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Abstract

Background: A common perception is that DNA barcode datamatrices have limited phylogenetic signal due to the small
number of characters available per taxon. However, another school of thought suggests that the massively increased taxon
sampling afforded through the use of DNA barcodes may considerably increase the phylogenetic signal present in a
datamatrix. Here I test this hypothesis using a large dataset of macrolepidopteran DNA barcodes.

Methodology/Principal Findings: Taxon sampling was systematically increased in datamatrices containing macrolepi-
dopteran DNA barcodes. Sixteen family groups were designated as concordance groups and two quantitative measures; the
taxon consistency index and the taxon retention index, were used to assess any changes in phylogenetic signal as a result of
the increase in taxon sampling. DNA barcodes alone, even with maximal taxon sampling (500 species per family), were not
sufficient to reconstruct monophyly of families and increased taxon sampling generally increased the number of clades
formed per family. However, the scores indicated a similar level of taxon retention (species from a family clustering
together) in the cladograms as the number of species included in the datamatrix was increased, suggesting substantial
phylogenetic signal below the ‘family’ branch.

Conclusions/Significance: The development of supermatrix, supertree or constrained tree approaches could enable the
exploitation of the massive taxon sampling afforded through DNA barcodes for phylogenetics, connecting the twigs
resolved by barcodes to the deep branches resolved through phylogenomics.
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Introduction

An unprecedented amount of homologous DNA sequence data

has been generated and made publicly available in the last few

years as a result of the DNA barcoding movement [1–2]. DNA

barcoding refers to the technique of sequencing a short fragment

of the mitochondrial cytochrome c oxidase subunit I (COI) gene from a

taxonomically unknown specimen and performing comparisons

with a reference library of sequences of known species origin to

establish a species-level identification [3]. While the goal of DNA

barcoding is explicitly to aid species identification [4], mtDNA has

frequently been used for phylogenetic inference at multiple

taxonomic levels [5–7] prompting many researchers to contem-

plate the phylogenetic value of DNA barcode datasets [3], [5–9]. A

common perception is that DNA barcode datamatrices have

limited phylogenetic signal due to the presence of few ‘informative’

characters [7], [10]. However, a long-standing debate has focused

on the relative benefits of adding more taxa versus more characters

to a phylogenetic problem [11–14] with many authors concluding

increased taxon sampling may be equally if not more beneficial

[11–14]. For example, Hillis [14] suggested that given limited

amount of time and money for datamatrix assembly, phylogenetic

inferences could improve with the addition of taxa even if the total

number of characters examined remains unchanged [12].

Increasing the phylogenetic signal in a datamatrix [3], [15]

through increased taxon sampling may be particularly effective

with DNA barcode datasets where hundreds or even thousands of

species can be added to analyses.

Phylogenetic analysis of DNA barcodes
The DNA barcode is a highly conserved protein-coding gene

fragment that also has fast evolving (synonymous) nucleotide sites

[16] providing species-level resolution required for barcoding. At

deeper divergences these sites can appear highly homoplastic [17],

due to the frequent occurrence of multiple, superimposed

nucleotide substitutions, and may be considered uninformative

or even misleading regarding taxonomic relationships [10] (i.e. low

phylogenetic signal). Concern about saturation - the superimposed

nucleotide substitutions masking any phylogenetic signal - seems

largely to stem from the accepted wisdom that phylogeny inference

using parsimony requires small amounts of evolution, or even the

absence of homoplasy [17–18]. However, parsimony may perform
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well in spite of multiple substitutions at the same nucleotide position

along a branch [19] and cladogram resolution and clade support

generally decreases when excluding or down weighting synonymous

positions [10], [17–18], [20]. Increasing taxon sampling can shorten

branches meaning characters that are globally homoplastic can now

become local synapomorphies [21]. Comprehensive taxonomic

coverage could ultimately be the major factor determining

phylogenetic signal in single gene datamatrices [5], [8].

