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Abstract

Not long ago, scientists paid dearly in time, money and skill for every nucleotide that they sequenced. Today, DNA

sequencing technologies epitomize the slogan ‘faster, easier, cheaper and more’, and in many ways, sequencing an

entire genome has become routine, even for the smallest laboratory groups. This is especially true for mitochondrial

and plastid genomes. Given their relatively small sizes and high copy numbers per cell, organelle DNAs are cur-

rently among the most highly sequenced kind of chromosome. But accurately characterizing an organelle genome

and the information it encodes can require much more than DNA sequencing and bioinformatics analyses. Organelle

genomes can be surprisingly complex and can exhibit convoluted and unconventional modes of gene expression.

Unravelling this complexity can demand a wide assortment of experiments, from pulsed-field gel electrophoresis to

Southern and Northern blots to RNA analyses. Here, we show that it is exactly these types of ‘complementary’ analy-

ses that are often lacking from contemporary organelle genome papers, particularly short ‘genome announcement’

articles. Consequently, crucial and interesting features of organelle chromosomes are going undescribed, which

could ultimately lead to a poor understanding and even a misrepresentation of these genomes and the genes they

express. High-throughput sequencing and bioinformatics have made it easy to sequence and assemble entire chro-

mosomes, but they should not be used as a substitute for or at the expense of other types of genomic characterization

methods.
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Introduction

Sequencing an entire organelle genome was once a long

and arduous task. Now it is commonplace (Smith 2016a).

With the advent of next-generation sequencing (NGS)

technologies and sophisticated user-friendly bioinfor-

matics software, scientists of all stripes can sequence and

assemble dozens of organelle genomes in a few days or

less, and often for very little money (Gan et al. 2014; Mar-

iac et al. 2014; Tang et al. 2014). This kind of progress is

great. More sequences mean more data for comparative

studies and a better understanding of organelle genome

evolution. Organelle sequences are used in a wide range

of disciplines and analyses (Smith 2016a), from medicine

to anthropology to phylogenetics, and have helped

resolve major scientific questions, including the origins

and diversification of eukaryotic life (Gray 2012; Keeling

2013). But accurately characterizing a genome and the

information it encodes requires much more than just

DNA sequencing and bioinformatics analyses, and orga-

nelle genomes are no exception.

Mitochondria and plastids harbour some of the most

complex genomes and gene expression systems of any

genetic compartment (Smith & Keeling 2015). Take, for

instance, the mitochondrial DNA (mtDNA) of the

ichthyosporean Amoebidium parasiticum, which comprises

several hundred small (0.3–8.3 kb) linear chromosomes

(Burger et al. 2003), or the plastid DNAs (ptDNAs) of
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peridinin dinoflagellate algae, such as Symbiodinium min-

utum, which are distributed across multiple minicircular

(~2.5 kb) molecules that can differ in copy number

throughout the life cycle (Mungpakdee et al. 2014; Dor-

rell & Howe 2015). Equally as impressive is the giant

(>11 000 kb) multichromosomal mtDNA of the flowering

plant Silene conica (Sloan et al. 2012) and the tiny 6-kb

mtDNA of Plasmodium falciparum (Feagin 1992), which is

organized as a linear concatemer (Wilson & Williamson

1997).

In addition to being structurally diverse, organelle

genomes can undergo massive amounts of post-tran-

scriptional processing (Smith & Keeling 2016). In the

euglenozoan Diplonema papillatum, for example, cox1 is

transcribed from nine different mitochondrial chromo-

somes, giving nine partial transcripts that come together

through trans-splicing to form a mature and intact

mRNA (Vlcek et al. 2010). In the organelles of dinoflagel-

lates, eleven of the twelve possible types of substitutional

RNA editing (A-to-C, A-to-G, etc.) have been observed

as well as a slew of other types of transcriptional modifi-

cations (Waller & Jackson 2009; Mungpakdee et al. 2014;

Dorrell & Howe 2015). And this is to say nothing about

nonstandard genetic codes (Knight et al. 2001), transla-

tional slippage (Masuda et al. 2010) and ribosomal jump-

ing (Lang et al. 2014) within organelle systems.

