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DNA BARCODING STAND VIEW

• Animals : COI 
• Plants : RbcL/MatK/ITS2 
• Fungi : ITS1
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Abstract
Background: The goal of DNA barcoding is to develop a species-specific sequence library for all
eukaryotes. A 650 bp fragment of the cytochrome c oxidase 1 (CO1) gene has been used
successfully for species-level identification in several animal groups. It may be difficult in practice,
however, to retrieve a 650 bp fragment from archival specimens, (because of DNA degradation)
or from environmental samples (where universal primers are needed).

Results: We used a bioinformatics analysis using all CO1 barcode sequences from GenBank and
calculated the probability of having species-specific barcodes for varied size fragments. This analysis
established the potential of much smaller fragments, mini-barcodes, for identifying unknown
specimens. We then developed a universal primer set for the amplification of mini-barcodes. We
further successfully tested the utility of this primer set on a comprehensive set of taxa from all
major eukaryotic groups as well as archival specimens.

Conclusion: In this study we address the important issue of minimum amount of sequence
information required for identifying species in DNA barcoding. We establish a novel approach
based on a much shorter barcode sequence and demonstrate its effectiveness in archival
specimens. This approach will significantly broaden the application of DNA barcoding in
biodiversity studies.

Background
DNA barcoding seeks to develop a comprehensive spe-
cies-specific sequence library for all eukaryotes [1]. The
650 bp mitochondrial cytochrome c oxidase 1 (CO1,
cox1) DNA barcode [2] is easily sequenced and provides
greater than 97% species-level specificity for birds [3],
mammals [4], fishes [5], and various arthropods [6].
However, conventional DNA barcoding encounters two
problems. First, DNA degradation in archival specimens

and processed biological material (i.e. food products)
often prevents the recovery of PCR fragments longer than
200 bp, impeding barcode recovery [7-9]. Second, current
approaches cannot be used for comprehensive analysis of
environmental samples because high sequence variability
necessitates the use of distinct primer sets for each major
taxonomic group. In this study, we propose the use of a
"mini-barcode" sequence to overcome these problems.
We begin by identifying the minimum amount of
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DNAmetabarcoding enables efficient characterization of species composition in
environmental DNA or bulk biodiversity samples, and this approach is making
significant and unique contributions in the field of ecology. In metabarcoding
of animals, the cytochrome c oxidase subunit I (COI) gene is frequently used as
the marker of choice because no other genetic region can be found in taxonomi-
cally verified databases with sequences covering so many taxa. However, the
accuracy of metabarcoding datasets is dependent on recovery of the targeted
taxa using conserved amplification primers.We argue that COI does not contain
suitablyconservedregions formost amplicon-basedmetabarcodingapplications.
Marker selectiondeserves increasedscrutinyandavailablemarkerchoices should
be broadened in order to maximize potential in this exciting field of research.

1. Introduction
Availability of affordable high-throughput DNA sequencing (HTS) has opened a
new world of possibilities in DNA-based surveys of biodiversity. This approach is
most advanced in the field of microbiology, where molecular taxonomy has a long
tradition, and analyses now regularly use HTS to characterizemarkers for estimates
of taxonomic as well as functional diversity. Amplified ‘barcode’ genes are also
increasingly being used to identify plants, invertebrates and vertebrates present in
DNA mixtures—obtained either by extracting total DNA from pooled specimens
or from environmental samples (e.g. soil, water and faeces). This characterization
of DNA barcodes from mixtures of DNA has been termed ‘metabarcoding’ [1,2].

Beyond the requirement for inexpensive and reliable sequence data, meta-
barcoding also needs a suitable marker. For standard DNA barcoding of
single animal specimens, the Consortium for the Barcode of Life (CBOL) has
adopted the mitochondrial cytochrome c oxidase subunit I (COI) gene. This
marker has the required attributes: its variation usually allows species-level dis-
crimination, it can be PCR amplified from most animals and the associated
database now boasts millions of taxonomically verified DNA sequences. It
seems like the obvious choice of marker in the nascent field of animal metabar-
coding, and it has been used in many recent studies, including applications in
biodiversity surveys, environmental monitoring and dietary studies (example
studies provided in the electronic supplementary material).