Evaluating the accuracy of a phylogenetic inference
Although the accuracy of phylogenetic inference can never be

known [15], except when using simulated evolution (e.g. [22]),

proxy measures are commonly used. The accuracy of a

phylogenetic inference is directly related to phylogenetic signal -

assessed through the ability of the datamatrix to cluster

taxonomically related species together [3]. Phylogenetic signal is

necessarily measured after phylogenetic analysis and can be

measured a) through character congruence within the current

datamatrix (the CI and RI [3]) or; b) through taxonomic

congruence of the new inference with an inference produced

from an independent character set. As the current taxonomic

classification represents a consensus phylogenetic inference,

measures of phylogenetic signal through taxonomic congruence

can be formalized through the designation of concordance groups

derived from taxonomy (e.g. [23–25], but see [26]). Using this

approach phylogenetic signal has typically been assessed qualita-

tively, however, can be easily quantified by measuring the

proportion of concordance groups recovered as monophyla [3].

An obvious weakness of this measure is that it is based on the

presence/absence of a limited number of branches in a cladogram

containing potentially thousands of branches; the probability of a

group of species forming a clade decreases as the number of

species increases. To address this weakness the taxon consistency

index (TCI) [3] gives a partial score for the presence of other

branches indicative of phylogenetic signal e.g. if the taxon forms

only two clades (Figure 1) and the taxon retention index (TRI) [3]

scales for the number of species (Figure 1). These may be more

informative measures of the strength of the phylogenetic signal [3].

Lepidoptera as a test group
The order Lepidoptera, despite apparently abundant amounts

of visual variation and species diversity, exhibits a morphological

homogeneity [27] that has provided only a limited number of

useful taxonomic characters. This has led to widespread use of

molecules for inferring taxonomic relationships [10], [17], [28–

31]. However, previous attempts at assessing the effects of

increased taxon sampling have not been particularly thorough,

for example, Mitchell et al. [23] increased species coverage from

0.11% to 0.17% in the superfamily under investigation (Noctuoi-

dea [32]) for a two gene dataset. The All Lepidoptera Barcode of

Life campaign (http://www.lepbarcoding.org) aims to sequence

650bp of COI from all 160,000 lepidopteran species [33–34]

eventually enabling comprehensive coverage of species diversity

albeit for a single gene. Wilson [3] found that DNA barcode

datamatrices contained strong phylogenetic signal at the genus

level but that this reduced at deeper levels of the taxonomic

hierarchy. However, the taxon sample size was small (977 species

from 20 families) and researchers have reported observing a

general phenomenon of species from the same families producing

fewer clades (i.e. families approaching monophyly) on DNA

barcode trees as taxon sampling within a family has increased

(e.g. [33]).

While major advances have been made recently in elucidating

the lepidopteran phylogeny [30–31], classification takes time to

catch up [35]. The families, however, occupy a special place in the

lepidopteran taxonomic hierarchy, and in contrast to the groups at

most other taxonomic ranks (tribes and subfamilies [29], [36] and

superfamilies [30–31]) have generally been well accepted as

monophyla [28], [30–31]. Consequently families were used as the

concordance groups in this study.

In this study I test the hypothesis that increased taxon sampling

will increase phylogenetic signal in a DNA barcode datamatrix.

New blocks of taxa, comprising of macrolepidopteran species,

were added sequentially to datamatrices containing only DNA

barcodes as the character set (Figure 2). Any improvements in the

accuracy of the phylogenetic inference were assessed based on two

quantitative measures of phylogenetic signal (the TCI and TRI)

Figure 1. Assessing phylogenetic signal through taxonomic congruence. The equations used tocalculate the scores for two measures of
phylogenetic signal through taxonomic congruence used in this study. Example calculations are shown for three cladograms each containing two
concordance groups (Mt = 2), one red, one blue, with each group having 4 species (Gt = 8). In practice the scores can be calculated by coding
membership in a concordance group as a character in a datamatrix and obtaining CI and RI values from PAUP.
doi:10.1371/journal.pone.0024769.g001
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[3] derived from the recovery of macrolepidopteran families as

monophyla.

Results and Discussion

Effect of increased taxon sampling
This study provides an example of phylogenetic analysis using a

datamatrix of short molecular sequences generally failing to pro-

mote the recovery of currently recognized families as monophyla.

