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Introduction

RNA-seq has been shown to be an excellent tool for exam-
ining entire mitochondrial transcriptomes, capable of pro-
viding global information about transcript level and RNA 
maturation events, including editing. RNA-seq has only 
been applied to plant mitochondria in a few species, how-
ever. Nevertheless, its utility in plants is particularly prom-
ising, for characterizing the complexity of plant mitochon-
drial genomes and transcriptomes.

Mitochondrial genomes of higher plants are large (Sloan 
2013), containing long intergenic regions and multiple 
promoters (Kuhn et al. 2005). They also undergo frequent 
intramolecular recombination, which may place coding 
sequences in the vicinity of previously unassociated regula-
tory elements (Kubo et al. 1999; Forner et al. 2005; Case 
and Willis 2008). Complex and frequent genomic rear-
rangements may be one reason why transcriptional control 
in plant mitochondria is rather relaxed, utilizing multiple 
promoters, sometimes with non-canonical motifs (Kühn 
et al. 2005; Zhang and Liu 2006). In addition to 24–41 pro-
tein coding genes, 3 rRNA, and 2–26 tRNA coding genes 
(Sloan et  al. 2010a, 2012), various ORFs with unknown 
functions or putatively associated with cytoplasmic male 
sterility (CMS) have been shown to be transcribed (Handa 
et al. 1995; Terachi et al. 2001; Storchova et al. 2012; Oka-
zaki et al. 2013).

In this review, we evaluate present applications of RNA-
seq in plant mitochondrial transcriptome analyses. Based 
on these, as well as our own experience, we suggest meth-
odological refinements which may further enhance the 

Abstract  We review current studies of plant mitochon-
drial transcriptomes performed by RNA-seq, highlighting 
methodological challenges unique to plant mitochondria. 
We propose ways to improve read mapping accuracy and 
sensitivity such as modifying a reference genome at RNA 
editing sites, using splicing- and ambiguity-competent 
aligners, and masking chloroplast- or nucleus-derived 
sequences. We also outline modified RNA-seq methods 
permitting more accurate detection and quantification of 
partially edited sites and the identification of transcrip-
tion start sites on a genome-wide scale. The application 
of RNA-seq goes beyond genome-wide determination of 
transcript levels and RNA maturation events, and emerges 
as an elegant resource for the comprehensive identifica-
tion of editing, splicing, and transcription start sites. Thus, 
improved RNA-seq methods customized for plant mito-
chondria hold tremendous potential for advancing our 
understanding of plant mitochondrial evolution and cyto-
nuclear interactions in a broad array of plant species.

Communicated by S. Hohmann.

J. D. Stone · H. Storchova (*) 
Institute of Experimental Botany v.v.i, Academy of Sciences 
of the Czech Republic, Rozvojova 263, Prague 16502,  
Czech Republic
e-mail: storchova@ueb.cas.cz

J. D. Stone 
Institute of Botany v.v.i, Academy of Sciences of the Czech 
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application of RNA-seq techniques to plant mitochondrial 
transcriptomics.

Mitochondrial genome‑wide transcription profiling

The application of high throughput sequencing to angio-
sperm mitochondrial transcriptomics has lagged behind 
the complete sequencing of plant mitochondrial genomes 
(reviewed in Sloan 2013). To date, researchers have used 
Illumina and SOLiD sequencing to examine mitochondrial 
transcriptomes in only a small handful of species  (Table 1). 
The results confirm earlier conclusions obtained from 
genomic arrays in rice (Fujii et al. 2011). Notably, a high 
proportion (up to 49 %) of plant mitochondrial genomes is 
transcribed, albeit to a low extent, with isolated “islands” 
of higher transcriptional activity. Transcripts encoding res-
piratory chain proteins generally show higher abundances 
than transcripts encoding ribosomal proteins or cytochrome 
c biosynthesis enzymes. Mitochondrial transcript levels 
appear to be tissue- and organ-specific (Fang et  al. 2012; 
Islam et al. 2013). However, the high variance among indi-
vidual gene transcript levels, as well as the absence of bio-
logical replicates in these studies, makes it problematic to 
draw more specific conclusions. Accordingly, biologically 
replicated transcriptomic experiments are necessary to 
understand how mitochondrial gene expression is related 
to specific tissues, developmental stages and environmental 
conditions.

