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Abstract 
40 years ago, organelle genomes were assumed to be streamlined and, perhaps, unexciting remnants of their prokaryotic past. However, 
the field of organelle genomics has exposed an unparallel diversity in genome architecture (i.e. genome size, structure, and content). 
The transcription of these eccentric genomes can be just as elaborate – organelle genomes are pervasively transcribed into a plethora 
of RNA types. However, while organelle protein-coding genes are known to produce polycistronic transcripts that undergo heavy 
posttranscriptional processing, the nature of organelle noncoding transcriptomes is still poorly resolved. Here, we review how wet-
lab experiments and second-generation sequencing data (i.e. short reads) have been useful to determine certain types of organelle 
RNAs, particularly noncoding RNAs. We then explain how third-generation (long-read) RNA-Seq data represent the new frontier in 
organelle transcriptomics. We show that public repositories (e.g. NCBI SRA) already contain enough data for inter-phyla comparative 
studies and argue that organelle biologists can benefit from such data. We discuss the prospects of using publicly available sequencing 
data for organelle-focused studies and examine the challenges of such an approach. We highlight that the lack of a comprehensive 
database dedicated to organelle genomics/transcriptomics is a major impediment to the development of a field with implications in 
basic and applied science. 

Keywords: long-read RNA sequencing; pervasive transcription; noncoding RNA; organelle genome; mitochondrial transcription; plastid 
transcription 

Organelle genomes, veritable RNA 
machines 
The sequencing of the human and mouse mitochondrial genomes 
ignited the field of organelle genomics 40 years ago [1, 2]. These 
compact genomes might have given the initial impression that 
organelle chromosomes provide very little genetic fodder for 
the scientific community to analyze. Indeed, with only 37 genes 
(encoding 13 proteins, 22 tRNAs, and 2 rRNAs), no introns, and 
only 1122 bp of noncoding DNA (forming the D-loop region), 
the human mitochondrial genome (NC_012920.1) is the epitome 
of a streamlined gene expression system. According to the 
tRNA-punctuation model, the human mtDNA generates two 
genome-wide, strand-specific polycistronic transcripts, which are 
processed into monocistronic transcripts [3]. What else could be 
expected from a mitochondrial chromosome after more than 
a billion years of reductive evolution via endosymbiotic gene 
transfer and gene loss? [4]. 

Today, we now know that ‘anything goes’ in the world of 
organelle genomics [5]. Noncanonical genetic codes, RNA editing, 
twintrons, and gene splintering are just a few of the eccentric 

traits that make mitochondrial and plastid chromosomes so 
unique and fascinating [6]. The massive diversity in size, structure, 
and content of organelle genomes continues to puzzle scientists 
and has spurred various evolutionary theories [7]. The expression 
of these molecules is, expectably, just as convoluted. A myriad 
of RNAs (both coding and noncoding) of various sizes and 
configurations are expressed in the mitochondria and plastids 
of eukaryotes [8]. These organelle RNAs, in turn, interact with 
nuclear-encoded proteins for posttranscriptional processes 
pertaining to all aspects of RNA metabolism (maturation, stability, 
translation, and degradation) [9]. The complexity of organelle 
genomes and transcriptomes (both coding and noncoding) is such 
that some of these systems have been compared to Rube Goldberg 
machines, which are machines designed in profligate ways to 
perform a rather simple function [10]. 

Initial investigations of organelle genome expression relied 
on painstaking piecemeal wet-lab analyses. Protein-coding genes 
(and their respective mRNAs) were the main focus, and little 
attention was given to the possible occurrence of regulatory and 
structural noncoding RNAs (rRNAs and tRNAs notwithstanding). 
A similar protein-centric trend carried on in the studies of nuclear
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genome expression, and most of the noncoding DNA in both 
the nucleus and organelles was assumed to be transcriptionally 
inactive ‘junk DNA’ [11]. Yet, hints to the transcriptional (and 
functional) potential of organelle noncoding sequences surfaced 
with the first cases of novel noncoding RNAs in the plastomes of 
Chlamydomonas reinhardtii and Nicotiana tabacum [12, 13]. With the 
advent of next-generation sequencing (NGS) technologies, such as 
454 and Illumina, the noncoding portions of nuclear and organelle 
transcriptomes have finally taken center stage. Nuclear genomes 
can produce a constellation of regulatory and structural ncRNAs 
that function in the nucleus, cytosol, and elsewhere [14]. Such a 
‘Kuhnian paradigm shift’ has consolidated the notion of nuclear 
genomes being veritable ‘RNA machines’ (i.e. the sheer amount 
of potentially functional noncoding DNA in nuclear genomes 
makes these genomes real factories of RNAs) [11, 15]. Organelle 
genomes have followed suit. The poster child of organelle tran-
scriptional efficiency, the human mitochondrial transcriptome 
was shown to boast a plethora of small noncoding RNAs, including 
those arising from tRNAs and the antisense portions of protein-
coding genes [16]. NGS experiments also allowed the unravelling 
of multiple transcription start sites (TSSs) embedded within plas-
tid gene clusters in barley and Arabidopsis [17, 18], pointing to the 
richness and complexity of organelle noncoding transcriptomes. 

