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Abstract
DNA barcoding has focused increasing attention on the use of speciﬁc regions of mitochondrial cytochrome c oxidase I and II genes
(COI–COII) to diagnose and delimit species. However, our understanding of patterns of molecular evolution within these genes is limited. Here we examine patterns of nucleotide divergence in COI–COII within species and between species pairs of Lepidoptera and Diptera using a sliding window analysis. We found that: (1) locations of maximum divergence within COI–COII were highly variable among
taxa surveyed in this study; (2) there was major overlap in divergence within versus between species, including within individual COI–
COII proﬁles; (3) graphical DNA saturation analysis showed variation in percent nucleotide transitions throughout COI–COII and only
limited association with levels of DNA divergence. Ultimately, no single optimally informative 600 bp location was found within the
2.3kb of COI–COII, and the DNA barcoding region was no better than other regions downstream in COI. Consequently, we recommend
that researchers should maximize sequence length to increase the probability of sampling regions of high phylogenetic informativeness,
and to minimize stochastic variation in estimating total divergence.
 2007 Elsevier Inc. All rights reserved.
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1. Introduction
Molecular systematics is one of the most rapidly
expanding ﬁelds in biology and yet our understanding of
patterns of molecular character evolution remains relatively superﬁcial. Analysis of molecular data has proven to be
important for understanding deep phylogenetic relationships (Blair and Hedges, 2005; Regier et al., 2005), examining population structure within a species (Avise et al., 1987;
Zhang and Hewitt, 2003), assigning unknown specimens or
immatures to reference species (Olson, 1991; Bartlett and
Davidson, 1992; Sperling et al., 1994; Hebert et al.,
2003a,b), and diagnosing and delimiting cryptic species
(Sperling and Hickey, 1994; Goetze, 2003; Hebert et al.,
*
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2003a,b; Scheﬀer et al., 2004; Blair et al., 2005; Hendrixson
and Bond, 2005). The use of molecular characters to speed
identiﬁcation of unknowns has proven to be useful and
highly eﬀective, and can be achieved using only a small
number of molecular diﬀerences (Sperling and Hickey,
1994; Wells et al., 2001; Hebert et al., 2003a,b), However,
delimiting species ideally requires data from many diﬀerent
sources, such as morphology, behavior, and multiple
molecular markers (Funk and Omland, 2003; Dayrat,
2005). Using only mitochondrial characters has always
been controversial (Dunn, 2003; Lipscomb et al., 2003;
Seberg et al., 2003; Tautz et al., 2003), and recent debates
have been particularly heated (Moritz and Cicero, 2004;
Ebach and Holdrege, 2005; Hebert and Gregory, 2005;
Meyer and Paulay, 2005; Will et al., 2005) in light of the
increasing popularity of projects such as the Consortium
for the Barcode of Life (http://barcoding.si.edu/).
Studies that use DNA fragments to delimit species,
either separately or in combination with morphological
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and ecological data, have relied on a variety of gene markers. Gene choice and fragment length vary substantially,
depending on the evolutionary question and taxon of interest (Caterino et al., 2000; Meyer and Zardoya, 2003). Mitochondrial DNA (mtDNA) genes have long dominated the
ﬁeld of molecular systematics because of their maternal
inheritance, limited recombination, rapid evolution, and
the robustness of mtDNA against degradation, making
them ideal markers for many species-level questions (Avise
et al., 1987). Species-level arthropod research has focused
on a range of genes, in particular COI, COII, ND5 or
16S (Caterino et al., 2000). Fragment location within these
gene regions is also variable, often dependent on the taxonomic group as well as the availability of previously developed primers (Folmer et al., 1994; Simon et al., 1994).
One of the key features of the DNA barcoding project,
as proposed by Hebert et al. (2003a,b), is the designation of
a single mtDNA fragment at the 50 end of cytochrome c
oxidase I (COI) gene to act as a ‘barcode’ to identify and
delineate all animal life. By choosing a standard DNA fragment, the eﬀorts of multiple research groups can be coordinated, and they are able to construct a more comprehensive
library of DNA sequences than would be possible if working independently (Caterino et al., 2000).
Although many aspects of DNA barcoding have been
critiqued (Sperling, 2003b; Moritz and Cicero, 2004; Will
and Rubinoﬀ, 2004; Ebach and Holdrege, 2005; Will
et al., 2005), there has been only limited discussion on
the decision to use a speciﬁc 600 bp fragment from the
50 end of COI as the DNA barcoding region (Erpenbeck
et al., 2005). Furthermore, there has been little discussion
of the potential eﬀects of using this particular region on
delimiting closely related species.
Initially, the 50 end of COI was chosen as the focal
region because it is ﬂanked by two ‘‘universal’’ primers
that work for a range of metazoans (Folmer et al.,
1994). The need to use widely applicable primers is understandable, but examination of the DNA barcoding literature reveals that the majority of projects actually rely on
taxon speciﬁc primers, rather than universal primers, in
order to optimize PCR performance (Hebert et al., 2004;
Penton et al., 2004; Barrett and Hebert, 2005; Hebert
et al., 2005), particularly with degraded material (Lambert
et al., 2005). In addition, some DNA barcoding projects

have used even smaller fragments of COI (Whiteman
et al., 2004; Page et al., 2005).
On the other hand, with current sequencing technology,
more than 900 bp can be routinely obtained with 98.5%
accuracy from a single run (Gunning et al., 2002), so it is
not necessary to limit the DNA fragment length to 600
bp. As well, maximum amounts of evidence should ideally
be examined when inferring species boundaries (Dayrat,
2005; Will et al., 2005), due to stochastic variation in the
genome. Thus it is reasonable to expect projects that rely
solely on shorter DNA fragments for delimiting species to
be more vulnerable to heterogeneous patterns of nucleotide
substitutions within COI. The key question is whether there
is a region or length that is optimally informative.
Functional constraints, unequal substitution patterns,
and heterogeneous evolutionary rates can all potentially
aﬀect the usefulness of COI for species delimitation. The
COI–COII genes are composed of interspersed, highly conserved membrane bound regions and variable extramembrane loops (Fig. 1) (Saraste, 1990; Lunt et al., 1996).
Previous examinations of COI molecular evolution have
shown that this structure leads to functional constraints
on the mutation rate in this gene, particularly in the membrane bound regions (Saraste, 1990; Lunt et al., 1996; Caterino and Sperling, 1999), although the majority of studies
have focused on amino acid substitution rate, rather than
nucleotide change. Studying only amino acid change can
overlook patterns of unequal substitution patterns since
nucleotide diﬀerences between closely related species are
generally synonymous third codon position changes. Mutation hot spots, or adaptive substitutions, are known to exist
in mtDNA causing heterogeneous evolutionary rates across
genes (Stoneking, 2000; Innan and Nordborg, 2002). DNA
substitution patterns may play an important role in shaping
phylogenetic relationships and population structure, and
may vary between independent lineages and change as taxa
become increasingly diverged (Galtier et al., 2006).
Molecular characters that are initially used for identiﬁcations or diagnoses are often later incorporated into studies with a broader phylogenetic scope. Consequently, it is
important to consider how phylogenetic information
changes at increasingly deeper divergences. Phylogenetically informative characters gradually accumulate in the form
of mutations as lineages diverge and, in a simplistic sense,

