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Subsection C
The Genomes
[19] Sequencing and Comparing Whole Mitochondrial
Genomes of Animals
By Jeffrey L. Boore, J. Robert Macey, and Mónica Medina
Abstract

Comparing complete animal mitochondrial genome sequences is becoming increasingly common for phylogenetic reconstruction and as a
model for genome evolution. Not only are they much more informative
than shorter sequences of individual genes for inferring evolutionary relatedness, but these data also provide sets of genome-level characters, such
as the relative arrangements of genes, which can be especially powerful.
We describe here the protocols commonly used for physically isolating
mitochondrial DNA (mtDNA), for amplifying these by polymerase chain
reaction (PCR) or rolling circle amplification (RCA), for cloning, sequencing, assembly, validation, and gene annotation, and for comparing both
sequences and gene arrangements. On several topics, we offer general
observations based on our experiences with determining and comparing
complete mitochondrial DNA sequences.
Introduction

Mitochondria are subcellular organelles of nearly all eukaryotes, descended from -Proteobacteria that took up residence inside an early member of the eukaryotic lineage (Lang et al., 1999). They still contain their
own much diminished genomes and have systems for transcription, message processing, and translation that are separate from those of the cytoplasm. For animals, these mitochondrial genomes are almost always
circular (for exceptions in the Cnidaria, see Bridge et al., 1992; in a crustacean, see Raimond et al., 1999) and usually contain the same set of 37
genes, encoding 13 proteins, 2 rRNAs, and 22 tRNAs (see Boore, 1999; for
some exceptions, see Armstrong et al., 2000; Beagley et al., 1995, 1998;
Beaton et al., 1998; Helfenbein et al., 2004; Hoffmann et al., 1992; Keddie
et al., 1998; Le et al., 2000; Nickisch-Rosenegk et al., 2001; Okimoto et al.,
1991; Wolstenholme et al., 1987; Yokobori et al., 1999, 2003). Typically,
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they are about 16 kb in size, and so are very gene dense and without introns
except in cnidarians (Beagley et al., 1995, 1998; Beaton et al., 1998), which
also contain one extra gene, a homologue to bacterial mutS. Some
mtDNAs have all genes on one strand; for others they are distributed
between both. In the few cases where it has been studied, transcription
produces a single large transcript for each DNA strand, which is then
enzymatically cut into (mostly) gene specific RNAs (Clayton, 1992).
There are several merits to comparing these diminutive genomes. Their
small size and compact arrangements facilitate broad comparisons for
many animals. Comparisons can include the homologous genes found
in the mtDNAs of plants, protists, and fungi, and in the genomes of
prokaryotes (Adams and Palmer, 2003; Gray, 1999; Gray et al., 1998; Lang
et al., 1997). Their (usually) circular structure enables physical isolation
from nuclear DNA. Their biochemistry is relatively well understood and
they are known to play important roles in cellular metabolism (Nieminen,
2003), development (Krakauer and Mira, 1999; Yost et al., 1995), aging
(Nagley and Wei, 1998), and human disease (Wallace, 1999). Their products interact with those from hundreds of nuclear genes, inviting studies of
coevolution with these interacting factors (Wu et al., 2000). Many of the
processes of genome evolution can be studied in these relatively simple
systems, including genome rearrangements (Boore, 2000), tRNA editing
(Lavrov et al., 2000), tRNA gene ‘‘identity theft’’ (Rawlings et al., 2003),
and the causes of mutational biases and their effects on amino acid substitution patterns (Helfenbein et al., 2001).
Mitochondrial genome comparisons have successfully addressed a broad
range of phylogenetic questions. Rapidly evolving portions of noncoding
DNA are used for forensic identifications (Budowle et al., 2003) and
addressing population structure (Nyakaana et al., 2002). Although mtDNA
sequences generally evolve more rapidly than those of nuclear genes
(Brown et al., 1979; Gissi et al., 2000), leading some to question their
resolving power, they have produced robust phylogenies even at very deep
levels (Helfenbein et al., 2004). Whole mtDNA sequence comparisons are
much more powerful for phylogenetic reconstruction than single gene
comparisons (Boore et al., 2004; Ingman et al., 2001; Macey et al., 2004;
Parsons and Coble, 2001). Complete mitochondrial genome sequences
also provide a set of ‘‘genome-level characters’’ (Nikaido et al., 1999;
Schmitz et al., 2001), such as RNA secondary structures (Macey et al.,
1997c; Macey et al., 2000b), modes of control of replication and transcription (Clayton, 1992), mtDNA physical structures (Bridge et al., 1992), and
especially the relative arrangements of genes, which can be a reliable
indicator of common ancestry (see later discussion).
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Fig. 1. Phylogenetic distribution, by phylum, of the complete mitochondrial DNA
sequences in GenBank as of June 2004, with a list of those phyla remaining unrepresented.

For these reasons, and because high-throughput genome sequencing is
becoming a mature technology, comparing complete mtDNA sequences
is becoming increasingly common. In no other part of the genome could
one so easily obtain the sequences of 37 unambiguously orthologous genes
so densely packed. The rate of production of complete mtDNA sequences
is increasing exponentially and, as of June 2004, GenBank holds 464
complete animal mtDNA sequences. Although taxonomic sampling is
highly biased (Fig. 1), we are moving toward a thorough sampling across
life of this small genome for better understanding of the evolution of
genomes and organisms. (Table I lists some of the resources on the web
for learning more about mitochondrial systems.) It is imperative that we
streamline the processes of acquiring, analyzing, and comparing these data.
Making the Templates

Differences in body structures among various animal groups make
it impossible to comprehensively generalize the best tissues for isolating mtDNA. Eggs, gonads, muscle, liver, and brain are commonly used,
generally in this order of preference, although other tissues are often
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TABLE I
Web Resources for Further Information on mtDNA and Mitochondrial Systems
URL
http://www.jgi.doe.gov/programs/comparative/
top_level/organelles.html
http://evogen.jgi.doe.gov/dogma/
http://megasun.bch.umontreal.ca/ogmpproj.html
http://www.ncbi.nlm.nih.gov/genomes/
organelles/organelles.html
http://www.mitomap.org/
http://www-lecb.ncifcrf.gov/mitoDat/

Description
Organelle Genomics at DOE Joint
Genome Institute
Tools for gene annotation of mtDNAs
and cpDNAs
Organelle Genome Megasequencing
Project
Organelle genome resources at GenBank
Mitomap: Human mitochondria and
disease
Nuclear genes with mitochondrial
products database