Third-generation long-read sequencing by PacBio and Oxford 
Nanopore Technologies (ONT) are now transforming NGS studies. 
PacBio sequencing was made available already in 2011 [19], 
whereas ONT platform joined the market in 2014 [20]. Their  
initial high error rates (between 11% - 33% depending on the 
platform) and much lower yields [21] prevented the widespread 
adoption of these technologies a decade ago. Fast-forward to 
now, error rates have dropped to below 1% in some protocols 
[22], but long-read RNA sequencing still exhibit higher base-
calling inaccuracies that demand computational mitigation 
[23]). Nevertheless, long and ultra-long (1Kb - >10Kb) DNA/RNA 
reads span sequences that were hard to assemble with short 
reads alone [24]. Repetitive noncoding segments of genomes and 
transcriptomes can now be captured in uninterrupted long reads, 
which allows for telomere-to-telomere (T2T) assemblies [25]. 
Public repositories, such as the NCBI Sequence Read Archive 
(SRA), still have mostly short-read data, but a considerable 
number of long-read experiments can already be found. As 
expected, most of these datasets were produced to study nuclear 
genomes and transcriptomes, but here we argue that organelle 
biologists should not leave these data untapped. 

In this Review, we discuss how publicly available, third-
generation (i.e. long-read) RNA-Seq can be used to investigate 
the pervasive transcription of organelle genomes. Our expe-
rience with short-read (i.e. second-generation) RNA-Seq data 
informs our recommendations and substantiate our predictions; 
long RNA reads have the potential to unravel new layers of the 
transcriptional (particularly noncoding) architecture of organelle 
genomes. Insights pertaining several aspects of organelle biology, 
from the nature of pervasive transcription itself to the inter-
organellar communication in the eukaryotic cell, ought to be 
ushered in. 

Long-read RNA-Seq data: A goldmine for 
organelle research 2.0 
Short-read RNA-Seq data were once called ‘a goldmine for 
organelle research’ [26]; this is because RNA-Seq datasets 
derived from whole-cell experiments are typically replete with 
organelle transcripts that can be mined for organelle-focused 

studies [27, 28]. In fact, it was publicly available short RNA reads 
that helped the elucidation of pervasive organelle transcription 
across eukaryotes [29, 30]. Pervasive transcription is the 
transcription (above background levels) of RNAs outside the 
canonical boundaries of protein-coding, rRNA, and tRNA genes 
[31]. The ‘pervasively transcribed’ RNAs are noncoding RNAs 
that can have structural and/or regulatory roles depending on 
their size, nature, and origin of transcription [14]. The corollary is 
that noncoding RNAs (ncRNAs) are RNAs without any detectable 
coding capacity (i.e. a conventional open reading frame cannot 
be found within the ncRNA). However, there already are cases 
of long noncoding RNAs (lncRNAs) that exert their noncoding 
(structural and/or regulatory) roles and encode micropeptides 
thanks to hidden small open reading frames (sORFs) [32]. 

By mining RNA-Seq datasets produced from whole-cell stud-
ies and deposited at the NCBI Sequence Read Archive (SRA), 
various teams have demonstrated that organelle genomes are 
fully or near-fully transcribed, independent of organelle genome 
content, structure, and taxonomic origin [33, 34]. Straightforward 
mapping analyses easily demonstrated that long stretches of 
noncoding DNA (both intronic and intergenic) are transcribed, 
and at levels beyond that of merely ‘background noise’. These 
analyses were made possible because of both the high throughput 
of next-generation sequencing technologies and the popularity 
of short-read sequencing (particularly Illumina) across the life 
sciences. Second-generation RNA-Seq datasets from disparate 
species, including cryptic marine eukaryotes [35], abounded in 
public repositories, allowing for large-scale inter-domain compar-
ative analyses. 

