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Abstract

Applications of biological knowledge, such as forensics, often require the determination of

biological materials to a species level. As such, DNA-based approaches to identification,

particularly DNA barcoding, are attracting increased interest. The capacity of DNA barcodes

to assign newly encountered specimens to a species relies upon access to informatics plat-

forms, such as BOLD and GenBank, which host libraries of reference sequences and sup-

port the comparison of new sequences to them. As parameterization of these libraries

expands, DNA barcoding has the potential to make valuable contributions in diverse applied

contexts. However, a recent publication called for caution after finding that both platforms

performed poorly in identifying specimens of 17 common insect species. This study follows

up on this concern by asking if the misidentifications reflected problems in the reference

libraries or in the query sequences used to test them. Because this reanalysis revealed that

missteps in acquiring and analyzing the query sequences were responsible for most mis-

identifications, a workflow is described to minimize such errors in future investigations. The

present study also revealed the limitations imposed by the lack of a polished species-level

taxonomy for many groups. In such cases, applications can be strengthened by mapping

the geographic distributions of sequence-based species proxies rather than waiting for the

maturation of formal taxonomic systems based on morphology.

Introduction

Species identifications play an important role in forensic analyses in contexts ranging from the

interception of trade in CITES-listed species [1] to ascertaining the post mortem interval [2].

There are also expanding opportunities to track the movement of objects and organisms linked

to their associated DNA. Although species identifications can play an important role in these

contexts, the lack of taxonomic specialists often impedes analysis, a factor which has provoked

interest in DNA-based approaches to species identification. Past studies have established that

DNA barcodes can often assign specimens to their source species, but have also revealed differ-

ences in success among the kingdoms of eukaryotes. For example, the three barcode regions
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(rbcL, matK, ITS2) for plants deliver lower success than the single gene region (cytochrome c
oxidase I, COI) used for animals [3]. Because COI generally has high accuracy in species

assignment [4–9], the conclusions from a recent study by Meiklejohn et al. [10] were surpris-

ing. They assessed the capacity of reference sequences in BOLD, the Barcode of Life Data Sys-

tem [11], and GenBank [12] to generate species-level identifications. Their analysis revealed

that both platforms performed similarly in identifying plants and macrofungi, but fared poorly

in identifying insect species with BOLD showing lower success than GenBank (35% vs. 53%).

They noted that their observed identification success did not conform to earlier results from

DNA barcoding studies on insects, but did not carefully examine the possible causes of this

unexpectedly low success. By evaluating the factors underpinning the incorrect assignments,

the present study revealed that errors in sequence acquisition and interpretation accounted for

most, if not all, of the misidentifications. To avoid similar issues in future studies, there is a

need to adopt more rigorous procedures for data acquisition and analysis, and to reduce the

current reliance on immature taxonomic systems.

Material and methods

Meiklejohn et al. [10] analyzed 17 insects including representatives from 12 insect orders–

Coleoptera (1), Dermaptera (1), Diptera (5), Ephemeroptera (1), Hymenoptera (1), Lepidop-

tera (2), Mecoptera (1), Neuroptera (1), Odonata (1), Orthoptera (1), Pthiraptera (1), and

Siphonaptera (1). The specimens were obtained from the Smithsonian’s National Museum of

Natural History (USNM); most were collected 20+ years ago (e.g. Pediculus humanus– 1955).

Following DNA extraction, the barcode region of COI was PCR amplified and then Sanger

sequenced. Reflecting the DNA degradation typical of museum specimens, the sequences

recovered were often incomplete (e.g. 254 bp for Hexagenia limbata). The resultant sequences

were injected into the ID engine on BOLD [11] and into the BLAST function on GenBank

[12]. This analysis delivered correct species identifications for six specimens (35%) on BOLD

and for nine (53%) on GenBank.

The present study was initiated by downloading the 17 sequences from GenBank. These

sequences were compiled into a dataset on BOLD (dx.doi.org/10.5883/DS-FBI2019), and spec-

imen metadata unreported by Meiklejohn et al. were added to the sequences based on the

labels of the voucher specimens deposited at the USNM, along with images of most specimens.

The sequences were resubmitted to the BOLD ID engine and to GenBank BLAST with self

matches excluded. Because some of the resultant identifications deviated from those reported

in [10], the factors responsible for this discordance were examined.