acceptable. All methods are most reliable when using fresh tissue, although
tissues frozen (quickly, if possible) at 80 are commonly used. Working
with tissues stored in ethanol is variably successful, but those in formalin
have never yielded useful DNA in our hands [but see Kearney and
Stuart (2004) for a case with obtaining small fragments from formalin-fixed
samples].
There are numerous methods, including the use of several commercial
products, for isolating total DNA from tissue that are described elsewhere.
For study of any particular region of the genome, the next step must be to
physically isolate that portion of the DNA. For the case of mtDNA, there
are several methods in common usage: (1) physically isolating mtDNA
from nuclear DNA by exploiting the differential masses of the nucleus
and organelle and/or the differing properties of linear versus circular DNA;
(2) creating and identifying clones that contain copies of the mtDNA; or
(3) generating identical copies of the mtDNA in high molarity by long
polymerase chain reaction (PCR) or rolling circle amplification (RCA).
Physical Isolation
It is possible to generate about (nominally, and with high variance) 1 g
of mtDNA per gram of tissue using standard cell fractionation techniques
(Protocol 1). Especially if this DNA is ever to be used for PCR, it is critical
to minimize the potential for contamination between samples or otherwise.
Briefly, the tissue is disrupted using either a dounce homogenizer or a
Tissuemizer (Tekmar, Inc.), trying to maximize the breaking of fibrous
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matrix and cell membranes while minimizing the breaking of nuclear and
mitochondrial membranes. This step may need optimizing, because too
vigorous treatment will break more nuclei, reducing the amount of nuclear
DNA removed by centrifugation, and too gentle treatment will incompletely lyse cells, which will pellet in this centrifugation, so removing
mitochondria and reducing yield. It is critical to minimize enzymatic damage to DNA by working quickly, maintaining dilute solutions, and keeping
reagents and materials cold. Nuclei are pelleted by low-speed centrifugation, but nuclear DNA from any that have been inadvertently lysed will
contaminate the supernatant (an amount typically larger than the isolated
mtDNA itself after ultracentrifugation). It is optional at this point to layer
mitochondria at the interface of a 1.5–1.0 M sucrose step gradient; this is
most useful if a large amount of tissue was used. Mitochondria are pelleted
and lysed, then the mtDNA is separated from any contaminating nuclear
DNA by centrifugation in the presence of CsCl (to produce the primary
gradient) and propidium iodide (PI) in an ultracentrifuge. The PI intercalates between base pairs, causing unwinding of the DNA helix, which is
physically resisted by circular DNA, but not linear DNA, because the latter
can unwind without limit. This renders circular DNA more dense than
linear, which seems counterintuitive, but the dye binding lessens the mass
because it introduces more ‘‘space’’ than weight. Detailed explanation and
a description of the critical parameters for the ultracentrifugation can
be found under sections for separating plasmids from genomic DNA in
Sambrook and Russell (2001) and Ausubel et al. (2004). The mtDNA
fraction will be a few millimeters below the nuclear band. After collecting
this with a needle, the PI is removed by extraction with butanol and the
CsCl removed by dialysis or ultrafiltration.
PROTOCOL 1
Physical isolation of mtDNA

Solutions (and Storage Conditions)
Homogenization buffer (4 ):
210 mM Mannitol (adds viscosity for more gentle cell lysis)
70 mM Sucrose (enhances mitochondrial integrity)
50 mM Tris–HCl, pH 7.5 (buffers pH changes)
3 mM CaCl2 (protects nucleoprotein complexes for nuclear
membrane integrity)
(This cannot be autoclaved but can be sterilized by passage through a
0.22-micron filter.)
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500 mM EDTA (4 )
TE: 10 mM Tris, 1 mM EDTA, pH 8.0 (room temperature)
2% bleach solution (room temperature)
For a sucrose step gradient: 1 M sucrose in TE and 1.5 M sucrose in
TE (4 )
10% sodium dodecyl sulfate (SDS): 10 g SDS, water to 100 ml (room
temperature)
Saturated CsCl is 7 M in water
Propidium iodide (PI) solution: 2 mg/ml in water
CsCl/PI solution, density 1.57 g/ml (makes 100 ml, room temperature):
74.2 g
CsCl
10.0 ml
10  TE
54.9 ml
water
16.6 ml
PI solution (2 mg/ml)
For a ‘‘velocitization,’’ make this solution at two other densities also:
For 1.4 g/ml, modify to 53.3 g of CsCl and 71.7 ml of water. For 1.7 g/ml,
modify to 93.3 g of CsCl and 61.7 ml of water.
Water-saturated butanol: Mix equal portions, shake, and let the layers
form. (Butanol is on top.)
Procedure
This is for small amounts of tissue, less than about 0.3 grams. Scale up
for larger amounts.
1. Homogenize tissue in 3 ml of cold homogenization buffer using
three 5-s strokes of the Tissuemizer (Tekmar). A dounce homogenizer can
be used instead. This may need optimizing.
2. Add 600 l of 500 mM EDTA. Keep on ice. (Clean the Tissuemizer
between samples by running for 15 s in cold 2% bleach solution, then rinsing
with three iterations of cold, high-purity water.)
3. Pellet nuclei at 1200g for 5 min at 4 . Remove the supernatant into
a fresh sterile tube with a pipette. If working with a large sample, this step
can be repeated.
4. Pellet mitochondria at 23,000g for 25 min at 4 . Pour off and discard
the supernatant. Allow the tube to drain for a few minutes, then put on ice.
Some would add a sucrose step gradient at this point to separate
mitochondria from other cellular constituents, but this is not generally
necessary unless the amount of tissue was very large.
A. Prepare step gradients by placing 10 ml of 1 M sucrose in TE in
swinging bucket centrifuge tube. Using a pipette, underlayer this with 8 ml
of 1.5 M sucrose in TE.
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B. Resuspend pellet in 20 ml of homogenization buffer and carefully
layer on top of the gradient.
C. Centrifuge at 33,000g for 60 min at 4 in a swinging bucket rotor.
(Microsomes collect at the top of the 1 M sucrose, mitochondria at the
interface of 1.5 M and 1 M sucrose, and nuclei at the bottom.)
D. Aspirate off the excess at the top, then collect the interface layer
between the 1.5 M and 1 M of sucrose with a short pipette, trying for
minimum volume (<5 ml).
E. Add about 4 volumes of cold TE to this collected fraction to reduce
the sucrose concentration.
F. Pellet mitochondria at 23,000g for 25 min at 4 , then pour off and
discard the supernatant. Allow the tube to drain for a few minutes, then
put on ice.
5. Resuspend pellet in 1.6 ml of TE with vigorous vortexing at room
temperature.
6. Lyse the mitochondria by adding 0.4 ml of 10% SDS and mixing
gently, then let stand for 10 min at room temperature.
7. Add 0.33 ml of saturated CsCl, mix, and place on ice for at least
15 min. (Can remain at 4 overnight.)
8. Pellet the mitochondrial membrane debris at 17,000g for 10 min at
4 , then collect the supernatant into a sterile culture tube.
9. Add 0.5 ml of PI solution. Measure the volume and add solid CsCl
according to the following schedule, interpolating as necessary: 2.2 ml/
2.04 g; 2.3 ml/2.13 g; 2.4 ml/2.22 g; 2.5 ml/2.32 g.
10. Invert several times to dissolve the CsCl. Check the density by
weighing 1 ml to ensure it is 1.57  0.01 g. Adjust using solid CsCl or water
to 1.57 g/ml. Top off the tube with the CsCl/PI stock solution of density
1.57 g/ml. Mix. Balance the tubes in pairs to within 0.02 g.
11. Ultracentrifuge to separate linear and circular DNAs. The vertical
rotor spins harder than the swinging bucket rotor so the gradient sets
up faster; however, the shorter gradient produces a less pure product. The
possibilities are, in order of speed versus purity: (1) single spin in the
vertical rotor; (2) single spin in the swinging bucket rotor; (3) spin
in the vertical rotor followed by the swinging bucket rotor; and (4) spin in
the vertical rotor, a ‘‘velocitization’’ removing small DNA fragments,
then spin in the swinging bucket rotor. Parameters for spinning in the
vertical rotor: 55,000 rpm for 24 h at 20 . Parameters for spinning in
the swinging bucket rotor: 36,000 rpm for 36–48 h at 20 . Consult the
machine instructions for details. For the swinging bucket rotor, layer light
mineral oil on top to within 3 mm of the top, balancing them using
the mineral oil.
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A velocitization is sometimes used between two density-gradient ultracentrifugations to remove small DNA fragments: (A) Measure the volume
of the sample (V) and calculate X ¼ 3.8  (2V þ 0.7). Add X ml of
a 1.4 g/ml CsCl/PI solution to a tube for the swinging bucket rotor.
(B) Underlayer 0.7 ml of a 1.7 g/ml CsCl/PI solution by placing a Pasteur
pipette tip against the side of the tube, gently releasing a drop, then sliding
the pipette down to the bottom of the tube. Slowly withdraw the pipette
as the last bit of liquid is delivered, keeping it against the side of the tube.
(C) Add V ml of TE to the sample and layer this on top of the gradient.
Top off with light mineral oil and balance. (D) Swinging bucket rotor run
parameters: 45,000 rpm for 3 h and 30 min at 20 . Brake should be on
while the machine is accelerating, but must be turned off before the spin
comes down. (E) Collect by puncturing tube and collecting the bottom
1.4 ml without using ultraviolet (UL) light. The intact mtDNA will have
been at the interface of the two CsCl density solutions.
12. After each ultracentrifugation (except a velocitization), collect
sample using a needle or a tube dripping apparatus and a UV light. There
will be as many as four fluorescent bands. Against the bottom of the tube is
RNA. At the top are carbohydrates. Nuclear DNA is about the middle of
the tube. About 5 mm below the nuclear will be the mtDNA. Even if not
visible, collect this region of the gradient. See details in Sambrook and
Russell (2001). If another ultracentrifugation is desired and the mtDNA
band is not visible, consider collecting a small amount of the nuclear band
to use as a trace.
13. Add about 500 l of water saturated butanol to the sample, shake,
then let the layers form. The butanol will absorb much of the propidium
iodide. Remove this with a Pasteur pipette and discard, then repeat about
five times, until the sample appears clear, then one more time. Check for
fluorescence with UV light. If volume reduction is desired, extract with
straight butanol, which will adsorb water.
14. Remove the CsCl either by using ultrafiltration (e.g., using ultrafree
spin columns; Millipore) or dialysis. If dialyzing, use a large volume of
dialysate (TE or water), at least 200 ml, with four buffer changes, over about
24 h, mixing gently on a stir plate.
This process requires relatively large amounts of tissue, a great
effort, and often extensive optimization. However, it can be very reliable,
especially when it can be optimized for a single tissue type. Figure 2 (lanes
2, 3, and 7) shows the results of a physical purification from the very
mtDNA-rich eggs of Xenopus.
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Fig. 2. Products of physical purification and of a rolling circle amplification reaction. Lanes
are as follows: (1) KB ladder standard; (2) mitochondrial DNA purified from Xenopus eggs
using the technique in Protocol 1; (3) This same preparation treated with RNAse; (4) KB
ladder standard; (5) RCA product using the technique in Protocol 3 from 1/100 of the material
in lane 2; (6) this RCA product digested with SpeI; (7) the purified mtDNA shown in lane
2 digested with SpeI.