Over the last ten years, third-generation sequencing technolo-
gies have advanced and undergone consolidation [24]. PacBio and 
ONT are currently the leading platforms for long-read studies 
and have been used to explore species from all well-studied 
eukaryotic groups (i.e. land plants, green algae, metazoans, and 
fungi), including some protist lineages. As of March 2024, long-
read RNA-Seq datasets for >1000 species are publicly available at 
NCBI SRA (Fig. 1). PacBio is the most popular sequencing platform 
(∼79% of the long-read RNA data come from PacBio experiments), 
which can indicate that the portability of MinION by ONT has 
not yet borne fruit. The ‘patchy distribution’ of ONT datasets (i.e. 
these datasets seem to be clustered around certain taxonomic 
groups) might be explained by project consortia that aim to study 
entire groups of organisms - see below The Darwin Tree of Life 
and the Vertebrate Genomes projects. Independent of sequenc-
ing platform, land plants overshadow even metazoans mostly 
because of the bias towards economically important crop species. 
Ecologically relevant protists and fungi are poorly represented 
in absolute numbers but are relatively well sampled in terms of 
diversity within each group. 

While the mitochondrial and plastid transcriptomes of some 
model species (e.g. Arabidopsis thaliana, C. reinhardtii, and  Drosophila 
melanogaster) have been extensively studied, these investigations 
used mostly, if not only, short-read data. To our knowledge, long 
RNA reads have been used to study the organelle transcrip-
tomes of only Saccharomyces cerevisiae, Mus musculus, Homo sapiens, 
Erthesina fullo, Caulerpa lentillifera and Nymphaea ‘Joey Tomocik’ [36– 
41]. Conversely, hundreds of organelle genomes, mostly mitochon-
drial genomes, have been sequenced with long DNA reads. Large-
scale projects,  such  as  the Darwin Tree of Life [42] and Vertebrate 
Genomes Project [43], have generated long-read genomic data and 
assembled the mitochondrial genomes of hundreds of species 
through tailored pipelines [44, 45]. We identified a similar trend 
(i.e. organelle genomes are studied more readily than organelle
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Figure 1. Distribution of publicly available long-read RNA-Seq datasets for eukaryotes in NCBI SRA. As of March 2024, NCBI SRA has long-read 
RNA-Seq datasets for at least 1091 eukaryotic species. Fully (or near fully) sequenced organelle genomes from most of these species are deposited in 
public repositories (such as NCBI Nucleotide - https://www.ncbi.nlm.nih.gov/nucleotide/). These data represent an untapped resource for the study of 
organelle noncoding transcriptomes, particularly long noncoding RNAs. The 1091 species were manually compiled after a keyword search in the NCBI 
SRA Advanced Search page (https://www.ncbi.nlm.nih.gov/sra/advanced). The search builder was filled as ‘All fields: PacBio’ OR ‘All fields: Oxford 
Nanopore’. Search results for RNA datasets were downloaded and filtered by taxon. The depicted tree was created via iTOL – Interactive Tree of Life – 
v6 (https://itol.embl.de/) using a phylip tree obtained from the NCBI Taxonomy Common Tree tool (https://www.ncbi.nlm.nih.gov/Taxonomy/ 
CommonTree/wwwcmt.cgi). Species name incongruences between tools (cause by either heterotypic or homotypic synonyms) were manually 
corrected. Varieties and subspecies (e.g. Solanum lycopersicum var. cerasiforme) were lumped within the species name, whenever possible. The tree is not 
meant to represent the most up-to-date phylogenetic relationships among and within groups. Branch lengths are ignored, and groups (i.e. ‘colored 
ranges’) are coloured by clades. Groups were partitioned according to data availability and may not always represent a phylogenetically informed 
classification (e.g. ‘protists’ is a paraphyletic group). Outer rings represent the sequencing platform of the RNA-Seq dataset(s) from each species. Some 
species have PacBio and ONT transcriptomic datasets. 

transcriptomes) with second-generation sequencing data as well. 
NGS genomic data have made mitochondrial genomes the most 
sequenced type of chromosomes, while NGS transcriptomic data 
have been largely underused by organelle biologists [ 46]. Given the 
available data (i.e. long RNA reads from numerous species) and the 
understudied system (i.e. organelle noncoding transcriptomes), 
we highlight that publicly available long-read RNA-Seq represents 
a new iteration of a goldmine for organelle research. 

