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Abstract

A DNA barcode based on 650 bp of mitochondrial gene cytochrome ¢ oxidase I is proving
to be highly functional in species identification for various animal groups. However, DNA
degradation complicates the recovery of a full-length barcode from many museum speci-
mens. Here we explore the use of shorter barcode sequences for identification of such spec-
imens. We recovered short sequences — i.e. ~100 bp — with a single PCR pass from more
than 90% of the specimens in assemblages of moth and wasp museum specimens from
which full barcode recovery was only 50%, and the latter were usually less than 8 years old.
Short barcodes were effective in identifying specimens, confirming their utility in circum-
stances where full barcodes are too expensive to obtain and the identification comparisons
are within a confined taxonomic group.
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Introduction

DNA barcoding employs standardized genomic fragments
to facilitate species identification and discovery (Hebert
et al. 2003; Kress et al. 2005; Savolainen et al. 2005). Studies
on various groups of animals have shown that a 650-bp
fragment of the mitochondrial gene, cytochrome c oxidase
I (COY, cox1) is generally effective as a barcode sequence,
delivering more than 95% species-level resolution (Hebert
et al. 2003, 2004a, 2004b; Barrett & Hebert 2005; Meyer &
Paulay 2005; Hajibabaei et al. 2006; Smith et al. 2006). Based
on these results, studies are already underway to build
DNA barcode libraries for all birds and fishes (Marshall 2005)
and substantial arrays of Lepidoptera (Hajibabaei ef al.
2006).

It is generally difficult to quickly and cheaply recover
barcode sequences from museum specimens that are more
than a decade old, since their DNA is degraded (Whitfield
1999; Hajibabaei et al. 2005). As a result, major barcode
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library construction currently focuses on the analysis of
recently collected specimens or on samples that have been
protected from degradation by freezing, ethanol, or other
DNA-friendly preservation methods. However, it will ulti-
mately be necessary for sequences from fresh specimens
to be compared with sequences from millions of older
museum specimens. For example, such comparison is
critical when barcoding reveals several cryptic species
within what had been viewed as one species, and it is not
morphologically evident which of them matches the holo-
type (Hebert ef al. 2004a; Janzen et al. 2005). Equally, the
ultimate validation for a modern barcode record should
involve its comparison with the barcode record from the
holotype specimen for that species. Aside from the need
for such comparisons, it is evident that the barcoding of old
museum specimens will provide a cost-effective way of
building barcode libraries with broad geographical cover-
age of individual taxa.

While the recovery of full barcode sequences from aged
specimens currently requires costly and time-consuming
forensic/ancient DNA protocols, short sequences can re-
gularly be obtained from century-old museum specimens
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Table 1 A comparison of full-length barcodes and mini-barcodes in two exemplar data sets

Length Variability Parsimony % intraspecific % intrageneric

DNA barcode (bp) (in %)t (in %)t (SE)§ SE)]
Fishes of Australia (697 individuals, 204 species, 112 genera)

Full barcode 654 52.0 49.1 0.5 (0.1) 6.0 (0.6)
Mini-barcode-218-1 218 523 48.6 0.4 (0.1)* 4.8 (0.5)*
Mini-barcode-218-2 218 47.7 47.7 04(0.1) 6.7 (0.6)*
Mini-barcode-218-3 218 56.0 51.0 0.6 (0.1) 6.6 (0.7)*
Mini-barcode-109-1 109 58.7 53.2 0.4 (0.1) 4.8 (0.6)*
Mini-barcode-109-2 109 459 44.0 0.3 (0.1)* 4.8 (0.5)*
Mini-barcode-109-3 109 47.7 47.7 04(0.1) 6.5(0.6)
Mini-barcode-109-4 109 477 477 0.4 (0.1) 7.0 (0.7)*
Mini-barcode-109-5 109 57.8 57.8 0.6 (0.1) 6.8(0.7)
Mini-barcode-109-6 109 54.1 44.0 0.6 (0.1) 6.4(0.6)
Lepidoptera of ACG (522 individuals, 61 species, 4 genera)

Full barcode 654 43.4 39.8 0.2 (0.0) 7.2 (0.4)
Mini-barcode-218-1 218 40.8 349 0.1(0.0) 5.8 (0.6)
Mini-barcode-218-2 218 413 39.9 0.2(0.1) 7.7(0.5)
Mini-barcode-218-3 218 482 445 0.3(0.1) 8.2(0.6)
Mini-barcode-109-1 109 48.6 36.7 0.1(0.0) 54(0.7)
Mini-barcode-109-2 109 33.0 33.0 0.1(0.0) 6.2(0.6)
Mini-barcode-109-3 109 39.5 36.7 0.2(0.1) 74(04)
Mini-barcode-109-4 109 43.1 43.1 0.2(0.1) 8.1(0.7)
Mini-barcode-109-5 109 52.3 48.6 0.2(0.1) 7.6 (0.5)
Mini-barcode-109-6 109 44.0 40.4 0.4 (0.1) 8.9(0.8)

