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Barcoding is an initiative to define a standard fragment of DNA to be used to assign unknown sequences
to existing known species groups that have been pre-identified externally (by a taxonomist). Several
methods have been described that attempt to place this assignment into a Bayesian statistical framework.
Here we describe an algorithm that makes use of segregating sites and we examine how well these meth-
ods perform in the absence of an interspecific ‘barcoding gap’. When a barcoding gap exists, that is when
the data are clearly delimited, most methods perform well. Here we have used data from the Drosophila
genus because this genus includes sibling species and the species relationships within this species while
complex are, arguably, better understood than in any other group. The results show that the Bayesian
methods perform well even in the absence of a barcoding gap. The sequences from Drosophila are cor-
rectly identified and only when the degree of incomplete lineage sorting is extreme in simulations or
within the Drosophila species, do they fail in their identifications and even then, the “correct” species
has a high posterior probability.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

DNA barcoding involves the use of a short DNA sequence as a
means to taxonomically identify a specimen (Hebert et al,
2003a,b; Remigio and Hebert, 2003). The key to this concept is to
standardize the segment of DNA used for barcoding and then to
construct a database of this sequence from as many taxonomically
identified species as possible. Storing these data in a searchable
database permits new or unknown specimens to be identified via
a comparison of their sequence with sequences from characterized
species. The recognized utility of this methodology has resulted in
a global, synchronized effort with more than 100 member organi-
zations (including museums, zoos, botanical gardens and universi-
ties) involved in setting a global standard in taxonomy and in
creating a database of DNA barcode sequences.

Although the usefulness of this approach is well established
(see for example Hebert et al.,, 2003b, 2004; Hajibabaei et al.,
2006), some taxonomic groups, such as cowries (Meyer and Paulay,
2005) and tiger moths (Schmidt and Sperling, 2008), have shown
an unacceptably high error rate for identification by DNA barcodes.
Part of the reason for this discrepancy is due to similar levels of in-
tra- and interspecific divergence. Under these conditions there
may be a small amount of divergence between species relative to
the amount of divergence within species. The difference between
intra- and interspecific divergences is known as the barcoding
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gap. Cognato (2006) found substantial overlap between levels of
intra- and interspecific variation within several orders of insects
resulting in the failure to correctly diagnose insect species for
45% of the cases. Within Diptera, there are congeneric sequences
whose distance is within 1% (Meier et al., 2008). Similarly, the Le-
pidopteran family Lycaenidae showed an 18% overlap between in-
tra- and interspecific COI divergence (Wiemers and Fiedler, 2007).
An overlap may occur for a number of reasons. It may occur when
there is a wide variation in rates of molecular evolution among lin-
eages (Sparks and Smith, 2006; Huang et al., 2008). The COI from
some animals, such as coral (Huang et al., 2008), evolves too slowly
to be useful for barcoding. Incomplete lineage sorting (paraphyly
or polyphyly; Moritz and Cicero, 2004; Pollard et al., 2006; Wie-
mers and Fiedler, 2007; Aliabadian et al., 2009) and poor taxonomy
may also explain the lack of a barcoding gap. An inference must be
made as to which species (or other taxonomic group) the sequence
belongs. It is often difficult to discern whether or not differences
between the query sequences and sequences within the database
are due to intraspecific differences or if they are an indication of
interspecific differences. The effectiveness of barcoding is associ-
ated with a clear distinction between levels of divergence with
the level of interspecific divergence greater than intraspecific
divergence. Indeed it has been shown that the simplest of methods
performs well under these circumstances (Ross et al., 2008; Auster-
litz et al., in press). Although it is not impossible to identify a spe-
cies in the absence of a barcoding gap, this deficiency makes it
much more difficult.