Fig. 1. Overview of COI–COII genes, with nucleotide locations as in Drosophila yakuba (Clary and Wolstenholme, 1985). Structural divisions are shown
along the upper bar, where grey indicates tRNAs, white indicate membrane bound regions, and solid black indicates non-membrane bound regions.
COI–COII regions that are commonly used in insect systematics (Caterino et al., 2000) are identiﬁed by their forward and reverse primers (Bogdanowicz
et al., 1993; Folmer et al., 1994; Simon et al., 1994).
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greater divergences should lead to increased phylogenetic
information. However, at the same time the probability
of multiple hits at a given site increases, resulting in the loss
of informative characters (saturation). Transition/transversion ratio can be used as an indirect measure of saturation
since this ratio changes predictably with saturation. Transitions occur much more commonly than transversions at
low levels of divergence, particularly in mtDNA, but as
two sequences diverge from a common ancestor, transversions gradually increase, obscuring previous changes (Galtier et al., 2006). As the Ti/Tv ratio approaches 1:2 in
sequences with equal base frequencies, phylogenetic information is lost, reducing the informativeness of a DNA
sequence comparison. Phylogenetic information can thus
be considered a tradeoﬀ between overall divergence and
Ti/Tv ratio, with diﬀerent relative amounts of these two
quantities necessitating diﬀerent kinds of phylogenetic
analyses (Swoﬀord et al., 1996). We expected that combined comparison of divergence and saturation would be
a good visual indicator of the quality of phylogenetic information. We subsequently use the term ‘‘DNA saturation
analysis’’ to represent this graphical combination of nucleotide divergence and saturation, and describe the variation
in phylogenetic information between DNA sequences.
Considering the growth of DNA barcoding and DNA
taxonomy (Monaghan et al., 2006), there is an urgent need
to understand how patterns of nucleotide substitution
within COI–COII can aﬀect the delimitation of closely
related species. It is also important to examine whether previous work has used the most informative gene regions. A
variety of criteria could be considered when choosing an
optimally informative COI–COII region. Such a region
should maximize one or more of nucleotide divergence
rate, consistency of evolutionary rate, accuracy as an indicator of wider mtDNA divergence, and robustness of phylogenetic signal. Ideally, a region should be chosen to
maximize all of these factors simultaneously, although
some tradeoﬀs will be inevitable.
In this study, we compare intra- and interspeciﬁc divergences among multiple groups of closely related COI–COII
(2.3 kb) sequences to examine changes in signal due to variation in (1) localized nucleotide divergence patterns, (2)
localized divergence relative to total COI–COII divergence,
(3) fragment length, and (4) localized phylogenetic saturation. In particular, we examine how the COI fragment used
by the DNA barcoding project compares to other similarly
sized fragments throughout these genes using sliding window analyses. Finally, we provide recommendations for a
more accurate and eﬀective DNA region for delimiting
closely related species.
2. Methods
2.1. Overview
In order to visualize patterns of nucleotide divergence
throughout COI–COII we used sliding window analyses
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(Rozas et al., 2003). We selected a preset window and step
size (600 bp window with 5 bp step), with each window represented by the median nucleotide location, or nucleotide
midpoint, and calculated a speciﬁc parameter (e.g. nucleotide divergence) for each window. From this, a graphical
representation or proﬁle of the parameter along a length
of sequences was produced. We compared nucleotide diversity within species and nucleotide divergence between sister
species pairs across full COI–COII sequences. Proﬁles
often contained regions of concentrated nucleotide divergence, suggesting the possibility of mutational hot spots.
Using randomly generated sequences, we examined
whether empirically observed regions of high divergence
exceeded the stochastic variation produced by simulated
random divergence, which would provide evidence for
non-random, biologically signiﬁcant mutation hot spots.
We expressed nucleotide divergence in each window relative to total COI–COII divergence, allowing us to combine
and compare all sister species pair proﬁles, regardless of
absolute percent divergence. We also examined how fragment length and location aﬀected relative divergence, and
identiﬁed COI–COII sequence regions that could act as
accurate indicators of total COI–COII nucleotide divergence. Finally, DNA saturation analysis was used to examine the relationship between absolute nucleotide divergence
and frequency of transitions along the length of COI–COII
for series of increasingly diverged taxa.
2.2. Available material
A total of 114 mtDNA sequences were used in this analysis (Appendix A). These represented all available insect
sequences (as of December 2005) that extend across
COI–COII and would allow comparison of haplotypes
within and between closely related species. These sequences
contiguously spanned a 2.3 kb region of mtDNA that
begins in the tRNA tyrosine gene, crosses the COI, tRNA
leucine, and COII genes, and ends in the tRNA lysine gene.
The DNA barcoding region of Hebert et al. (2003a,b)
includes most of the 50 half of COI. All sequences were
aligned by eye to the sequence of Drosophila yakuba (accession number: NC_001322) and nucleotide position was
numbered based on the D. yakuba system (Clary and Wolstenholme, 1985). The aligned data set contained 2342 bp,
although sequence length varied between species, ranging
from 2254 to 2320 bp.
A total of 73 taxa (species and sub-species; see Appendix
A) were examined from Lepidoptera and Diptera; no additional groups of complete COI–COII insect sequences were
available outside these two orders. Eighteen sequences were
previously unpublished (Appendix A) and four previously
published partial sequences were completed for the full
COI–COII region. These were obtained following DNA
extraction, PCR ampliﬁcation and sequencing protocols
outlined in Sperling and Hickey (1994). Heterologous
primers designed for a range of insect families were used
to develop primers for each new insect species
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(Table 1) were available to examine intraspeciﬁc variability. We also examined 23 pairs of sister species for interspeciﬁc variability (Table 2). Sister species pairs were chosen
based on previously established phylogenetic relationships
(see associated literature in Appendix A).

(Bogdanowicz et al., 1993; Simon et al., 1994; Sperling and
Hickey, 1994). New sequences were deposited in GenBank
under accession numbers DQ792576–DQ792593, while
extended sequences retained the original accession numbers, and the remaining 92 sequences were already available on GenBank. All accession numbers and associated
publications are listed in Appendix A.
To understand the relationship between nucleotide
divergence patterns and species delimitation, patterns of
change must be examined both within species, and between
recognized sister species, since it is at this taxonomic level
that identiﬁcations and delineations are most likely to be
problematic (Sperling, 2003a; Moritz and Cicero, 2004).
A total of 23 species with multiple COI–COII sequences

2.3. Sliding window analysis
Patterns of nucleotide substitution across COI–COII
were visualized using sliding window analyses performed
with DNAsp ver. 4.10.4 (Rozas et al., 2003). Nucleotide
diversity (p) (Nei, 1987 equation 10.5; Rozas et al., 2003)
was used to estimate variability within species. Nucleotide
divergence (K) (Tajima, 1983 equation A3; Rozas et al.,

Table 1
Intraspeciﬁc nucleotide diversity (%) for 23 species with multiple specimens (N), calculated as the average diversity between all specimens within a species
Speciesa

N

Total%

Max%

Midpoint(s)

Min%

Midpoint(s)

BC

J–P

G–M

P–E

9

1.59

2.07

2470–2480

0.98

3187–3212

1.78

1.76

1.24

1.45

0.00

1765–2145,
2750–2935
1759–3138
1761–3138
2710–2890
3212–3473

0.00

0.17

0.17

0.17

0.00
0.00
0.67
0.56

0.00
0.00
0.17
0.67

0.00
0.17
0.17
0.22

0.11
0.17
0.17
0.00

0.00

0.17

0.00

0.17

0.00
1.67
0.06
0.07
0.00
0.00
0.00
0.83
0.17
1.50
0.00

0.50
2.16
0.28
0.15
0.00
1.57
0.20
2.99
0.5
3.33
0.17

0.33
3.22
0.06
0.18
0.00
1.31
0.09
1.67
1.33
3.33
0.17

0.17
1.78
0.29
0.2
0.00
0.94
0.12
0.83
0.83
1.83
0.17

0.33
2.11
0.23
0.34
0.11
1.25
0.11
1.33
0.50
1.67
0.33

1.50

0.78

0.11

0.56

0.33

0.56

0.33

0.56

Lepidoptera
Choristoneura a + b
lineages
Choristoneura
fumiferana
Dioryctria abietivorella
Dioryctria auranticella
Dioryctria okanaganella
Dioryctria pentictonella

2

0.09

0.17

3
2
2
3

0.03
0.09
0.26
0.35

0.11
0.33
0.67
0.67

Dioryctria sylvestrella

2

0.09

0.17

Dioryctria yiai
Feltia jaculifera
Hyles euphorbiae
Hyles gallii
Hyles robertsi peplidis
Hyles sammutii
Hyles tithymali
Lambdina ﬁscellaria
Papilio demodocus
Papilio demoleus
Papilio grosesmithi

2
3
6
6
3
4
12
2
2
2
2

0.30
2.25
0.20
0.19
0.03
1.36
0.12
1.81
0.74
2.71
0.26

0.67
3.22
0.39
0.34
0.11
1.69
0.22
3.00
1.33
4.50
0.50

2150–2799,
2940–3534
3134–3473
3343–3408
1760–1880b
1766–1861,
2611–2666b
2471–3070,
3392–3472
3073–2291
2602–2607
1994–2204c
3233–3458
3419–3473
2155–2205
1801–1816
1862–1992
2497–2652
2031–2046c
3471

Papilio machaon

3

0.95

1.83

1986–2081c

0.11

Diptera
Anopheles gambiae

3

0.46

0.67

0.22

Anopheles melas

2

0.78

1.30

2352–2527,
3307–3407
3267–3272

0.50

Chrysomya
megacephala
Chrysomya ruﬁfacies

2

0.17

0.67

1962–2117c

2

0.78

1.33

2042c

0.68
(±0.76)

1.12
(±1.15)

Mean (±1 SD)

0.00
0.00
0.00
0.00
0.00

1761–2466,
3675–3387
2701–2991
3136–3141
2594–2664
2011–2046
1776–3396
3015–3121
2222–2492
2962–3170
1767
3103–3113
2031–2476,
3093–3168
2981–3097

1.0

0.67

0.67

1.00

0.00

1892–1877,
2002–2162
2082–2107,
2437–2492,
2802–3132
2562–3472

0.50

0.00

0.00

0.00

0.33

2982–3170

1.00

0.83

0.50

0.67

0.84
(±0.96)

0.76
(±0.96)

0.46
(±0.54)

0.58
(±0.59)

0.28
(±0.49)

Full COI–COII diversity (Total), maximum diversity (Max, 600 bp fragment), and minimum diversity (Min, 600 bp fragment) are shown. Midpoints of the
locations of maximum and minimum diversity are shown in D. yakuba numbers, and separate regions with multiple equal diversity values were combined
when less than 100 bp apart. Diversity was also examined for representative 600 bp fragments for four commonly sequenced regions: DNA barcoding
region (BC, midpoint Dy# 1843), Jerry–Pat (J–P, midpoint Dy# 2599), George–Marilyn (G–M, midpoint Dy# 3090), and Pierre–Eva (P–E, midpoint Dy#
3460).
a
Source of specimens and original references are listed in Appendix A.
b
Region of maximum divergence encompasses midpoint Dy#1843, which corresponds to the region used by DNA barcoding.
c
Region of maximum divergence encompasses midpoint Dy#2042.
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Table 2
Interspeciﬁc nucleotide diversity (%) for 23 species pairs
Sister species pairsa

Total%

Max%

Midpoint(s)

Min%

Midpoint(s)

BC

J–P

G–M

P–E

2.23

2.82

2470–2480

1.59

3187–3212

2.42

2.41

1.89

2.15

2.47
3.87

3.96
5.17

2575–2615
2497–2632

1.52
1.91

3187–3212
3145–3210

1.91
4.29

3.96
5.17

2.28
2.20

2.42
3.81

1.72

2.37

0.83

2941–3001

2.04

1.18

1.35

2.37

1.27
0.31
2.93
1.63
1.28
4.11
2.80
3.47
1.37

2.28
0.67
5.00
2.54
2.37
6.53
3.76
4.94
2.54

1830–1934b,
3382–3472
2692–2702
2321–2486
2671–2691
2620–2645c
1891–1951
2632–2642c
2706
2066
1986–2081

0.83
0.16
1.35
1.04
0.50
2.98
1.86
2.49
0.17

1.18
0.34
3.24
1.15
2.20
3.32
3.24
4.05
2.03

1.94
0.33
4.64
2.37
1.18
6.07
3.41
3.29
1.18

1.18
0.17
2.72
2.14
1.01
4.46
2.89
2.77
0.17

1.43
0.30
1.52
1.66
0.67
4.38
2.54
3.58
0.84

3.81
5.90

4.64
7.53

2.89
5.00

2182–2307
2901–3472
3472
2014–2024
3167–3182
1767
2326–2356
3152–3157
2981–3097,
3277
3252–3277
1836–1882