Results and discussion

ID results from BOLD and GenBank

Table 1 compares the ID results for the 17 specimens between [10] and those obtained in the

present study. The IDs from BLAST matched those reported by [10] as did ten of the IDs from

BOLD. The other seven IDs from BOLD corresponded to those from GenBank, but not with

the results in [10]. There was a simple explanation for this discordance. Meiklejohn et al. [10]

had submitted the reverse complement rather than the coding sequence into the ID engine on

BOLD, an approach which generated distant matches. Avoiding this misstep, the number of

“correct” identifications generated by BOLD and GenBank was similar (12/17 at the genus

level, 9/17 at the species level). In order to prevent further occurrence of such errors, the

BOLD user interface has been updated to instruct users to enter COI barcode sequences in the

ID engine in the forward orientation, and to warn users if the resulting identifications are sus-

pected to result from reverse or reverse complement sequences.

PLOS ONE BOLD and GenBank revisited – Do identification errors arise in the lab or in the sequence libraries?

PLOS ONE | https://doi.org/10.1371/journal.pone.0231814 April 16, 2020 2 / 10

Funding: This work was enabled by Funding from

the Canada First Research Excellence Fund, the

Ontario Ministry of Research and Innovation, the

Canada Foundation for Innovation, and Natural

Sciences and Engineering Research Council of

Canada. The funders had no role in study design,

data collection and analysis, decision to publish, or

preparation of the manuscript.

Competing interests: The authors have declared

that no competing interests exist.

http://dx.doi.org/10.5883/DS-FBI2019
https://doi.org/10.1371/journal.pone.0231814


T
a

b
le

1
.

C
o

m
p

a
ri

so
n

o
f

q
u

er
y

re
su

lt
s

(t
o

p
m

a
tc

h
es

)
fo

r
1

7
in

se
ct

sp
ec

ie
s

b
et

w
ee

n
M

ei
k

le
jo

h
n

et
a

l.
[1

0
]

a
n

d
th

e
p

re
se

n
t

st
u

d
y

.

M
ei

k
le

jo
h

n
et

a
l.

P
re

se
n

t
st

u
d

y

Q
u

er
y

se
q

u
en

ce

O
rd

er
F

a
m

il
y

G
en

u
s

S
p

ec
ie

s
S

eq
u

en
ce

le
n

g
th

D
a

ta
b

a
se

T
o

p
m

a
tc

h

g
en

u
s

T
o

p
m

a
tc

h

sp
ec

ie
s

Id
en

ti
ty

T
o

p
m

a
tc

h
o

rd
er

T
o

p
m

a
tc

h

fa
m

il
y

T
o

p
m

a
tc

h

g
en

u
s

T
o

p
m

a
tc

h

sp
ec

ie
s

Id
en

ti
ty

M
K

9
0

5
4

0
7

C
o

le
o

p
te

ra
S

ca
ra

b
ae

id
ae

P
h

an
ae

u
s

v
in

d
ex

5
8

1
G

en
B

an
k

P
h

an
ae

u
s

sp
.

0
.9

9
8

2
1

C
o

le
o

p
te

ra
S

ca
ra

b
ae

id
ae

P
h

an
ae

u
s

sp
.

0
.9

9
8

2

M
K

9
0

5
4

0
7

C
o

le
o

p
te

ra
S

ca
ra

b
ae

id
ae

P
h

an
ae

u
s

v
in

d
ex

5
8

1
B

O
L

D
_

al
l

P
h

an
ae

u
s

sp
.

0
.9

9
8

2
C

o
le

o
p

te
ra

S
ca

ra
b

ae
id

ae
P

h
an

ae
u

s
sp

.
0

.9
9

8
2

M
K

9
0

5
4

0
2

D
er

m
ap

te
ra

F
o

rf
ic

u
li

d
ae

F
o

rf
ic

u
la

au
ri

cu
la

ri
a

4
2

9
G

en
B

an
k

F
o

rf
ic

u
la

au
ri

cu
la

ri
a

0
.9

9
2

9
9

D
er

m
ap

te
ra

F
o

rf
ic

u
li

d
ae

F
o

rf
ic

u
la

af
f.