However, these methods lack ways to measure the confidence
with which an assignment is made. Hence, there is a need for
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statistical methods to determine the most appropriate assign-
ment and the degree of confidence with which this assignment
can be made, particularly when a barcode gap might be small
or non-existent. Frézal and Leblois (2008) note that population
genetics theory is required to account for the level of uncertainty
that is contributed by these processes. Here, only Bayesian meth-
ods will be examined because these provide the necessary statis-
tical strength to distinguish between well supported assignments
versus poor assignments and to provide a strong statistical
framework.

There are two Bayesian methods that have been proposed to
date. The first is a method that uses the coalescent (Abdo and
Golding, 2007). This method calculates the likelihood of coales-
cents for sequences known to originate from a particular species
and then calculates the change in the likelihood when the query
sequence is considered a member of this species. The assignment
of an unknown individual sequence is to the group, i, that mini-
mizes the posterior risk, R;. The posterior risk of group i reflects
the posterior probability that the sequence belongs to a coales-
cent with sequences from species i and the ‘loss’ of making the
decision that the query sequence originated from species i. Here,
loss is defined as the difference between the sequence of the un-
known individual and the consensus sequence of the assumed
correct group k. The mathematical details for calculating the pos-
terior risk, loss and posterior probability are given in Abdo and
Golding (2007).

Coalescent methods can be time consuming for data sets with a
large number of sequences since it must generate enough coales-
cent trees to adequately sample all possible coalescent events.
Therefore, the coalescent method is amended in this paper by
replacing the coalescent-based Markov Chain Monte Carlo
(MCMC) algorithm with one that makes use of the number of seg-
regating sites from the sequences of a single species. A segregating
sites method uses only sites at which there is a nucleotide change.
The theory behind segregating sites allows closed form solutions
to be used in place of time consuming MCMCs. It is therefore very
rapid. It does, however, involve a loss of information and com-
presses the entire collection of sequence data into a single num-
ber. For Barcoding sequences, which can generally be assumed
to be closely related sequences, the loss of information is usually
minor.

Another Bayesian method is the SAP (statistical assignment
package) algorithm that incorporates taxonomic information from
NCBI and uses this information to impose topology constraints on
the trees sampled from a MCMC. The probability of assignment is
the number of sampled trees showing the unknown sequence
branching with a sequence from species i (Munch et al., 2008a,b).
This approach assumes that the branching pattern, as delimited
by the taxonomy, is realistic and accurate. It also does not take into
account the variability that might be expected around this branch-
ing pattern due to unsampled intraspecific differences and it as-
sumes that the species are monophyletic. However, several
studies have shown that the expectation of monophyly for recently
diverged species is not realistic (Knowles and Carstens, 2007; Hick-
erson et al., 2006; Hudson and Coyne, 2002). It is noted by Nielsen
and Matz (2006) that false species assignments can be caused by
incomplete lineage sorting and by random mutation processes that
can mimic incomplete lineage sorting.

The comparison of population genetic methodologies to phylo-
genetic methods done here suggests that the posterior probability
of species identification is, in general, much smaller for the former.
This suggests that these methods are more conservative than phy-
logenetic methods. The underlying cause of these differences in
posterior probabilities are shown to be because these methods
estimate the probabilities of different quantities.

2. Materials and methods
2.1. Evaluating assignment with segregating sites

Following Abdo and Golding (2007), we evaluate the probability
of assigning an unknown sequence to a taxonomic grouping in a
Bayesian context. For some unknown DNA sequence, x, the goal
is to assign the species from which this sequence was taken to
the correct taxonomic group, k. Hence, we wish to find:

Pr(x € k|x,D, 0)

where D is a database of known sequences with n distinct taxo-
nomic groups and 0 is a known collection of evolutionary parame-
ters. The assignment of sequence x must be made to one of the
taxonomic groups.

It is assumed that different groups that are potential targets of
the assignment are fully pre-specified. Each group is assumed to
form a panmictic population that follows a Wright-Fisher, neutral
model of evolution that does not allow recombination, selection, or
migration. Hence, the evolutionary process within each group is
governed by one parameter, which is the expected number of
mutational events between sequences. This quantity is dependant
upon a population measure, § = 4N, 4, and is in turn, reflected in
the number of segregating sites between sequences.