The challenges and opportunities of using 
third-generation RNA-Seq data for 
organelle transcriptomics 
Pervasive, polycistronic transcription of organelle genomes is near 
ubiquitous across the eukaryotic domain. Organelle polycistronic 

transcription is, in many ways, a relic from the prokaryotic pro-
genitors of mitochondria and plastids. The organellar novelty is 
the intricate posttranscriptional processing mechanisms, which 
are typically much simpler in bacteria. This posttranscriptional 
regulation of organelle genes is heavily reliant on nuclear-encoded 
factors and could be considered to represent the ‘eukaryotization’ 
of organelles [47, 48]. In these intricacies lies the potential of per-
vasive transcription beyond the canonical boundaries of protein-
coding regions, which can generate ncRNAs (excluding tRNAs and 
rRNAs) with potential biological functions. Short-read sequencing 
data have repeatedly confirmed the presence of numerous small 
(< 200 nt) ncRNAs from both mitochondria and plastids of diverse 
species [49, 50]. Long-read sequencing data can now unravel the 
widespread production of long (> 200 nt) ncRNAs of various 
natures (i.e. intergenic, intronic, and antisense) in organelles.
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As third-generation sequencing technologies become main-
stream and populate public repositories, there are four main 
challenges (or opportunities, depending on the viewpoint) that 
organelle genomicists should consider: i) NUMTs and NUPTs, ii) 
metadata information and protocol details, iii) the need for bench-
work validation, and iv) the lack of tailored databases. 

Nuclear-mitochondrial-like and nuclear-plastid-like DNAs 
(NUMTS and NUPTS, respectively) have always been a thorny 
issue for organelle transcriptomic studies. These nuclear sequences 
are derived from recent organelle-to-nucleus DNA transfer events. 
Most NUMTs and NUPTs are in the process of pseudogenization, 
so their transcripts (when mapped to organelle genomes) should 
have moderate to low sequence similarity (<90%) to their 
organelle counterparts [50] – but see  [51] for kilobase-long NUMT 
segments that are 100% identical to mitochondrial genome 
sequences. The problem is accentuated in species rich with 
NUMTs/NUPTs, such as A. thaliana, because nuclear genomes 
are pervasively transcribed, including their pseudogenes [52]. 
It can be difficult to pinpoint whether short RNA reads come 
from NUMTs/NUPTs or actual organelle genomes, as mapped 
short reads can fall within NUMTs/NUPTs and away from 
junction regions. Still, analyses of small RNA data from six 
vertebrate species have shown that the amount of NUMTs does 
not correlate with the amount of small (mitochondrial) RNAs 
[53], which indicates that transcripts from NUMTs/NUPTs might 
not always be a concern in mapping analyses. Long RNA reads 
have the capacity to alleviate this issue, as they can span entire 
NUMTs/NUPTs (including flanking nuclear sequences) and be 
filtered out from organelle read mapping analyses. If long-
read RNA-Seq data and the corresponding organelle genome(s) 
are available, investigations similar to Pozzi and Dowling [53] 
comparing species with varying ratios of NUMTs/NUPTs would 
be timely and informative. 

Metadata information and sequencing protocol details are of 
uttermost importance when performing organelle mapping anal-
yses with publicly available data. Certain aspects of the organelle 
transcriptomes can only be understood if specific types of data 
are available. For example, strand-specific data are needed for the 
investigation of antisense RNAs. RNA isolation/enrichment pro-
cedures (i.e. oligo dT primers versus rRNA degradation) will also 
dictate which pool of long RNAs is being sequenced. As polyadeny-
lation has numerous consequences (degradation or stabilization) 
on organelle transcripts in different species [8, 9], investigators 
should be mindful of what function polyadenylation has on their 
organism(s)/genome(s) of study. Metadata information pertaining 
to species/strain name, tissue of origin (i.e. root versus leaf; muscle 
versus bone; single-cell versus bulk) will be needed to interpret 
the mapping results adequately. The same idea applies to exper-
imental conditions (e.g. light versus dark; high-salt versus low-
salt), as organelle genomes readily sense environmental stimuli 
[48], and ncRNAs show condition/cell-specific expression patterns 
[54]. Organelle biologists who are producing their own long-read 
data, should be mindful of the FAIR principles when depositing 
their raw reads in public repositories [55]. 