3.76
5.17

4.11
6.62

4.11
6.80

4.29
6.62

P. troilus · P. palamedes
P. zelicaon · P. polyxenes

6.76
2.67

9.02
3.58

Yponomeuta cagnagella · Y.
padella

0.18

Lepidoptera
Choristoneura a lineage · C. b
lineage
C. fumiferana · C. a + b lineage
Dioryctria abietella · D.
abietivorella
D. reniculelloides · D.
pseudotsugella
D. rubella · D. sylvestrella
D. zimmermani · D. cambiicola
Hyles annei · H. euphorbiarum
H. gallii · H. nicaea
Papilio canadensis · P. glaucus
P. demodocus · P. erithonioides
P. erostratus · P. anchicides
P. machaon · P. hospiton
P. m. oregonius · P. m.
hippocrates
P. memnon · P. rumanzovia
P. thoas · P. cresphontes

Diptera
Anopheles gambiae · A.
arabiensis
A. melas · A. quadriannulatis
Chrysomya megacephala · C.
bezziana
C. norrisi · C. variceps
C. ruﬁfacies · C. albiceps
Mean(±1 SD)

5.00
1.35

2236–2246
2236–2241

5.89
3.41

8.46
3.41

6.25
2.72

7.90
2.72

0.50

3377–3422
2671–2676,
3192–3202
2636–2651c
1796–1861b,
2641–2746c
1843–2006

0.00

2446–2691,
3308–3473

0.50

0.00

0.17

0.00

0.52

1.00

3212–3232

0.28

1892–1927

0.33

0.45

0.84

0.50

1.45
4.11

2.20
6.98

1852
2542–2574

0.84
2.54

2592–2617
3122–3147

2.03
3.32

0.84
6.62

0.18
3.06

1.35
3.58

5.21
3.06

7.35
4.55

2317–2347
2542–2567

3.41
2.28

3078–3195
1767–1772

6.98
2.89

7.17
4.38

3.58
2.98

3.94
3.50

2.74
(±1.74)

4.01
(±2.31)

2.86
(±1.71)

3.44
(±2.42)

2.43
(±1.80)

2.69
(±1.96)

1.77
(±1.40)

Values for full COI–COII divergence (Total), maximum divergence (Max, 600 bp fragment), and minimum divergence (Min, 600 bp fragment) are shown.
Midpoints of the locations of maximum and minimum divergence are shown in D. yakuba numbers, and separate regions with multiple equal divergence
values were combined when less than 100 bp apart. Divergence was also examined for representative 600 bp fragments for the four commonly sequenced
regions described in Table 1.
a
Source of specimens and original references are listed in Appendix A.
b
Region of maximum divergence encompasses midpoint Dy#1843, which corresponds to the region used by DNA barcoding.
c
Region of maximum divergence encompasses midpoint Dy#2662.

2003) was used to analogously quantify variability between
sister species. Both values were converted to percentages to
facilitate comparisons. Analyses were performed using
default settings (except for relative divergence proﬁles, see
below), which included a Jukes–Cantor correction to all
divergence calculations.
To ensure that these results could be compared to data
obtained from DNA barcoding, as well as other commonly
used regions in COI–COII, we selected a 600 bp window
size for all sliding window analyses. The universal primers
(LCO 1490–HCO 2198 (Folmer et al., 1994)) were used by
Hebert et al. (2003a,b) to amplify a 658 bp fragment
(Dy#1514–2173), while the original sequences deposited
in GenBank from the initial DNA barcoding paper were
either 617 or 624 bp in length (Dy#1555–2171 bp to

Dy#1533–2157 bp, respectively) and subsequent studies
have used variable lengths of sequence (Whiteman et al.,
2004; Page et al., 2005).
Three additional universal primer regions were also
compared: C1-J-2183 to TL2-N-3014 (Jerry–Pat), C1-J2792 to C2-N-3389 (George–Marilyn), and C2-J-3138 to
TK-N-3782 (Pierre–Eva) (Fig. 1) (Bogdanowicz et al.,
1993; Simon et al., 1994). Actual length of these primer
regions is variable (Table 3), so a 600 bp fragment from
the middle of each region was used for comparison (similar
to the barcoding region). Ranges and midpoints (in brackets) of each 600 bp fragment are as follows: LCO–HCO
(barcoding region) Dy#1543–2143 (1843); Jerry–Pat,
Dy#2299–2899 (2599); George–Marilyn Dy#2790–3390
(3090); Pierre–Eva Dy#3160–3760 (3460).
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Table 3
Nucleotide divergence and relative divergence calculated as the percent of total COI–COII divergence for four commonly sequenced regions in insect
systematics
PCR fragment

Primer names

Length (bp)

Mean absolute divergence (%)

Mean relative divergence (%) (±1 SD%)

LCOa–HCOa

LCO1490 (1514)b
HCO2198 (2173)b
C1-J-2183
TL2-N-3014
C1-J-2792
C2-N-3389
C2-J-3138
TK-N-3782

658

2.81 (±1.76)

111.88 (±44.45)

830

3.24 (±2.22)

114.44 (±33.75)

596

2.40 (±1.78)

87.09 (±26.42)

643

2.65 (±2.05)

87.24 (±30.12)

Jerryc–Patc
Georged–Marilync
Pierrec–Evad
Total COI–COII

2.74 (±1.74)

100 (±0)

Mean absolute divergence and relative divergence are calculated from 23 sister species pairs. Length of PCR fragments are measured in relation to
D. yakuba, but actual length may vary in other sequences due to indels at the ends of COI and COII.
a
Folmer et al., 1994.
b
D. yakuba bp number at 30 end.
c
Simon et al., 1994.
d
Bogdanowicz et al., 1993.

A step size of 5 bp was used for all sliding window analyses, with each window represented by its nucleotide midpoint. A 5 bp step size was chosen to provide a
smoothing function to the sliding window analyses, which
improved visualization of nucleotide changes along the
COI–COII fragment. Using the default setting, sites with
indels were ignored and every window included 600 nucleotides. This ensured that windows were comparable among
proﬁles of COI–COII. To discern patterns of nucleotide
change, we compared diversity proﬁles within species and
divergence proﬁles between sister species pairs in order to
identify (1) magnitude and locations of maximum divergence, (2) magnitude and locations of minimum divergence, and (3) magnitude of divergence in the four
commonly used regions described above (Fig. 1).
2.4. Randomizations
Although we identiﬁed some regions of high nucleotide
divergence in proﬁles of sister species pairs that appeared
to be mutational hot spots (Stoneking, 2000; Galtier
et al., 2006), it was not clear whether these peaks of high
divergence were non-random. To test for the presence of
concentrated divergence, we used a sliding window proﬁle
to compare the distribution of randomly generated
sequence pairs simulated from the original sequences. If
the original proﬁle signiﬁcantly exceeded the distribution
of randomly generated sequences then the presence of a
mutation hot spot would be supported. The Papilio
sequences comprised the most extensive data set available
in this study and the parameters from these were used to
generate the random data sets. Modeltest vers. 3.7 (Posada
and Crandall, 1998) was initially used to identify the most
appropriate model, using hierarchical likelihood ratio tests.
A likelihood tree (log-likelihood score –12699.587) was
obtained from a maximum likelihood analysis of all the original Papilio sequences using the following GTR + C + I
model: base frequencies A = 0.3255, C = 0.1014, G =