au
ri

cu
la

ri
a

A
0

.9
9

3
0

M
K

9
0

5
4

0
2

D
er

m
ap

te
ra

F
o

rf
ic

u
li

d
ae

F
o

rf
ic

u
la

au
ri

cu
la

ri
a

4
2

9
B

O
L

D
_

al
l

D
y
sc

h
er

al
ci

s
re

tr
o

fl
ex

a
0

.5
D

er
m

ap
te

ra
F

o
rf

ic
u

li
d

ae
F

o
rf

ic
u

la
au

ri
cu

la
ri

a-
A

0
.9

9
7

6

M
K

9
0

5
4

0
2

/

R
C

D
er

m
ap

te
ra

F
o

rf
ic

u
li

d
ae

F
o

rf
ic

u
la

au
ri

cu
la

ri
a

4
2

9
B

O
L

D
_

al
l

L
ep

id
o

p
te

ra
G

eo
m

et
ri

d
ae

D
y

sc
h

er
al

ci
s

re
tr

o
fl

ex
a

0
.5

M
K

9
0

5
3

9
6

D
ip

te
ra

C
al

li
p

h
o

ri
d

ae
C

h
ry

so
m

y
a

ru
fi

fa
ci

es
5

9
2

G
en

B
an

k
C

h
ry

so
m

y
a

ru
fi

fa
ci

es
1

D
ip

te
ra

C
al

li
p

h
o

ri
d

ae
C

h
ry

so
m

y
a

ru
fi

fa
ci

es
1

M
K

9
0

5
3

9
6

D
ip

te
ra

C
al

li
p

h
o

ri
d

ae
C

h
ry

so
m

y
a

ru
fi

fa
ci

es
5

9
2

B
O

L
D

_
al

l
C

h
ry

so
m

y
a

ru
fi

fa
ci

es
1

D
ip

te
ra

C
al

li
p

h
o

ri
d

ae
C

h
ry

so
m

y
a

ru
fi

fa
ci

es
1

M
K

9
0

5
3

9
7

D
ip

te
ra

C
al

li
p

h
o

ri
d

ae
C

al
li

p
h

o
ra

v
ic

in
a

5
5

3
G

en
B

an
k

C
al

li
p

h
o

ra
v
ic

in
a

0
.9

8
3

7
3

D
ip

te
ra

C
al

li
p

h
o

ri
d

ae
C

al
li

p
h

o
ra

v
ic

in
a

0
.9

8
3

7

M
K

9
0

5
3

9
7

D
ip

te
ra

C
al

li
p

h
o

ri
d

ae
C

al
li

p
h

o
ra

v
ic

in
a

5
5

3
B

O
L

D
_

al
l

C
al

li
p

h
o

ra
v

ic
in

a
1

D
ip

te
ra

C
al

li
p

h
o

ri
d

ae
C

al
li

p
h

o
ra

v
ic

in
a

1

M
K

9
0

5
3

9
3

D
ip

te
ra

C
u

li
ci

d
ae

A
ed

es
ae

g
y

p
ti

6
5

8
G

en
B

an
k

A
ed

es
ae

g
y

p
ti

0
.9

9
8

4
8

D
ip

te
ra

C
u

li
ci

d
ae

A
ed

es
ae

g
y
p

ti
0

.9
9

8
5

M
K

9
0

5
3

9
3

D
ip

te
ra

C
u

li
ci

d
ae

A
ed

es
ae

g
y

p
ti

6
5

8
B

O
L

D
_

al
l

A
ed

es
ae

g
y
p

ti
1

D
ip

te
ra

C
u

li
ci

d
ae

A
ed

es
ae

g
y

p
ti

1

M
K

9
0

5
4

0
3

D
ip

te
ra

G
lo

ss
in

id
ae

G
lo

ss
in

a
p

al
p

al
is

6
1

1
G

en
B

an
k

G
lo

ss
in

a
b

re
v
ip

al
p

is
0

.9
7

1
D

ip
te

ra
G

lo
ss

in
id

ae
G

lo
ss

in
a

b
re

v
ip

al
p

is
0

.9
7

1
0

M
K

9
0

5
4

0
3

D
ip

te
ra

G
lo

ss
in

id
ae

G
lo

ss
in

a
p

al
p

al
is

6
1

1
B

O
L

D
_

al
l

G
lo

ss
in

a
b

re
v
ip

al
p

is
0

.9
6

9
4

D
ip

te
ra

G
lo

ss
in

id