Given this complexity, DNA sequencing data alone

are often not sufficient to infer the true architecture and

the resulting gene products of organelle genomes (Smith

2016a). Consequently, some of the most informative

organelle genome analyses use a combination of differ-

ent techniques, in addition to DNA sequencing and

bioinformatics, to characterize the chromosome(s). For

example, determining the mitochondrial genomic archi-

tecture of D. papillatum involved cloning, Sanger

sequencing, high-throughput DNA and RNA sequenc-

ing, traditional and reverse transcription–PCR, DNA

digestions, pulsed-field gel electrophoresis, and Southern

and Northern blotting experiments, and still some of the

chromosomes, coding regions and gene products remain

undefined (Marande et al. 2005; Vlcek et al. 2010; Valach

et al. 2014). A similar array of techniques was used to

describe the mitochondrial and plastid genomes of

dinoflagellates (Nash et al. 2007; Barbrook et al. 2012;

Jackson et al. 2012), and new organelle genomic features

and peculiarities are still being uncovered within this lin-

eage (Mungpakdee et al. 2014; Dorrell & Howe 2015).

Although the P. falciparum mtDNA was completely

sequenced more than twenty years ago (Feagin 1992;

Wilson & Williamson 1997), it has taken another twenty

years of detailed RNA work to resolve the large and

small subunit rRNA genes, which are fragmented and

scrambled into ~25 distinct coding modules (Feagin et al.

2012).

Improvements to traditional molecular biology tech-

niques and the development of new technologies have

only made it easier to characterize complex organelle

genomes and their modes of repair, replication and

expression. State-of-the-art microscopes and cameras can

now provide ultra-high-resolution images of organelles

and their nucleoids, which in turn is giving new insights

into mitochondrial and plastid DNA maintenance (Gol-

czyk et al. 2014; Oldenburg & Bendich 2015). Advanced

PCR, gel electrophoresis and blotting methods are expos-

ing the dynamic and multifarious nature of organelle

chromosomes (Lewis et al. 2015) and their resulting tran-

scripts (Wende et al. 2014). High-throughput transcrip-

tomics and proteomics are also helping to disentangle

the genetic information within organelles (Jedelsk�y et al.

2011; Markov�a et al. 2015), as are new methods for

exploring DNA–protein interactions, such as chromatin

immunoprecipitation (Yagi et al. 2012). But many of

these methods are technically challenging, time-consum-

ing and expensive, and unlike NGS, they cannot be

easily outsourced. Nevertheless, as the rate of organelle

genome sequencing increases, one might expect the use

of ‘complementary’ characterization techniques, such as

pulsed-field or two-dimensional gel electrophoresis (Sla-

ter et al. 1998), to also increase. However, this does not

appear to be true. As described below, a scan of the

recent literature reveals that apart from DNA sequencing

and bioinformatics, there is a paucity of experimental

data in many contemporary organelle genome studies,

with some notable exceptions.

A snapshot of the experimental methods used in
contemporary organelle genome papers

The first completely sequenced mitochondrial genomes

(human and mouse) were published more than 30 years

ago, using a Sanger sequencing approach (Anderson

et al. 1981; Bibb et al. 1981). These feats were soon fol-

lowed by the entire plastid genome sequencing of

tobacco and the liverwort Marchantia polymorpha

(Ohyama et al. 1986; Shinozaki et al. 1986). Over the

ensuing years, organelle genome data steadily accumu-

lated from diverse species, and by the turn of the millen-

nium, which brought improvements to automated

capillary Sanger sequencing, new organelle DNA

sequences were being published every month or faster

(Smith 2016a). Around 2010, following the advent of

massively parallel high-throughput sequencing (NGS),

the production and publication rate of organelle genome

data skyrocketed, with hundreds—and more recently

thousands—of sequences appearing annually (Smith

2016a).

Indeed, a PubMed search of scientific articles indexed

in MEDLINE retrieved 2601 organelle genome papers
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published between 1 January 2010 and 1 November 2015

(Figure 1; Appendix S1, Supporting Information). About

92% of these papers describe mtDNAs, and 8% represent

plastid genomes; these sequence data span a large

breadth of eukaryotic diversity, but there is nonetheless

an overrepresentation of metazoan mtDNAs and land

plant ptDNAs, and a lack of data from many protist lin-

eages (Figure 1; Appendix S1, Supporting information).