2. So what is wrong with cytochrome c oxidase subunit I as a
metabarcoding marker?

While COI can be amplified from an enormous range of species, it has always been
acknowledged that primer binding sites within this protein-coding gene are not
highly conserved. Mutations at many nucleotide positions do not change the

& 2014 The Author(s) Published by the Royal Society. All rights reserved.
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NEWS AND VIEWS

OPINION

From barcodes to genomes: extending
the concept of DNA barcoding

ERIC COISSAC,*† PETER M.
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Abstract

DNA barcoding has had a major impact on biodiversity
science. The elegant simplicity of establishing massive
scale databases for a few barcode loci is continuing to
change our understanding of species diversity patterns,
and continues to enhance human abilities to distinguish
among species. Capitalizing on the developments of next
generation sequencing technologies and decreasing costs
of genome sequencing, there is now the opportunity for
the DNA barcoding concept to be extended to new kinds
of genomic data. We illustrate the benefits and capacity
to do this, and also note the constraints and barriers to
overcome before it is truly scalable. We advocate a twin
track approach: (i) continuation and acceleration of global
efforts to build the DNA barcode reference library of life
on earth using standard DNA barcodes and (ii) active
development and application of extended DNA barcodes
using genome skimming to augment the standard barcod-
ing approach.

Keywords: chloroplast DNA, DNA Barcoding, genome
skimming, mitochondrial DNA, next-generation DNA
sequencing, ribosomal DNA
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Introduction

DNA barcoding involves sequencing one or a few standard
DNA regions to tell the world’s species apart. Since its
inception in 2003, DNA barcoding has grown into a global
research programme involving thousands of researchers
whose work has led to the production of millions of
barcode sequences. In this opinion paper, we explore the
potential for the standard DNA barcoding approach to be

complemented and extended using next generation
sequencing technologies. Focusing on plants, we highlight
the use of shallow-pass shotgun sequencing of genomic
DNA in large-scale projects to generate extended barcodes
consisting of entire organelle genome and nuclear riboso-
mal DNAs, along with shallow coverage of single copy
nuclear DNA. These extended barcodes are recoverable
from herbarium/museum specimens, provide increased
phylogenetic signal, and provide a bridge between stan-
dard and metabarcoding studies which often use different
target regions. They also represent a stepping stone on the
continuum between standard barcodes and complete gen-
ome sequences, and as sequencing costs decrease, the
depth of the skims can increase, resulting in ever increas-
ing data richness. We note the potential for this approach
to augment the standard DNA barcoding programme, and
although we focus on plants, we highlight its applicability
across the three domains of life. We also explore the chal-
lenges that arise from incorporating genomic data into high
throughput barcoding workflows, particularly the currently
higher consumable costs and greatly increased demands on
data storage and analytical routines.

Standard DNA barcodes

The DNA barcoding concept proposed by Hebert et al.
(2003a) represented a major step forward for the DNA-
based species identification. The approach harnessed global
community efforts to establish large-scale public reference
libraries to allow reliable identification of species across
vast tracts of life. For animals, the standard barcode is a
648 base pairs (bp) fragment of the mitochondrial gene
cytochrome c oxidase 1 (COI; Hebert et al. 2003b). The use
of COI for species identification and discovery has been
extremely successful for the animal kingdom, and the BAR-