0.1206, T = 0.4525; rates AC = 10.6213, AG = 16.7683,
AT = 8.8273, CG = 1.5416, CT = 122.9118, GT = 1.000;
gamma shape parameter = 0.8468, and proportion of
invariable sites = 0.5750. A total of 50 sets of random
sequences, modeled from the original Papilio likelihood
tree, were generated in Mesquite (Maddison and Maddison,
2004) using the above GTR model and a starting branch
depth of 0.1. Sliding window analyses, as previously
described, were performed on three random sequence sets
in each of the 50 sets that corresponded to three of the
following original Papilio sister species pairs: P. canadensis · P. glaucus; P. demodocus · P. erithonioides; P. troilus · P. palamedes. Nucleotide divergence proﬁles in the
random sequences were compared to the original data sets
to identify any regions of divergence that fell beyond the
95% conﬁdence limits of the mean random divergence
(n = 50).
2.5. Localized nucleotide divergence as an indicator of total
COI–COII divergence
To assess whether a smaller region of sequence within
COI–COII could act as an eﬀective indicator of total
COI–COII divergence, we ﬁrst needed to convert absolute
nucleotide divergence in each window into a form that
would allow comparisons between species pairs with diﬀerent total nucleotide divergences. This was accomplished by
calculating the ratio of nucleotide divergence sampled in a
window relative to total COI–COII divergence for that sister species pair, allowing us to combine all species pairs.
Mean divergence was then calculated for each window
for all 23 sister species pairs and combined into a single
proﬁle by using the following option in DNAsp: Sliding
Window Options: Sites with alignment gaps considered.
Mean relative divergence (presented as a percentage) and
standard deviation were calculated for each window.
We used two criteria to identify regions that would act
as the best indicators for total COI–COII divergence. First,
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mean relative divergence for the region should be 100% of
total COI–COII divergence. Second, regions should have a
low standard deviation from mean relative divergence,
indicating that there is minimal variation among sister species pairs. We also compared divergence relative to total
COI–COII divergence for the four commonly used primer
regions described previously. We calculated mean absolute
nucleotide divergence and divergence relative to COI–COII
totals for each region for all 23 sister species pairs and identiﬁed regions that were eﬀective indicators of total COI–
COII divergence based on both mean and minimal
variance.
2.6. Eﬀect of fragment length on nucleotide divergence
estimation
We examined how variation in fragment length aﬀected
estimates of total COI–COII divergence in the 23 sister species comparisons. Relative divergence was used to control
for total divergence diﬀerences between sister species pairs,
and was calculated for each fragment length for each sister
species pair. Starting with a 200 bp fragment at the 50 end
of COI genes, fragment length was increased by 200 bp
increments until the full COI–COII sequence data was
included. This process was repeated starting at the 30 end
of COII, as well as in the middle of COI–COII (midpoint
Dy#2610, fragment length increased 100 bp in either direction). For each set, we calculated mean divergence relative
to total COI–COII nucleotide divergence and standard
deviation for each fragment length, and identiﬁed a length
where these two parameters leveled oﬀ relative to total
COI–COII.
2.7. DNA saturation analysis
In addition to using absolute and relative divergences to
identify hot spots, we also used DNA saturation analysis to
examine how levels of saturation change across COI–COII.
DNA saturation analysis allows graphical evaluation of
how saturation of transitions accumulates in relation to
nucleotide divergence. Optimal regions for phylogenetic
analysis should have high nucleotide divergence relative
to saturation. As an estimation of saturation, we used percent transitions (%Ti), rather than the more standard Ti/Tv
ratio, to eliminate the problem of undeﬁned values when
transversions equal zero. Divergence and %Ti can potentially be combined by multiplying them together to give a
single measure of potential DNA information content;
however they are kept separate here in order to provide
instructive assessment of their independence.
Three series of species were compared for changes in
%Ti, in separate phylogenetic time series. One reference
taxon in each series was compared to a set of increasingly
diverged congeners to examine how %Ti and absolute
nucleotide divergence changed with increasing phylogenetic depth. For P. machaon oregonius the increasingly more
distant comparisons were with P. m. hippocrates, P. hospi-
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ton, P. indra, and P. xuthus. For P. canadensis the comparisons were with P. glaucus, P. rutulus, P. multicaudatus, and
P. scamander, all of which are placed in a diﬀerent subgenus than the series that includes P. machaon oregonius.
For Dioryctria zimmermani, which is a pyralid moth, the
comparisons were with D. fordi, D. okanaganella, and D.
magniﬁca. A sliding window analysis of nucleotide divergence was conducted for each phylogenetic time series in
DNAsp ver. 4.10.4 (600 bp window; 5 bp step). Ti/Tv ratio
could not be calculated in DNAsp, so a sliding window
analysis was conducted using a small script written for
use in PAUP* ver. 4.10b. Ti/Tv ratio was then converted
to %Ti and graphed together with percent nucleotide divergence for each pair within the three phylogenetic time series. Regions of low %Ti were deﬁned as regions where %Ti
was less than or equal to 50% (Ti/Tv 6 1).
3. Results
3.1. Intraspeciﬁc diversity
Sliding window proﬁles diﬀered substantially among the
23 species that had multiple COI–COII sequences, and 12
proﬁles are presented here to illustrate this diversity
(Fig. 2). Several species had more than one region of
maximum diversity (Table 1: Choristoneura fumiferana,
Dioryctia pentictonella, D. sylvestrella, and Anopheles
gambiae). Although the location of maximum diversity
was variable, some sliding window proﬁles bore substantial similarity to one another (Fig. 2: e.g. Papilio demoleus
and P. machaon).
Full COI–COII diversity within species ranged from
2.71% (P. demoleus) to 0.03% (D. abietivorella, Hyles robertsi peplidis) with a mean diversity of 0.68% (Table 1). Maximum diversity among all 600 bp windows within the
proﬁles ranged from 4.50% (P. demoleus) to 0.11% (D. abietivorella, H. robertsi peplidis) with a mean of 1.12% (Table
1). Minimum diversity among the windows ranged from
1.67% (Feltia jaculifera) to 0.0% (12 species) with a mean
of 0.28% (Table 1).
Mean diversity within species for the four fragments
was highest in the barcode fragment (0.84%) and lowest
for the George–Marilyn fragment (0.46%) (Table 1). P.
demoleus had the highest diversity over three of the four
fragments, but the rank order of maximum and minimum
diversity in the fragments for all other taxa was quite
variable (Table 1).
Many diﬀerences consisted of single nucleotide changes
and the locations of peak diversity occurred throughout
COI–COII (Fig. 2). Five species had regions of maximum
diversity that contained midpoint Dy# 2042 (fragment
Dy# 1743-2342) (Table 1). By comparison, only two species had a region of maximum diversity that corresponded
to the DNA barcoding region (midpoint Dy# 1843, fragment Dy# 1543-2143). In species with low intraspeciﬁc
diversity (one or two nucleotide diﬀerences), regions of
maximum diversity were often found at the 30 end of COII,
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Fig. 2. Sliding window proﬁles (600 bp window; 5 bp step) of COI–COII intraspeciﬁc nucleotide diversity for 12 of 23 species. Average nucleotide diversity
for total COI–COII follows each species name. Black dots on X-axes indicate midpoints of commonly used sequence regions. Scales on Y-axes diﬀer
between upper and lower panels.

while in species with higher levels of diversity the regions of
maximum diversity were more frequently found in COI
(Table 1).
3.2. Interspeciﬁc divergence
Proﬁles of divergences between the 23 sister species pairs
examined in this study were quite variable; 15 were chosen
to illustrate this variation (Fig. 3). Three species pairs had
multiple distinct (P100 bp apart) regions of maximum
divergence (Table 2: D. reniculelloides · D. pseudotsugella,
P. thoas · P. cresphontes, P. zelicaon · P. polyxenes). As
was the case for diversity within species, divergence proﬁles
were highly variable, but some sister pair proﬁles were
remarkably similar (Fig. 3: P. demodocus · P. erithonioides
and P. troilus · P. palamedes), even between distantly related lineages (Chrysomya megacephala · C. bezziana, and
H. annei · H. euphorbiarum).
Interspeciﬁc divergences for the full COI–COII region
ranged widely, from 6.76% (P. troilus · P. palamedes) to
0.18% (Yponomeuta cagnagella · Y. padella), with a mean
nucleotide divergence of 2.74% (Table 2). Maximum divergences ranged from 9.02% (P. troilus · P. palamedes) to
0.50% (Y. cagnagella · Y. padella), with a mean of 4.01%
(Table 2). Minimum divergences ranged from 5.00% (P.

troilus · P. palamedes, P. thoas · P. cresphontes) to 0.00%
(Y. cagnagella · Y. padella) with a mean of 1.77% (Table 2).
Mean divergence of commonly sequenced regions was
highest in Jerry–Pat (3.44%) and lowest in George–Marilyn
(2.43%). Nucleotide divergence varied by up to 4.02% within a single proﬁle (Table 2, maximum versus minimum
region of divergence: P. troilus · P. palamedes). The rank
order of maximum and minimum diversity in the fragments
for all other taxa was quite variable (Table 2).
Although regions of maximum divergence occurred
throughout COI–COII, four sister species pairs had
regions of maximum divergence that contained nucleotide
midpoint Dy# 2662 (fragment Dy# 2362–2962), and 8
additional pairs were within 100 bp of this location (Table
2). By comparison, only one sister pair had a region of
maximum divergence that corresponded to the DNA barcoding region (midpoint Dy# 1843, fragment Dy# 1543–
2143), and four additional pairs were within 100 bp of
this midpoint (Table 2). A single sister pair had multiple
regions of maximum divergence that encompassed both
midpoints.
When nucleotide divergence in the DNA barcoding
region was compared with the region of maximum divergence, we found a surprising amount of discrepancy in
the levels of divergence between the two regions (Table
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Fig. 3. Sliding window proﬁles (600 bp window; 5 bp step) of COI–COII interspeciﬁc nucleotide divergence for 15 of 23 sister species pairs. Total COI–
COII nucleotide divergence follows each species pair name. Black dots on X-axes indicate midpoints of commonly used sequence regions. Scales on Y-axes
are variable.

2). Diﬀerences in divergence in the region of maximum
divergence versus the barcoding region ranged from
3.66% (Chrysomya megacephala · C. bezziana) to 0.00%
(Y. cagnagella · Y. padella). Nearly half (10 sister pairs)
showed more than 1% diﬀerence in diversity between the
two regions, and 5 pairs diﬀered by more than 2%

(C. megacephala · C. bezziana, P. demodocus · P. erithonioides, P. troilus · P. palamedes, P. thoas · P. cresphontes,
C. fumiferama · C.a + b). For two sister pairs (A. gambiae · A. arabiensis and D. zimmermani · D. cambiicola)
the diﬀerence between the two regions was greater than
their total COI–COII divergence.
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3.3. Overlap of intra- and interspeciﬁc divergence
Where possible, we compared intraspeciﬁc diversity and
interspeciﬁc divergence across COI–COII, and for the

majority of sister pairs these values did not overlap
(Tables 1 and 2, e.g., maximum intraspeciﬁc diversity of
H. galli compared to minimum interspeciﬁc divergence
between H. gallii · H. nicaea). One notable exception
was between Anopheles gambiae and A. arabiensis
(Fig. 4). When intraspeciﬁc nucleotide diversity of A. gambiae was plotted with the interspeciﬁc divergence between
A. gambiae · A. arabiensis, there were several regions
where intraspeciﬁc diversity in A. gambiae equaled or
exceeded the interspeciﬁc divergence between A. gambiae
and A. arabiensis (Fig. 4).
3.4. Randomizations

Fig. 4. Sliding window proﬁles (600 bp window; 5 bp step) of COI–COII
intraspeciﬁc nucleotide diversity (A. gambiae) and interspeciﬁc divergence
(A. gambiae · A. arabiensis) showing regions of overlap. Black dots on
X-axes indicate midpoints of commonly used sequence regions.

When the proﬁles of three Papilio sister species pairs (P.
canadensis · P. glaucus; P. demodocus · P. erithonioides;
P. troilus · P. palamedes) were compared to randomly generated sister species pair proﬁles, we found that the real nucleotide divergence proﬁle was mostly within the distribution
of the random proﬁles (Fig. 5: P. troilus · P. palamedes).
Two of the three distributions (P. canadensis · P. glaucus,
and P. demodocus · P. erithonioides; data not shown) were
entirely within the 95% conﬁdence interval of the random
proﬁles. Only P. troilus · P. palamedes had a small section
that was outside the 95% conﬁdence limits of the mean
nucleotide divergence of the simulated sequences; it was
nonetheless within the full set of random proﬁles (Fig. 5).