ae

G
lo

ss
in

a
b

re
v
ip

al
p

is
0

.9
6

9
4

M
K

9
0

5
4

0
4

D
ip

te
ra

M
u

sc
id

ae
M

u
sc

a
d

o
m

es
ti

ca
6

4
5

G
en

B
an

k
C

ry
p

to
p

y
g

u
s

tr
ic

u
sp

is
0

.9
9

6
E

n
to

m
o

b
ry

o
m

o
rp

h
a

Is
o

to
m

id
ae

C
ry

p
to

p
y
g

u
s

tr
ic

u
sp

is
0

.9
9

6
0

M
K

9
0

5
4

0
4

D
ip

te
ra

M
u

sc
id

ae
M

u
sc

a
d

o
m

es
ti

ca
6

4
5

B
O

L
D

_
al

l
A

m
p

h
iu

ra
in

ca
n

a
0

.5
5

7
1

E
n

to
m

o
b

ry
o

m
o

rp
h

a
Is

o
to

m
id

ae
F

o
ls

o
m

ia
cf

.
d

ip
lo

p
th

al
m

a
1

M
K

9
0

5
4

0
4

/

R
C

D
ip

te
ra

M
u

sc
id

ae
M

u
sc

a
d

o
m

es
ti

ca
6

4
5

B
O

L
D

_
al

l
O

p
h

iu
ri

d
a

A
m

p
h

iu
ri

d
ae

A
m

p
h

iu
ra

in
ca

n
a

0
.5

5
8

6

M
K

9
0

5
4

0
0

E
p

h
em

er
o

p
te

ra
E

p
h

em
er

id
ae

H
ex

ag
en

ia
li

m
b

at
a

2
5

4
G

en
B

an
k

G
lo

ss
in

a
b

re
v
ip

al
p

is
0

.9
6

8
1

D
ip

te
ra

G
lo

ss
in

id
ae

G
lo

ss
in

a
b

re
v
ip

al
p

is
0

.9
6

8
1

M
K

9
0

5
4

0
0

E
p

h
em

er
o

p
te

ra
E

p
h

em
er

id
ae

H
ex

ag
en

ia
li

m
b

at
a

2
5

4
B

O
L

D
_

al
l

G
lo

ss
in

a
b

re
v
ip

al
p

is
0

.9
6

7
5

D
ip

te
ra

G
lo

ss
in

id
ae

G
lo

ss
in

a
b

re
v

ip
al

p
is

0
.9

6
7

5

M
K

9
0

5
4

0
9

H
y

m
en

o
p

te
ra

V
es

p
id

ae
V

es
p

u
la

sq
u

am
o

sa
5

6
0

G
en

B
an

k
V

es
p

u
la

sq
u

am
o

sa
0

.9
9

6
4

3
H

y
m

en
o

p
te

ra
V

es
p

id
ae

V
es

p
u

la
sq

u
am

o
sa

0
.9

9
6

4

M
K

9
0

5
4

0
9

H
y

m
en

o
p

te
ra

V
es

p
id

ae
V

es
p

u
la

sq
u

am
o

sa
5

6
0

B
O

L
D

_
al

l
V

es
p

u
la

sq
u

am
o

sa
1

H
y
m

en
o

p
te

ra
V

es
p

id
ae

V
es

p
u

la
sq

u
am

o
sa

1

M
K

9
0

5
3

9
5

L
ep

id
o

p
te

ra
S

at
u

rn
ii

d
ae

C
al

lo
sa

m
ia

p
ro

m
et

h
ea

3
5

4
G

en
B

an
k

C
al

lo
sa

m
ia

p
ro

m
et

h
ea

0
.9

9
6

9
L

ep
id

o
p

te
ra

S
at

u
rn

ii
d

ae
C

al
lo

sa
m

ia
p

ro
m

et
h

ea
0

.9
9

6
9

M
K

9
0

5
3

9
5

L
ep

id
o

p
te

ra
S

at
u

rn
ii

d
ae

C
al

lo
sa

m
ia

p
ro

m
et

h
ea

3
5

4
B

O
L

D
_

al
l

C
al

lo
sa

m
ia

p
ro

m
et

h
ea

0
.9

9
3

8
L

ep
id

o
p

te
ra

S
at

u
rn

ii
d

ae
C

al
lo

sa
m

ia
p

ro
m

et
h

ea
0

.9
9

4
0

M
K

9
0

5
4

0
1

L
ep

id
o

p
te

ra
N