CODE OF LIFE DATASYSTEMS database (BOLD) contains now
more than 4.2 million validated barcodes (http://www.
boldsystems.org/index.php/databases; Ratnasingham &
Hebert 2007).
In plants, the choice of the standardized barcode(s) has

been more complex. The low substitution rates of plant
mitochondrial DNA (Wolfe et al. 1987) precluded the use
of COI. As a consequence, alternative barcoding regions
were investigated, leading to selection of two plastid DNA
regions, a c. 600 bp fragment of the rbcL gene, and
c. 800 bp segment of the matK gene, with the recommenda-
tion to complement these using trnH-psbA (Hollingsworth
et al. 2009) and the internal transcribed spacers (ITS) of the
nuclear ribosomal DNA (Hollingsworth 2011; Hollings-
worth et al. 2011; Li et al. 2011). The same ITS region has
also been suggested as the core barcode region for fungi
(Schoch et al. 2012). Finally, for protists, a two-step barcod-Correspondence: Eric Coissac, Fax: +33(0)4 76 51 42 79; E-mail:

eric.coissac@inria.fr

© 2016 John Wiley & Sons Ltd

Molecular Ecology (2016) 25, 1423–1428



THE STRENGTHS OF DNA BARCODE  

The great strengths of DNA barcoding relate to 
the initial principles of standardization (‘agreed’ 
regions of DNA so that joint efforts build a shared 
global resource), quality control (to ensure the 
library of DNA sequences is reliable) and 
minimalism (using one or a few regions of DNA 
to ensure scalability). 

(Coissac et al. Molecular Ecology, 2016)
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As sequencing technology improves, an increasing number of
projects aim to generate full genome sequence, even for
nonmodel taxa. These projects may be feasibly conducted at
lower read depths if the alignment can be aided by previously
developed genomic resources from a closely related species.
We investigated the feasibility of constructing a complete
mitochondrial (mt) genome without preamplification or other
targeting of the sequence. Here we present a full mt genome
sequence (16,463 nucleotides) for the bighorn sheep (Ovis
canadensis) generated though alignment of SOLiD short-read
sequences to a reference genome. Average read depth was
1240, and each base was covered by at least 36 reads. We
then conducted a phylogenomic analysis with 27 other bovid
mitogenomes, which placed bighorn sheep firmly in the Ovis
clade. These results show that it is possible to generate
a complete mitogenome by skimming a low-coverage
genomic sequencing library. This technique will become
increasingly applicable as the number of taxa with some level
of genome sequence rises.

Key words: ABI SOLiD, Caprini, mtDNA, phylogenomics,

short reads, Ovis

Whole-genome sequencing is becoming routine with recent
advances in sequencing technology. Human genome
resequencing is now common and brings the promise of
personalized medicine (Chee-Seng et al. 2001), and several
model and domestic organisms have full genome sequences
as well (Adams et al. 2000; Dalloul et al. 2010). This
expansion has also opened new avenues of research for
nonmodel organisms (Ouborg et al. 2010; Tautz et al. 2010;
Ekblom and Galindo 2011), encouraging full-genome
sequencing of wild taxa (Jackson et al. 2006; Haussler
et al. 2009). These efforts are aided by the fact that many
species are considered ‘‘genome enabled’’ (Kohn et al. 2006)

due to availability of genomic resources in a closely related
species. Such resources allow researchers to sequence new
taxa at shallower read depths and then align reads to
a reference, rather than perform de novo assembly.

The benefits of various sequencing technologies for
genome sequencing have been reviewed extensively else-
where (Morozova et al. 2009; Ekblom and Galindo 2011).
For most researchers, the choice comes to balancing the
number of base pairs (bp) sequenced in a single read (read
length), the number of times an individual base is sequenced
(read depth), and accuracy of the sequence generated
(Ekblom and Galindo 2011). The ABI SOLiD platform uses
short reads (35–75 bp) and is useful for resequencing studies
because once reads are aligned to a reference genome,
sequencing errors can be distinguished from true nucleotide
variations by the nature of its sequence-by-ligation strategy
(Ondov et al. 2008; McKernan et al. 2009).

Mitochondrial (mt) DNA has a long history of use for
both phylogenetics and population genetic analyses (Avise
et al. 1987; Moritz et al. 1987; Moritz 1994). mtDNA is an
ideal marker due to its fast mutation rate relative to nuclear
genome, ease of sequencing from conserved primers, and
lack of recombination (Kocher et al. 1989; Moore 1995;
Birky 2001; though see White et al. 2008; Galtier et al. 2009
for some caveats to these generalities). These features have
led mtDNA, specifically the cytochrome c oxidase I (COI)
gene, to be proposed for use as the ‘‘barcode of life’’
(Hebert et al. 2003).

