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Abstract

Reliable recovery of the 5′′′′

 

 region of the cytochrome 

 

c

 

 oxidase 1 (COI) gene is critical for the
ongoing effort to gather DNA barcodes for all fish species. In this study, we develop and
test primer cocktails with a view towards increasing the efficiency of barcode recovery.
Specifically, we evaluate the success of polymerase chain reaction amplification and the
quality of resultant sequences using three primer cocktails on DNA extracts from repre-
sentatives of 94 fish families. Our results show that M13-tailed primer cocktails are more
effective than conventional degenerate primers, allowing barcode work on taxonomically
diverse samples to be carried out in a high-throughput fashion.
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Introduction

 

Fishes comprise nearly half of all vertebrate species; the
group includes approximately 15 700 marine and 13 700
freshwater species (FishBase: www.fishbase.org). The Fish
Barcode of Life Initiative (FISH-BOL; www.fishbol.org) is
a collaborative international research effort, which seeks to
establish a reference library of DNA barcodes for all fish
species derived from voucher specimens with authorit-
ative taxonomic identifications (Hanner 

 

et al

 

. 2005). Once
completed, FISH-BOL will enable a fast, accurate, and
cost-effective system for molecular identification of the
world’s ichthyofauna. The benefits of this work include
facilitating species identification, flagging potentially
previously unrecognized species, and enabling identifica-
tions where traditional methods are not applicable, such as
for immature stages or body fragments. FISH-BOL will also
provide a powerful tool for enhanced understanding of the
natural history and ecological interactions of fish species.

Obtaining high-quality sequence records from the bar-
code region of COI is a key requirement for the FISH-BOL
enterprise. Moreover, with the goal of analysing at least
10 specimens per species, this effort will likely involve
sequencing more than 0.5 million specimens. Ward 

 

et al

 

. (2005)
carried out a proof-of-principle study that compiled bar-
codes for 200 species of commercially important Australian
marine fishes. Since then, an additional 5000 barcodes have

been generated from over 2000 species. However, there has
not been a serious effort to hone analytical protocols, a gap
that this study addresses. Specifically, we seek to identify
protocols that enable both efficient polymerase chain rea-
ction (PCR) amplification of the barcode region and that
deliver high quality sequence data.

Ward 

 

et al

 

. (2005) used two forward and two reverse
primers in all four pairwise combinations to amplify DNA
barcodes from the 200 species in their study. This approach
delivered amplicons for all but one of the target species,
demonstrating the reliable amplification of COI from a
diversity of fishes with only a few primers. However, the
need for four PCR amplifications of each specimen is unde-
sirably complex. Two possible solutions include the gener-
ation of a single primer set with degenerate sites or the
techniques in this study assembly of a cocktail whose
component primers are tailed with M13 to facilitate high
throughput sequencing. We employ both, and test their
effectiveness on a single species from each of 94 different
fish families from diverse habitats (i.e. freshwater, diadram-
ous, marine) and divergent evolutionary lineages.

 

Materials and methods

 

Primer design

 

COI sequences from all 159 mitochondrial fish genomes
(GenBank, January 2006) were aligned in 

 

bioedit

 

 (Hall
1999). Potential primer regions were analysed in 

 

codehop

 

(Rose 

 

et al

 

. 1988) available at (http://blocks.fhcrc.org/
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blocks/codehop.html) with 

 

Danio rerio

 

 codon usage.
Primers for each cocktail were designed at the same
positions in the COI gene so that sequences generated
would be readily interpretable. M13 tails were derived
from Messing (1983), with minor changes: a subset of
forward primers (VF1 and its modifications, VF2, FishF2,
and FF2d) contained a 5

 

′

 

-T-nucleotide identical to the 3

 

′

 

end of corresponding M13 tag and therefore this nucleotide
was eliminated from the tag. To make the LepF1_t1 primer
compatible with the VF1_t1 and the C_VF1LFt1 primer
cocktail, we added an entire M13 (

 

−

 

21) forward tag sequence
to LepF1 primer. For reverse primers, a similar approach
was used to equalize the length of FishR2_t1 and FR1d_t1
primers with the M13 (

 

−

 

27) reverse tag. Primer sequences
are shown in Table 1.