Although some of these trends have been documented

and discussed before (Smith & Keeling 2015; Smith

2016a), no one has yet surveyed the range of methods

commonly employed in organelle genome studies.

We scanned the materials and methods from orga-

nelle genome papers published since 2010 (Fig. 1),

recorded the techniques used to characterize the chromo-

somes and then placed these techniques into one of the

following three broad categories. (i) ‘DNA extraction,

amplification and sequencing’. (ii) ‘Bioinformatics’,

which includes, for example, genome assembly and

annotation, molecular sequence alignments, phyloge-

netic analyses and estimations of genetic diversity. And

(iii) ‘complementary experiments’, comprising any

experiments not related to DNA sequencing or bioinfor-

matics, such as restriction endonuclease digestion, gel

electrophoresis, nucleotide blotting, real-time PCR, RNA

analyses/sequencing or DNA imaging. Preparatory

experiments for DNA sequencing, such as cloning or gel

electrophoresis of PCR products prior to Sanger sequenc-

ing, were not considered complementary techniques.

Only a small fraction (3%) of organelle genome stud-

ies carried out over the past 5 years employed comple-

mentary experiments. In other words, most of the

studies (97%) used only DNA sequencing and bioinfor-

matics to characterize the chromosomes. Among the

papers that did contain additional analyses, quantitative

PCR was one of the most commonly employed experi-

ments. Rarely did any of the papers include a detailed

examination of organelle gene expression or chromo-

some structure. Instead, analyses relied upon bioinfor-

matics software for RNA and protein predictions and for

determining the size, conformation and number of

chromosomes.

Complementary 
analyses75%

Mitochondrial 

Plastid

Animal

Land 
plant

other
10%

10%

(A)  Techniques employed in 
2,601 organelle genome papers

DNA sequencing &  
bioinformatics

97%

(B)  Type of organelle genome (C)  Lineage (D)  Sequencing 
method

Sanger

NGS

NGS

94%

32%

8%

3%

92%

Fig. 1 A survey of organelle genome papers published in the last half-decade. Organelle genome papers indexed in MEDLINE were col-

lected via the PubMed Advanced Search Builder at the National Center for Biotechnology Information website using the following key-

word combinations: ‘entire chloroplast/plastid/mitochondrial DNA/genome’, ‘complete chloroplast/plastid/mitochondrial DNA/

genome’, ‘whole chloroplast/plastid/mitochondrial DNA/genome’ and ‘full chloroplast/plastid/mitochondrial DNA/genome’. We

linked the different keyword combinations with OR (instead of AND), and did not use quotation marks, in order to retrieve as many hits

as possible. We limited the search field to ‘title/abstract’, and the date range from 1 January 2010 to 1 November 2015. We scanned the

results by eye, removing any obviously spurious hits. Altogether, we retrieved 2601 organelle genome papers (including 1781 Mitogen-

ome Announcements), only 3% of which included complementary analyses (A). Approximately 92% and 8% of the collected articles

were mitochondrial and plastid genome papers, respectively (B). The former comprised mostly animal mtDNAs, and the latter were pri-

marily plant ptDNAs (C). Most of the ptDNAs were sequenced using next-generation sequencing (NGS) methods (or a combination of

NGS and Sanger), whereas two-thirds of the mtDNAs were sequenced using a Sanger sequencing-only approach (D). Note: ‘Lineage’

(C) and ‘Sequencing Method’ (D) statistics do not include Mitogenome Announcements. See Appendix S1 (Supporting information) for

further details.
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The compiled articles stem from an eclectic list of

mostly life science journals, spanning an assortment of

subdisciplines (e.g. genomics, evolution and molecular

biology) and impact factors (Appendix S1, Supporting

information). However, more than three quarters of the

papers come from a single journal: Mitochondrial DNA

(formerly called DNA Sequence, 1990–2008), which is

published by Taylor & Francis and has a Thomson Reu-

ters impact factor of 1.2 (2014). Most of the articles col-

lected from Mitochondrial DNA are ‘Mitogenome

Announcements’, short (~500 words) fast-tracked reports

describing organelle genome sequences, which do not

contain complementary analyses and mostly describe

animal mtDNAs (Appendix S1, Supporting information).