Mini-barcodes are numbered according to their position relative to the full-length (5'-3") barcode region. For example, mini-barcode-218-1
indicates the first 218 nt of the 5'-3’ full-length barcode, mini-barcode 218-2 indicates nt 219-436, etc.

tPer cent of sites that varied in the sequences.
{Per cent of parsimony informative sites in the alignment.

§Average pairwise intraspecific Kimura-2 parameter distances (Kimura 1980).
{Average pairwise intrageneric Kimura-2 parameter distances. P values were calculated in a paired t-test with Bonferroni correction. The
test was conducted to evaluate if the distance measures are different in full-length vs. mini-barcodes by calculating P for each mini-barcode

in comparison to the full-length barcode.

*P < 0.05. Genetic distances were calculated using MEGA 3.1 software (Kumar et al. 2004).

ACG = Area de Conservacion Guanacaste.

using routine protocols (i.e. Goldstein & Desalle 2003).
Here we examine, using both in silico and empirical tests,
the accuracy of such short DNA fragments in species
identification.

In silico analysis

We first tested the in silico performance of ‘mini-barcodes’
(~200 bp and ~100 bp) in species-level identifications
of two barcode data sets. The first data set consisted of
Australian fishes (Ward et al. 2005) including 204 species
represented by an average of 3.4 individuals and 19% of
the species were represented by a single individual. The
second data set consisted of four species-rich genera of
Lepidoptera (Janzen efal. 2005; Hajibabaei et al. 2006)
including 61 species represented by an average of 8.6
individuals and 13% of the species were represented by a
single individual (see Supplementary material for GenBank
accession numbers and molecular methodology). We

divided the full-length barcode region into 3 or 6 equal
sizes (218 bp or 109 bp each) from the 5-3" end (e.g. nt 1-
218, 219-436, etc.). We then compared the percentage
of variable and parsimony informative sites, and both
intraspecific and intrageneric divergences, in mini- vs. full-
length barcodes (Table 1). The mini-barcodes generally
provided measures of sequence variability and divergence
similar to those of full barcodes at both intraspecific
and intrageneric levels. However, significant shifts in
divergence values were noted in comparisons of some
mini- vs. full-length barcodes in fishes (Table 1). The
results suggest that the identification of fish or Lepidoptera
would generally have been as accurate with mini-barcodes
as with full-length barcodes. In addition, we carried out a
neighbour-joining (NJ) analysis (Saitou & Nei 1987) with
either 218-2 or 109—-3 mini-barcode data sets (see Table 1)
and counted the number of species with non-overlapping
barcodes (i.e. barcodes that uniquely identify a species)
as a measure of resolution. We compared these results
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Fig. 1 The ability of mini-barcodes com-
pared to full-length barcodes to discrimin-
ate among 1-2-decade-old specimens of
two cryptic species within Xylophanes libya
in neighbour-joining (NJ) analysis (Saitou
et al. 1987). Tree is based on the 32
specimens (of a total of 33) that produced
134 bp mini barcodes — shown by triangular
markers. Individuals with circular markers
yielded 221 bp mini-barcodes and individuals
with square shape markers yielded full-
length barcodes (658 bp). The first two
digits of each voucher code show the
date of collection of the specimen; so 00
indicates year 2000. The size and position
of each amplicon with reference to the full
COI barcode region is indicated below the
tree. The analysis was performed using
MEGA 3.1 software (Kumar ef al. 2004) with
Kimura-2 parameter distances (Kimura
1980).

with the results obtained from full-length barcodes. For
instance, 93% and 92% of the species were correctly
identified with the 218-2 and 109-3 mini-barcodes,
respectively, compared to 95% with the full-length
barcode. A similar analysis with mini-barcodes with
significant differences in their distance measure show a
somewhat lower resolution in the NJ trees (results not
shown).