 

PCR amplification and sequencing

 

Whole genomic DNA was extracted from muscle tissue of
94 species (Appendix 1, available at www.dnabarcoding.ca/
CCDB_DOCS/UNIVERSAL_PRIMER_COCKTAILS_
FOR_FISH_DNA_BARCODING_Appendix_1.pdf) each
belonging to a different family. These taxa included
representatives from all major fish lineages (e.g. Myxini,
Cephalaspidomorphi, Holocephali, Elasmobranchii, Actino-
pterygii). DNA was extracted using a standard glass fibre

extraction protocol (Ivanova 

 

et al

 

. 2006). To evaluate the
universality of primers, these 94 samples were assembled
along with two negative controls to create a 96-well test-
plate. Four PCRs were conducted on this plate. The first
reaction employed universal primers for the mitochondrial
16S rRNA gene (16Sar and 16Sbr; Palumbi, 1996) to provide
a positive control for DNA extraction. The other three
reactions targeted the COI barcode region using varied
primer combinations (see Table 1 for details). All PCRs
had a total volume of 12.5 

 

µ

 

L and included: 6.25 

 

µ

 

L of 10%
trehalose, 2.00 

 

µ

 

L of ultra pure water, 1.25 

 

µ

 

L 10

 

×

 

 PCR
buffer [10 m

 

m

 

 KCl, 10 m

 

m

 

 (NH

 

4

 

)

 

2

 

SO

 

4

 

, 20 m

 

m

 

 Tris-HCl
(pH 8.8), 2 m

 

m

 

 MgSO

 

4

 

, 0.1% Triton X-100], 0.625 

 

µ

 

L MgCl

 

2

 

(50 m

 

m

 

), 0.125 

 

µ

 

L of each primer cocktail (0.01 m

 

m

 

),
0.0625 

 

µ

 

L of each dNTP (10 m

 

m

 

), 0.0625 

 

µ

 

L of 

 

Taq

 

 DNA
Polymerase (New England Biolabs), and 2.0 

 

µ

 

L of DNA
template. The thermocycle profile for 16S, COI-1 and COI-
3 consisted of 94 

 

°

 

C for 2 min, 35 cycles of 94 

 

°

 

C for 30 s,
52 

 

°

 

C for 40 s, and 72 

 

°

 

C for 1 min, with a final extension at
72 

 

°

 

C for 10 min. Conditions for COI-2 were: 94 

 

°

 

C for
1 min, five cycles of 94 

 

°

 

C for 30 s, 50 

 

°

 

C for 40 s, and 72 

 

°

 

C
for 1 min, followed by 35 cycles of 94 

 

°

 

C for 30 s, 54 

 

°

 

C for
40 s, and 72 

 

°

 

C for 1 min, with a final extension at 72 

 

°

 

C for
10 min.

PCR products were visualized on a 2% agarose gel using
an E-Gel96 Pre-cast Agarose Electrophoresis System

Table 1 PCR primer sets or cocktails used to amplify either 16S rDNA or COI. M13 tails are highlighted when present (*indicates original
reference for the untailed version of each primer)

Name Ratio Cocktail name/Primer sequence 5′–3′
Product/primer 
position References