Other papers that we collected were similar to ‘Mitogen-

ome Announcements’ in that they were brief reports

highlighting a genome sequence and its GenBank acces-

sion, including papers from the journal Genome

Announcements, published by the American Society for

Microbiology, as well as Genome Reports from the jour-

nals Genome Biology and Evolution. Altogether, short gen-

ome announcement-type articles (<2000 words)

represented ~75% of the papers that we surveyed.

The good, the bad and the ugly of organelle genomics

The publication of more than 2600 organelle genome arti-

cles over the past half-decade is an impressive achieve-

ment and a testament to how far and fast the field of

genomics has progressed. (This number is likely even

larger given that we could not feasibly capture every

organelle genome paper using our PubMed search meth-

ods.) Together, these organelle genome data have helped

to progress the field of genetics. For example, they have

improved our understanding of genomic diversity and

gene expression (Fitzgerald et al. 2011; Segovia et al.

2011), and yielded new insights into the mutational and

population genetic processes impacting mtDNA and

ptDNA (Hardouin & Tautz 2013). They have also

advanced our understanding and/or treatment of

human disease (Govindaraj et al. 2013), migration (Ning

et al. 2016) and forensics (Just et al. 2015) and led to

methodological advancements (Dong et al. 2013). But

perhaps more than anything else, these data have pro-

vided the raw material for countless phylogenetic and

population-level studies (Njuguna et al. 2013; Taylor

et al. 2013), refining our view of the origins, evolution

and diversity of eukaryotic life.

The efforts of the organelle research community to

generate, annotate and describe these genomic data are

laudable. And no matter what your opinion about the

impact or level of detail to which the authors analysed

these genomes, we are better off for having these data.

There is no denying, however, that aside from

bioinformatics analyses, many published organelle gen-

omes have not been characterized in great detail, includ-

ing some of those published by the corresponding

author of this perspectives piece (e.g. Smith et al. 2012;

Del Vasto et al. 2015). This lack of information about

organelle DNA architecture is unfortunate given that

some of the most interesting aspects of these genomes

are found at the structural rather than the sequence level.

The paucity of detailed data on organelle chromosome

structure (as discussed further below) has also likely con-

tributed to the popular misconception that mitochondrial

and plastid genomes typically exist as intact circular

molecules, which is known to be an oversimplification

(Bendich 2004, 2010; Oldenburg & Bendich 2015).

What is driving the rapid growth in organelle geno-

mics, and why are some researchers failing to include

even the most straightforward experiments in their stud-

ies? NGS techniques have streamlined genomics (Gan

et al. 2014; Mariac et al. 2014; Tang et al. 2014) and cer-

tainly contributed to the massive rise in organelle DNA

sequencing and publishing over the past five years

(Smith 2016a). But despite these advancements, the

majority of the articles examined here (>65%), including

many published in the past year, employed Sanger

sequencing rather than next-generation methods (Fig. 1;

Appendix S1, Supporting information). The continued

popularity of Sanger sequencing can be partly explained

by the fact that most newly sequenced organelle gen-

omes are animal mtDNAs, which are generally small

(<25 kb) and easily amplified using PCR, sometimes

with a single set of primers (Cheng et al. 1994). In con-

trast, large organelle genomes (>50 kb), which are not

amenable to PCR amplification, are now almost entirely

sequenced using next-generation techniques or a combi-

nation of NGS and Sanger sequencing (Figure 1;

Appendix S1, Supporting information).

Improved sequencing technologies may partly

account for the large number of organelle DNAs being

sequenced, but they cannot account for why so many

investigators are ignoring traditional methods of genome

characterization. One reason for the absence of addi-

tional analyses could be the growing popularity of ‘gen-

ome announcement’ articles, which serve to highlight a

DNA sequence and little else, and by their very nature

are too short to permit a thorough description of the

sequence (Smith 2016b). These kinds of papers are also

fast to prepare and are usually accepted within a few

weeks or sooner after the initial submission, thereby

catering to the increasing pressure within academia to

publish more and publish often (Smith 2016b). In fact,

from 2009 to 2015 the proportion of Mitogenome

Announcements in the journal Mitochondrial DNA rose

from 50% to 80% (DeSalle 2016a), leading to the creation

in 2016 of a new open-access journal called Mitochondrial

© 2016 The Authors. Molecular Ecology Resources Published by John Wiley & Sons Ltd.
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DNA Part B: Resources, which is devoted almost entirely

to short reports on whole mitochondrial genomes

(DeSalle 2016b).