Cloning
The optimal insert size for plasmids is too small, and for fosmids is too
large to accommodate most mtDNAs. The vector of choice is a replacement type of phage vector optimal for a mtDNA-sized insert such as
EMBL3 or EMBL4 (available from Stratagene and others). The greatest
problem with cloning an entire mtDNA into a phage is that one must begin
with a single break, ordinarily generated by cutting with a restriction
enzyme recognizing the mtDNA at only one site and compatible with (or
modifiable to be compatible with) a site in the polylinker of the vector. This
can be determined by constructing a restriction enzyme map of isolated
mtDNA, if it is very pure, by radiolabeling fragments (Protocol 2) or by
doing a Southern blot (Southern, 1975) of total DNA using (normally
heterologous) mtDNA probes. Detailed protocols for this and other
molecular techniques not individually referenced here can be found in
Sambrook and Russell (2001) and Ausubel et al. (2004). Briefly, cloning
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into phage requires ligation of the vector and insert, packaging into infectious particles, transfecting bacteria, and plating, where the clones form
plaques on a lawn of growing bacteria. If the library is made from isolated
mtDNA, then it is normally sufficient to randomly pick a few clones and
test each for a mtDNA insert. If the library is made from total DNA
instead, this would be inefficient, and one would ordinarily probe plaque
lifts to identify the correct clone(s). The best probe DNA for this would be
short PCR fragments amplified from the mtDNA itself, so that the hybridization can use very stringent conditions, although a heterologous probe
from other mtDNAs can work well. In either case, the candidate clone
should be verified as containing the entire mtDNA by checking that the
restriction enzyme map made from DNA produced from the clone, ordinarily visualized on an agarose gel stained with ethidium bromide (i.e.,
rather than by radiolabeling), matches that determined for the native
mtDNA.
PROTOCOL 2
Mapping mtDNA by Radiolabeling Fragments

Perform restriction-enzyme digests of purified mtDNA as desired, each
in 10 l total volume.
Inactivate the enzyme by heating. In most cases, 10 min at 70 is
sufficient. Spin to bottom of tube.
For calculations below, n ¼ number of digests þ 2 for standards þ 1 for
pipetting error.
This is acceptable for up to 20 reactions; scale up for more.
In addition to filling in at 50 overhangs, the polymerase has an exonuclease activity that erodes 30 overhanging or blunt ends, which are filled
back in, and will also translate from any nicks in the DNA.
The acrylamide gel allows very accurate sizing of fragments from about
20 to 1500 base pairs, while the agarose gel best sizes larger fragments.
Choose size standards with this in mind.
Carefully follow good procedures for safely handling radioactive
materials.
Reaction Mix
1.5n l reaction buffer
2 l equal mixture of alpha-labeled radionucleotides, 300 Ci/ml
1 l Klenow polymerase
Add water to bring volume to 5n lAdd 5 l of reaction mix to each
restriction enzyme digest, including 2 for size standards.
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Incubate for 30 min, 50 overhang digests on ice, 30 overhang or blunt
end digests at 37 .
Divide this evenly into two fractions, add 2 l of gel loading buffer
(‘‘bluecrose’’), and load onto each of an acrylamide (3.5 to 6%) and
agarose (0.8 to 1.2%) gel, using TBE, normally in vertical gel rigs. Load
bluecrose into empty lanes.
After gel is run, remove to 3-MM paper, cover with plastic wrap, and
dry in a vacuum gel dryer.
Expose to X-ray film, nominally for 24 h, although this can be repeated
for shorter or longer times.
The result looks like a negative of an ethidium bromide–stained gel.
10 reaction buffer: 60 mM KCl, 100 mM Tris (pH 7.2), 100 mM
MgCl2, 70 mM beta-mercaptoethanol.
PCR Amplification
Because of the difficulties in purifying and/or cloning mtDNAs, many
have adopted PCR amplification from whole genomic DNA extractions.
Until a few years ago, PCR could amplify only fragments of a few kilobases, but now techniques are available for amplifying much longer regions
(Cheng et al., 1994). Although we have been able to amplify an entire
mtDNA from a single set of primers (Boore et al., 2004), it is a more
efficient strategy with more common success to amplify each in two or
three overlapping portions (Fig. 3). In some cases, we use primers designed
to match conserved regions for long PCR. However, it is generally more
effective to amplify and determine a short sequence and then make primers
of perfect match to the mtDNA and facing ‘‘out’’ from the fragment,
because the success rate for long PCR is lower than that for shorter
fragments, at least in our hands, and this eliminates the variable of the
extent of primer matching. In either case, where mtDNAs have large-scale
gene rearrangements, it is often necessary to try many combinations because it is impossible to tell a priori which primers are opposed on the
mtDNA and of acceptable separation. In cases of difficulty, we sometimes
amplify and sequence one portion, nominally half, and then make specific
primers to amplify the remainder.
We routinely use either Takara LA (Takara Bio, Inc.) or rTth-XL
polymerase (Perkin-Elmer) essentially according to suppliers’ instructions. (Other enzymes are available, including Elongase [Invitrogen] and
Herculase [Stratagene], with which we have less experience.) Optimization
of reaction conditions is often required, especially the magnesium concentration and primer annealing temperature. It is important that sufficient
time be allowed for the extension step, especially in later cycles, so we
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Fig. 3. Long polymerase chain reaction (PCR) amplification products on agarose gels
stained with ethidium bromide. Multibanded standards in each case are KB ladder. The
first amplification is the nearly complete mitochondrial DNA (14,465 nts) of the scaphopod
mollusk Graptacme eborea (Boore et al., 2004). Although this was useful, we much more
commonly amplify mtDNAs in two or three generously overlapping fragments, as shown in
the remaining panels.