Fig. 5. Sliding window proﬁle of P. troilus · P. palamedes and proﬁles of 50 randomly generated sequence pairs. Original proﬁle (thick bold line), mean
divergence of random proﬁles (thin bold line), 95% conﬁdence intervals of random proﬁles (shaded region), and random proﬁles that exceed 95%
conﬁdence interval (grey lines).
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3.5. Chimeric sequences
During the course of this investigation, we identiﬁed an
erroneous chimeric sequence in P. demodocus (AY457588,
Zakharov et al., 2004b) by using sliding window analysis.
The COII gene region was highly divergent and identical
to P. demoleus malayanus from Malaysia (accession number AF044000). We examined the original data set and
discovered that an error had occurred when the sequence
was submitted to GenBank. The corrected sequence ﬁle
has been deposited in GenBank. This example serves to
highlight an additional application of sliding window
analyses.
3.6. Localized divergence relative to total COI–COII
divergence
Relative local divergence was quite variable among windows across the full COI–COII sequence length (Fig. 6).
Mean relative divergence for each window ranged from
124.5% (midpoints 2715 and 2720 bp) to 86.7% (3483
bp), with standard deviation ranging from ±54.5% (1869
bp) to ±14.6% (2133 bp). If a mean relative divergence of
100% and a narrow standard deviation indicates an optimal region, then the best 600 bp window spanned Dy#
1831–2430 (midpoint Dy# 2133 bp), which had a mean percent divergence of 100.7% and standard deviation ±14.6%
(Fig. 6).
We also related patterns of nucleotide divergence to the
values for the true length of commonly used sequence
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regions (Table 3) rather than the central 600 bp of these
regions (Tables 1 and 2; Fig. 6). Jerry-Pat had the highest
absolute divergence, LCO–HCO had the best relative
divergence and absolute variance, and George-Marilyn
had the best relative variance (Table 3). Overall, no single
PCR fragment appears to optimally sample the sister pair
divergences of this study; none outperform the optimal
600 bp fragment identiﬁed at Dy# 1831–2430, although
LCO–HCO and Jerry–Pat both span parts of this region.
3.7. Eﬀect of fragment length on total COI–COII divergence
estimation
By increasing fragment lengths in 200 bp increments, we
graphed the approach to 100% relative divergence and 0%
variance for the 23 sister species pairs (Fig. 7). The pattern
of change in mean relative divergence was quite variable
for the three starting locations.
Starting at the 50 end of COI, the initial mean relative
divergence was 77%, increasing beyond 100% between 400
and 800 bp, before dipping to near 100% at 1000 bp.
Lengths greater than 1000 bp had increased relative divergence again, indicating that a region of high relative
divergence was being sampled. Mean relative divergence
did not stabilize again at 100% until fragment length
was 2000 bp.
Starting in the middle of COI–COII (Dy# 2610), the
mean relative divergence for the 200 bp fragment length
was higher than the two other starting locations (Fig. 7).
Mean divergence increased at 400 bp, but then decreased

Fig. 6. Sliding window proﬁle of mean relative divergence (bold) and ±1 standard deviation (shaded) for all 23 sister species pairs. Individual proﬁles (grey
lines) show individual sister species pairs that exceed the zone of ±1 SD. Midpoint locations of commonly used COI–COII PCR regions and the ‘‘optimal’’
600 bp region are shown.
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Fig. 7. Mean relative nucleotide divergence and variance (1 standard deviation) for fragments of increasing length starting at either the 50 end of COI, the
midpoint of COI–COII, or the 30 end of COII for 23 sister species. Fragment length started at 200 bp, and increased in 200 bp increments until the entire
sequence was included.

steadily to 100% at 1400 bp. Like the 50 start, mean divergence deviated from 100% at longer fragment lengths
(1400–2200 bp), and did not stabilize till the entire
sequence length was sampled (2300 bp).
Starting at the 30 end of COII, the initial mean relative
divergence was 75%, similar to starting at the 50 end of
COI (Fig. 7). Mean divergence decreased again when the
fragment reached 800 bp, and did not approach near
100% until the fragment was 1200 bp in length. Beyond this
length, mean divergence stabilized at 100%, unlike the 50 or
midpoint start.
Changes in variance with increases in fragment length
were also non-uniform among the three start locations
(Fig. 7). Diﬀerences in variance and rate of change were
most pronounced at small fragment lengths, but once fragment lengths reached 1000 bp, decreases in variance were
more similar for all start locations. At a fragment length
of 1000 bp, the variance for the midpoint start was less
than the other two start locations, and remained lower than
the other two start locations for all larger fragment lengths.

ple is shown in Fig. 8 in order to aid interpretation of phylogenetic time series graphs; the left side with low
divergence and high %Ti, and the right with high divergence and low %Ti. Maximal phylogenetic information
occurs when both nucleotide divergence and %Ti are
maximized.
When nucleotide divergence and %Ti proﬁles for three
phylogenetic time series were examined together, several
patterns emerged. First, as expected, %Ti was initially high

3.8. DNA saturation analysis

Fig. 8. Example proﬁle for DNA saturation analysis, with a closely
related species pair (low divergence) on the left, and a more distantly
related species pair (high divergence) on the right. Nucleotide divergence
has thick lines and an axis on the left. Percent transitions (%Ti) has thin
lines and an axis on the right. The dotted horizontal line represents 50% Ti
and 6% divergence. Areas of <50% Ti are shaded to indicate regions of
saturation.

Nucleotide divergence and %Ti were graphed together
to analyse saturation of phylogenetic information among
three phylogenetic time series (P. machaon oregonius, P.
canadensis, and Dioryctria zimmermani). A heuristic exam-
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between closely related species and decreased as nucleotide
divergence increased. Second, and less obviously, regions
of high divergence did not always correspond to regions
of low %Ti. For example, P. machaon oregonius · P. m.
hippocrates (Fig. 9: arrow at midpoint 2060 bp) or P.
canadensis · P. multicaudatus (Fig. 9: midpoint 3510 bp)
show areas where both high nucleotide divergence and relatively high %Ti coincide. Third, accumulation of %Ti varied between series, and even within series. In both the P.
machaon oregonius and P. canadensis time series (Fig. 9),
regions of low %Ti (less than 50%) occurred initially
between closely related species (P. machaon oregonius · P.
m. hippocrates and or P. canadensis · P. glaucus), but did
not persist, and were recovered again when more diverged
taxa were examined (P. machaon oregonius · P. indra and
P. canadensis · P. multicaudatus). On the other hand, in
the Dioryctria zimmermani time series regions of low %Ti
do not occur, even at relatively high levels of divergence
(Fig. 9: D. zimmermani · D. magniﬁca). Regions of maxi-
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mum phylogenetic information were variable across the
genes and taxa, and there was no common pattern in the
pairs of species sampled, even within a single time series.
4. Discussion
Nucleotide divergence has been a primary criterion for
delimiting species and detecting cryptic species in initiatives
such as DNA taxonomy (Tautz et al., 2003; Monaghan
et al., 2006) and DNA barcoding (Hebert et al., 2003a,b).
We have shown that nucleotide change is heterogenous
throughout COI–COII. This ﬁnding contrasts with the
report by Hebert et al. (2003b, p. S96) that ‘‘sequence
divergences in the halves [of COI] were closely similar’’
and ‘‘because of this congruence, the measures of sequence
divergence for other species pairs are analysed without reference to their source region in the gene.’’ Such arbitrary
reliance on a single mtDNA fragment without compensation for the underlying heterogeneity of evolution of the

Fig. 9. Phylogenetic time series for P. machaon oregonius, P. canadensis, and D. zimmermani, with phylogenetic series arranged in columns and similar
total divergences arranged in rows. Each species is compared to increasingly diverged congeners of roughly equal increments, with total divergence
indicated for each comparison. See Fig. 8 for a heuristic proﬁle. Nucleotide midpoint locations are given relative to D. yakuba. Arrows indicate regions of
relatively high divergence and high percent transitions.
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molecular sequences could result in under- or overestimating species diversity. We examined four speciﬁc nucleotide
divergence patterns that could aﬀect such species delimitation and diagnosis: (1) overlap of intra- and interspeciﬁc
divergences, (2) mutation hot spots, (3) levels of divergence
relative to fragment size and location, and (4) DNA
saturation that could lead to reduced phylogenetic
informativeness.
4.1. Intra- versus interspeciﬁc divergence
When relying on molecular divergences to delimit species, it is important that nucleotide diversity within species
is no greater than divergence between species (Meyer and
Paulay, 2005). Over the entire data set, there was major
overlap between intraspeciﬁc diversity (Table 1: 0.029–
2.71%) and interspeciﬁc divergence (Table 2: 0.18–6.76%)
for full COI–COII sequences. The DNA barcoding region,
Jerry–Pat, George—Marilyn, and Pierre–Eva all showed
similar overlap (Tables 1 and 2). For species with both
intra- and interspeciﬁc data, the majority showed little to
no overlap between these two values, with the exception
of Anopheles gambiae · A. arabiensis (Tables 1 and 2,
Fig. 4). Historically, these species have been notoriously
diﬃcult to separate, due to either hybridization or retained
ancestral polymorphisms (Besansky et al., 2003). The
recency of speciation, rather than inaccurate taxonomy, is
the primary reason for diﬃculty in delimitation and serves
to demonstrate the problems facing DNA barcode identiﬁcation. It also serves to highlight the importance of exploring alternative markers and analytical methods, such as
those used in population-level studies to clarify the relationships among diﬃcult taxa.
These data also provide an opportunity to evaluate the
accuracy of standard divergence thresholds for delimiting
species. Such thresholds rely on the presence of genetic
‘‘breaks’’ (Hebert et al., 2003a,b) or ‘‘barcoding gaps’’
(Meyer and Paulay, 2005) between intra- and interspeciﬁc
divergences. It is important to test these thresholds against
recognized sister species, rather than a random sample of
arbitrarily chosen relatives (Moritz and Cicero, 2004). As
shown in A. gambiae · A. arabiensis, intra- and interspecific overlap can vary by location within COI–COII for a single sister pair, but how accurate are thresholds for the
entire data set? All comparisons within this study were
based on closely related sister taxa, where identiﬁcations
are most likely to be problematic. If we apply a 3% threshold (Hebert et al., 2003a,b) to divergences obtained from
the barcoding region in Lepidoptera, only 9 out of 19 sister
pairs (47%) are correctly delimited (Table 2). If a more conservative threshold of 2% is used for the entire data set, 17
out of 23 sister pairs (71%) are correctly delimited (Table
2). Even the most conservative thresholds failed to achieve
the results claimed by barcoding advocates (98% correct
delimitation, Hebert et al., 2003a,b). Ranges of intraspecific diversity and interspeciﬁc divergence were quite broad
(Tables 1 and 2), even considering the possibility that some