In defence of studies that do not include complemen-

tary analyses, many researchers who sequence and pub-

lish organelle genomes are not directly interested in or

concerned with organelle genome structure or gene

expression. Instead, their primary goal is to sequence

organelle DNA for use in phylogenetic or population-

level studies. In such cases, it might be unreasonable to

expect the authors to perform a slew of complementary

analyses unrelated to the questions that are being

addressed—evolutionary relationships. Likewise, orga-

nelle genome sequences are sometimes generated as part

of large studies, such as nuclear genome sequencing pro-

jects or broad-scale genetic diversity analyses. Again, in

these instances it might be asking too much for the

researchers to carry out additional analyses that are not

directly connected to the project at hand. But whatever

the reasons for the lack of complementary experiments

in contemporary organelle genome papers, they could be

negatively impacting the field of mitochondrial and plas-

tid genomics. Soon, it might become increasingly impor-

tant to incentivize more thorough analyses of organelle

genomes in order to offset some of these potential nega-

tive effects.

Limitations and implications of a ‘sequence-only’
approach to organelle genomics

There are obvious limitations and drawbacks to charac-

terizing an organelle genome using only DNA sequenc-

ing data. Yeast mitochondrial genomes, for example,

typically assemble as genome-sized circular chromo-

somes, leading some to assume that these chromosomes

have circular conformations in vivo. However, it is now

well established that the mtDNAs of yeast, as well as

those from other groups, can have much more complex

and dynamic conformations than DNA assemblies may

suggest, existing (at least in part) as complex multige-

nomic branched structures (Bendich 1996, 2010; Gerhold

et al. 2010). Similar findings have come from the ptDNAs

of land plants, which typically map as circles but in

many instances are found in complex linear-branched

forms larger than the size of the genome, similar to those

of yeast mtDNAs (Bendich 2004; Oldenburg & Bendich

2016). And there is an assortment of protists that have

linear mtDNAs with elaborate telomeres: for example,

the linear mitochondrial genomes of the green algae

Chlamydomonas reinhardtii and Polytomella capuana end in

single-stranded 30 overhangs and covalently closed hair-

pin loops, respectively (Vahrenholz et al. 1993; Smith &

Lee 2008). The misrepresentation of organelle chromo-

some conformation is so widespread that some modern

biology textbooks still describe mtDNAs and ptDNAs as

unit-sized circular genomes (Hartwell et al. 2014). Mov-

ing forward, elucidating the dynamic structures of orga-

nelle chromosomes will require, in the very least,

extensive gel electrophoresis work (Oldenburg & Ben-

dich 2016).

On top of providing minimal details about genome

architecture, DNA sequencing data give limited insights

into organelle transcription and translation. Mitochon-

dria and plastids are veritable circus acts of gene expres-

sion (Smith & Keeling 2016). The mtDNAs of most

metazoans, fungi and protists have undergone one or

more changes to the standard genetic code (Knight et al.

2001). Many groups undergo organelle RNA editing,

whereby nucleotides are substituted, inserted and/or

deleted from transcripts. In the mitochondria of kineto-

plastids, such as Trypanosoma brucei, uracil insertion/

deletion editing can affect up to 90% of the codons in a

single protein-coding transcript (Simpson & Shaw 1989).

Post-transcriptional editing can be nearly as extreme in

the mitochondria and plastids of various land plants and

dinoflagellates where nucleotide substitution editing is

often rampant (Waller & Jackson 2009; Mungpakdee

et al. 2014; Dorrell & Howe 2015). Other elaborate types

of post-transcriptional processing, such as trans-splicing,

transcriptional cleavage and polyadenylation, are also

widespread in mitochondria and plastids, and new

idiosyncrasies are continually being uncovered (Masuda

et al. 2010; Lang et al. 2014). Sometimes the levels of

post-transcriptional editing and processing are so severe

that given the DNA sequence alone, it is not possible to

distinguish coding from noncoding DNA. In such cases,

data at the RNA and/or protein level are crucial to

understanding the information encoded in the organelle

DNA.