y
m

p
h

al
id

ae
D

an
au

s
p

le
x

ip
p

u
s

6
2

3
G

en
B

an
k

D
an

au
s

p
le

x
ip

p
u

s
1

L
ep

id
o

p
te

ra
N

y
m

p
h

al
id

ae
D

an
au

s
p

le
x

ip
p

u
s

1

M
K

9
0

5
4

0
1

L
ep

id
o

p
te

ra
N

y
m

p
h

al
id

ae
D

an
au

s
p

le
x

ip
p

u
s

6
2

3
B

O
L

D
_

al
l

D
an

au
s

p
le

x
ip

p
u

s
1

L
ep

id
o

p
te

ra
N

y
m

p
h

al
id

ae
D

an
au

s
p

le
x

ip
p

u
s

1

M
K

9
0

5
4

0
5

M
ec

o
p

te
ra

M
er

o
p

ei
d

ae
M

er
o

p
e

tu
b

er
6

5
5

G
en

B
an

k
M

er
o

p
e

tu
b

er
0

.9
2

0
0

6
M

ec
o

p
te

ra
M

er
o

p
ei

d
ae

M
er

o
p

e
tu

b
er

0
.9

2
0

1

M
K

9
0

5
4

0
5

M
ec

o
p

te
ra

M
er

o
p

ei
d

ae
M

er
o

p
e

tu
b

er
6

5
5

B
O

L
D

_
al

l
C

ra
es

u
s

al
n

ia
st

ri
0

.5
M

ec
o

p
te

ra
M

er
o

p
ei

d
ae

M
er

o
p

e
tu

b
er

0
.9

4
3

0

M
K

9
0

5
4

0
5

/

R
C

M
ec

o
p

te
ra

M
er

o
p

ei
d

ae
M

er
o

p
e

tu
b

er
6

5
5

B
O

L
D

_
al

l
H

y
m

en
o

p
te

ra
T

en
th

re
d

in
id

ae
C

ra
es

u
s

al
n

ia
st

ri
0

.5

M
K

9
0

5
4

0
8

N
eu

ro
p

te
ra

A
sc

al
ap

h
id

ae
U

lu
lo

d
es

q
u

ad
ri

p
u

n
ct

at
u

s
6

3
5

G
en

B
an

k
U

lu
lo

d
es

q
u

ad
ri

m
ac

u
la

tu
s

1
N

eu
ro

p
te

ra
A

sc
al

ap
h

id
ae

U
lu

lo
d

es
q

u
ad

ri
p

u
n

ct
at

u
s

1

M
K

9
0

5
4

0
8

N
eu

ro
p

te
ra

A
sc

al
ap

h
id

ae
U

lu
lo

d
es

q
u

ad
ri

p
u

n
ct

at
u

s
6

3
5

B
O

L
D

_
al

l
X

an
th

o
p

im
p

la
sp

.
0

.5
1

5
2

N
eu

ro
p

te
ra

A
sc

al
ap

h
id

ae
U

lu
lo

d
es

q
u

ad
ri

p
u

n
ct

at
u

s
1

M
K

9
0

5
4

0
8

/

R
C

N
eu

ro
p

te
ra

A
sc

al
ap

h
id

ae
U

lu
lo

d
es

q
u

ad
ri

p
u

n
ct

at
u

s
6

3
5

B
O

L
D

_
al

l
H

y
m

en
o

p
te

ra
Ic

h
n

eu
m

o
n

id
ae

X
an

th
o

p
im

p
la

sp
.

0
.5

1
5

2

M
K

9
0

5
3

9
9

O
d

o
n

at
a

G
o

m
p

h
id

ae
G

o
m

p
h

u
s

ex
il

is
6

1
2

G
en

B
an

k
C

ec
id

o
m

y
ii

d
ae

sp
.

0
.9

9
3

4
D

ip
te

ra
C

ec
id

o
m

y
ii

d
ae

C
ec

id
o

m
y

ii
d

ae
sp

.
0

.9
9

3
5

M
K

9
0

5
3

9
9

O
d

o
n

at
a

G
o

m
p

h
id

ae
G

o
m

p
h

u
s

ex
il

is
6

1
2

B
O

L
D

_
al

l
D

o
li

ch
o

p
h

is
sc

h
m

id
ti

0
.5

2
8

3
D

ip
te

ra
C

ec
id

o
m

y
ii

d
ae

C
ec

id
o

m
y
ii

d
ae

sp
.