of the species with very high levels of intraspeciﬁc diversity
may indicate undescribed species and some of the pairs
with very low levels of interspeciﬁc divergence could result
from poor taxonomic classiﬁcation.
4.2. Mutation hot spots
Non-random regional variation has previously been
shown to occur in mtDNA (Lin and Danforth, 2003;
Bartolome et al., 2005; Broughton and Reneau, 2006; Galtier et al., 2006). Sliding window analyses demonstrated
that nucleotide diversity within taxa (Fig. 2) and divergences between taxa (Fig. 3) were quite variable across COI–
COII. However, regions of high divergence did not usually
exceed the 95% conﬁdence interval of the mean divergence
between randomly generated sequence pairs (Fig. 5: P. troilus · P. palamedes), indicating that observed regions of
high divergence did not diﬀer in magnitude from simulated
random peaks in divergence.
Although the presence of mutational hot spots was not
conﬁrmed, we found several patterns that suggested that
COI–COII is not undergoing purely random regional
nucleotide change. First, both mean relative divergence
and variance in some regions of COI–COII were consistently higher than others, rather than being equal throughout COI–COII (Fig. 6). Second, patterns of nucleotide
divergence showed similarity between some species pairs,
even between distantly related taxa (Fig. 3: C. megacephala · C. bezziana, and H. annei · H. euphobiarum). Third,
maximum divergence values for a number of taxa appear
concentrated in a region encompassing 2362–2962 bp
(Table 2).
To better understand the phenomenon of mutational
hot spots, conspeciﬁc specimens and closely related species
should be examined throughout their geographic ranges, to
maximize sampling of mtDNA haplotype diversity, and
across as large a sequence region as possible, to minimize
the eﬀect of localized stochastic mutational anomalies. Variability of divergence rates is particularly important in
groups characterized by extremely high levels of intraspeciﬁc variation (Johnson et al., 2002) or low levels of interspeciﬁc divergence (Sperling et al., 1995).
4.3. Location and size of mtDNA fragments for delimiting
species
Fragment choice can inﬂuence species diagnoses that
rely on nucleotide divergence, particularly when based on
short DNA fragments. If divergences are generally low
between sister species, targeting regions of maximum divergence should ensure the greatest probability of consistently
delimiting these taxa by sequencing regions with the most
informative nucleotide variation. However, to achieve
maximum compatibility with other studies, it is advantageous to focus on regions that give accurate and consistent
estimates of divergences relative to larger mtDNA regions.
We identiﬁed several 600 bp regions that have a mean
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nucleotide divergence for sister species pairs similar to total
COI–COII divergence, although these regions diﬀer substantially in variability (Fig. 6). We identiﬁed a 600 bp fragment (Dy# 1831–2430) with a mean percent divergence of
100.7% relative to total COI–COII divergence, which also
had relatively low variance (±14.6% SD). Based on our
data, this 600 bp fragment would be the best indicator of
total COI–COII divergence for sister species.
In recognition of the value of incorporating previously
published data, we focused on regions of COI–COII that
are commonly used in insect systematics (Caterino et al.,
2000; Hebert et al., 2003a,b), with the most widely used
primer pairs for reference (Bogdanowicz et al., 1993; Folmer et al., 1994; Simon et al., 1994). If an ideal region
for species diagnoses is considered to minimize variance
and maximize the approach of mean relative nucleotide
divergence to 100%, then regions may be compared on
the basis of these criteria. None of the commonly used
PCR fragments optimized these values to the extent shown
by the 600 bp window demarcated by Dy# 1831–2430,
although LCO–HCO and Jerry–Pat partially span this
region. We recommend that future taxonomic projects consider lengthening commonly used primer regions to incorporate this optimal region.
We have demonstrated that locations of maximum divergence occur throughout COI–COII, and that the PCR fragments traditionally used for insect systematics have high
levels of variation in nucleotide divergence (Table 3). We
also demonstrated that peaks of divergence were similar
to peaks obtained from randomly generated sequences
(Fig. 5). Using a larger fragment would help to minimize
such nucleotide variability caused by random variation in
COI–COII (Fig. 5). As sequence length increases (Fig. 7),
variance within each fragment region does not stabilize
until the fragment size reaches approximately 1000 bp. Of
the three starting points tested (Fig. 7), some sets reach
100% mean relative divergence at fragment lengths less than
600 bp, but the variance is still very high.
To ensure that a fragment length will produce consistent
divergence estimates across a range of taxa, minimizing
variance within a fragment is important. Small fragments
are more likely to be skewed by localized regions of unusual nucleotide divergence, whereas increased fragment
length would reduce this risk. Consequently, we feel that
it is more important to maximize fragment length than to
target speciﬁc regions within COI–COII, for reasons outlined above. For example if primer region LCO–HCO
(DNA barcoding region) were lengthened 300 bp in the
30 direction, it would contain the optimal 600 bp fragment
(Dy# 1831–2430) identiﬁed in this study and this 900 bp
fragment could still potentially be sequenced as a single
fragment (Gunning et al., 2002). Poor quality DNA template can be sequenced as shorter, overlapping PCR fragments. The added sequencing would contribute a
relatively low additional cost since the more substantial
investment in obtaining species and extracting DNA will
have already been made.
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4.4. DNA saturation analysis for evaluating phylogenetic
information
Several systematically important patterns of DNA saturation were observed in the three phylogenetic time series
examined in our study. Although %Ti generally decreased
as nucleotide divergence accumulated, particular areas of
maximum divergence often did not correspond to the
regions of low %Ti (Fig. 9: P. machaon oregonius · P. hospiton or P. canadensis · P. multicaudatus), contradicting
our initial expectation of a clear tradeoﬀ between these
two values. For closely related species, it is plausible to
assume that saturation is not signiﬁcant, but it is interesting
to note that some areas of low divergence nonetheless
already appear to show some saturation, or at least substantial stochastic variation in %Ti (Fig. 9: P. canadensis · P. multicaudatus). We also found similar patterns
that appear to correspond in location to tRNA Leu, which
has diﬀerent functional constraints that may lead to saturation at low levels of divergence (Fig. 9: P. machaon oregonius · P. m. hippocrates and P. canadensis · P. glaucus).
Hebert and Gregory (2005) have stated that projects
such as DNA barcoding are not intended to reconstruct
phylogenetic relationships, but instead focus explicitly on
species delimitation and diagnostics. On the other hand,
Hebert et al. (2003a,b, p. 1931) stated that COI ‘‘is more
likely to provide deeper phylogenetic insights than alternative [genes]’’, and as such, many researchers who employ a
barcoding approach will try to use the data to examine
relationships among their focal species. With this in mind,
we also consider it important to survey COI–COII for
regions optimal for phylogenetic studies. We evaluated
phylogenetic informativeness graphically using DNA saturation analysis, searching for an ideal region that consistently maximizes nucleotide divergence while minimizing
saturation (low %Ti). However, nucleotide divergence
and %Ti accumulated unequally along COI–COII sequences; among the three time series no optimal region for maximizing nucleotide divergence and %Ti was evident. This
variability suggests that researchers wishing to optimize
the use of molecular data for inferring phylogenetic relationships need to examine the underlying patterns of
DNA saturation for their taxon of interest if relying on
short sequence fragments such as subset of COI–COII.
5. Conclusion
Over the past decade, molecular sequence data, in conjunction with morphological and ecological characters,
have become integral components of the ‘tool box’ (Armstrong and Ball, 2005) of systematics and taxonomy. As
DNA sequencing methods become more accessible, increasing numbers of researchers are incorporating, or relying
solely on, DNA characters to clarify species problems or
identify specimens. The use of such characters will only
increase, particularly as the number of DNA barcoding
projects continues to grow, and these projects will have
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signiﬁcant impacts on systematics, taxonomy, conservation,
and pest identiﬁcation. Species identiﬁcation should be
rapid, and can be routinely obtained using a small number
of characters, be they DNA or morphological, if they correspond to a previously described species (Dayrat, 2005).
However, since relatively few characters may be needed to
identify a species, it is imperative that these characters are
accurate. Species delimitation, on the other hand, is best
achieved when many diﬀerent characters are examined,
such as independent molecular markers, behavior and morphology. This ideal cannot always be achieved due to constraints in time and money, but every eﬀort must be made
to maximize the number of characters used to clarify species
boundaries or elucidate an organism’s complex history.
The danger of relying upon a single DNA fragment for
identifying and delimiting species is simply that the results
may be misleading. If the region of DNA with truly diagnostic nucleotide changes is not sampled, then species identiﬁcations may be incorrect. If only a small fragment of
DNA is sampled, it may fail to produce an accurate representation of the total genetic variability in that gene. This
could result in misrepresentation of the intra- and interspeciﬁc divergences between closely related species, leading to
an inaccurate species delimitation. Consequently, we oﬀer
several recommendations for minimizing such misleading
results in future projects that use COI–COII fragments to
delimit and diagnose species.
First, we suggest that researchers should maximize the
length of the DNA sequence used for initial pilot studies
on any taxon. This will decrease the inﬂuence of labile
sequence regions on sampled nucleotide divergence and
phylogenetic signal. Longer fragments will also minimize
stochastic variation across taxa and be more likely to
reﬂect broader patterns of nucleotide divergence. The
importance of larger fragments and more characters has
now been highlighted elsewhere (Erpenbeck et al., 2005),
although some projects, such as Barcodes of Life, are still
opting to use only relatively short DNA fragments. As a
standard for barcoding, the Database Working Group of
the Consortium of the Barcode of Life (http://barcoding.si.edu/DNABarCoding.htm) has proposed that all barcodes (unless otherwise approved) be a 648 bp region from
the COI gene, starting at position 58 of the mouse mitochondrial genome, and containing at least 500 unambiguous bases (Hanner, 2005). Assigning COI as a standard
sequence region was a particularly important step for the
DNA barcoding initiative and follows the recommendations of Caterino et al. (2000). Furthermore, since a large
compilation of LCO–HCO sequences is now available, it
is unreasonable to recommend using an entirely independent COI fragment for the standard sequence, even though
a potentially better region exists. Rather, we suggest that
sequence length requirements should be expanded. With
developments of new and more eﬃcient sequencing it is
routinely possible to obtain longer fragments. For arthropods, the extension of the barcoding region by 300–400
bp in the 30 direction would encompass signiﬁcantly more