Using Bayes rule, assuming that the pre-sampled individuals are
assigned correctly by external taxonomists, assuming indepen-
dence of the evolutionary history between groups and assuming
uniform priors, this can be calculated as:

Pr(x,Dy|x € k, 0) /Pr(Dy|0k)
>-iPr(x,Djlx € j, 0;)/Pr(D;|6;)

Pr(x € k|x,D,0) =

(see Abdo and Golding, 2007, for a derivation).

A risk function can be evaluated using this probability and tra-
ditionally, an assignment decision is based on the assignment with
minimum risk. The risk function can be defined as:

Ri =" L(k,i)Pr(x € k|x, D, 0)
k

where R; is the risk of making the assignment to species i and L(k, 1)
is the loss associated with an assignment to species i when the cor-
rect assignment should be to species k and Pr(x € k|x,D, 6) is the
posterior probability of membership of the unknown sequence x
to taxonomic group k.

In Abdo and Golding (2007) a method to evaluate
Pr(x,Dy|x € k,0r) using the coalescent and an MCMC is imple-
mented. However, it is also possible to evaluate Pr(x,Dy|x € k, 0y)
using the theory of segregating sites. If the sequence data {x, D}
has s segregating sites, then the probability of the data given 0,
can be approximated by the probability corresponding to the num-
ber of segregating sites, s. Hence,

Pr(x,Dy|x € k,0;) ~ Pr(S = s|n, 6x)
where s is the number of sequences in {x,D,}. The basic recursive

definition for the probability that a sample of n sequences will have
s segregating sites is:

n-1
Pr(S=s|n,0k) = mPr(S =sin—1,6k)
Ok B
+ml’r(5 =S— 1|n, 0[()

This recursion makes the assumption that an infinite sites model
holds, that the populations are equilibrium single random mating
populations of size N, with mutation to new alleles at a rate p.

This recursion has been solved by Tavare (1984) to yield a
closed form solution of:
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n-1 n-1 . n-2 0 s+1
prs =m0 =52 5 07 (1) (%)
K

i=1

Our implementation of this formula was found to occasionally be
numerically unstable. Therefore, if the closed form solution did
not satisfy the recursion with numerical accuracy, we then did an
evaluation of the complete recursion.

Attention is focused here on the posterior probability rather
than risk (multiple loss functions can be used to quantify risk as
described in, Abdo and Golding (2007)) to make the results from
the segregating sites algorithm comparable with those from the
SAP algorithm. To test the assignment of unknown queries using
the segregating sites algorithm, we conducted a simulation to test
the performance of the algorithm in the absence of a ‘barcoding
gap’. The simulations use a multi-species coalescent (Degnan and
Rosenberg, 2009) to model 10 species with a pectinate species tree
(Fig. 1). Each of the 10 species has five lineages. The ‘unknown’
query sequence is simulated as the sixth sequence from the first
species. Sequences of length 600 bp were simulated using the coa-
lescent tree. The entire length of the sequences were allowed to
accumulate substitutions at a constant rate, defined by the param-
eter 0. This value of 0 is the total mutation rate for all sites in the
length of the sequence. At every time interval, defined by T, those
sequences that had not yet coalesced to a common ancestor were
added to the sequences from other “species”. The time intervals
T were scaled according to 2N, generations and represent the time
back to speciation events. However, the coalescents may extend
beyond multiple speciation events depending on the size of T. In
these simulations T, ranges from 0.5 to 3.0. When T = 3.0, the level
of interspecific divergence is greater than the level intraspecific

r 7 ' 1 23 45 6 7 8 910

Species 1 Species 2 Species 3

Fig. 1. The simulation scheme used. Species are added to the tree sequentially up to
a total of 10. Three species are expanded here. The length of time separating the
divergence of each species can be short, T < N, allowing incomplete lineage sorting
to occur (as illustrated here lineages within species #2 are more closely related to
lineages within species #3 than they are to species #1 despite the implied species

relationships).

divergence and this represents the ideal situation where a barcod-
ing gap exists and each species is usually monophyletic and is dis-
tinct from every other species; in this scenario, we expect a high
proportion of correct assignments. When T = 0.5, there is a lack
of a barcoding gap which may lead to incomplete lineage sorting;
we expect a lower proportion of correct assignments. The simula-
tions were repeated 10,000 times and the results are given in
Table 2.