Genome-wide transcription profiling can also be used 
to reveal expression among uncharacterized mitochon-
drial ORFs. Four tobacco ORFs (orf177, orf222, orf160, 
orf115) were found to be transcribed and also associated 
with polysomes, suggesting they are translated (Grimes 
et  al. 2014). Two of three expressed ORFs in Brassica 
oleracea (orf266 and orf287) were chimeric, contain-
ing portions of protein-coding genes (Grewe et al. 2014). 
Chimeric ORFs often encode CMS (Hu et al. 2014), but 
no CMS was detected in B. oleracea. It is therefore pos-
sible that the expression of chimeric ORFs in this plant 
is too low to cause CMS. In contrast, two novel tran-
scripts, unique to male-sterile cytoplasms, may be asso-
ciated with CMS in rubber tree (Shearman et  al. 2014). 
Deep sequencing of plant mitochondrial transcriptomes 
makes it possible to identify genes or regions that are dif-
ferentially expressed between male-sterile individuals and 
their male-fertile siblings sharing the same mitochon-
drial genome. If accompanied by a comparison of nuclear 
transcriptomes from the same individuals, this approach 
becomes a very convenient tool to better understand the 
cyto-nuclear causes and consequences of CMS in plants. 
To our knowledge, no such comprehensive study has been 
published.

Editing in plant mitochondria

RNA-seq also represents a convenient instrument for the 
global analysis of RNA editing, the post- or co-transcrip-
tional mechanism that replaces select Cytidines with Uri-
dines in mature mitochondrial and chloroplast transcripts 
(Gott and Emeson 2000; Knoop 2011). It has been primar-
ily studied through the comparison of genomic and cDNA 
sequences corresponding to individual genes and obtained 
by Sanger sequencing. This approach is too laborious 
for the examination of all editing sites across organellar 
genomes and is not capable of identifying rarely edited 
sites (≤10 % edited, Bentolila et al. 2013). RNA-seq offers 
solutions to both problems, allowing the simultaneous anal-
ysis of editing across all transcripts as well as quantifying 
editing extent (Picardi et al. 2010). Precise quantification of 
RNA editing is desirable as editing extent may vary in spe-
cific tissues or organs, be influenced by nucleo-cytoplas-
mic interactions (Hu et  al. 2013), and contribute to CMS 
(Howad and Kempken 1997; Das et al. 2010).

Editing predominantly affects non-synonymous posi-
tions of protein-coding regions (Picardi et al. 2010; Grimes 
et  al. 2014; Grewe et  al. 2014), changing the resulting 
amino-acid sequences. tRNAs are edited to a lower extent-
a single edit site (trnC) was found in cauliflower (Grewe 
et  al. 2014), two tRNA edit sites (trnC and trnF) were 
detected in grapevine (Picardi et  al. 2010), and five edits 
were identified in four tobacco tRNAs (Grimes et al. 2014). 
With the exception of trnC, tRNA edit sites are not con-
served among plant species. No editing has been so far dis-
covered in rRNA. Editing unlinked to any identifiable tran-
script is very rare-for example, only 7 of 540 editing sites 
in tobacco mitochondria fall into this category (Grimes 
et al. 2014).

The distribution of editing sites in plant mitochondrial 
genes is highly specific, controlled by complexes of edit-
ing proteins, confirming the functional importance of this 
process (Takenaka et  al. 2014). Although somewhat con-
served across angiosperms, there has been a trend of edit-
ing site loss during plant evolution. 1,782 Edits were found 
in the mitochondrial DNA of the lycophyte Isoetes engel-
mannii (Grewe et al. 2011), over 1,000 sites in Cycas tai-
tungensis (Salmans et  al. 2010), and more than 700 edits 
in a basal angiosperm Liriodendron tulipifera (Richardson 
et al. 2013). All of these are higher than editing site totals 
among the more-recently diverged eudicots and monocots, 
as summarized in Table 1. The mechanism of RNA editing 
site loss is not clear. One hypothesis posits retroprocess-
ing, the reverse transcription and insertion of edited cDNA 
(Grewe et al. 2011). Another proposes C-to-T point muta-
tions at the DNA level (Mower 2008; Sloan et al. 2010b). 
Deep sequencing of mitochondrial transcriptomes makes 
it possible to test the first hypothesis and to ask whether 
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trancription level correlates with editing frequency, under 
the assumption that increased transcript levels may facili-
tate retro processing activity. Grewe et  al. (2014) per-
formed this test in tobacco with inconclusive results. How-
ever, a much broader taxonomic sampling will be required 
to fully evaluate this hypothesis, focusing particularly on 
mitochondria from generative apical meristems which are 
transferred to following generations.