typically start with 1 min/kb to amplify for the first 15 cycles and then use
the ‘‘autoextend’’ feature of the PCR machine to lengthen this step by an
additional 15 s/cycle, usually to a total of 37 cycles.
Although more complex methods are available, we find that it is sufficient to estimate primer annealing temperature by this simple formula: (2
the number of As or Ts) plus (4 the number of Gs or Cs) minus 5. The
two primers should be as close as possible to the same estimated annealing
temperature. Primer sequences should avoid long runs of homopolymers,
be 40–60% G þ C, and not have lengthy sequences at their 30 ends that are
in reverse complement to one another. When designing primers to conserved regions, start by aligning amino acid sequences of other animals,
being sure to include those distant enough to see saturation of substitutions
for nonessential portions of the genes. Choose portions about eight amino
acids long that are well conserved and about the desired distance apart.
Favor regions that include amino acids that are of minimum possible codon
variation, such as tryptophan and methionine, and avoid those that can be
coded by many variations, such as serine and leucine. Primers can be made
that are degenerate for all possible codon possibilities or that simply use
the codons expected to be most common for the amino acids; each strategy
seems about equally likely to be successful. It is most important that there
are no mismatches at the 30 end, so we recommend ending a primer on a
second codon position of a universally conserved amino acid. Although
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these are useful guidelines, in practice, some primers work well that do not
fully conform, and others fail even when conforming to all of these rules,
for reasons that are not obvious. Table II lists a set of primers with which
we have been routinely successful at amplifying short fragments from many
animal mtDNAs spanning the diversity of the Metazoa.
One of the common problems we have experienced is amplifying regions that include the large noncoding region, sometimes called the control
region, which generally contains signals for origin and termination of
replication. We speculate that in some cases, the polymerase used for the
PCR may respond to the replication termination signal for the mtDNA,
but there is no obvious similarity among these difficult regions either for
sequence, base composition, or potential secondary structures. We have
sometimes overcome difficulties by switching to a different polymerase or
by reducing the size of the region to amplify by determining flanking
sequences. Another effective strategy can be to use the greatly diluted
product of an unsuccessful (as judged by having either multiple bands or
nothing at the level of detection on the gel) PCR as template for a
subsequent amplification with primers that are internally nested. Not
uncommonly, using less of any template DNA results in a higher success
rate of amplification, because this also dilutes any impurities that might
TABLE II
Primers in Common Use in Our Laboratory that Are Designed to Match Conserved
Regions and Have Been Broadly Successful across the Metazoa
Gene

Primer

rrnS

12SaL
12SaiL
12SbH
16SarL
16SbL
16SaH
16SbrH
16S1148H

rrnL

cox1
cob

cox3

Sequence

AAACTGGGATTAGATACC CCACTAT
AAACTAGGATTAGATACCCTATTAT
GAGGGTGACGGGCGGTGTGT
CGCCTGTTTATCAAAAACAT
ACGTGATCTGAGTTCAGACCGG
ATGTTTTTGATAAACAGGCG
CCGGTCTGAACTCAGATCACGT
ATTAYGCTACCTTWGCACRGTCARRRT
ACYGCGG
16S1148L CCGCRGTAYYYTGACYGTGCWAAGGTA
GCRTAAT
LCO1490 GGTCAACAAATCATAAAGATATTGG
HCO2198 TAAACTTCAGGGTGACCAAAAAATCA
cobF424
GGWTAYGTWYTWCCWTGRGGWCARAT
cobR876 GCRTAWGCRAAWARRAARTAYCAYTC
WGG
cox3F
TGGTGGCGAGATGTKKTNCGNGA
cox3R
ACWACGTCKACGAAGTGTCARTATCA

Reference
Palumbi et al., 1991

This publication

Folmer et al., 1994
Boore and Brown,
2000
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be inhibitory; although amount of template DNA added can, at best,
boost amplification product proportionally, inhibitory elements affect the
reaction product exponentially.
Rolling Circle Amplification
RCA is a technique for producing in vitro long, double-stranded, multiple
tandem copies of circular DNA molecules (Fire and Xu, 1995; Liu et al., 1996;
Lizardi et al., 1998). The technique is dependent on use of a DNA polymerase with high processivity and strong strand-displacement activity, such as
that from Phi29 bacteriophage (Lizardi et al., 1998). This enzyme allows
extension of more than 70,000 bases from a single priming event (Blanco
et al., 1989) and has high fidelity, yielding only 1 error in 107–108 bases
(Estaban et al., 1993). After heat denaturation, multiple primers (typically
random hexamers) are annealed and then extended simultaneously at constant temperature by the polymerase. For a circular DNA molecule—like a
mitochondrial genome—as each growing strand reaches its origin, it displaces
itself, spooling off long single-stranded tandem copies. These are converted
during the RCA reaction into double-stranded form by further primer annealing and extension of the complementary strand. RCA has been used to
augment the signal from oligonucleotide probes (Baner et al., 1998), to
amplify plasmid templates for high-throughput DNA sequencing (Dean
et al., 2001; Detter et al., 2002), and even to amplify large genomes (Dean
et al., 2002; Detter et al., 2002).
It is important to note that linear DNA undergoes strand displacement
amplification in this same reaction, and that this is an isothermal reaction at
low temperature, so there is limited specificity of amplification. Nonetheless, we have had success using six of the oligonucleotides to rrnS, rrnL,
and cox1 (Table II) on crude DNA preparations. To prevent exonucleolytic activity on the oligonucleotides, the two most 30 bonds must be phosphorothiol bonds rather than phosphodiesters. We have also successfully
amplified mtDNAs that have been purified using ultracentrifugation as
above by RCA using random hexamers. Although these mtDNAs were
presumably pure, they were of such small quantity that nothing was visible
below the nuclear DNA band with ultraviolet irradiation of the CsCl
gradient. Figure 2 (lanes 5 and 6) shows one result using purified Xenopus
mtDNA. For RCA using random hexamer primers, we use the protocols
available with the kit (Amersham, Molecular Staging, or Epicentre);
Protocol 3 describes the method we use for RCA with specific primers.
The best measure of RCA success at amplifying an organelle genome is the
ratio of DNA appearing in bands versus smearing on a gel after digestion;
this correlates well with the proportion of organelle DNA found in random
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sequencing reads. We have successfully produced several complete
mtDNA sequences from random shotgun plasmid libraries (below)
produced from these RCA products.
PROTOCOL 3
RCA with Specific Primers

Denaturing reaction:
4 l
DNA template
4 l
10 M primer mix (at least one for each strand)
2 l
5 denaturing buffer (from TempliPhi kit; Amersham)
10 l
Final volume
Denature at 95 for 1 min. Cool to 34 .
Mix:
2 l
5 l
2 l
1 l

10 reaction buffer
High-quality water
2 mM dNTPs
Phi29 enzyme

10 l
Final volume
Add this mix to the denatured sample at 34 for 15 h, then heat to 65 ,
15 min. Store at 4 .
10 reaction buffer: 75 mM NaCl, 60 mM MgCl2, 1 mM DTT, 0.01%
Tween 20, 25 mM Tris pH 8.1 (pH adjusted with boric acid rather than HCl).
Although both approaches have been successful, each has shortcomings
and advantages. With specific primers, we can use total DNA preparations
but may be limited by endogenous enzyme inhibitors or by the ability to
accurately design conserved primers. Further, several commercially available kits do not provide pure Phi29 enzyme, but a reaction mix that
contains both enzyme and random hexamers. (Another problem with these
kits is that there is nearly always amplification in an attempted negative
control reaction, presumably caused by contamination of the enzyme mix
with DNA from the Phi29 plasmid clone.) Alternatively, although randomly primed RCA requires highly purified mtDNA, it must be available only
in miniscule amounts. Protocols for purifying mtDNA have emphasized
quantitative recovery, as has been necessary for direct cloning or restriction
enzyme analyses, but RCA enables the use of alternatives that would
generate only minute amounts of pure mtDNA.
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Work in progress is attempting to increase the specificity of amplification even at the low RCA temperatures by modification of reaction conditions. Other experiments are testing the potential for transposon-mediated
cloning of mtDNAs from total DNA preparations, purification of mtDNAs
using biotinylated primers matching mtDNA sequences coupled to
streptavidin-coated magnetic beads, and isolating intact mitochondria
using a fluorescence-activated cell sorter (FACS).
Sequencing the Templates