An advantage of the segregating sites algorithm is its speed. The
method of segregating sites obviously involves a loss of informa-
tion in moving from a full coalescent evaluation to an evaluation
of a single number, the number of segregating sites. However, it
gains a great deal of speed compared to a coalescent method.
The analysis of 10,000 simulation runs took only seconds. In addi-
tion, for actual data collected from nature, the sequences are from
highly conserved genes. Such sequences are anticipated to be very
similar and the opportunity for multiple mutations to arise at a sin-
gle site is small. The results described below document the efficacy
of this method.

2.2. The SAP algorithm

SAP version 1.0.6 was downloaded and installed locally (Munch
et al.,, 2008a). An in-house database constructed from sequences
from the Drosophila genus were used for searches conducted with
a local version of BLAST v. 2.2.17. The local database was anno-
tated using the taxonomic information from NCBI. The set of se-
quence homologues were aligned using a local copy of ClustalWw
v. 2.0 (Thompson et al., 1994).

2.3. Drosophila sequences

The Drosophila species provide a good data set to test the ability
of algorithms to assign sequences to species in the absence of a
barcoding gap. Many species are sibling species with small inter-
specific differences and some have no barcoding gap at all with
identical sequences shared among species.

A Drosophila data set consisting of 1542 CO1 sequences from
314 species was collected from NCBI and/or Flybase (Tweedie
et al., 2009) February 2009. Alignment of sequences within a spe-
cies was done using the corresponding amino acid sequence via
MUSCLE (Edgar, 2004) and then translated back to DNA using
TRANALIGN. Sequences with large indels (>10 amino acids) were
removed. The sequences were trimmed to the barcode region
(663 bp). Sequences were deleted entirely if they contained less
than 650 bp. Species with two or fewer sequences were removed.
Sequences were ensured to originate from distinct strains, from
independent wild isolates or from different laboratories, as listed
in the GenBank annotation. If there were multiple copies from
the same source, the longest sequence from a single strain, isolate,
or laboratory was used (refer to Supplementary material for a list-
ing of strains and isolates of Drosophila species used in the study
with, where available, references to literature containing informa-
tion on where the strain or isolate originates). The remaining data
set comprised of 616 sequences from 19 species. A summary of the
sequences is shown in Table 1 (the species and group designations
were taken from NCBI; groups are listed only if there are multiple
members present). Other commonly known Drosophila species
have insufficient numbers of sequences or insufficient information
that they represent distinct samples to be included by these
criteria.

A diagram of the topological relationships between Drosophila
species is shown in Fig. 2. This diagram is patterned after a phy-
logeny constructed from Kimura 2-parameter distances (Kimura,
1980) using the Neighbor Joining method (Saitou and Nei,
1987) and with the phylogeny from Flybase (http://flybase.org/)
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Table 1
Drosophila COI sequences tested (Monophyly is taken from the diagram in Fig. 2).
Group Species Monophyletic Sequences
Melanogaster D. mauritiana No 3
Melanogaster D. melanogaster - 10
Melanogaster D. simulans No 27
Quadrisetata D. barutani - 6
Quadrisetata D. beppui - 3
Quinaria D. falleni - 15
Quinaria D. innubila - 29
Quinaria D. recens No 136
Quinaria D. subquinaria No 136
Repleta D. arizonae - 17
Repleta D. mettleri - 24
Repleta D. mojavensis - 47
Repleta D. navojoa - 4
Repleta D. nigrospiracula - 10
Virilis D. montana - 42
Virilis D. virilis - 11
- D. angor No 13
- D. daruma - 4
- D. pachea - 79
Total 616