Drepanidae (only five species barcodes were available for this

family), Lycaenidae and Notodontidae were recovered as mono-

phyla at the lowest taxon sampling level (#100 species per family)

but no families were recovered as monophyla at the highest taxon

sampling level (#500 species per family). The average number of

clades formed per family (St) doubled from eight at the lowest taxon

sampling level to 16 at the highest taxon sampling level, with the

highest observed being 55 clades for 500 species of Noctuidae, the

most species rich family of Lepidoptera [32]. The main pattern of

increased taxon sampling failing to increase the number of

monophyletic families was easily seen through the decrease in

TCI scores from 0.12 at the lowest taxon sampling level to 0.06 at

the highest taxon sampling level (Figure 3).

Increased taxon sampling did not appear to break long branches,

as observed by the stationarity of the average p-distances within

family datasets and the datamatrices as a whole across all levels of

taxon sampling (Table S1). This suggests that increased taxon

Figure 2. Taxon sampling schemes used to assess the effect of increased taxon sampling on phylogenetic signal in DNA barcode
datamatrices. Arctiinae, Lymantrinae and Riodininae species were not included in the sample given current uncertainty over their family level status
[28], [52–53]. See also Table S2.
doi:10.1371/journal.pone.0024769.g002

Figure 3. Phylogenetic signal scores. The bars are coloured to show the relative contribution to the score by each of the concordance groups.
doi:10.1371/journal.pone.0024769.g003
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sampling was not having the effect of shortening the average branch

length across the cladograms.

The CI score for the cladograms followed the usual pattern of

lower values for datamatrices with more species [3] indicating

additional homoplasy in a datamatrix as species were added.

However, the increased homoplasy did not appear to be having a

very negative effect on phylogenetic signal as the TRI scores did

generally increase when the number of species per family was

increased. The TRI accounts for the number of species in the

datamatrix (Figure 1) so could be considered the more informative

measure of the strength of phylogenetic signal. The fact the TRI

generally increased, albeit very slightly, indicates more, or at least

the same level of, cohesion of species from a family in the

cladograms as the number of species included in the datamatrix

increased and suggest substantial phylogenetic signal below the

‘family branch’, perhaps at the genus and tribe level.

DNA barcodes versus other genes
If DNA barcodes are typical of other short molecular sequences,

or even more generally, typical of datamatrices with a small

character-taxon ratio this presents some important considerations

for the assembly of future phylogenetic datamatrices. Currently

COI is the only gene region for which taxon sampling to the level

employed in this study is possible, but even for COI only a small

fraction of lepidopteran species have been sampled. Sequence

information to perform the same taxon sampling study with

other genes is currently non-existent. However, similar studies on

smaller scales suggest the phylogenetic signal in other gene

datamatrices and even concatenated multi-gene datasets follow a

similar pattern to that observed here in COI with increased taxon

sampling [23]. The increased taxon sampling strategy requires that

additional species can subdivide longer branches, a requirement

highly dependent on tree shape. COI, due to its location and mode

of inheritance as a mitochondrial gene, may be particularly

sensitive to tree shape, especially at deeper levels, as it could be

considered to evolve in a speciational rather than phyletic pattern

[37–38]. The results from this study suggest interspecies diver-

gences in COI for lepidopteran species are constrained around

10–14% (uncorrected p-distance; Table S1).

The Lepidoptera branch of the Tree of Life project (http://

www.leptree.net) is sequencing 24 nuclear genes from an exemplar

set of species with the aspiration of resolving deep nodes in the

lepidopteran phylogeny. Recent publications by the team have

included up to five gene regions, and initial studies generally

recovered families as monophyletic [10], [30]. However other

studies using the typical gene regions employed by Lepidoptera

phylogeneticists (wingless, elongation factor 1 alpha and period), have

had varying success [17], [20], [24], [29]. The inclusion of a few

species as exemplars, perhaps necessary when sequencing a huge

number of nucleotides, increases the a priori probability of

taxonomically related species nesting together and provides a

weaker test of phylogenetic signal and taxonomic hypotheses

[39–40].

What makes a good phylogeny?
This current study assesses the strength of phylogenetic signal

through taxonomic congruence. This rests on the assumption that

branches on the macrolepidopteran phylogeny leading to families

(as currently recognized) are ‘real’ events in history and that the

strength of phylogenetic signal in a datamatrix is directly related to

presence of these branches in a cladogram. We can be reasonably

confident (but never certain) in this assumption as lepidopteran

families have been repeatedly inferred as natural groups by

different researchers using different kinds of characters. However,

as most phylogenetic studies use exemplars as representatives of

much larger units many of the species included here have never

before been subject to cladistic analysis. To put this into perspective,

Regier et al. [30] used 66 exemplar species to represent the whole

Macrolepidoptera in their recent analysis.