Although thousands of ncRNAs have been found in the 
nuclear genomes of humans (and other species) and hundreds 
in organelle genomes [14, 49, 50], most of these transcripts have 
only putative functions. In only few cases have ncRNA had 
thorough benchtop validation, but those that have been validated 
have shown essential functions in health and disease states 
with profound phenotypic consequences [15]. Given that diverse 
species can now be investigated with long-read data, techniques 
for targeted loss-of-function mutation and organelle genome 

manipulation of noncoding regions represent the next frontier 
in the functional investigations of (organelle) ncRNAs [56]. 

The importance of bioinformatics databases is hard to 
overstate, particularly in the emerging field of ncRNAs. Inter-
national initiatives, such as ENCODE [57] and FANTOM [58], 
have created unparallel amounts of data and incentivized the 
development of specialized databases. Chiefly amongst such 
databases is RNAcentral (https://rnacentral.org/), a catch-all 
network containing 53 ‘expert databases’ dedicated solely to 
ncRNAs [59]. At present, there is not a single expert database 
within RNAcentral dedicated to organelle ncRNAs. Even more 
despairing is that only mitochondrial rRNAs (labelled as mt rRNA) 
can be found amongst the numerous database categories. Only 
one sequence (out of more than 36 million sequences – version 
23) has the label ‘mitochondrial DNA’. Databases dedicated to 
organelle genomes have always fared poorly when compared to 
their nuclear counterparts, but the current state-of-affairs for 
organelle databases is alarming. The NCBI Organelle Genome 
Resources database [60] has recently become a legacy database 
and will cease to exist in May 2024. GOBASE [61] was the gold-
standard for organelle genome databases, but no longer exists. 
ChloroplastDB [62] seems to have been terminated as well, 
and the sole remaining organelle database is OGDA [63] – a  
database of organelle genomes from algae only. The fact that 
these databases have been discontinued, despite the broad-
range implications of organelle genome studies, is worrisome 
and perhaps an indication that (more) money and time should 
be invested in the field. Alternatively, augmenting existing 
repositories (such as NCBI Nucleotide) with better tagging of 
fully sequenced organelle genomes and related data could 
be a quick(er) solution. However, the databases listed above 
were/are dedicated to the compilation of organelle genomes, 
and not of organelle transcriptomic data. Given the numerous 
cases of organelle ncRNAs found in a handful of species [49, 
50], the potential for a dedicated organelle ncRNA database is 
tangible. The creation of such a database will allow comparative 
studies to unravel common trends and singularities across the 
eukaryotic Tree of Life. These comparative studies can provide 
insights into countless aspects of organelle biology, some of which 
are discussed below. 

Significance and conclusions 
All eukaryotic life (most of which is microbial) depends on 
organelles in one way or another. Organelles are information 
processing hubs that control cellular processes far beyond energy 
production [48, 64]. Being the hallmark of eukaryotes (and of 
eukaryogenesis, in the case of mitochondria [65]), studying 
any aspect of organelle biology is poised to have far-reaching 
implications and undisputed significance. Here we hold that 
the noncoding portion of organelle transcriptomes represents an 
understudied layer of organelle biology that can have influence 
on at least four mechanisms: i) anterograde/retrograde pathways, 
ii) plastid differentiation, iii) organelle genome topology, and iv) 
metabolic regulation. 

Having separate genetic compartments represents a real 
challenge for eukaryotes, as these compartments can only 
function adequately with a fine-tuned communication system 
between them [66]. Beyond that, organelles represent an extra 
point of entry for environmental stimuli, which creates more 
levels of communication and regulation [48]. Anterograde 
signalling is the communication pathway from the nucleus to the 
organelles, whereas retrograde signalling is the reverse channel
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– from organelles to the nucleus. The nature of the signalling 
molecules in both directions has been hard to determine, but most 
inter-compartmental communication seems to happen via 
molecules such as mitochondrial metabolites and reactive oxygen 
species – ROS [66]. The clue to the role of ncRNAs in antero-
grade/retrograde signalling came from NGS mapping analyses 
demonstrating the nuclear localization of mitochondrial ncRNAs 
[67]. More recently, the production and export of (long) circular 
mitochondrial RNAs has been uncovered using third-generation 
RNA-Seq data as well [40]. Although yet not fully elucidated, the 
possibility of a consolidated communication pathway based on 
large(r) molecules opens a new avenue of research, not to mention 
the systems of import/export and transcriptional regulation 
necessary for this RNA-based communication to happen [68]. 