As sequencing technology improves, the use of entire mt
genomes rather than specific genes becomes increasingly
feasible. Full mt genomes provide more complete and
robust datasets compared with studies that use only 1 or 2
regions of the genome (DeFilippis and Moore 2000; Ingman
et al. 2000; Inoue et al. 2001; Hassanin et al. 2009; Meadows
et al. 2011). Full mt genomes have often been obtained
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LOW COVERAGE GENOME BUT 
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LECOMTELLA 
MADAGASCARIENSIS

Phylogenomics and taxonomy of Lecomtelleae (Poaceae), an isolated panicoid
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Joseph Fourier – Grenoble I, Université de Savoie, 38041 Grenoble, France, 5Kew Madagascar Conservation Centre, II J 131 B,
Ambodivoanjo Ivandry, 101 Antananarivo, Madagascar and 6Royal Botanic Gardens, Kew, Richmond, Surrey TW9 3AB, UK

* For correspondence. E-mail guillaume.besnard@univ-tlse3.fr

Received: 5 April 2013 Returned for revision: 15 May 2013 Accepted: 17 June 2013 Published electronically: 28 August 2013

†BackgroundandAimsAnaccurate characterization of biodiversity requires analyses ofDNAsequences in addition
to classicalmorphological descriptions.Newmethodsbasedonhigh-throughput sequencingmayallow investigation
of specimenswith a large set of genetic markers to infer their evolutionary history. In the grass family, the phylogen-
etic position of the monotypic genus Lecomtella, a rare bamboo-like endemic from Madagascar, has never been
appropriately evaluated. Until now its taxonomic treatment has remained controversial, indicating the need for
re-evaluation based on a combination of molecular and morphological data.
†Methods The phylogenetic position of Lecomtella in Poaceae was evaluated based on sequences from the nuclear
and plastid genomes generated by next-generation sequencing (NGS). In addition, a detailedmorphological descrip-
tion of L. madagascariensis was produced, and its distribution and habit were investigated in order to assess its
conservation status.
†KeyResultsThe complete plastid sequence, a ribosomalDNAunit and fragments of low-copy nuclear genes ( phyB
and ppc) were obtained. All phylogenetic analyses place Lecomtella as an isolated member of the core panicoids,
which last shared a common ancestor with other species .20 million years ago. Although Lecomtella exhibits
morphological characters typical of Panicoideae, an unusual combination of traits supports its treatment as a
separate group.
†Conclusions The study showed that NGS can be used to generate abundant phylogenetic information rapidly,
opening new avenues for grass phylogenetics. These data clearly showed that Lecomtella forms an isolated
lineage, which, in combination with its morphological peculiarities, justifies its treatment as a separate tribe:
Lecomtelleae. New descriptions of the tribe, genus and species are presented with a typification, a distribution
map and an IUCN conservation assessment.

Key words: Andringitra, biodiversity conservation, chloroplast genome assembly, endemic, grass phylogenetics,
Lecomtella madagascariensis, NGS, PACMAD clade, single-copy gene.

INTRODUCTION

Biodiversity inventoryand the studyof diversification are central
to understanding and managing natural communities facing
global environmental change, particularly in vulnerable tropical
areas with the highest levels of diversity (Myers, 1988; Myers
et al., 2000). The evolutionary significance of biodiversity pat-
terns is best interpreted within phylogenetic frameworks,
which enable the integration of morphological, ecological and
molecular data, to assess lineage uniqueness, estimate lineage
ages, test biogeographic hypotheses and study the evolution of
adaptive traits (e.g. Yoder and Nowak, 2006; Forrest, 2009;
Edwards and Smith, 2010; Pillar and Duarte, 2010). However,
exhaustive species sampling is extremely difficult when
working on large plant families (Stevens, 2001). Many rare
lineages are thus still to be analysed with genetic data and
remote regions still hold botanical surprises (e.g. the Malagasy
giant palm Tahina spectabilis; Dransfield et al., 2008).