With notable exceptions (e.g. Mercer et al. 2011), we

still have a poor understanding of organelle gene expres-

sion, especially in nonmodel species. But this is poised to

change in the near future. There are now thousands of

eukaryotic RNA sequencing projects in GenBank’s

Sequence Read Archive. These publically available data

abound with mitochondrial- and plastid-derived reads,

most of which are unanalysed and represent an excellent

untapped resource for exploring organelle transcription

(Smith 2013). Already, scientists have started publishing

organelle transcriptome papers (Bundschuh et al. 2011;

Kolondra et al. 2015; Wu et al. 2015; Tian & Smith 2016)

or begun to include next-generation RNA sequencing

data alongside whole organelle genome analyses

(Margam et al. 2011; Fang et al. 2012; Jackson et al. 2012).

RNA sequencing data may not be a substitute for more

sophisticated transcript detection technologies, but they

certainly add an additional layer of understanding and

well-needed depth to any organelle genome paper.

© 2016 The Authors. Molecular Ecology Resources Published by John Wiley & Sons Ltd.
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Moving forward, organelle genome studies need to com-

bine high-throughput sequencing with molecular-biol-

ogy-focused methods. This combined with information

on population genetics and mutation rates, as well as a

more unified understanding of cytonuclear interactions

will result in some very exciting analyses. And even if

these additional data are not of immediate interest to all

researchers who sequence organelle genomes, then per-

haps a central resource database linking the different

types of experimental information for each genome

would be useful.

Concluding remarks

The last thing we want to do is discourage scientists from

sequencing and publishing organelle genomes, even if

they are in the form of a genome announcement. Rather,

we want to encourage authors to include more in-depth

information about those genomes. And, again, we sup-

port the view that more genome sequence data, even if

the genomes from which they are derived are not charac-

terized in great detail, are still a scientific asset and better

than no data at all. The editor in chief of the journal Mito-

chondrial DNA, Rob DeSalle, recently took such a stance

in an eloquent commentary article defending mitochon-

drial genome papers:

‘Publications announcing mtDNA genomes serve an

important purpose in science. Access to information

should be enhanced whenever we can [sic] and it seems

to me that having the information about a newly

sequenced mtDNA genome in the literature is an

enhancing element. More importantly, an announce-

ment can link the specimen’s archival data to a

sequence and clarify the provenance of a sequence. In

addition, if phylogenetic analysis of the generated

sequence is required (as the journal mtDNA requires)

then the validity of the sequence can be determined by

its phylogenetic placement with other known

sequences’ (DeSalle 2016a). These are all valid points.

DeSalle (2016a) ultimately concludes: ‘If the incentive of

publishing the findings from a novel mtDNA genome is

removed . . . I fear that the generation of these genomes

will be severely slowed and in essence a reachable goal

of a mitochondrial/chloroplast DNA genomic database

for all organisms on the planet with these genomes will

not be realized’.

A database of organelle genome sequences for all

eukaryotes is an admirable goal and one that would

undoubtedly contribute to the barcoding and resolution

of life on Earth. Future innovations in DNA sequencing

and bioinformatics will only make it easier to achieve

such a goal. But these innovations should not be used as

a substitute for or come at the expense of other types of

genomic characterization methods.

It is important to remember that most of the greatest

contributions from the field of organelle genetics have

not necessarily come from the raw genome sequence

data themselves but from the complete picture of the

organelle, its genome and chromosome(s), and mode of

expression, including knowledge of mutation rates, pop-

ulation genetic landscapes and nuclear-encoded orga-

nelle-targeted proteins. If researchers had not been

striving towards this ‘complete’ understanding, we may

not have seen the development of leading evolutionary

theories, such as constructive neutral evolution, which

was based largely on studies of organelle post-transcrip-

tional editing and processing (Covello & Gray 1993;

Stoltzfus 1999).

We will have to wait and see whether the next 5 years

bring as many new mtDNA papers as the previous five,

and whether those studies are short genome reports or

detailed investigations. Whatever the outcome, the

choice to include or not include complementary experi-

ments will likely have a major impact on where the study

ultimately gets published. Of the small fraction of papers

in our survey that included additional techniques, three

quarters were published in a journal with an impact fac-

tor >3. Conversely, the vast majority (>80%) of papers

that contained only DNA sequencing and bioinformatics

data were published in a journal with an impact factor

<2. So if you are planning to write an organelle genome

paper, there is a lot to think about—or not.
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