Methods in plant mitochondrial transcriptomics

We summarize the current RNA-seq based plant mito-
chondrial transcriptomic studies in Table 1. We discuss the 
various methods used to prepare RNA, to enrich mRNA, to 
sequence cDNA libraries, to map the reads, and to analyze 
editing sites.

RNA preparation

Total cellular RNA or RNA isolated from purified mito-
chondria may be used for RNA-seq. The latter approach 
ensures that the vast majority of reads are derived from the 
mitochondrial genome and not from organellar sequences 
transferred to the nucleus (Michalovova et  al. 2013) or the 
chloroplast genome. However, mitochondrial purification is 
accompanied by substantial losses and provides a low RNA 
yield (Leino et  al. 2005), therefore total RNA was used as 
the starting material in existing studies. Both total and mito-
chondrial RNAs must be carefully treated with DNaseI to 
eliminate DNA contamination before sequencing. Most pro-
jects used popular adsorption column-based RNA extraction 
protocols. These methods fail to retain short RNAmolecules, 
however, and primarily transcripts larger than 100–200 nt are 
obtained. The resulting data should be interpreted as incom-
plete and lacking accurate information about short RNAs, 
including tRNAs and short non-coding RNAs, which may 
be derived from 3′and 5′ transcript ends (Ruwe and Schmitz-
Linneweber 2012). This fact was not mentioned in any of the 
summarized plant transcriptomic studies.

Library preparation

Most stable mitochondrial mRNAs lack polyA tails (Gagli-
ardi and Leaver 1999; Adamo et al. 2008), aspolyA tracts 
represent a signal for RNA degradation in plant mitochon-
dria (Chang and Tong 2012; Hirayama et  al. 2013). This 
role of polyA tails should be considered when selecting 
an appropriate cDNA synthesis method. OligodT priming, 
routinely used in nuclear transcriptomic studies, is not rec-
ommended for excluding rRNA neither from reverse tran-
scription nor to enrich plant mitochondrial mRNA. Some 
reads derived from mitochondrial transcripts are always 

obtained, even with oligo dT primers, but they cannot be 
used for accurate transcript quantification. Such reads may 
be derived from polyadenylated RNA undergoing rapid 
degradation or they may result from random annealing of 
oligo dT to A-rich regions scattered across mitochondrial 
mRNAs (Stone and Storchova, unpublished). Nevertheless, 
methods other than oligodT priming of cDNA synthesis 
should be applied prior to reverse transcription to remove 
excess rRNA, comprising more than 95 % of total RNA in 
plants. Hybridization-based elimination of excessive rRNA 
(RiboZero, Invitrogen), for example, is a useful alterna-
tive to oligo dT priming. Early and recent mitochondrial 
transcriptomic studies (Picardi et al. 2010; Shearman et al. 
2014) used oligodT priming, while another (Islam et  al. 
2013) did not explicitly mention the priming procedure. As 
oligodT priming primarily identifies polyA-tailed mRNA 
designated for degradation or the stretches near A-rich 
regions rather than accurately quantifying transcript abun-
dance, the resulting transcriptomic data should be inter-
preted with caution.

Furthermore, in addition to enriching mRNA content, 
RNA must be carefully treated with DNAseI to eliminate 
DNA contamination before cDNA library preparation. 
Only Islam et al. (2013) and Grimes et al. (2014) explicitly 
mentioned this step, highlighting the need for standardized 
and transparent methods in future mitochondrial transcrip-
tomic studies. Lastly, strand-specific libraries should be 
preferred over non-specific ones, because they distinguish 
sense- and anti-sense transcription, making the genomic 
source of transcripts more clear.