Phylogenetic investigations in the grass family (Poaceae,
!12 000 species) have generated a large and actively growing
phylogenetic framework (Grass Phylogeny Working Group,
2001; Grass Phylogeny Working Group II, 2012; Morrone
et al., 2012). Even though the sampling strategy of the Grass
Phylogeny Working Groups prioritized the inclusion of all
known grass lineages (Grass Phylogeny Working Group, 2001;
Grass Phylogeny Working Group II, 2012), some genera have
not been included. One such genus is the Malagasy narrow
endemic Lecomtella.
Lecomtella madagascariensis is a bamboo-like grass (Fig. 1)

that was first sampled in 1911 byHenri Perrier de la Bâthie in the
Andringitra Massif, Madagascar, and then described by
A. Camus (Camus, 1925). Since its discovery, the placement
of this species has been controversial. Camus (1925) and Stapf
(1927) first suggested including it inPaniceae as a genus incertae
sedis. Stapf (1927) also speculated that Lecomtella ‘may be the
end-link of a phylum whose earlier stages have been lost’.

# The Author 2013. Published by Oxford University Press on behalf of the Annals of Botany Company. All rights reserved.
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• 38.106 Reads 
• 139 kb chloroplast genome 
• nuclear rDNA (5.8kb) 
• 3 low copy number gene 

• phyB, ppc-aL1 & ppc-aR. 
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Abstract
Collections of specimens held by natural history museums are invaluable material for biodiversity inventory and evolu-
tionary studies, with specimens accumulated over 300 years readily available for sampling. Unfortunately, most museum 
specimens yield low-quality DNA. Recent advances in sequencing technologies, so called next-generation sequencing, 
are revolutionizing phylogenetic investigations at a deep level. Here, the Illumina technology (HiSeq) was used on her-
barium specimens of Sartidia (subfamily Aristidoideae, Poaceae), a small African–Malagasy grass lineage (six species) 
characteristic of wooded savannas, which is the C3 sister group of Stipagrostis, an important C4 genus from Africa and 
SW Asia. Complete chloroplast and nuclear ribosomal sequences were assembled for two Sartidia species, one of which 
(S. perrieri) is only known from a single specimen collected in Madagascar 100 years ago. Partial sequences of a few sin-
gle-copy genes encoding phosphoenolpyruvate carboxylases (ppc) and malic enzymes (nadpme) were also assembled. 
Based on these data, the phylogenetic position of Malagasy Sartidia in the subfamily Aristidoideae was investigated and 
the biogeographical history of this genus was analysed with full species sampling. The evolutionary history of two genes 
for C4 photosynthesis (ppc-aL1b and nadpme-IV) in the group was also investigated. The gene encoding the C4 phos-
phoenolpyruvate caroxylase of Stipagrostis is absent from S. dewinteri suggesting that it is not essential in C3 members 
of the group, which might have favoured its recruitment into a new metabolic pathway. Altogether, the inclusion of his-
torical museum specimens in phylogenomic analyses of biodiversity opens new avenues for evolutionary studies.

Key words: Aristidoideae, herbarium, Madagascar, NGS, plastid genome, Poaceae, ribosomal DNA, Sartidia, single-copy 
genes, Stipagrostis.

Introduction
Many aspects of evolutionary biology are best studied by the 
comparison of a high number of species in a phylogenetic 
framework. This includes the evolutionary history of mor-
phological and biochemical adaptations, migration to new 

geographic areas, colonization of new ecological niches, and 
genomic changes that underlie adaptation (Singh et al., 2009; 
Pillar and Duarte, 2010; Christin et al., 2013). Until recently, 
genetic data have mainly been generated from extant species and 
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DNA extracted from a seed 
No DNA shearing 
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Abstract