No techniques are available for reading more than about 1 kb of DNA
sequence in a single reaction, so whether the template is purified mtDNA,
an mtDNA-containing phage clone, a long PCR product, or the result of an
RCA reaction, the task must be broken into smaller components by one of
two methods: (1) The DNA to be sequenced is physically broken into
smaller pieces that are cloned for ‘‘shotgun’’ sequencing (below), then
the sequence that is determined for each is assembled based on overlap;
or (2) primers are designed to incrementally walk through a longer fragment. These methods and their variations will be described separately.
DNA is broken into smaller fragments by one of three methods.
Restriction enzymes can cut the DNA into precise and reproducible fragments, but these vary greatly in size and can cut only at specific points,
which may not be conveniently distributed. To minimize these problems, it
is common to use a four base–recognizing enzyme, expected to cut about
every 256 nucleotides, but under conditions that result in only partial
digestion. This is difficult to control and requires optimization of conditions. Secondly, the DNA can be sonicated, that is, broken by intense
sound waves using a specially constructed device. Breaks are random, but
the distribution of fragment sizes is wide, so a very large amount of starting
material is required. The best method is generally to break the DNA by
driving it repeatedly through a narrow aperture, like the one presented in a
HydroShear device (Gene Machines; protocol at http://www.jgi.doe.gov/
prod/SCLIB.html). The DNA stretches as it passes through under high
pressure and breaks if it is longer than a size specified by the pressure,
typically to a size between 1 and 1.5 kb for mtDNAs. Figure 4 shows the
mechanism of action and a typical result. (A common misconception is that
we intend to sequence completely through these clones, leading to the
comment that they are too large; actually, the sequencing reads from each
end of a clone do not overlap, but we rely on reads from many clones for
the contig assembly [see later discussion]).
In our process at JGI, after enzymatic end repair and electrophoretic
size selection, these fragments are ligated into pUC18 and transformed into
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Fig. 4. Breaking DNA into random fragments with a HydroShear device (GeneMachines).
(A) Long strands of DNA are loaded into the device, then driven under pressure repeatedly
through a narrow aperture, shearing them to a size specified by the pressure applied. (B)
Agarose gel stained with ethidium bromide showing a typical result. The standard in lane 1
has bands at 1, 2, 3, 4, 6, and 10 kb. Note the narrow distribution of product size.

Escherichia coli DH10b to create plasmid libraries. These are plated and
grown overnight, then an automated colony picker (Genetix) is used to
select colonies into 384-well plates of LB with 10% glycerol. These are
incubated overnight in a static incubator, without shaking or enhanced
aeration, then a small aliquot is processed robotically through plasmid
amplification using RCA, sequencing reactions, reaction cleanup using
SPRI (Elkin et al., 2002) and processing on an automated capillary DNA
sequencer. Detailed protocols are available at http://www.jgi.doe.gov/
sequencing/protocols. Because these sequenced fragments are from random starting points, we determine at least 10 times the amount of sequence
in the target template and then assemble these sequencing reads together
for a complete mtDNA sequence (see later discussion).
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Another option is to primer walk through long PCR fragments or clones.
Although many alternatives are possible, we load PCRs onto ultrafiltration
spin columns (Ultrafree 30,000 NMWL, Millipore), fill with water to 400 l,
and spin according to supplier’s instructions through three repetitions. This
removes primers, buffer, and unincorporated nucleotides and provides template directly for sequencing reactions. After each sequencing reaction, a
primer is selected for the next round until a high-quality, complete sequence
is determined from each strand. Primers are typically 18 nucleotides in
length, although can be made longer to increase annealing temperature if
necessary. In some cases, when sequencing multiple related mtDNAs, researchers have made a series of primers to conserved regions to streamline
the process (Inoue et al., 2001; Sorenson et al., 1999).
Assembly of the Sequencing Reads

The raw sequencing reads are first processed with PHRED (Green,
1996), which generates chromatograms, base calls, and quality scores. The
latter are expressed as ‘‘Q values’’ that correspond to the probability of
error according to the scale that Q10 ¼ 1=10, Q20 ¼ 1=100, Q30 ¼ 1=1000,
and so on. Each quality file is linked to the corresponding base call file and
these can be moved between platforms. Although there is other commercial software for generating chromatograms and base calling, PHRED’s
quality scores are an outstanding feature.
If the method of choice is primer walking, then assembly becomes trivial
and can be done manually, because each subsequent sequencing read begins
immediately beyond the primer annealing site in the previous read. The more
complex issues are for the assembly of a large collection of sequencing
reads from random clones. The most commonly used computer programs
for this are Sequencher (Gene Codes) or PHRAP (Green, 1996). In most
cases, the first step is to trim, to remove low-quality sequence at the end of
each read, and to remove the small amount of vector sequences (part of the
multiple cloning site) at the beginning of each read. This can be done automatically in either system. Details for the use of these particular programs
can be found at http://www.genecodes.com/ and http://www.phrap.org/.
Common difficulties are gaps remaining either from having an insufficient number of sequencing reads, from cloning biases, or from misassemblies due to repeated sequences. Gaps can be closed by directed approaches,
either by PCR amplifying and sequencing the missing portions or, if a
plasmid clone can be seen to span the gap, by primer walking with this clone
as a template. Misassemblies caused by repeats often appear as unusually
deep coverage of a region by sequencing reads and a pattern where reads
from opposing ends of clones are closer together than the typical clone
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size. This can be definitively resolved by using Southern hybridizations
(Ausubel et al., 2004; Sambrook and Russell, 2001; Southern, 1975) or
PCR amplifications from unique flanking sequences.
All assemblies and sequence quality should be verified by eye using
either Sequencher or CONSED (Green, 1996). The former is available for
the Macintosh and is somewhat simpler to use; CONSED (and PHRED
and PHRAP) is based in Unix but has more features, especially for resolving misassemblies (and all three are free). Even if the assembly was
generated in PHRAP, the entire set of files, including quality scores, can
be imported into Sequencher for verification and viewing of this assembly.
Throughout the assembly, there should be significant overlap of reads
and multiple reads of high quality. One common problem is in gap handling
for the consensus sequence, especially if multiple sequences of low quality
are included.
If any portion of the sequence was generated from PCR fragments, it is
critical to remove the sequences of the primers from the ends before
assembly, because these may not exactly match the mtDNA sequence. If
the mtDNA is circular, any assembly will show it arbitrarily linearized, with
some sequence repeated on each end of the assembly. It is critical to
identify this and to trim one end back to unique sequence; the use of
a dot-matrix sequence identity plot, such as is available in MacVector
(Accelrys) or other packages, can help.
An iterative approach to verifying sequence quality and assembly is
sometimes needed, where one pays particular attention to deficiencies
discovered during gene annotation (see later discussion), such as a frame
shift or stop codon within a coding region or mismatches in paired nucleotides in tRNA genes, to ensure that no error was generated. To the best of
our knowledge, no software is effective in allowing visualization of many
complex features while viewing assembled sequences, so this is a highly
manual and iterative process.
Annotation of the Genes

Identifying tRNA genes is the most challenging aspect of annotating
animal mtDNAs, because there is little sequence similarity except among
closely related animals, many features common to cytoplasmic tRNAs are
absent, and many are of aberrant secondary structure. Figure 5 shows a
labeled schematic diagram of a tRNA. Universally present is a sevenmember anticodon loop, a 5-bp anticodon stem, and a seven-member
acceptor stem. Either stem may contain some mismatched nucleotides
and, rarely, there is potential for a longer anticodon stem. Nearly always
found are two nucleotides between the acceptor and D arm, one nucleotide
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Fig. 5. An arbitrarily selected valine tRNA in schematic cloverleaf form with each section
labeled.