Sequencing

Picardi et  al. (2010) compared Illumina and SOLiD 
sequencing methods, finding both suitable for plant mito-
chondrial transcriptomics. However, the reads were short 
(33–35  nt) and sequencing error rates relatively high, 
reducing read mapping accuracy and specificity. These 
shortcomings have largely been overcome by advances in 
sequencing technologies, particularly paired end sequenc-
ing and increased read lengths, up to 125 or 300  nt with 
the Illumina HiSeq or MiSeq platforms, respectively. As 
most plant mitochondrial genomes have a complex struc-
ture with numerous repeats far longer than read lengths, 
paired-end reads are particularly useful for increasing read 
mapping specificity and resolving repeats during de novo 
transcriptome assembly. This approach was followed in the 
recent transcriptomic study of tobacco (Grimes et al. 2014).

Mapping

Short reads are mapped to a reference sequence with 
the aid of an aligner. In the case of plant mitochondrial 
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transcriptomics, appropriate aligners should be capable of 
aligning reads across splice junctions and editing events. A 
genomic reference is required to positively identify mito-
chondrially-derived reads and was used in all of the stud-
ies reviewed in Table 1. Aligners typically use one of two 
strategies to compare reads with a reference: a burrows-
wheeler transform (BWT) compressed index or seed hash-
ing. BWT aligners are generally faster and use memory 
more efficiently, though this is not essential for mapping 
to a relatively small reference, such as plant mitochondria. 
Select hashing-based aligners offer greater sensitivity and 
compatibility with a reference containing ambiguity codes, 
eliminating bias for the reference base at an edited posi-
tion. Due to the prevalence of RNA editing of mitochon-
drial transcripts, it is necessary to adjust aligner mismatch 
parameters or select an aligner that can interpret ambiguous 
bases to accurately map reads to their origins on a reference 
genome. Additional suggestions are made in the “Editing” 
section.

A reference mitochondrial genome may be adjusted to 
improve mapping quality. Genomic regions containing 
stretches of recently transferred chloroplast DNA require 
identification and possible masking to avoid mapping reads 
derived from chloroplast transcripts. The same approach 
may be applied to sequences of nuclear origin if they are 
positively identified. Labeling non-uniquely mapped reads, 
as the aligner allows, highlights both repeated regions, as 
well as the unique features that strongly influence the allo-
cation of non-uniquely mapping reads. This information is 
vital for accurate transcript quantification within an RNA 
fragments’ length of repeated sequences. Figure  1 com-
pares mapping results obtained with and without allowing 
multiple read matches.

Transcript level estimation

The number of transcription unit (TU)-specific reads nor-
malized by total read count and TU length cannot be inter-
preted as a direct measure of gene expression. Unlike the 
constant number of nuclear genes present in a single cell, 
growing evidence indicates that not only the number of 
mitochondria per cell, but also gene copy number per mito-
chondrion are highly variable (Woloczynska et  al. 2006; 
Preuten et  al. 2010). Thus, one should consider both read 
coverage and gene copy number to obtain realistic esti-
mates of mitochondrial gene expression. The relative 
copy number of mitochondrial genomic regions of inter-
est should be estimated from total DNA of the same tissue 
specimen which was used to prepare total RNA, by means 
of quantitative PCR or from high throughput sequenc-
ing data sets. The copy number ratio should be then used 
to correct the normalized coverage of the specific TU to 
achieve realistic transcript level values. Such a comprehen-
sive analysis has not been performed in any cited paper, 
although the necessity of considering mitochondrial gene 
copy number in estimating gene expression levels was 
briefly discussed by Fang et al. (2012).

Editing

Applying RNA-seq to the detection and quantification of 
RNA editing requires that reads derived from edited tran-
scripts are accurately mapped to a reference genome they 
no longer match. Outside of a few coding sequences (CDS), 
editing density is sufficiently low that multiple RNA edit-
ing events rarely occur within the same read. Therefore, 
outside of CDS, an aligner can adequately map edited 