0
.9

9
6

7

M
K

9
0

5
3

9
9

/

R
C

O
d

o
n

at
a

G
o

m
p

h
id

ae
G

o
m

p
h

u
s

ex
il

is
6

1
2

B
O

L
D

_
al

l
S

q
u

am
at

a
C

o
lu

b
ri

d
ae

D
o

li
ch

o
p

h
is

sc
h

m
id

ti
0

.5
2

8
3

M
K

9
0

5
3

9
8

O
rt

h
o

p
te

ra
G

ry
ll

id
ae

G
ry

ll
u

s
as

si
m

il
is

2
7

8
G

en
B

an
k

G
ry

ll
u

s
p

en
n

sy
lv

an
ic

u
s

0
.9

9
6

4
O

rt
h

o
p

te
ra

G
ry

ll
id

ae
G

ry
ll

u
s

p
en

n
sy

lv
an

ic
u

s
0

.9
9

6
4

M
K

9
0

5
3

9
8

O
rt

h
o

p
te

ra
G

ry
ll

id
ae

G
ry

ll
u

s
as

si
m

il
is

2
7

8
B

O
L

D
_

al
l

G
ry

ll
u

s
p

en
n

sy
lv

an
ic

u
s

0
.9

9
6

4
O

rt
h

o
p

te
ra

G
ry

ll
id

ae
G

ry
ll

u
s

p
en

n
sy

lv
an

ic
u

s
0

.9
9

6
4

M
K

9
0

5
3

9
4

S
ip

h
o

n
ap

te
ra

P
u

li
ci

d
ae

C
te

n
o

ce
p

h
al

id
es

fe
li

s
6

4
3

G
en

B
an

k
P

u
le

x
ir

ri
ta

n
s

0
.9

6
4

2
S

ip
h

o
n

ap
te

ra
P

u
li

ci
d

ae
P

u
le

x
ir

ri
ta

n
s

0
.9

6
4

2

M
K

9
0

5
3

9
4

S
ip

h
o

n
ap

te
ra

P
u

li
ci

d
ae

C
te

n
o

ce
p

h
al

id
es

fe
li

s
6

4
3

B
O

L
D

_
al

l
N

at
ri

x
te

ss
el

la
ta

0
.6

1
7

6
S

ip
h

o
n

ap
te

ra
P

u
li

ci
d

ae
P

u
le

x
ir

ri
ta

n
s

0
.9

6
4

2

M
K

9
0

5
3

9
4

/

R
C

S
ip

h
o

n
ap

te
ra

P
u

li
ci

d
ae

C
te

n
o

ce
p

h
al

id
es

fe
li

s
6

4
3

B
O

L
D

_
al

l
S

q
u

am
at

a
C

o
lu

b
ri

d
ae

N
at

ri
x

te
ss

el
la

ta
0

.6
1

7
6

M
K

9
0

5
4

0
6

P
h

th
ir

ap
te

ra
P

ed
ic

u
li

d
ae

P
ed

ic
u

lu
s

h
u

m
an

u
s

ca
p

it
is

3
8

4
G

en
B

an
k

S
ty

lo
p

s
sp

.
1

S
tr

ep
si

p
te

ra
S

ty
lo

p
id

ae
S

ty
lo

p
s

sp
.

1

M
K

9
0

5
4

0
6

P
h

th
ir

ap
te

ra
P

ed
ic

u
li

d
ae

P
ed

ic
u

lu
s

h
u

m
an

u
s

ca
p

it
is

3
8

4
B

O
L

D
_

al
l

A
k

ap
al

a
ru

d
is

0
.5

9
6

S
tr

ep
si

p
te

ra
S

ty
lo

p
id

ae
S

ty
lo

p
s

sp
.

0
.9

0
1

3

M
K

9
0

5
4

0
6

/

R
C

P
h

th
ir

ap
te

ra
P

ed
ic

u
li

d
ae

P
ed

ic
u

lu
s

h
u

m
an

u
s

ca
p

it
is

3
8

4
B

O
L

D
_

al
l

H
y
m

en
o

p
te

ra
E

u
ch

ar
it

id
ae

A
k

ap
al

a
ru

d
is

0
.5

9
6

0

R
C

=
re

v
er

se
co

m
p

le
m

en
t.

B
lu

e
an

d
re

d
sh

ad
in

g
in

d
ic

at
e

co
rr

ec
t

o
r

in
ac

cu
ra

te
id

en
ti

fi
ca

ti
o

n
,

re
sp

ec
ti

ve
ly

,
at

ea
ch

ta
x

o
n

o
m

ic
ra

n
k

.

h
tt

p
s:

//
d
o
i.o

rg
/1

0
.1

3
7
1
/jo

u
rn

al
.p

o
n
e.