16S 2974–3546
16Sar-5′ 1 CGCCTGTTTATCAAAAACAT 2954–2973 Palumbi (1996)
16Sbr-3′ 1 CCGGTCTGAACTCAGATCACGT 3568–3547 Palumbi (1996)
COI-1 6472–7126
FF2d 1 TTCTCCACCAACCACAARGAYATYGG 6446–6471 This study
FR1d 1 CACCTCAGGGTGTCCGAARAAYCARAA 7152–7127 This study
COI-2 C_VF1LFt1–C_VR1LRt1 6472–7129
LepF1_t1 1 TGTAAAACGACGGCCAGTATTCAACCAATCATAAAGATATTGG 6446–6471 *Hebert et al. 2004
VF1_t1 1 TGTAAAACGACGGCCAGTTCTCAACCAACCACAAAGACATTGG 6446–6471 *Ivanova et al. 2006
VF1d_t1 1 TGTAAAACGACGGCCAGTTCTCAACCAACCACAARGAYATYGG 6446–6471 *Ivanova et al. 2006
VF1i_t1 3 TGTAAAACGACGGCCAGTTCTCAACCAACCAIAAIGAIATIGG 6446–6471 *Ivanova et al. 2006
LepRI_t1 1 CAGGAAACAGCTATGACTAAACTTCTGGATGTCCAAAAAATCA 7155–7130 *Hebert et al. 2004
VR1d_t1 1 CAGGAAACAGCTATGACTAGACTTCTGGGTGGCCRAARAAYCA 7155–7130 *Ivanova et al. 2006
VR1_t1 1 CAGGAAACAGCTATGACTAGACTTCTGGGTGGCCAAAGAATCA 7155–7130 *Ward et al. 2005
VR1i_t1 3 CAGGAAACAGCTATGACTAGACTTCTGGGTGICCIAAIAAICA 7155–7130 *Ivanova et al. 2006
COI-3 C_FishF1t1–C_FishR1t1 6475–7126
VF2_t1 1 TGTAAAACGACGGCCAGTCAACCAACCACAAAGACATTGGCAC 6448–6474 *Ward et al. 2005
FishF2_t1 1 TGTAAAACGACGGCCAGTCGACTAATCATAAAGATATCGGCAC 6448–6474 *Ward et al. 2005
FishR2_t1 1 CAGGAAACAGCTATGACACTTCAGGGTGACCGAAGAATCAGAA 7152–7127 *Ward et al. 2005
FR1d_t1 1 CAGGAAACAGCTATGACACCTCAGGGTGTCCGAARAAYCARAA 7152–7127 This study
M13F (−21) TGTAAAACGACGGCCAGT Messing (1983)
M13R (−27) CAGGAAACAGCTATGAC Messing (1983)
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(Invitrogen) and bidirectionally sequenced using the BigDye
Terminator version 3.1 Cycle Sequencing Kit (Applied
Biosystems, Inc.) on an ABI 3730 capillary sequencer (see
Hajibabaei 

 

et al

 

. 2005 for details). 

 

phred

 

 scores and length
of read (LOR) scores were generated using 

 

sequencing
analysis

 

 software version 5.1.1 (Applied Biosystems).
Bidirectional sequences were assembled in 

 

seqscape

 

version 2.1.1 (Applied Biosystems) and manually edited.

 

Results

 

Strong PCR products were generated with the 16S primers
for all but two samples indicating that DNA templates
were generally high quality (Fig. 1). The DNA extract from

 

Goniistius zonatus

 

 failed to amplify in all PCRs and was
omitted for further consideration. DNA from a second
species (

 

Acipenser fulvescens

 

) failed to amplify for 16S, but

was weakly amplified by all COI primer sets, suggesting
DNA degradation.

Each of the three primer sets was very effective (96.8%)
in amplifying the target region of COI (Fig. 1) and only one
case of nonspecific amplification was detected (well G11,
COI-1). Amplicon intensities varied with COI-3 generating
the greatest proportion of high intensity bands (Fig. 2).
Average sequencing success of amplicons was high for
COI-3 (95.2%) and COI-2 (93.0%), but lower for COI-1
(86.0%). Average 

 

phred

 

 scores and read lengths varied
substantially. Both quality scores (38) and read length
(608 bp) were lowest for COI-1. The COI-2 cocktail delivered
the longest average read length (645 bp) and a 

 

phred

 

 of 39.
By comparison, the COI-3 cocktail had an intermediate
read length (631 bp), but the highest quality (41). Barcodes
were recovered from all 93 samples with nondegraded
DNA, although this required ‘cherrypicking’ the few cases

Fig. 1 Images of PCR amplicons for representatives of 94 fish families.
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of failure with a specific primer set. It is worth noting that
only the COI-3 cocktail amplified the sole Myxini tested
(

 

Eptatretus cirrhatus

 

) and one of the two holocephalids
(

 

Harriotta raleighana

 

). The target region for the other 91 species
was amplified by at least two of the cocktails.