between the D arm and anticodon arm, three to five nucleotides in the
extra arm, and 2–6 bp, plus 3–12 loop nucleotides, in the D and T arms.
Commonly the nucleotides before and after the anticodon are T and A,
respectively, the two nucleotides between the acceptor and D arm are TA,
and the two most proximal nucleotides of the D loop are As. Some tRNA
genes lack the potential for base pairing in the D or T arms and one or both
of the tRNAs for serine, in particular, almost always lack paired D arms.
There is occasionally apparent overlap of tRNA genes, without obvious
explanation of how these might be processed from the presumed polycistron. This is so commonly the case for the discriminator nucleotide that it is
unclear how often it is encoded by the tRNA gene. There have been
particular difficulties with annotating tRNAs that are heavily edited posttranscriptionally, such as for centipede (Lavrov et al., 2000) and presumably for jumping spider (Masta and Boore, 2004) mtDNAs. With only a few
exceptions (Beagley et al., 1995, 1998; Beaton et al., 1998; Helfenbein et al.,
2004), a complete set of 22 tRNA genes is found, one for each amino acid
plus an additional one for each of serine and leucine because these can be
encoded by two different codon families. An extra trnM, perhaps to separate the roles of this tRNA as initiator and elongator, has been found in the
mtDNAs for each of Mytilus (Hoffmann et al., 1992), some platyhelminths
(although this was not pointed out in the manuscript; Le et al., 2000), and
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Ciona (Yokobori et al., 2003). Ciona and Halocynthia (Yokobori et al.,
1999) mitochondria also have an additional tRNA for glycine that recognizes AGR codons, causing a modification of the genetic code. In practice, the search centers on finding the best possibility for each of the 22
expected tRNAs, followed by an effort to find any others in any remaining
unassigned sequences.
Protein and rRNA encoding genes are found easily by similarity to
other animal mitochondrial sequences using BLAST or a similar program.
It is critical to consider that there are several genetic code variations for
mtDNAs (Wolstenholme, 1992). There can be some ambiguity in assigning
the precise ends of these genes without information from their transcripts.
This is particularly acute for the rRNA genes, and one must generally
estimate the ends within a few nucleotides based on similarity to other
animals’ rRNA sequences or assume that they extend to the boundaries of
adjacent genes.
For protein-encoding genes, there can be ambiguity in either end. For
genes with complete stop codons not overlapping the downstream gene
that would produce a protein of typical length and well matched, there can
be little doubt of the 30 end assignment. However, some end at abbreviated
stop codons (i.e., a T at a first codon position or a TA in the first and second
codon positions), after which the transcript is enzymatically cleaved, with
the stop codon completed to TAA by polyadenylation (Ojala et al., 1980).
The commonality of such a T exactly juxtaposed to the first nucleotide of
the downstream gene, in cases where the reading frame remains open for a
great many more codons, argues strongly that this is a common mechanism.
For mtDNAs of vertebrates, AGA is a stop codon, so here abbreviated
stop codons can be AG in the first two codon positions that would be
completed by the same mechanism.
Mitochondrial proteins initiate not only as in the ‘‘universal’’ code
(ATG), but in some cases with alternative ATN (ATA, ATT, and ATC)
and NTG (GTG, TTG, and CTG) codons. Particular animal groups may
use only some of these variations, and this is codified into the translation
tables available at GenBank. All match at least two of the nucleotides in
the CAT anticodon of the methionyl tRNA. This normally singular tRNA
must deliver formyl-methionine to the initiator position during mitochondrial protein translation and methionine to internal positions, so whatever
mechanism allows this discrimination presumably also enables the looser
codon matching during initiation. Further, cox1 uniquely has been found
rarely to use bizarre initiation codons, including the four-member ATAA
for Drosophila (Clary and Wolstenholme, 1985). These variations complicate the assignment of the beginnings of genes. In practice, we assume that
the correct initiation site is the first eligible in frame start codon as close as
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possible to the extent of similarity matching and without overlapping the
upstream gene.
Of course, it is necessary to do a thorough search of both strands for
these genes and to report it correctly to the sequence databases. GenBank
has a very large number of errors where genes are not correctly annotated
as being on the reverse complement strand.
A significant aid in annotating mitochondrial (and chloroplast, see
Chapter 20) genomes is called DOGMA (Wyman et al., 2004; http://
evogen.jgi.doe.gov/dogma/; Fig. 6). This accepts user sequences into a
password-protected file, searches using COVE methods (Eddy and Durbin,
1994; Wyman and Boore, 2003) for tRNAs and presents potential secondary structures, along with the alternatives found for each, and presents
aligned protein sequences. There are many user-interactive features, including the ability to add or remove genes from the automated annotation
and to designate start and stop codons by clicking on the highlighted
alternatives while viewing all annotations on a graphical display. DOGMA
can extract genes or intergenic regions for subsequent analysis and can save
all annotations in a table that can be read into Sequin, GenBank’s submission program. Annotated sequences can also be saved in a format that can
be read directly into commercial software such as MacVector (Accelrys)
for subsequent analysis.
Software for Analysis and Comparisons

Once an accurate sequence is assembled and verified and the genes
annotated, the analysis begins. For aspects of molecular evolution, this
usually starts with a set of measurements, such as amino acid composition
and hydrophilicity (and so on) of inferred proteins, nucleotide composition, codon usage patterns, and strand skew. The latter is the bias between
the strands for G versus C and T versus A and commonly reported as Gskew (G  C)/(G þ C) and T-skew (T  A)/T þ A) (Perna and Kocher,
1995), such that zero indicates perfect balance and 1 or 1 indicates total
skew. (A misconception often heard is that the heavy and light strands,
caused by strand skew, are somehow homologous; actually, there is no
homology of heavy strands [or light strands] across animals.) Noncoding
regions are often searched for potential secondary structures, which may
mediate replication or transcription control, and for repeats, both direct
and inverted, typically using a dot-matrix plot. These tasks are easily
accomplished with MacVector (Accelrys) or other commercially available
software packages (e.g., VectorNTI, GCG).
The comparison of many of these molecular features has become very
difficult with so many mitochondrial sequences available. We are working
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Fig. 6. One screen from Dual Organellar GenoMe Annotator (DOGMA) available at http://evogen.jgi.doe.gov/dogma/ (Wyman
et al., 2004) showing the folding of an identified tRNA gene along with alternative possibilities for this same gene elsewhere in the
mtDNA. Shown also is part of the graphical overview of the gene annotation produced by the software.
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to facilitate this by building searchable databases that will enable broad
comparisons of all mtDNA sequences, complete or by individual gene, for
specified sets of taxa, for features such as codon usage, nucleotide, and
amino acid content, gene arrangement, anticodon identities, and tRNA
structures. Look for updates by following the Evolutionary Genomics/
Organelles links at http://www.jgi.doe.gov/.
For phylogenetic analysis, the relevant sequences must be aligned.
Multiple sequence alignment and phylogenetic analysis of sequences is
beyond the scope of this chapter, but we offer a few general comments.
Because of both real variability and uncertainty of annotation, the ends of
protein and rRNA encoding genes are often ambiguously aligned and are
best trimmed back to a region of confidence. Alignment of genes for
tRNAs and rRNAs can be guided by their potential secondary structures
(Hickson et al., 1996; Kumazawa and Nishida, 1993; Macey and Verma,
1997). Regions with many gaps can contain significant alignment errors and
should be eliminated or used only with caution.
Gene-Order Comparisons

