
using two binding sites (Barkan et al. 2012). Cellular component prediction 
suggested that PPR proteins were localized in mitochondria (60%), chloro-
plasts (30%), ribosome (6%), and cytosol (4%). It has been reported that PPR 
proteins are targeted approximately 54% in mitochondria and 28% in chloro-
plast (Chen et al. 2018). The GO analysis results predicted that the PPR 
proteins incorporated in different biological and molecular processes, seed 
development, and fertility and can provide useful information for further 
gene functions studies in Arabidopsis. Our results have revealed that great 
PPR proteins are localized in mitochondria and a few in chloroplast. It has 
been reported that the majority of PPR proteins are indicated to target 
both mitochondria and chloroplast (Small and Peeters 2000).

Fig. 6.  Sequence alignment of the PPR motifs in A. thaliana. 
The amino acid sequences of the three domains are shown in boxes
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Conclusion

In the current study, computational analysis of 41 PPR proteins of 
Arabidopsis revealed the presence of various types of TFBs. Consequently, 
analysis of PPR proteins on phylogeny, transcription factor binding sites 
(TFBs), chromosomal location, stress associated TFBs, expression profiles 
in different tissues and biotic stresses, and analysis of conserved motifs 
were performed based on bioinformatics. Our findings identified five 

Fig. 8.  GO classification of the PPR proteins. The BAR database defined the GO under three 
main categories: (a) biological processes; (b) molecular functions and (c) cellular component
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important TFBs such as MYB, bZIP, WRKY, Homeodomain, and AP2 
which were involved in abiotic and biotic stress. According to analysis of 
TFBs, PCMP-H52 was found to be different from other PPR genes. The 
PCMP-H52 revealed a significant role in different abiotic stresses, possi-
bly due to having multiple TFBs in its promoter region. Microarray data 
indicated that PCMP-H52 gene was up-regulated during senescence stage 
and iron deficiency and a shift low to high light stresses. Also, analysis of 
PCMP-H52 gene expression revealed that this gene can be considered for 
resistance to abiotic stresses in plant breeding programs.

Accepted for print 5.10.2020
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Supplement 1
Table Appx. 1

The sequences and the Pfam annotations of conserved motifs in PPR proteins
No. 

motifs Specification –

1 VGNALIDMYAKCGELEDARKVFDEMPEKBVVSWNAMISGYA PPR
2 YGIEPKVEHYGCMVDLLGRAGRLEEAEELIEEMPFKPDAV PPR_1

3 IRVVKNLRVCGDCHAAIKLISKVTEREIIVRDANRFHHFKBGKCSCGDYW
DYW family  

of nucleic acid 
deaminases