Fig. 1   SOLiD reads derived from cDNA and mapped against the 
mitochondrial genome of Silene vulgaris JQ771300 using CLC 
Genomics Server v.4.9 (CLC Bio). The first box shows the transcrip-
tion profile obtained from uniquely matching reads, the second one 
displays the results of mapping reads with multiple matches. The 
nad6 gene exists in two copies in the mitochondrial genome, its 5′ 

flanking region is also repeated and transcribed at low level. There 
is not sufficient information to determine whether one or the two 
nad6 copies and their adjacent regions are expressed. A single promi-
nent peak close to the 55,000 position corresponds to a short unique 
sequence motif, specific to only one of the two nad6 copies
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reads to an unmodified genomic reference sequence, with 
a slight relaxation of mismatch settings. As editing density 
increases, or where editing sites are clustered, reads are 
unlikely to map to the genomic reference without allowing 
for more mismatches, an associated reduction in specificity, 
and incorporation of sequencing errors (Lee et al. 2013). To 
accurately quantify RNA editing, especially within highly 
edited CDS, we have found it necessary to modify the ref-
erence genome at putative editing sites (Fig. 2) and to sup-
ply this information to a variant-capable aligner. 

An initial run of the mapping procedure with relaxed mis-
match penalties, followed by variant calling, may be used 
to identify well-supported editing sites, i.e. high coverage 
and high editing extent. The predictive RNA editing tool, 
PREP-Mt (Mower 2009) may also be used to identify candi-
date RNA editing sites within coding sequences. These puta-
tive edited sites may then be incorporated into the reference 
genome as an ambiguous base (Y or R, depending on tran-
scribed strand), or as a supplemental file of known variants, 
allowing both unedited and edited reads to align during a final 
mapping procedure. A modified reference and aligner capa-
ble of interpreting ambiguous bases are necessary to quantify 

partial editing without bias (Ruwe et al. 2013). Similar meth-
ods have been proposed to enhance detection of allelic vari-
ants (Satya et al. 2012; Stevenson et al. 2013) and methylated 
bases through bisulfate sequencing (Lim et al. 2012), though 
these generally lack support for splicing and for correctly 
mapping edits that revert a Uridine  to a Cytidine. Bowtie2 
(Langmead and Salzberg 2012), a widely used BWT aligner, 
scores all bases aligning to an ambiguous reference position 
as a unique category of mismatch and permits the user to set 
the mismatch penalty for alignment with ambiguous bases 
to zero. This removes bias towards the genomic base (Satya 
et al. 2012) at edited positions and facilitates mapping of both 
edited and unedited reads, albeit with the trade-off of allow-
ing sequencing errors to align to the modified base. Bow-
tie2 also benefits from compatibility with the splice junction 
aligner, TopHat2 (Kim et al. 2013), enabling accurate map-
ping around both splice junctions and editing sites.

The GSNAP aligner (Wu and Nacu 2010) also offers 
support for splicing and allows the user to specify multi-
ple bases at edited positions in the reference sequence. 
Furthermore, GSNAP has been designed with bisulfate 
sequencing in mind and can distinguish C to T and G to A 
alignments from other mismatches, without the assistance 
of a modified genome. The STAR aligner (Dobin et  al. 
2013), based on uncompressed suffix-array seed-extension, 
also offers native support for mapping reads across splice 
junctions. STAR lacks ambiguity code support, however, 
requiring relaxed mismatch penalties to ensure that edited 
bases successfully align to a genomic reference. MOSAIK 
(Lee et al. 2014) and Novoalign (Novocraft Technologies) 
are hashed  seed-extension  based aligners with full sup-
port for IUPAC ambiguity codes, aligning both edited and 
unedited bases to a modified reference without incorporat-
ing sequencing errors at modified bases like Bowtie2 and 
STAR. These aligners lack support for splice junctions, 
however, decreasing mapping coverage and accuracy near 
splicing events. Selecting the ideal aligner depends on the 
project’s aims. If the goal is limited to accurate alignment 
and RNA editing quantification among protein coding 
genes, the difficulties of mapping around splice junctions 
can be alleviated by using CDS reference sequences. In this 
case, modifying the CDS reference at putative editing sites, 
using an aligner competent to interpret ambiguity codes 
(GSNAP, Novoalign, MOSAIK), and applying stringent 
parameters should give the most accurate results. If the 
goals include genome-wide transcript and editing quanti-
fication, a splice junction aligner (Tophat2 using Bowtie2, 
GSNAP, STAR) and modified reference are advised.