with the exceptions of species D. angor, D.barutani, D.beppui, and
D.daruma (Wang et al., 2006) which are not listed in Flybase.
Based on fossil, biogeographic, and molecular clock data, subgen-
era Drosophila (D.melanogaster, D.simulans, and D. mauritiana) and
Sophophora are estimated to have diverged approximately
62.9 +12.4 million years (MYA) (Powell, 1997; Tamura et al.,
2004). Thus, there should be enough interspecific divergence to
prevent the assignment of unknown sequences to the incorrect
subgenus.

Some of these species are considered sibling species and are dif-
ficult to distinguish by anyone other than trained experts. Never-
theless, the species and their relationships are well known (Kelly
and Noor, 1996; Powell, 1997). The ability of some taxa to create
semi-sterile, usually uni-directional, hybrids has been well docu-
mented (Noor, 1995). The species pairs D.arizonae & D. mojavensis,
D.mauritiana & D.simulans, and D.recens & D.subquinaria are con-
sidered sibling species. In the case of D.mauritiana and D. simulans,
there is a haplotype identified as originating from D.mauritiana
that is identical to that in D.simulans (Satta and Takahata, 1990;
Ballard, 2000a,b). The divergence date of these species is estimated
as 0.93 £ 0.49 MYA (Tamura et al., 2004) and so this phenomenon
may be due to incomplete lineage sorting or introgression. Simi-
larly, 2 haplotypes (with 1 and 2 representative sequences respec-
tively) out of 109 COI haplotypes from D.subquinaria are identical
to 2 haplotypes (containing 16 and 66 sequences respectively)
out of 36 COI haplotypes from D. recens. These are the result of Wol-
bachia-mediated introgression (Shoemaker et al., 2004; Jaenike
et al., 2006). Although D. arizonae and D. mojavensis are sibling spe-
cies with an estimated divergence time of 1.91-2.97 MYA, their se-
quences are similar but they do not share any haplotypes (Reed
et al., 2007).

3. Results
3.1. Simulation properties of a segregating sites algorithm

Simulations were conducted to test how well the segregating
sites algorithm will assign queries when there is a known degree
of similarity between the correct species and its closest relative(s).
In this case, each species is progressively more and more distant
from the first species (Fig. 1). The first species is the origin of the
query sequence, and the branch length back to the common ances-
tor encompassing the next species ranges from T = 0.5-3.0. With

D. falleni — 26
%} f
— D. innubila - 3

’ D. subquinaria — 93

D. recens — 27

él D. angor — 182

<I D. daruma - 0
| —@ D. barutani — 26
—@ D. beppui - 9

D. mauritiana - 27

D. simulans — 34

D. melanogaster — 9

ﬂ D. arizonae — 36

d D. mojavensis — 52

B <I D. navojoa - 5

10| D. nigrospiracula — 9

24| D. mettleri — 25

. H D. montana — 58
1| D.virilis -9

79| D. pachea - 61

0.01 Substitutions

Fig. 2. A diagram of the relationships of the Drosophila COI sequences. The numbers
in the triangle give the number of sequences used from each species and the
number after the species name is the number of segregating sites within these
sequences.

the simulation, the degree to which the histories of the individual
species are distinct can be measured by examining the degree to
which lineage sorting is complete. The results of this simulation
are shown in Table 2.

The first row for each simulation run in Table 2 gives an indica-
tion of the extent of incomplete lineage sorting. When the inter-
specific distance between species is very short (T = 0.5) lineage
sorting is seldom complete within species 1. Only 15% of the
10,000 simulations have a distinct monophyletic lineage for the
five sequences in species 1 while 28% have lineages that confuse
species 1 and 2. Nevertheless, the segregating sites method cor-
rectly assigns 44% of the queries to species 1. Given the short diver-
gence time and the comparatively small opportunity for distinct
substitutions to occur, it is not surprising that the average poster-
ior probabilities for these assignments are low. Because of the sim-
ilarity between these species, the degree of confidence in these
assignments is low.