 

Discussion

 

The 5

 

′

 

 region of the COI gene was selected as the basis
for a DNA barcoding system, in part, because of the
availability of primers aiding its recovery from a broad
range of taxa (Hebert 

 

et al

 

. 2003). However, there is enough
variation in the flanking segments on either side of the
barcode region to require multiple primer combinations
to gain COI amplicons from some taxonomic groups. The
fishes represent one group where multiple rounds of PCR
have been required to recover barcodes (Ward 

 

et al

 

. 2005).
The individual primer sets developed in this study largely
overcome this difficulty, because each amplify the barcode
region from most taxa, meaning that few samples require
a secondary round of amplification. Considering the broad
diversity of fish species examined in our study, we expect
this success to extend to other fishes. Interestingly, the
COI-2 primer cocktail was designed for amplification
of the barcode region from mammals (untailed version —
Ivanova 

 

et al

 

. 2006; tailed version — this study; Clare 

 

et al

 

.
2007), but this study shows that it also performs very well
for fishes. Conversely, the COI-3 cocktail designed for
fishes is also very effective for mammals, amphibians
and reptiles (N.V. Ivanova, personal observation). Jointly,
these cocktails have amplified the barcode region for every
species (> 3000) in these groups that we have tested.

 

Amplification

 

In the absence of a positive control, failed amplifications
for COI can be attributed to a primer mismatch when they
simply reflect degraded template. Universal 16S primers
provide a simple test for DNA quality because they
amplify a product that is similar in size to the barcode
region. As a result, screening samples that fail to amplify
for COI with 16S provides a quick check for amplifiable
DNA. When both COI and 16S fail, this likely reflects DNA
degradation or the presence of PCR inhibitors.

Although we have not encountered any cases of failed
amplification in fishes or other vertebrates, future
instances may be resolved by adding a new primer to the
existing cocktails. Amplification and sequencing proto-
cols will remain unaffected so long as these new primers
contain the same M13 tag and target the same amplicon.
In the event that taxon-specific primer mismatches are
detected, decisions on the nucleotide composition of new
primers will be aided by the very large number of com-
plete mitochondrial genomes available for fishes (Inoue

 

et al. 2001; Miya et al. 2001; Miya et al. 2003). Cases of failed
PCR amplification may also be resolved by employing
degenerate or inosine-containing primers to overcome
3′-end mismatches (Batzer et al. 1991; Candrian et al. 1991;
Christopherson et al. 1997; Sorenson et al. 1999). However,
such primers may increase the chance of co-amplifying
other gene regions (Zhang & Hewitt 1996) or segments of
mitochondrial DNA that reside in the nucleus (NUMTs)
(Lorenz et al. 2005). It is worth noting that NUMTs are
rarely problematic in fishes (Bensasson et al. 2001; Richly &
Leister 2004; Venkatesh et al. 2006), a conclusion reinforced
in our study where we routinely recovered a single ampli-
con that showed the sequence characteristics expected of
authentic COI.

Sequencing

Despite the high amplification success from all three
primer sets, sequencing results were variable. Some reads
were obscured with background signal, especially at the
5′-terminus. M13-tailed primer cocktails (COI-2, COI-3)
consistently produced reads averaging 30 or more base
pairs longer than those from untailed primers (COI-1). We
suspect that conventional primers are more prone to form
dimers, and, without clean up, these dimers are incorporated
into sequencing reactions where they obscure the first 30–
40 base calls at the 5′ end of the sequence. Longer reads are
also likely a consequence of increasing amplicon size — M13
tags shift the read towards the 5′ end, delivering more
overlap in the bidirectional reads that are a standard element
of barcode analysis. More overlap means more reliable
and longer sequence records in the reference database, but
are also important for automating steps in the analytical

Fig. 2 Amplification and sequencing success with three COI
primer cocktails in a test plate with single species from 94 fish
families. Amplification of 16S rDNA was used to check DNA
quality.
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chain that otherwise require human intervention (e.g.
automated sequence alignment and base calling).

In summary, the primer cocktails developed in this
study are highly effective in generating amplicons that
sequence cleanly for the DNA barcode region of diverse
fish taxa and other groups of vertebrates.
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