DNA barcoding has had a major impact on biodiversity
science. The elegant simplicity of establishing massive
scale databases for a few barcode loci is continuing to
change our understanding of species diversity patterns,
and continues to enhance human abilities to distinguish
among species. Capitalizing on the developments of next
generation sequencing technologies and decreasing costs
of genome sequencing, there is now the opportunity for
the DNA barcoding concept to be extended to new kinds
of genomic data. We illustrate the benefits and capacity
to do this, and also note the constraints and barriers to
overcome before it is truly scalable. We advocate a twin
track approach: (i) continuation and acceleration of global
efforts to build the DNA barcode reference library of life
on earth using standard DNA barcodes and (ii) active
development and application of extended DNA barcodes
using genome skimming to augment the standard barcod-
ing approach.

Keywords: chloroplast DNA, DNA Barcoding, genome
skimming, mitochondrial DNA, next-generation DNA
sequencing, ribosomal DNA
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Introduction

DNA barcoding involves sequencing one or a few standard
DNA regions to tell the world’s species apart. Since its
inception in 2003, DNA barcoding has grown into a global
research programme involving thousands of researchers
whose work has led to the production of millions of

barcode sequences. In this opinion paper, we explore the
potential for the standard DNA barcoding approach to be
complemented and extended using next generation
sequencing technologies. Focusing on plants, we highlight
the use of shallow-pass shotgun sequencing of genomic
DNA in large-scale projects to generate extended barcodes
consisting of entire organelle genome and nuclear riboso-
mal DNAs, along with shallow coverage of single copy
nuclear DNA. These extended barcodes are recoverable
from herbarium/museum specimens, provide increased
phylogenetic signal, and provide a bridge between stan-
dard and metabarcoding studies which often use different
target regions. They also represent a stepping stone on the
continuum between standard barcodes and complete gen-
ome sequences, and as sequencing costs decrease, the
depth of the skims can increase, resulting in ever increas-
ing data richness. We note the potential for this approach
to augment the standard DNA barcoding programme, and
although we focus on plants, we highlight its applicability
across the three domains of life. We also explore the chal-
lenges that arise from incorporating genomic data into high
throughput barcoding workflows, particularly the currently
higher consumable costs and greatly increased demands on
data storage and analytical routines.

Standard DNA barcodes

The DNA barcoding concept proposed by Hebert et al.
(2003a) represented a major step forward for the DNA-
based species identification. The approach harnessed global
community efforts to establish large-scale public reference
libraries to allow reliable identification of species across
vast tracts of life. For animals, the standard barcode is a
658 base pairs (bp) fragment of the mitochondrial gene
cytochrome c oxidase 1 (COI; Hebert et al. 2003b). The use
of COI for species identification and discovery has been
extremely successful for the animal kingdom, and the BAR-

CODE OF LIFE DATASYSTEMS database (BOLD) contains now
more than 4.1 million validated barcodes (http://www.
boldsystems.org/index.php/databases 4; Ratnasingham &
Hebert 2007).
In plants, the choice of the standardized barcode(s) has

been more complex. The low substitution rates of plant
mitochondrial DNA (Wolfe et al. 1987) precluded the use
of COI. As a consequence, alternative barcoding regions
were investigated, leading to selection of two plastid DNA
regions, a c. 600 bp fragment of the rbcL gene, and
c. 800 bp segment of the matK gene, with the recommenda-
tion to complement these using trnH-psbA (Hollingsworth
et al. 2009) and the internal transcribed spacers (ITS) of the
nuclear ribosomal DNA (Hollingsworth 2011; Hollings-
worth et al. 2011; Li et al. 2011). The same ITS region hasCorrespondence: Eric Coissac, Fax: +33(0)4 76 51 42 79; E-mail:

eric.coissac@inria.fr
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CIRCULAR CHLOROPLAST CHROMOSOMES: 
THE GRAND ILLUSION  