variation and better reﬂect sequence divergence within
and between species.
Second, in-depth projects that rely on mtDNA divergences to delimit species (e.g. Monaghan et al., 2006) could beneﬁt
from targeting regions of maximum divergence, particularly
for species characterized by low levels of divergence. We did
not ﬁnd a single optimal region of maximal divergence
across all taxa; this region varied considerably even between
closely related taxa. If fragment length is increased in
pilot studies, then consistency can be preserved for identiﬁcation across broader taxonomic ranges, and these can be followed by more extensive surveys using shorter fragments
that maximize the survey eﬃciency for that taxon.
Third, numerous sequences should be obtained to maximize sampling of diversity within and between species, so
that overlap of intra- and interspeciﬁc divergence can be
more accurately identiﬁed. This includes sampling multiple
specimens from across the known geographic range of the
species (Funk and Omland, 2003).
Fourth, we recommend that researchers wishing to use
DNA sequence data for both species recognition and phylogenetic inference be aware of the underlying variability in
phylogenetic signal, and adjust their choice of DNA region
and length to minimize saturation and optimize divergence
levels for their taxon of interest.
As molecular systematics evolves, and integrative taxonomy becomes increasingly prevalent, understanding the
patterns of evolution in molecular characters becomes
increasingly important. Researchers must be aware of the
patterns of character change occurring in their data set
and consciously consider the eﬀects of these patterns on
species delimitation, diagnoses and phylogenetic inference.
There are no simple, universal solutions to the full range of
problems that systematists routinely deal with, and so our
ﬁnal recommendation is that molecular systematists strive
to retain ﬂexibility and nuance in their responses to these
challenges.
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Appendix A. Specimen information for all examined sequences

Location

GenBank

Reference

FS.b-53 (bl)
FS.b-54 (bb)
FS.b-12(f2)
FS.b-37 (ﬂ)
FS.b-16(ol)
FS.b-367 (ob)
FS.b-216(bl)
FS.b-15(pl)
FS.b-816
FS.b-817
FS.b-866
Du64

CAN: BC: Morrisey Creek
CAN: BC: Morrisey Creek
CAN: ON: Ignace
CAN: AB: Manning
CAN: BC: Monte Creek
CAN: BC: Bridesville
USA: AK: Fairbanks; phero. 82:9:9
CAN: ON: Parry Sound
USA: CA: Sierraville
USA: CA: Tehachapi
USA: NV: Mt. Charleston
China: Henan Province: Mt. Baiyun

DQ792587a
L19096b
L19098b
L19094b
DQ792584a
DQ792585a
DQ792586a
L19095b
DQ792588
DQ792590
DQ792589
DQ247739

Sperling and Hickey (1994)
Sperling and Hickey (1994)
Sperling and Hickey (1994)
Sperling and Hickey (1994)
Sperling and Hickey (1994)
Sperling and Hickey (1994)
Sperling and Hickey (1994)
Sperling and Hickey (1994)
Previously unpublished
Previously unpublished
Previously unpublished
Du et al. (2005)

AR22
DuO4
DuO5
AR144
DuO2
AR78
AR157
Du69
AR150

USA: CA: Butte Co.: Chico
USA: CA: Butte Co.: Chico
USA: CA: Butte Co.: Chico
USA: CA: El Dorado Co., Placerville
USA: CA: El Dorado Co., Placerville
CAN: BC: Prince George
USA: CA: Butte Co. Chico
China: Mt. Baiyun, Henan Province
USA: CA: El Dorado Co., Placerville

DQ295185
DQ247740
DQ247741
DQ295176
DQ247736
DQ295183
DQ295184
DQ247742
DQ295179

Roe et al. (2006)
Du et al. (2005)
Du et al. (2005)
Roe et al. (2006)
Du et al. (2005)
Roe et al. (2006)
Roe et al. (2006)
Du et al. (2005)
Roe et al. (2006)

AR148

USA: CA: El Dorado Co., Placerville

DQ295178

Roe et al. (2006)

AR15

USA: CA: Butte Co.: Chico

DQ295180

Roe et al. (2006)

AR58

USA: CA: Butte Co.: Chico

DQ295181

Roe et al. (2006)

AR149

USA: CA: El Dorado Co., Placerville

DQ295182

Roe et al. (2006)

AR82
DuOl

CAN: AB: Vulcan: 10 mi SE
CAN: AB: Fort MacMurray

DQ295186
DQ247734

Roe et al. (2006)
Du et al. (2005)

Pyralidae
Pyralidae
Pyralidae
Pyralidae

Choristoneura biennis Freeman
C. biennis Freeman
C. fumiferana (Clemens)
C. fumiferana (Clemens)
C. occidentalis Freeman
C. occidentalis Freeman
C. orae Freeman
C. pinus (Freeman)
C. retiniana (Walsingham)
C. retiniana (Walsingham)
C. retiniana (Walsingham)
Dioryctria abietella Denis and
Schiﬀermiiller
D. abietivorella (Grote)
D. abietivorella (Grote)
D. abietivorella (Grote)
D. auranticella (Grote)
D. auranticella (Grote)
D. cambiicola (Grote)
D. fordi Donahue and Neunzig
D. magniﬁca Munroe
D. okanaganella
Mutuura, Munroe & Ross
D. okanaganella
Mutuura, Munroe & Ross
D. pentictonella
Mutuura, Munroe & Ross
D. pentictonella
Mutuura, Munroe & Ross
D. pentictonella
Mutuura, Munroe & Ross
D. pseudotsugella Munroe
D. reniculelloides
Mutuura and Munroe
D. rubella Hampson
D. sylvestrella (Ratzeburg)
D. sylvestrella (Ratzeburg)
D. yiai Mutuura and Munroe

Du21
D130
SK02087
Dul3

DQ247743
DQ247746
DQ247745
DQ247737

Du
Du
Du
Du

Pyralidae
Pyralidae
Noctuidae
Noctuidae
Noctuidae
Sphingidae
Sphingidae
Sphingidae

D. yiai Mutuura and Munroe
D. zimmermani (Grote)
Feltia jaculifera (Gn.)
F. jaculifera (Gn.)
F. jaculifera (Gn.)
Hyles annei Guérin
H. e. euphorbiae (L.)
H. e. euphorbiae (L.)

D17
Dull8
FS.b-150 (pheroA)
FS.b-152 (pheroB)
FS.b-464 (pheroC)
16157
695887
020c

China: Tianjin: Mt. Baxian
Germany: Bavaria: Parkstein-Hütten
Gernamy: Bavaria: Landshut
China: Hebei Province: Mt.
Xiaowutai
China: Tianjin: Mt. Baxian
USA: MS: Hinds Co.
CAN: AB: Lethbridge
CAN: AB: Lethbridge
CAN: ON: Ottawa
Chile: Toconao, north
France: South
Spain: Alio: Catalonia

DQ247738
DQ247730
U60990
DQ792591a
DQ792592a
AJ749430
AJ749480
AJ749485

Du et al. (2005)
Du et al. (2005)
Sperling et al. (1996)
Sperling et al. (1996)
Sperling et al. (1996)
Hundsoerfer et al. (2005)
Hundsoerfer et al. (2005)
Hundsoerfer et al. (2005)
(continued on next page)

Pyralidae
Pyralidae
Pyralidae
Pyralidae
Pyralidae
Pyralidae
Pyralidae
Pyralidae
Pyralidae
Pyralidae
Pyralidae
Pyralidae
Pyralidae
Pyralidae
Pyralidae

et
et
et
et

al.
al.
al.
al.