Increased taxon sampling in a phylogenetic analysis has clear

advantages; the statistical power of an analysis is increased with

larger datamatrices [40] and including the maximum possible

number of species must ultimately improve the stability of a

classification scheme over time [39]. This consequence has been

demonstrated in Lepidoptera using morphological datamatrices

and the Gelechioidea [41–42]. When species are used as

representatives of much larger groups, whose monophyly has never

been reliably established, the ‘reality’ of even larger groups inferred

as monophyla is extremely questionable. A more comprehensive

species sample, including heterogeneous representatives, is un-

doubtedly a better test of taxonomic hypotheses but the availability

of species with a full character set always limits sampling [41].

While DNA barcodes alone were not sufficient to reconstruct

monophyly of families, increased taxon sampling did increase

phylogenetic signal by one measure (the TRI) suggesting

substantial signal below the ‘family branch’. The continuing

efforts to resolve the backbone of the lepidopteran phylogeny [31]

together with the rapidly increasing number of lepidopteran

species represented by molecular data, largely by virtue of the

Barcode of Life initiative [34], presents a unique opportunity to

elucidate the first species-complete phylogeny for a large species

rich group. Such a tree would be an invaluable resource for

applied phylogenetics and macroecology research [43]. This will

require the development of analytical tools along the lines of

supermatrix, supertree or constrained tree approaches [44] to

connect the incredible diversity of the Lepidoptera - the leaves and

twigs on the tree resolved through DNA barcodes - to the deep

branches resolved through phylogenomics [9].

Materials and Methods

Taxon sampling
I mined BOLD (www.barcodinglife.org [45]) (which incorpo-

rates GenBank COI records not sequenced as barcodes per se and

published independently of BOLD) for DNA barcodes of species

from macrolepidopteran families with barcodes available for at

least two species. A single barcode from each available species was

included in a large dataset (Table S2) (Figure 2). Alignment was

performed in BioEdit [46]. From this large dataset, datamatrices

with five different sampling levels were created: (1) #100 spp/

family, (2) #200 spp/family, (3) #300 spp/family, (4) #400

spp/family, and (5) #500 spp/family (Figure 2). Given that

intrafamilial relationships within the Lepidoptera are largely

unresolved, species were selected randomly from the large dataset

to achieve these sampling levels, or for the families where the

target could not be reached all available species were included

(Figure 2). To account for the considerable variation expected

among randomly selected datamatrices this procedure was

undertaken twice [23], producing 10 datamatrices in total.

Phylogenetic analysis
Aligned matrices were analyzed using the phenomenological

method of maximum parsimony in TNT (new technology searches

using the default section and ratchet options [47]). While some

may question a decision not to include ‘‘evolutionary’’ analyses,

declining to choose an optimality criterion a priori allows one to

pick and choose preferred inferences a posteriori [15]. For the

purpose of this study, I follow the view that global parsimony still

DNA Barcodes and Phylogenetics of Lepidoptera
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represents the boldest test of homology [15], [21], [48] and

monophyly of taxa [39] while avoiding the use of process models

that can lead to incorrect inferences being well supported [49].

Mean p-distances within a family sample and across the entire

data matrix were calculated in MEGA [50].

Phylogenetic signal
Sixteen family groups were designated as concordance groups

[3] for tests of phylogenetic signal through taxonomic congruence

(Figure 1). Quantification was incorporated in the form of two

measures: (1) the taxon consistency index and (2) the taxon

retention index [3] (Figure 1). Values for these indices were

obtained by constructing datamatrices of characters relating to

group membership (i.e. 1 = member, 0 = non-member) and

scoring these characters in PAUP [51] on the trees produced

from the parsimony analysis of the molecular characters. The best

possible score is 1 and higher values indicate the taxa are closer to

monophyly. Character congruence was measured through the

consistency index (CI) and retention index (RI) in PAUP.

Supporting Information

Table S1 Details of the sampling schemes and concor-
dance groups used in the study, and the mean p-
distances within each concordance group and the entire
datamatix for each sample.
(XLS)

Table S2 List of taxa used in the study.
(XLS)
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