In general, assignments to species further and further away
from species 1 occur in rapidly declining numbers and with declin-
ing posterior probabilities. In addition, the estimated value of 0 in-
creases. Thus, the assignments are made to more distantly related
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Table 2

Simulation results based on the assignment of 10,000 queries. The query sequence always originates from Taxon #1. The first row indicates how many coalescents for Taxon #1
included sequences from other species (indicated by the column). The second row gives the number of times each species had the highest posterior probability.

Taxa

1 2 3 4 5 6 7 8 9 10
T=3.00=20
No. of taxon 1 coalescents including other taxa 9281 680 39 0 0 0 0 0 0 0
No. assigned to each taxa 9388 564 32 14 2 0 0 0 0 0
Avg. posterior 0729 0516 0499 0496 0508 O 0 0 0 0
Avg. 0 1.645 2425 3425 4460 4560 O 0 0 0 0
T=200=20
No. of taxon 1 coalescents including other taxa 7961 1744 249 43 2 1 0 0 0 0
No. assigned to each taxa 8543 1245 173 27 7 3 2 0 0 0
Avg. posterior 0.601 0444 0404 0477 0439 0347 0551 O 0 0
Avg. 0 1.705 2.145 2748 3493 4594 5280 6720 O 0 0
T=1.00=20
No. of taxon 1 coalescents including other taxa 4497 3497 1286 471 147 57 28 8 6 3
No. assigned to each taxa 6468 2238 836 311 95 33 9 7 2 1
Avg. posterior 0394 0322 0286 0265 0254 0244 0277 0306 0303 0.203
Avg. 0 1.834 2136 2303 2323 2752 3423 4329 5011 3.140 2.880
T=050=20
No. of taxon 1 coalescents including other taxa 1522 2846 2176 1350 823 502 304 201 109 167
No. assigned to each taxa 4431 2154 1367 849 520 308 162 114 61 34
Avg. posterior 0263 0229 0209 0.195 0.186 0.179 0.170 0.176 0.161 0.161
Avg. 0 2.044 2.212 2.211 2.203 2.213 2.247 2.189 2.343 2374 1.726

species when the number of mutations is, by chance, larger and
further blurs the species level distinctions.

As T increases, the proportion of incomplete lineage sorting de-
clines and the assignments become more accurate. In every cir-
cumstance, however, the proportion of correctly assigned query
sequences is larger than the proportion of species #1 that have
incomplete lineage sorting. Thus, the correct assignment of se-
quences can occur even without a barcoding gap but the confi-
dence in that assignment can be variable.

3.2. The assignment of Drosophila sequences

Each Drosophila sequence was removed in turn and then as-
signed to a member species by the algorithms discussed here.
The results for the segregating sites algorithm are shown in
Fig. 3. The figure gives the average posterior probability that a
query sequence (on the y-axis) is assigned to any one of the taxa
(on the x-axis). The assignments of Drosophila sequences via the
segregating sites algorithm (Fig. 3a) consistently suggest that
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Fig. 3. Average posterior probability of assigning a query to each species group in the local database using the segregating sites algorithm; (a) with D. angor and (b) without D.
angor. A grayscale ramp from white to black represents the average posterior probability assignment from 0.0 to 1.0 respectively. The origin of the query sequence is shown
on the y-axis and the taxon for assignment is shown on the x-axis. Shadings off the main diagonal indicate posterior probabilities to incorrect taxon.
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D.angor has a strong posterior probability for each and every one of
the query sequences. Indeed, in many cases the posterior probabil-
ity of an assignment to this group can be larger than that for the
correct taxon. For example the average posterior probability for
11 D.virilis sequences is 0.4061 that they originated from a coales-
cent of the D.angor sequences and only 0.3908 that they originated
from the coalescent formed by the remaining D. virilis sequences.