(2005)
(2005)
(2005)
(2005)
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Species
Lepidoptera
Tortricidae
Tortricidae
Tortricidae
Tortricidae
Tortricidae
Tortricidae
Tortricidae
Tortricidae
Tortricidae
Tortricidae
Tortricidae
Pyralidae

Sphingidae
Sphingidae
Sphingidae

Sphingidae
Sphingidae

Sphingidae
Sphingidae
Sphingidae
Sphingidae
Sphingidae
Sphingidae
Sphingidae
Sphingidae
Sphingidae
Sphingidae
Sphingidae
Sphingidae
Sphingidae
Sphingidae
Sphingidae
Sphingidae
Sphingidae
Sphingidae
Geometridae
Geometridae
Papilionidae
Papilionidae
Papilionidae
Papilionidae
Papilionidae
Papilionidae
Papilionidae

Species

DNA# (Haplotype)

Location

GenBank

Reference

H. e. euphorbiae (L.)
H. e. euphorbiae (L.)
H. euphorbiarum
(Guerin-Mereville &
Percheron)
H. gallii (Rottemburg)
H. gallii (Rottemburg)

23172a
010
23274

Germany
Spain
Argentina

AJ749512
AJ749514
AJ749428

Hundsoerfer et al. (2005)
Hundsoerfer et al. (2005)
Hundsoerfer et al. (2005)

0042
695869

AJ749432
AJ749433

Hundsoerfer et al. (2005)
Hundsoerfer et al. (2005)

0027
16189
0080
695843
23208

China: Yanqin: near Beijing
England: ex bred stock, ex Neil
West
Czech Republic: ex bred stock
Germany
China
Finland
Morocco: High Atlas, SW Midelt

AJ749450
AJ749451
AJ749579
AJ749580
AJ749444

Hundsoerfer
Hundsoerfer
Hundsoerfer
Hundsoerfer
Hundsoerfer

695835

Iran: near Esfahan

AJ749464

Hundsoerfer et al. (2005)

695842
695872
0053

Iran: near Esfahan
Iran: near Esfahan
Malta

AJ749465
AJ749466
AJ749505

Hundsoerfer et al. (2005)
Hundsoerfer et al. (2005)
Hundsoerfer et al. (2005)

23239

Italy: Sicily: Zaﬀerana

AJ749459

Hundsoerfer et al. (2005)

0054

Malta

AJ749461

Hundsoerfer et al. (2005)

0065

Malta

AJ749463

Hundsoerfer et al. (2005)

055d

Morocco

AJ749497

Hundsoerfer et al. (2005)

055c
055b
23173a
23224
23215
23216
084a
100_AH
23238
0164
FS.b-#9 (Fl)

Morocco
Morocco
Yemen
Yemen
Morocco
Morocco
Spain: Canary Islands
Spain: Canary Islands
Portugal
Portugal
Canada: NF: Corner Brook

AJ749496
AJ749495
AJ749521
AJ749499
AJ749494
AJ749545
AJ479486
AJ479488
AJ749491
AJ749490
AF064521

Hundsoerfer et al. (2005)
Hundsoerfer et al. (2005)
Hundsoerfer et al. (2005)
Hundsoerfer et al. (2005)
Hundsoerfer et al. (2005)
Hundsoerfer et al. (2005)
Hundsoerfer et al. (2005)
Hundsoerfer et al. (2005)
Hundsoerfer et al. (2005)
Hundsoerfer et al. (2005)
Sperling et al. (1999)

FS.b-265 (LI)
FS.a-44
FS.a-16

Canada: BC: Mud Lake
Brazil: Campinas
USA: NY: Richford

DQ792593a
AF044005
AF044014

Sperling et al. (1999)
Caterino and Sperling (1999)
Caterino and Sperling (1999)

FS.a-170
FS.b-1929
FS.b-146
FS.a-68
FS.b-1832

USA: WI: Sauk County
South Africa: Nelspruit
Kenya (ex pupa)
Malaysia: Penang Island
Australia: New South Wales

AF043999
AY569091
AY457588
AF044000
AY569092

Caterino and Sperling (1999)
Zakharov et al. (2004b)
Zakharov et al. (2004a)
Caterino and Sperling (1999)
Zakharov et al. (2004b)

H. gallii (Rottemburg)
H. gallii (Rottemburg)
H. gallii (Rottemburg)
H. gallii (Rottemburg)
H. nicaea castissima
(Austaut)
H. robertsi peplidis
(Christoph)
H. r. peplidis (Christoph)
H. r. peplidis (Christoph)
H. sammuti Eitchberger,
Danner & Surholt
H. sammuti Eitchberger,
Danner & Surholt
H. sammuti Eitchberger,
Danner & Surholt
H. sammuti Eitchberger,
Danner & Surholt
H. tithymali deserticola
(Staudinger)
H. t. deserticola (Staudinger)
H. t. deserticola (Staudinger)
H. t. himyarensis Meerman
H. t. himyarensis Meerman
H. t. mauretanica (Staudinger)
H. t. mauretanica (Staudinger)
H. t. tithymali (Boisduval)
H. t. tithymali (Boisduval)
H. t. gecki de Freina
H. t. gecki de Freina
Lambdina ﬁscellaria ﬁscellaria
(Guenée)
L.f. lugubrosa (Hulst)
Papilio anchisiades Esper
P. canadensis Rothschild &
Jordan
P. cresphontes Cramer
P. demodocus demodocus Esper
P. demodocus Esper
P. demoleus malaynus
P. d. sthenelus W.S. Macleay

et
et
et
et
et

al.
al.
al.
al.
al.

(2005)
(2005)
(2005)
(2005)
(2005)
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Sphingidae
Sphingidae
Sphingidae
Sphingidae
Sphingidae
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Papilionidae
Papilionidae
Papilionidae
Papilionidae
Papilionidae
Papilionidae
Papilionidae
Papilionidae
Papilionidae

Madagascar: Ankitsanga
El Salvador
USA: MD: Potomac
Madagascar: Kirindy
Madagascar: Ambahibe
Sardinia
USA: WA: Wawawai
France: Coudoux
Japan: Gifu Pref.

AY565095
AY457599
AF044013
AY569089
AY569090
AF044009
AF044011
AF044006
AY457593

Zakharov et al. (2004b)
Zakharov et al. (2004a)
Caterino and Sperling (1999)
Zakharov et al. (2004b)
Zakharov et al. (2004b)
Caterino and Sperling (1999)
Caterino and Sperling (1999)
Caterino and Sperling (1999)
Zakharov et al. (2004a)

FS.a-77
FS.b-91
FS.a-163
FS.a-18
FS.a-64
FS.b-972
FS.a-472
FS.a-19
FS.b-302
FS.a-29
FS.a-238
FS.a-76
FS.b-467
FS.b-470

USA: WA: Palouse Falls
Japan: Gifu Pref.
USA: SD: Black Hills
USA: FL: Ocala State Forest
USA: NY: Tompkins County
Philippines
USA: WA: Orcas Island
Brazil: Campinas
French Guiana: Pointe Macouria
USA: FL: Ocala State Forest
Japan: Tokyo
USA: CA: Riverside County
Canada: ON: Ottawa
Canada: BC: Victoria.

AF044007
AY457578
AF044016
AF044018
AF044010
AY457582
AF044015
AF044020
AY457601
AF044017
AF043999
AF044008
DQ792583a
DQ792582a

Caterino and Sperling (1999)
Zakharov et al. (2004a)
Caterino and Sperling (1999)
Caterino and Sperling (1999)
Caterino and Sperling (1999)
Zakharov et al. (2004a)
Caterino and Sperling (1999)
Caterino and Sperling (1999)
Zakharov et al. (2004a)
Caterino and Sperling (1999)
Caterino and Sperling (1999)
Caterino and Sperling (1999)
Sperling et al. (1995)
Sperling et al. (1995)

Diptera
Culicidae

Anopheles arabiensis Patton

EMI

DQ792576

Previously unpublished

Culicidae
Culicidae

A. gambiae Giles
A. gambiae Giles

—
EM3 (Gl)

NC_002084
DQ792577

Beard et al. (1993)
Previously unpublished

Culicidae

A. gambiae Giles

JA37 (G2)

DQ792578

Previously unpublished

Culicidae

A. melas Theobald

JA22 (ML1)

DQ792579

Previously unpublished

Culicidae

A. melas Theobald

EM5 (ML2)

DQ792580

Previously unpublished

Culicidae

A. quadriannulatis (Theobald)

EM2 (Ql)

DQ792581

Previously unpublished

Calliphoridae

C_alb5

AF083657

Wells and Sperling (1999)

Calliphoridae
Calliphoridae
Calliphoridae

Chrysomya albiceps
(Wiedemann)
C. bezziana Villeneuve
C. megacephala (F.)
C. megacephala (F.)

PNG#10
Variant 3
—

AF295548
AY909053
AF295551

Wells and Sperling (2001)
Tan et al. (2005)
Wells and Sperling (2001)

Calliphoridae
Calliphoridae
Calliphoridae
Calliphoridae

C.
C.
C.
C.

PNG#50
Variant 5
C_ruf2
C_varl

Burkina Faso: Zaghtouli: CDC
Atlanta, strain ARZAG
Strain G3
Kenya: Asembo Bay: CDC
Atlanta, strain AS46
Kenya: Asembo Bay: CDC
Atlanta, strain AS46
Gambiae: Balingho: CDC
Atlanta, strain BAL
Gambiae: Balingho: CDC
Atlanta, strain BAL
Zimbabwe: CDC Atlanta, strain
CHIL
Egypt: Alexandria: Moharrem
Bey
Indonesia: Bogor
Malaysia
Papua New Guinea: between Lae
& Bulolo
Paupa New Guniea: Wau
Malaysia
USA: FL: Miami
Australia: Adelaide

AF295552
AF909055
AF083658
AF295556

Wells and Sperling (2001)
Tan et al. (2005)
Wells and Sperling (1999)
Wells and Sperling (2001)

a
b

norrisi James
ruﬁfacies (Maquart)
ruﬁfacies (Maquart)
varipes (Macquart)
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Previously published but not submitted to GenBank.
Partial COI–COII fragment extended to full 2.3 kb COI-CO.
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FS.b-1626
FS.b-973
FS.a-69
FS.b-1625
FS.b-1624
FS.a-143
FS.a-66
FS.a-27
FS.b-78

Papilionidae
Papilionidae
Papilionidae
Papilionidae
Papilionidae
Papilionidae
Papilionidae
Papilionidae
Papilionidae
Papilionidae
Papilionidae
Papilionidae
Yponomeutidae
Yponomeutidae

P. erithonioides Grose-Smith
P. erostratus Westwood
P. glaucus L.
P. grosesmithi Rothschild
P. grosesmithi Rothschild
P. hospiton Géné
P. indra Reakirt
P. machaon machaon L.
P. m. hippocrates
Felder · Felder
P. m. oregonius Edwards
P. memnon L.
P. multicaudatus Kirby
P. palamedes Drury
P. polyxenes Fabricius
P. rumanzovia Eshscholtz
P. rutulus Lucas
P. scamander Boisduval
P. thoas L.
P. troilus L.
P. xuthus L.
P. zelicaon Lucas
Yponomeuta cagnagella Hubner
Y. padella (L.)
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Appendix B. Supplementary data
Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/
j.ympev.2006.12.005.
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