2004). Using EM, results with the denatur-
ation mapping technique were interpreted
to indicate a head-to-head linkage be-
tween neighboring genomic units in most
(extremely rare) circular dimers of cpDNA
from lettuce and spinach (Kolodner and
Tewari, 1979). The same dumbbell forms,
however, would result from head-to-tail
dimers containing an inversion of the large
single copy region in one of the genomic
units (Oldenburg and Bendich, 2004). I
conclude that all concatemeric forms of
cpDNA are likely composed of head-to-tail
units.
To summarize, it is replication driven

by recombination that leads to the cpDNA
branching, head-to-tail concatemers, and
inversion isomers. The isomers cannot
result from flipping. The small amount of
cpDNA found in circular form may actually
serve no function that depends on circu-
larity, but may represent an incidental
byproduct of the recombination events
required for cpDNA replication and repair,
as we suggested for mtDNA circles
(Oldenburg and Bendich, 1998).

CHROMOSOMES IN CHLOROPLASTS
ARE COMPLEX IN STRUCTURE AND
VARIABLE IN SIZE

In a eukaryotic cell, the G2 phase of the cell
cycle separates the replication of nuclear

DNA in the S phase from segregation of the
duplicated chromosomes in the M phase.
Activities in the G2 phase ensure that only
once-replicated and precisely replicated
chromosomes are inherited by daughter
cells. Such activities are absent in E. coli
cells that divide every 25 min at 378 and
require 40 min to replicate their genome
(Helmstetter, 1996), so that chromosomal
segregation occurs before DNA replication
is complete and the DNA content among
cells is quite variable (Akerlund et al., 1995).
I suggest that it is the absence of such
activities in the chloroplast that allows both
the segregation to daughter organelles of
chromosomes containing multigenomic
amounts of DNA, including incompletely
replicated genomes, and the large variabil-
ity in DNA content among chloroplasts in
the population. In the terms of Murray
(2004), the coupling between chromosomal
replication and segregation is flexible for
the chloroplast and tight for the cell that
harbors the chloroplast.

Flexible coupling for chloroplasts is best
illustrated in Scenedesmus quadricauda,
a chlorococcal alga with a single chloro-
plast. In one daughter cell, the chloroplast
contains nine nucleoids each carrying from
1 to 20 genome equivalents (assuming
a 200-kb genome size), and the other
daughter contains five nucleoids with 4 to
19 genomes (Zachleder et al., 1995). Only
one of the 30 nucleoids among the two

pairs of daughter cells analyzed contained
as little as one genome equivalent.
I propose the following rules for the

chromosomes in chloroplasts. (1) The rep-
lication of cpDNA begins at one of several
potential replication origins on linear cpDNA
molecules, but most of the cpDNA is pro-
duced via recombination-dependent repli-
cation (RDR) that does not require firing of
an origin. This RDR process is similar to
those for herpes simplex virus (HSV) and
bacteriophage T4, both of which contain
a genome borne on linear DNA molecules
(Kreuzer and Morrical, 1994; Jackson and
DeLuca, 2003). A T4-like RDR process was
also proposed for the mtDNA in plants
(Oldenburg and Bendich, 1998). (2) Rep-
licating cpDNA structures consist of
branched, multigenomic forms, and it is
these complex cpDNA forms that comprise
the chromosomes in chloroplasts. For both
HSV and T4, replication intermediates are
multigenomic structures that are processed
down to genome-sized units before pack-
aging into virus particles because of the
need to maximize the number of infectious
particles per genome. There is no such
need for chloroplasts that divide into only
two daughter organelles, and so chloro-
plast chromosomes are inherited without
processing. (3) There is usually more than
one genome equivalent in a chloroplast
chromosome, just as in rapidly dividing
cells of E. coli. After cpDNA replication
ceases, and the number of chloroplasts per
cell increases to the final level in non-
meristematic cells, the number of genome
equivalents per chromosome decreases.
This plasticity of DNA content per chromo-
some is also observed for E. coli as the
culture ages, but contrasts with the con-
stancy found in the nucleus of plant cells.

THE CHLOROPLAST NUCLEOID: A
REVISED VIEW

I now apply these rules to reinterpret
cytological observations of the chloroplast
nucleoid that are puzzling when a circular
genome-sized molecule is assumed to
represent the chloroplast chromosome.
Chlamydomonas is a single-celled alga
containing one chloroplast and has served
as the principal organism for studying

Figure 2. A Multigenomic Chloroplast DNA Structure.