More sensitive approaches are necessary to identify 
and accurately quantify editing at sites that are partially 
edited and/or outside of CDS where coverage is low 
and predictive tools based on amino acid sequence con-
servation (Mower 2009) cannot be used. Under these 

Fig. 2   Increase in read mapping coverage vs. editing density for 
a modified reference genome where all major editing sites were 
changed to their edited (T) form. The data points correspond to cod-
ing sequences for all 24 single-copy protein coding genes in the 
Silene vulgaris mitochondrion. nad6-a, nad6-b, mttB-a, and mttB-b 
were excluded as their homology precluded accurate read mapping to 
either copy. 50 nt SOLiD reads were mapped separately to unedited 
and edited reference genomes using CLC Genomics Workbench v.6.5 
(CLC Bio) using stringent parameters. The percent change in cover-
age was calculated as the difference in coverage between the edited 
and unedited mappings, divided by the unedited coverage, and mul-
tiplied by 100  %. Editing density was calculated as the number of 
highly edited positions per CDS length, multiplied by 100  %. Out-
lier data may be explained by non-uniformly distributed editing sites 
or the presence of partially edited sites, reducing increases in cover-
age. Similar results were obtained using additional aligners (data not 
shown)
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circumstances, base recalibration of aligned reads (Van der  
Auwera et  al. 2013, updated on http://www.broadinst
itute.org/gatk/guide/best-practices) can be effective at 
reducing the number of false positives due to sequencing 
error and inaccurate base call qualities. The Base Recali-
brator tool of GATK (DePristo et  al. 2011) uses a user-
supplied list of known editing sites and an alignment, 
both of which may be generated from an initial mapping 
procedure, to identify systematic biases in base quality 
scores that contribute to mismatches that do not fit the 
standard RNA editing pattern. The resulting recalibration 
data is used to revise base qualities in the alignment prior 
to a final round of variant calling. Alternatively, Bento-
lila et al. (2013) developed a method to accurately quan-
tify editing in organelles by Illumina sequencing, while 
accounting for empirically estimated mismatch rates. As 
deep, uniform coverage is required for precise measure-
ment of editing extent, RT-PCR amplicons derived from 
genic regions were mixed in an equimolar ratio before 
sequencing.

Future perspectives

Another promising application named dRNA-seq (dif-
ferential RNA sequencing), has been used so far only in 
chloroplasts. This approach enables the determination of 
all transcription start sites across the organellar genome 
(Zhelyazkova et al. 2012). Before cDNA library prepara-
tion and high throughput sequencing, RNA is treated with 
terminator exonuclease (TEX). This enzyme degrades 
only the transcripts with a 5′monophosphate which are 
products of post-transcriptional processing. Primary tran-
scripts terminated with 5′-triphosphates remain intact. 
Transcription starts are then marked by a sharp vertical 
boundary of mapped reads visible in a global transcription 
landscape after TEX treatment. This novel approach has 
the potential to replace the cumbersome single-gene tar-
geted method of RNA-circularization (Kühn and Binder 
2002; Zhang and Liu 2006; Forner et al. 2007; Müller and 
Storchova 2013).

Mammalian mitochondrial genomes are very differ-
ent from their angiosperm counterparts. They are small, 
compact, with a single promoter region responsible for a 
polycistronic transcript which undergoes complex post-
transcriptional processing (Anderson 1981). Despite 
these differences, a recent comprehensive analysis of 
the human mitochondrial transcriptome (Mercer et  al. 
2011) may inspire similar approaches in plant mitochon-
drial studies. The authors used pure mitochondria and 
mitoplasts (mitochondria without outer membranes) for 
RNA extraction. This method allowed the identification 
of nuclear-encoded non-coding RNA which had been 

transferred to mitochondria. The processing of polycis-
tronic precursors was examined using parallel analy-
sis of RNA ends (PARE  -  German et  al. 2008), which 
identifies the 5′ends of cleaved transcripts based on their 
exposed 5′-monophosphate. Deep analysis of in vivo 
DNaseI-cleaved DNA fragments made it possible to rec-
ognize genomic stretches protected by proteins and led 
to the construction of a map of putative protein-DNA 
interaction sites in the human mitochondrial genome.

Thus RNA-seq, creatively combined with other methods 
developed in chloroplast or in animal mitochondrial stud-
ies, has enormous potential to deepen our understanding of 
complicated processes responsible for transcriptional con-
trol in plant mitochondria.
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