Empirical tests

We generated mini-barcodes for two sets of museum
specimens of varied age. We selected these two exemplar
cases to address different sample preservations (either
oven dried or ethanol preserved) and two different
taxonomic scopes. In the first case, Xylophanes libya, a
neotropical sphingid moth, has been found to consist of
two species in northwestern Costa Rica by barcoding
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(Janzen ef al. 2005; Hajibabaei et al. 2006; Fig. 1a) (these
two cryptic species were subsequently found to be
morphologically and microgeographically distinguishable
as well). We used this available sequence information to
design PCR primers to amplify 221 and 134 bp amplicons
from the 3’ end of the full-length barcode region (see
Supplementary material). We then attempted amplifica-
tion of these mini-barcodes from 33 oven-dried specimens
ranging in age from 2 to 21 years (average age of 7.5 years).
Full-length barcodes were recovered from only 39% of
the specimens, all younger than 8 years. However, there
was 94% and 97% success in obtaining the 221 and 134 bp
mini-barcodes, respectively. These mini-barcodes con-
tained 16 and 10 diagnostic characters, respectively, as
compared to 38 in full-length barcodes. An NJ analysis was
carried out with full-length, 221 bp, and 134 bp data sets.
The mini-barcodes produced species-level resolution
congruent with full-length barcodes, and allowed all of
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the older museum specimens to be assigned to one or the
other species (Fig. 1).

Our second test involved reared microgastrine parasitic
wasps (Hymenoptera, Braconidae, Apanteles) from Costa
Rica. Full-length barcodes and two mini-barcodes (407 bp
from the 3" end, 135 bp from the 5" end) were amplified
from 91 ethanol-preserved specimens varying in age from
1 to 14 years (average age of 4.4 years), revealing the pres-
ence of 15 species (Fig. 2). Only 24% of these specimens
yielded full-length barcodes (all from specimens less than
6 years old), but there was a 84% and 98% success rate in
recovering 407 and 135 bp mini-barcodes, respectively.
The NJ analysis indicated that the short sequences pro-
duced species-level resolution as effectively as that of full-
length barcodes (Fig. 2) with one exception. Two species
from different host caterpillars (Apanteles Rodriguez27 and
A. Rodriguez28) showed divergences of 1.79% (11 dia-
gnostic characters) and 1.93% (8 diagnostic characters)

5 3’
658 bp barcode

using full and 407 bp barcodes, respectively, but were not
separable with the 135 bp barcode.

Discussion and conclusions

Our in silico analysis of barcode sequences for fishes
and Lepidoptera revealed the potential ability of mini-
barcodes to discriminate among species (Table 1). While
mini-barcodes produced divergence values comparable
to full-length barcodes in both data sets, they were some
what less effective in discriminating among the species in
large assemblages (e.g. 204 species of Australian fishes).
However, most applications of mini-barcodes will not
involve cases that seek to place a specimen among all
known species, but rather within a small assemblage,
as exemplified by our two empirical sets. In both cases,
we obtained as many barcode sequences as possible
from young specimens and subsequently gathered mini-
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barcodes from old specimens to link the old specimens to
the younger ones. Mini-barcodes were effective in species
identification in both cases. However, the choice of length
and position of mini-barcodes is important in their ability
to discriminate among species. In the two cryptic spe-
cies of Xylophanes libya, mini-barcodes were positioned
specifically to discriminate this species pair, and their
relatively short lengths took into account the old age of the
specimens. In addition, the fact that the forward primers
in the two mini-barcodes were designed specifically for
this species complex might have positively influenced the
chance of amplifying potentially degraded DNA. By
contrast, in the case of the microgastrine wasps, the two
mini-barcodes were used as routine alternate amplicons to
increase the chance of gaining barcode information from
an old specimen. In this case, we found that a 135-bp mini-
barcode situated at the 5" end did not allow discrimination
between two of the 15 species. Interestingly, a similarly
sized fragment from the other end of the barcode region
would have achieved identification (Fig. 2d).

Full-length barcode sequences can be easily and
cheaply obtained from recently collected tissue or from
those preserved for DNA extraction (Hajibabaei et al. 2005).
The resultant records provide a ‘gold standard” with high
confidence for species discrimination within large spe-
cies pools (Hebert et al. 2003, 2004b; Smith et al. 2005,
2006; Ward et al. 2005; Hajibabaei et al. 2006). Here we
confirm that very short barcode sequences are also valu-
able for the identification of old specimens from selected
narrow taxonomic arrays, such as comparing a newly col-
lected specimen with an old holotype. Similarly, it may
well be possible to employ mini-barcodes for the iden-
tification of formalin-fixed samples, which often contain
highly fragmented DNA (Schander & Kenneth 2003). Mini-
barcodes may also provide the option to employ alternative
sequencing methods, such as pyrosequencing (Fakhrai-Rad
et al. 2002), that yield only short sequences, but offer lower
costs and higher throughput than standard approaches.
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