There are many strengths to using mitochondrial gene rearrangements
for phylogenetic reconstruction of animals. Nearly all animal mtDNAs
contain an identical set of genes and these can potentially be reordered
into an enormous number of states, so it is unlikely that reversion or
convergence would occur. In many lineages, these are slowly rearranging,
enhancing the possibility that there will be signal at deep levels, but the
finding of radically rearranged mtDNAs shows that these are not under
strong selection. (Rather, it seems likely that the infrequency of rearrangement is due to the lack of recombination and the paucity of intergenic
nucleotides, such that rearrangements commonly interrupt genes.) The
finding of lineages that have rapidly rearranging mtDNAs does not
undermine the utility of comparing gene arrangements for phylogenetic
reconstruction—they are not rearranging into convergent states—but
determines the taxonomic level at which the signal of relatedness would
most likely be found. This common misunderstanding is well exemplified
by the ‘‘cautionary tale’’ of Le et al. (2000), where a surprising number
of rearrangements are described for some platyhelminths, but without
demonstrating evidence that this would compromise phylogenetic reconstruction. It is specifically this lack of clocklike behavior of mitochondrial gene rearrangements that makes them most useful for addressing
the most difficult situation for phylogenetic reconstruction, having a short
internode and a long subsequent time of divergence; there is a brief time
to have accumulated signal of relatedness and a long time to erase it,
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where a perfectly regular rate of change is most likely to fail to reveal the
signal.
Although DNA sequence comparisons continue to revolutionize our
understanding of organismal relationships, they have also created an
expectation that the signal of relatedness must be teased by ever more
complex methods from a large body of homoplasious noise. They have
revealed much of the pattern of evolution, but many branches of life that
were ambiguous in early studies have remained recalcitrant, partly because
of limitations such as having only four (or 20, for amino acids) character
states, alignment ambiguities, compositional bias, convergent selection,
extreme rate variation, uncertainty over weighting changes of nucleotides
that are paired versus unpaired in RNA secondary structures, and especially
difficulties with short internodes. Although gene rearrangements will define
only a small number of evolutionary groups, because there may have been
no rearrangements during the period of shared history, or because
subsequent rearrangements may have erased the signal, these can be such
strong synapomorphies as to be singularly convincing. This is similar to the
situation for many groups that are well accepted based on sharing very
strong morphological synapomorphies, such as Tetrapoda or Mammalia.
Reconstructing phylogenetic relationships from gene arrangements can
be likened to a card-shuffling exercise. Imagine a stack of cards for each
genome so that each card represents a single gene, which can be face up or
down, analogous to transcriptional orientation. Transformation processes
among these decks can be removal and replacement of one or a block of
genes, with or without turning them over. (If the genome is circular, the
deck must be continuous, i.e., have the bottom card also above the top
card.) One can imagine constructing a network connecting these decks with
branch lengths proportional to the (perhaps weighted) number of transformations. The shortest possible network would constitute a phylogenetic
reconstruction.
Unfortunately, despite considerable effort (Bader et al., 2001; Blanchette
et al., 1997, 1999a,b; Cosner et al., 2000; El-Mabrouk and Sankoff, 1999;
Moret et al., 2001a,b; Sankoff and Blanchette, 1998a,b, 1999; Sankoff et al.,
1990, 1992; Tang and Moret, 2003; Wang et al., 2002), no available method
is completely satisfactory. Those based on distance matrices are highly
subject to artifactual clustering of taxa into biologically unrealistic groupings and those that retain character information are computationally
unfeasible. Further, some methods use models such as allowing only gene
inversions (Bader et al., 2001; El-Mabrouk and Sankoff, 1999) that are not
biologically realistic for animal mtDNAs. Other work in this volume will
detail these efforts, so here we will limit ourselves to the method we most
commonly use, a gene adjacency matrix [equivalent to ‘‘maximum parsimony
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Fig. 7. Having identical gene arrangements does not necessarily indicate close relationship.
Lowercase letters label genes in this hypothetical example. The gene arrangement for taxa
2 and 3 are identical, but trees A, B, and C are equally parsimonious. Two changes (*) are
required for each tree. (This also shows the primary shortcoming of the gene adjacency
method, and the reason single-gene boundaries are weak phylogenetic characters; independent movements of gene ‘‘c’’ creates gene boundary ‘‘b, d’’ in parallel.) A valid phylogenetic
reconstruction requires the situation shown in tree D, where (at least) two taxa are in one
arrangement, with (at least) two in an alternative arrangement. This tree requires only one
change, whereas any other relationship among these taxa would be less parsimonious.

of multiple encodings’’ of Wang et al. (2002)], and to some general
observations about gene rearrangements for phylogenetic inference.
Simply sharing even identical gene arrangements does not necessarily indicate close evolutionary relationship. As shown in Fig. 7, gene
arrangements can be shared as ancestral states (i.e., sympleisiomorphies)
retained from an ancestor, whereas other lineages have changed independently. It is important that taxa are united only when their shared arrangement can be shown to be evolutionarily derived (i.e., a synapomorphy) by
comparison with that of outgroup taxa (Fig. 7).
In an attempt to do this, we have developed a method (Boore et al., 1995)
based on gene adjacencies as phylogenetic characters. There are 72 characters scored, each being ‘‘upstream of’’ or ‘‘downstream of’’ each of the 37
genes. Character states then are the 30 or 50 end of the adjacent gene, and so a
matrix is filled by these, considering each animal. This matrix is then subjected to parsimony analysis (Swofford, 2001). An obvious shortcoming is
that single gene boundaries are not very reliable phylogenetic characters;
longer shared gene blocks are much stronger (Macey et al., 1997a). This
matrix and analysis, however, forms an excellent bookkeeping system that
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can be used to search for these longer shared arrangements by eye. In
practice, the phylogenetic questions we have addressed have included gene
arrangements at two extremes, either well conserved with so few gene rearrangements that synapomorphies are apparent by eye or so rearranged that
no convincing signal is likely to be recovered using any method. Table III
outlines several phylogenetic relationships, some controversial and others
not, well supported at this point by mitochondrial gene rearrangements.
What generalities can we infer from comparing animal mitochondrial
gene rearrangements? First, they do not follow to any extent a molecular
clock. For some lineages, rearrangements are few over hundreds of
millions of years. For example, the gene arrangements of sharks and humans are identical, and those of Drosophila and horseshoe crab differ only
by the location of one tRNA gene. For others, rearrangements are
much more rapid. For example, there are nearly no gene boundaries in
common between a polyplacophoran (Boore and Brown, 1994) and bivalve
(Hoffmann et al., 1992) mollusk mtDNAs. Gene rearrangements are found
even within a genus of amphisbaenian reptiles (Macey et al., 2004) and
among closely related gastropod mollusks (Rawlings et al., 2001).
Second, the most common mode of change can be modeled by ‘‘duplication-random loss’’ (Boore, 2000; Lavrov et al., 2002) (Fig. 8). In this
model, a duplication is first generated, perhaps by slipped strand mispairing, illegitimate recombination, or errors during replication (so the termination point overruns its initiation), RNA processing, or topoisomerase
activity (Boore, 2000). The supernumerary genes can then be lost without
functional consequence, which may restore the original order or lead to
rearrangement. In contrast to the mode in chloroplast genomes, inversions
seem to have been rare. To the best of our knowledge, none of the algorithms in development for reconstructing phylogeny incorporates gene
duplication intermediates in their modeling.
Although it seems unlikely that identical duplications followed by an
identical pattern of losses would occur separately in different lineages, it is
possible that homoplasious rearrangements would occur if a duplication
persisted through several lineage splits, so each of several descending
lineages would inherit the identically duplicated genes. Then one could
imagine that identical losses might occur in less related groups. However,
the infrequency with which we have observed duplicated genes in animal
mtDNAs suggests that this state is usually short lived.
Third, for vertebrates, the loss of the stem-loop structure between trnN
and trnC that defines the light-strand origin of replication (Clayton, 1992) is
correlated with aberrant tRNA structures and rearrangement of tRNA genes
in several lineages (Desjardins and Morais, 1990; Kumazawa and Nishida,
1995; Lee and Kocher, 1995; Macey et al., 1997a,b, 2000b; Rest et al., 2003).
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TABLE III
Some of the Phylogenetic Relationships that Are Well Supported by Shared-Derived
Rearrangements of Mitochondrial Genes (even though Monophyly of Some Groups—
Crocodilians, Birds, Vertebrates, and Echinoderms—Were not Controversial) or Well
Supported by Comparisons of Complete or Nearly Complete mtDNA Sequences for Cases
in which Other Studies Had Been Equivocal or Contradictorya
Relationship supported
Based on gene rearrangements:
Cestode platyhelminths are within the
Eutrochozoa
Opisthobranchia unites with Pulmonata
within Gastropoda
Annelida is more closely related to Mollusca
than to Arthropoda
Onychophora does not group with Hexapoda
to form the ‘‘Uniramia’’ and Arthropoda
and Pancrustacea are each monophyletic
Myriapoda is outside Pancrustacea, not the
sister group to insects
Pentasomida is not a phylum, but a type of
crustacean
Phoronida is part of the Eutrochozoa
Monophyly of Crocodylidae
Monophyly of Aves
Monophyly of Vertebrata to the exclusion of
Cephalochordata
Monophyly of Echinodermata
Hydrozoa, Scyphozoa, and Cubozoa group
within Cnidaria
Monophyly of acrodont lizards