Adjacent to the inter-organellar communication lies the 
obscure mechanisms of organelle differentiation and fate 
coordination. Whereas mitochondrial shape, size, and number 
vary considerably depending on cell type and species [69], plastid 
differentiation in land plants is arguably unmatched. The factors 
that determine the transition from a proplastid to a chloroplast 
(or from a chloroplast to a chromoplast) are poorly known, 
but undoubtedly rely on the nucleus-organelle communication 
systems. As plastid gene repertoire does not vary much across 
land plants, the noncoding segments of plastomes might hold 
the clues to the regulation of organelle fate determination. What 
triggers a chloroplast to turn into a chromoplast during fruit 
ripening might be hidden in regulatory/structural noncoding 
RNAs acting in and outside organelles. 

Nuclear lncRNAs are remarkable for their structural roles in 
the nucleus, the cytoplasm and elsewhere [14]. These versatile 
molecules could be seen as Swiss Army knives capable of 
regulating nuclear gene expression by changing local and global 
chromatin configurations. The topology of organelles genomes 
is just as important, yet vastly understudied. Plastomes and 
mitogenomes are organized into (highly compact) nucleoids 
attached to the membranes of thylakoids and inner mitochondrial 
membrane [70, 71]. Such configuration might be reminiscent of 
their bacterial ancestry, but part of the proteome that shapes 
such organelle nucleoids is of eukaryotic origin (which is another 
example of the ‘eukaryotization’ of organelles) [72]. If nuclear 
long lncRNAs are shaping nuclear genomes (and nuclear speckles) 
[14], what could nuclear and organellar lncRNAs do to organelle 
nucleoids? Organelle genome topology can be a new line of 
inquiry birthed by long-read sequencing technologies. 

Mitochondria and chloroplasts are known for their energy-
producing capabilities, but how these cellular hubs communicate 
with one another and determine trophic modes in mixotrophic 
organisms is basically unknown. Capable of switching from 
autotrophy to heterotrophy (and vice-versa), mixotrophs are 
unique model systems for the study of interorganellar com-
munication and sensing. As different environmental conditions 
determine what trophic mode is turned on [73], the noncoding 
transcriptomes of organelles might play a role in gene expression 
regulation and trophic mode determination. 

The common theme among these proposed research arenas is 
the overlooked transcriptional and regulatory potential of non-
coding sequences in organelle genomes. Organelle protein-coding 
gene repertoires are well known, and the function of organelle 
proteins have been firmly established. The treasure trove lies in 
the noncoding component of organelle genomes, be it intergenic 
and intronic nucleotides or antisense strands to protein-coding 
genes. These segments have proven transcriptional capacity, 

but the nature of their transcripts is yet mostly unknown. We 
defend that organelle ncRNAs, both small and long, have the 
potential to exert regulatory and structural roles in the organelles, 
cytosol, nucleus, and outside of cells. One major challenge in 
the study of ncRNAs, particularly lncRNAs, is their generally 
low expression levels and cell-specific transcriptional patterns 
[54]. Direct RNA long-read sequencing [39] combined with ‘single-
organelle’ (analogous to single-cell) protocols would represent the 
next frontiers in the study of organelle noncoding transcriptomes. 

Should the function of organelle noncoding sequences be cor-
roborated, the discourse about organelle genome evolution would 
be, yet again, reshaped. Although we do not object to the view that 
organelle genomes might be hoarding non-functional sequences, 
we certainly do not ignore the possibility of exaptation of some 
of those noncoding sequences. As organelle genomes expand, 
their transcriptomes also expand due to pervasive transcription. If 
evolution is a tinkerer [74], the tinkering has ended up producing 
organelle Rube Goldberg machines. They might not be the most 
efficient way to run a eukaryotic cell, but they certainly keep 
organelle biologists occupied. 

Key Points 
• Third-generation long-read RNA-Seq data already 

abound in public repositories, such as NCBI SRA. 
• Publicly available long RNA reads can be used to inves-

tigate the pervasive transcription of organelle genomes. 
• Organelle noncoding transcriptomes should contain 

numerous long noncoding RNAs with putative function 
within and outside organelles. 

• The fields of organelle genomics and transcriptomics 
lack a comprehensive database to enable comparative 
evolutionary studies. 
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