This ethidium-stained structure was obtained from meristematic tissue of maize. Similarly complex

cpDNA forms were found for every plant species examined, including watermelon and pea (Bendich,

1991), Arabidopsis (Rowan et al., 2004), wheat, andMedicago truncatula. No such complex forms were

reported for pea and maize (Kolodner and Tewari, 1972, 1975a).
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terminus for u replication where the bi-
directional replication forks converge (Ko-
lodner and Tewari, 1975b; Heinhorst and
Cannon, 1993). Thus, the end sequence of
the rolling circle tail would not be near the
origin. Because, however, the ends of
linear molecules are near putative origins,
and very little maize cpDNA is found in
circular form (Oldenburg and Bendich,
2004), the standard model is no longer
tenable for maize. The recombination-
dependent replication process for cpDNA
depicted in Figure 1A accounts for the
branched, multigenomic structures (Figure
1B) that can represent most of the DNA
in plastids and involves no circular forms
of cpDNA. Figure 2 shows an enormous
structure typical of the cpDNA found in
the meristematic cells at the base of a
maize leaf. These structures contain long
fibers emanating from a dense core of
DNA. After digestionwith a restriction endo-
nuclease that cleaves once per genome,

theDNAmass of such structures decreases
by 50 to 60%, the average length of
the peripheral fibers decreases by 40 to
50%, but the core persists (Oldenburg
and Bendich, 2004). Thus, the core is not
comprised of catenated circles, and its
DNA is (presumably) very tightly branched.
The challenge now is to determine the
structure of the core to elucidate the
DNA replication mechanism.

It must be emphasized that the scheme
in Figure 1A is based entirely on structural
analysis without benefit from genetics. It is
intended merely to focus attention on linear
genomes, rather than circular molecules, to
guide future research. Figure 1A does,
however, show how the two isomeric forms
of the chloroplast genome in most plants
can be produced without invoking flipping:
intramolecular recombination between the
large inverted repeat sequences (IRs) in
a circular cpDNA molecule (Figure 1C).
Flipping was proposed as the mechanism

responsible for the equimolar alternative
fragment maps for species with IRs
(Palmer, 1983, 1985). The mapping data
were obtained before the advent of PFGE,
so that the sizes of the largest fragments
could not be determined accurately.
Recent mapping employing PFGE and
rare-cutting enzymes revealed a larger-
than-genome-size fragment for maize
cpDNA that cannot be derived from the
circular forms in Figure 1C (Oldenburg and
Bendich, 2004). This large fragment ap-
peared in approximately half-stoichiometric
amount, relative to other fragments. Half-
stoichiometric fragments were an essen-
tial observation in the older mapping
experiments that led to the proposed flip-
ping. Figure 1A shows the linear maps,
including the long half-stoichiometric frag-
ments that render flipping untenable. The
only form of the cpDNA that can lead to the
observed data is the head-to-tail linear
concatemer (Oldenburg and Bendich,

Figure 1. Chloroplast DNA Structure and Recombination-Dependent DNA Replication.

(A) The end of a monomeric genome recombines with another molecule and initiates replication. Replication procedes to the right to generate product 1, an

all-blue head-to-tail concatemer. Digestion with a restriction endonuclease that cleaves the genome once, at the site marked in red, yields a genome-size

fragment. An alternative recombination initiates leftward replication to generate product 2, a head-to-tail concatemer containing an inverted (green) segment,

that yields a larger-than-genome-sized fragment. Bold arrows indicate the direction of replication. The IRs are indicated by thick gray and black lines.

(B) A multigenomic structure produced by recombination-dependent replication.

(C) Circular forms of the genome produced by intramolecular recombination (flipping). Note that the larger-than-genome-sized fragment predicted by the

map of product 2, and detected by Oldenburg and Bendich (2004), cannot be generated from genome-sized circles.
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