Monophyly of the lizard family Iguanidae
Bipedid amphisbaenians are derived relative
to limbless groups
Based on mtDNA sequence comparisons:
Chaetognatha is basal to protostomes
Pogonophora is not a phylum, but a member
of Annelida
Sipuncula is more closely related to Annelida
than to Mollusca
Collembolida is basal to the Pancrustacea
Brachiopoda is part of the Eutrochozoa
Salamanders group with frogs to the
exclusion of caecilians
a

Reference

Nickisch-Rosenegk et al. (2001)
Kurabayashi and Ueshima (2000)
Boore and Brown (2000)
Boore et al. (1995); Lavrov et al. (2004)

Boore et al. (1998)
Lavrov et al. (2004)
Helfenbein and Boore (2004)
Kumazawa and Nishida (1995)
Mindell et al. (1998)
Boore et al. (1999)
Scouras and Smith (2001)
Bridge et al. (1992) (shared mtDNA
structure)
Macey et al. (1997a,b, 1998, 2000a,c);
Melville et al. (2001); Schulte et al. (2002,
2003, 2004); Townsend and Larson (2002)
Macey et al. (1997b); Schulte et al. (1998)
Macey et al. (2004)

Helfenbein et al. (2004)
Boore and Brown (2000)
Boore and Staton (2002)
Nardi et al. (2003)
Helfenbein and Boore (2004)
Zardoya and Meyer (2001)

In a few of these references, the phylogenetic conclusions were not emphasized, but the
data presented can easily be interpreted to support these conclusions. See Boore and
Brown (1998) and Boore (1999) for a discussion of some of these earlier results.
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Fig. 8. Illustration of the duplication-random loss model of gene rearrangements (see
Boore, 2000). Genes for tRNAs are abbreviated by the one-letter code for the corresponding
amino acid. No annotation is made here for transcriptional orientation. (A) Eutherian and
marsupial mammals differ in the arrangement of several genes (see Boore, 1999). A
hypothetical intermediate includes the duplication of four of the genes. Losses of the
supernumerary genes, then, would be expected to have little functional consequence. Some
patterns of loss could potentially have restored the original order, but others could have led to
the rearrangement in marsupials. (B) A model of tandem duplication of a two gene block,
followed by random losses of supernumerary genes (Macey et al., 1997a, 1998), could have led
to the rearrangement found in acrodont lizards (references in Table III). Even after
duplication, three of the four possible patterns of loss would have led to restoration of the
original order. A similar case has been found for trnP and trnT in the amphisbaenian genus
Bipes (Macey et al., 2004). (C) An intermediate in this type of process seems to have been
found in the sea cucumber Cucumaria (Arndt and Smith, 1998). Here, one region of the
mtDNA matches partially the arrangement easily inferred to be ancestral for this echinoderm
class, with blocks of unassignable nucleotides (indicated by numerals) in place of genes
missing from the array. At another location in the mtDNA are the ‘‘missing’’ genes, again
separated by blocks of unassignable nucleotides. One might infer that this stems from an
ancestral duplication and movement of the tRNA gene cluster, followed by random gene
degradation leading to this arrangement, with the unassigned blocks being unrecognizable
vestiges of tRNA genes. (D) The rearrangement at the base of birds was a switch in order of
the blocks cob, trnT, trnP and nad6, trnE to generate the order shown for the ‘‘hypothetical
intermediate’’, except here we speculate that there was an additional ‘‘NC’’ (noncoding
region) between trnT and trnP. Random losses of these two noncoding regions could generate
the conditions found for modern birds. Although Mindell, Sorenson, and Dimcheff (1998)
interpret this as a gene rearrangement (and do not view the NC between trnE and trnF in
order C as homologous to the corresponding region in order B, even though there is
significant sequence similarity), it is really the position of these noncoding regions that vary.
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The hypothesis has been advanced (Macey et al., 1997a,b, 2004) that the loss
of this stem-loop enables the use of multiple regions, perhaps structures that
are a compromise between encoding a tRNA and serving this function, for
replication origins. These weaker origins then may lead to local duplications
because of errors in aligning termination with the initiation point, which then
leads to gene rearrangements through subsequent random losses.
Fourth, convergence of animal mitochondrial gene arrangements is
seldom found. In a very large study, 540 partial mtDNA sequences have
been determined for iguanian reptiles, with 199 sharing a derived switch in
the order of trnI and trnQ (Macey et al., 1997a,b, 1998, 2000a,c; Melville
et al., 2001; Schulte et al., 2002, 2003, 2004; Townsend and Larson, 2002),
from which we can infer the monophyly of the Acrodonta, and 341 sharing
the ancestral condition, without homoplasy or additional changes observed. Even in cases where many of the genes are ‘‘scrambled’’ relative
to other taxa, as is the case, for example, for a bivalve mollusk (Hoffmann
et al., 2000), a phthirapteran insect (Shao et al., 2001), nematodes (Keddie
et al., 1998; Okimoto et al., 1991, 1992), and platyhelminths (Le et al., 2000;
Nickisch-Rosenegk et al., 2001), there is no case of these separately arriving
at an identical arrangement for any of the genes. Although widely cited as
an example of convergent rearrangement (Mindell et al., 1998), birds do
not constitute such an example; in fact, all birds studied to date share an
identical arrangement of all 37 mitochondrial genes (Fig. 8) (see explanation in Boore and Brown, 1998). One case has been found of convergence
in protein–gene rearrangement (Macey et al., 2004), a switch in gene rearrangement of the block cob, trnT, trnP with the block nad6, trnE in rhineurid
reptiles that is identical to the rearrangement shared by birds. These genes
are immediately downstream of the origin of heavy strand replication. There
has been a case of convergent rearrangement of two nearest neighbor tRNA
genes (trnK and trnD) in orthopteran insects (Flook et al., 1995) and of the
same tRNA pair in hymenopteran insects (Dowton and Austin, 1999). As
was pointed out by Boore and Brown (1998), these are the two types of
rearrangements (i.e., rearrangements immediately downstream of an origin
of replication and exchange of position of nearest neighbor tRNA genes)
that should be given less weight for phylogenetic inference, because they are
the most subject to duplications that might lead to rearrangement in the
duplication-random loss mode.
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Abstract

During the past decade, there has been a rapid increase in our understanding of plastid genome organization and evolution due to the availability of many new completely sequenced genomes. There are 45 complete
genomes published and ongoing projects are likely to increase this sampling to nearly 200 genomes during the next 5 years. Several groups of
researchers including ours have been developing new techniques for
gathering and analyzing entire plastid genome sequences and details of
these developments are summarized in this chapter. The most important
developments that enhance our ability to generate whole chloroplast genome sequences involve the generation of pure fractions of chloroplast
genomes by whole genome amplification using rolling circle amplification,
cloning genomes into Fosmid or bacterial artificial chromosome (BAC)
vectors, and the development of an organellar annotation program (Dual
Organellar GenoMe Annotator [DOGMA]). In addition to providing details of these methods, we provide an overview of methods for analyzing
complete plastid genome sequences for repeats and gene content, as well as
approaches for using gene order and sequence data for phylogeny reconstruction. This explosive increase in the number of sequenced plastid
genomes and improved computational tools will provide many insights
into the evolution of these genomes and much new data for assessing
relationships at deep nodes in plants and other photosynthetic organisms.
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