The D.angor sequences are an odd collection. The phylogeny
shown in Fig. 2 suggests that these sequences branch polyphyleti-
cally throughout the tree. These 13 sequences form roughly five
groups. The first group of four sequences are identical among
themselves but differ from the others by 60-115 substitutions
(within a length of 663 bp; a rather large level of intraspecific
divergence). The second group of six sequences differ within the
group by 2-46 substitutions. The third, fourth and fifth groups
are each a single sequence that differs from every other D. angor se-
quence by 75-121, 81-119, 110-121 substitutions. That two sam-
pled sequences from a single species should differ by fully a sixth
of their nucleotides in a highly conserved sequence is unusual.

The effect of this on the assignments is to suggest that D.angor
has a huge (and unrealistic) value of 0 and that the coalescent
formed by the D.angor sequences can encompass any query. The
potential addition of a query sequence to the D.angor group does
not significantly alter the likelihood of the observed number of seg-
regating sites. This is because only a comparatively few number of
additional segregating sites are added with an already very large 6.
But since another entire sequence is added, the sample size has in-
creased and, since the query is in the middle of this coalescent, the
addition of another sequence with less variation actually improves
the likelihood of the observation. This appears to be the cause of the
high posterior probabilities of assignment to D.angor independent
of the query sequence. To a lesser extent, this phenomenon also oc-
curs with D.subquinaria since this taxon also has a large amount of
sequence variation. To eliminate this effect the D.angor sequences
were removed and the analysis redone as shown in Fig. 3b.
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With the elimination of D.angor, most of the query sequences
show the highest posterior probability to the taxon from which
they originated. Missassignments occur most noticeably in three
locations. The missassignment of D.recens to D.subquinaria (and
to a lesser extent, the reverse), a symmetrical confusion between
D.arizonae and D.mojavensis, and missassignments among D. simu-
lans and D. mauritiana. The missassignments of D.recens sequences
to the D.subquinaria species is because many of these sequences
(82 from 2 distinct haplotypes) are identical to sequences labelled
as originating from D.subquinaria (Shoemaker et al., 2004; Jaenike
et al.,, 2006). The lack of resolution between the D.arizonae and
D.mojavensis species is due to their sibling species status and re-
cent divergence time (Reed et al., 2007). The distinction between
D.simulans and D.mauritiana is even less clear due both to their
shared haplotypes and recent divergence (Tamura et al., 2004).

The assignments by the SAP algorithm of query sequences to
Drosophila species are shown in Fig. 4. This algorithm also had dif-
ficulty with the same group of taxa that the segregating sites algo-
rithm had difficulty with. For the most part, these difficulties are
not as apparent in the figure since a portion of the sampled trees
from the MCMC do not match the given taxonomy from NCBI,
termed here non-constrained trees. These trees, that do not match
the NCBI annotated taxonomy, are classified separately. These
trees represent an ambiguous component of the assignment.

The segregating sites algorithm spent roughly 3 s per assign-
ment for the whole 616 sequence data set on a computer with a
1.6 GHz processor, running Linux. SAP spent roughly 8 min per
assignment on the same system. A single assignment of a single
query to the 42 sequences of D. montana using a coalescent assign-
er takes many hours to run and even then it is doubtful that it has
reached stationarity. A single assignment to the 136 sequences of
D.recens would take orders of magnitude longer. To complete the
data set would require this to be repeated for each of the 616 que-
ries. Hence it is not possible to provide comparable results for the
coalescent assigner.
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Fig. 4. Average posterior probability of assigning a query to each species using the SAP algorithm; (a) with D. angor and (b) without D. angor. A grayscale ramp from white to
black represents a posterior probability assignment from 0.0 to 1.0 respectively. The origin of the query sequence is shown on the y-axis and the taxon for assignment is
shown on the x-axis. Shadings off the main diagonal indicate posterior probabilities to incorrect taxon.
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4. Discussion

Barcoding involves the assignment of a sequence to a pre-exist-
ing taxonomic group. This is done using information drawn from a
short DNA sequence, COI in many cases (rbcl and matK in the case
of plants; Hollingsworth et al., 2009). The relationships of the se-
quences among the taxa contains information regarding their like-
lihood of being samples from a particular species. Unfortunately,
when a collection of samples is first made, it is often difficult to
determine their taxonomic species of origin. This is particularly
the case if the group is little studied and has many sibling species.
The Drosophila species have many sibling groups but have the
advantage that the true species relationships are generally well
known.

With the advent of better sequencing technologies, it is ex-
pected that the number of alternative species to which an assign-
ment must be made will increase, consequently making the task
of assignment more difficult. Thus, the performance of barcoding
assignment methods, both in speed and accuracy, given increasing
amounts of information, is important.

In general, a method to calculate the probability that an un-
known sequence originated from a particular species, x, is desired.
The segregating sites algorithm does not calculate this probability;
rather it estimates the probability that the query sequence could
originate from a coalescent implied from the knowledge of the cur-
rent database. The segregating sites algorithm considers all of the
sequences from each species. The data from the D.angor sequences
illustrates this subtle difference. Similarly, the SAP program also
does not determine the desired probability. Rather it estimates
the probability that a sequence consistently branches next to a sin-
gle member of species x given the current database. The sequences
from D.angor do not generally alter these assignments.

The segregating sites algorithm, however, consistently suggest
that for each query sequence, there is a significant probability that
this sequence might have arisen from D.angor. The reason for this
is that the given database and the given species identifications are
assumed to be correct and, as such, given the huge amount of se-
quence divergence within the ‘hypervariable’ species D.angor,
there is a very real possibility that any of these sequences might
have originated from D.angor. Assuming that the given data is in-
deed accurate, this seems to be the correct answer. The taxonomic
assignment of sequences to the species within the database (D.an-
gor, for example) are assumed to be correct. This assumption is
made at the species level for the segregating sites algorithm. It is
similarly made for SAP at deeper taxonomic levels.

If the classification of the sequences of D.angor into a single spe-
cies is correct then the segregating sites algorithm provides correct
posterior probabilities. The further consideration of a risk measure-
ment based on distances (which can be incorporated into a
segregating sites algorithm) will however warn against over inter-
pretation of the posterior probabilities. The presence of such a
hypervariable species is also highlighted by the algorithm’s results
and suggests a possible alternate interpretation; that the species
might be a candidate for further taxonomic scrutiny.

Even if an unknown query sequence is a perfect match to a se-
quence in a knowledge database, it does not imply that a perfect
species identification has been achieved. Other species identifica-
tions might have a high or even a higher posterior probability.
Therefore, given that a perfect match has been found in the data-
base, this alone does not justify the conclusion that the species of
origin has been identified.

The model based methods analyzed here capitalize on under-
standing the process governing the system under study and result
in more informative and powerful tools to analyze sequence data
generated from such systems. In applying any statistical method

it is important to understand the boundaries and limitations of
its application. The application of the segregating sites algorithm
and the SAP algorithm to Drosophila data illustrates well that they
calculate posterior probabilities of somewhat different quantities.
Which method is preferred and should be applied depends on
which quantity is desired. The SAP algorithm measures where a se-
quence branches while the segregating sites algorithm measures if
a sequence can ‘fit’ into an existing species.

The results presented indicate that both Bayesian methods
work well to correctly identify species even in the absence of a
‘barcode gap’. When uncertainty exists in the assignment, the
methods correctly reflect and report this uncertainty. The degree
of uncertainty in these methods is directly reflected in the accuracy
of the taxonomic reconstructions.

The segregating sites algorithm is available at http://info.mc
master.ca/TheAssigner/.
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