0
2
3
1
8
1
4
.t
0
0
1

PLOS ONE BOLD and GenBank revisited – Do identification errors arise in the lab or in the sequence libraries?

PLOS ONE | https://doi.org/10.1371/journal.pone.0231814 April 16, 2020 3 / 10

https://doi.org/10.1371/journal.pone.0231814.t001
https://doi.org/10.1371/journal.pone.0231814


Factors responsible for four ‘errors’ in generic assignment

Both BOLD and GenBank delivered generic identifications deemed incorrect for four speci-

mens. In each case, the query sequence showed close similarity (95–100% in three cases, 90%

in one) to taxa belonging to a different order than that analyzed (Table 1; S1 File and S2 File).

These discordances could either reflect errors in the reference libraries or in the query

sequences. The cause for one misidentification was certain; it arose through internal cross-

contamination as the sequence for Hexagenia limbata was a truncated version of that for Glos-
sina palpalis (identical at all 250 bp that overlapped). The other three mismatches involved

taxa (springtail, gall midge, strepsipteran) unrepresented among the 17 tested species, ruling

out contamination between the specimens included in the analyses. Moreover, because of their

striking morphological differences to the test taxa (house fly, dragonfly, louse), misidentifica-

tion can be excluded as a cause. This leaves two possible explanations–contamination in the

reference sequence libraries or in the query sequences. Because each query sequence was

embedded within many independently generated reference sequences from another order,

these cases of misidentification clearly arose from contamination of the query sequences. The

contamination of a house fly by collembolan DNA and a dragonfly by gall midge DNA is easily

explained by small non-target specimens or their fragments being tangled in the legs of the

much larger target specimens. This occurs commonly when specimens are sorted from bulk

samples and mounted individually for storage in a natural history collection. In contrast, con-

tamination of Pediculus humanus by strepsipteran DNA seems highly unlikely at first glance.

However, examination of the loan records at the USNM revealed that the loan of material to

Meiklejohn et al. contained multiple specimens which were not included in their analyses or

mentioned in their article–and among them, two were Strepsiptera (USNM ENT 01248370

and 01248357). Cross-contamination is a well-recognized risk when working with museum

specimens so it is standard practice to check for its occurrence [13,14]. While Meiklejohn et al.

[10] exercised some precautions in their laboratory protocols such as the incorporation of neg-

ative controls in PCR, there was no evidence that they considered the possibility that some of

their DNA sequences derived from non-target taxa. After excluding these four cases, the num-

ber of correct identifications for BOLD and GenBank (12/13 for genus, 9/13 for species) was

identical.

Need for taxonomic validation of museum specimens

The four remaining ‘incorrect’ identifications all involved cases where BOLD and GenBank

assigned the query sequence to a species closely related to the taxon analyzed by Meiklejohn

et al. [10] (Table 1). As such, the evidence for misidentification rests on the presumption that

their specimens were correctly identified. While the National Museum of Natural History is

considered one of the better curated of North American insect collections, the quality of the

identification of individual specimens depends on the expertise available and the time elapsed

since they were assigned to a species [15]. As such, specimens may be misidentified, mirroring

the situation reported in other studies. For example, Meier & Dikow [16] found that 12% of all

species-level identifications for a genus of asilid flies from various collections were wrong. Sim-

ilarly, Muona [17] found that from 1–25% of beetles belonging to two easily discriminated spe-

cies pairs and one species tetrad were incorrectly identified in a major collection. Efforts to

build a DNA barcode reference library for North American Lepidoptera exposed many mis-

identified specimens and overlooked cryptic species in major collections [18]. Importantly, all

four cases of apparent misidentification reported by Meiklejohn et al. [10] involve species

whose recognition is not straightforward. The sole case of generic misidentification involved a

presumptive specimen of the flea, Ctenocephalides felis, whose sequence matched those for
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another flea, Pulex irritans, on BOLD and GenBank. BOLD holds nearly 1,200 records, con-

tributed by 15 institutions, representing four species of Ctenocephalides and each possesses a

divergent array of barcode sequences. The barcode results support the monophyly of all species

in the genus while P. irritans forms a sister taxon. The specimen sequenced by Meiklejohn

et al. [10] was consumed in the analysis, but we examined the vial of specimens from which it

came. The sequence clusters within other independent records of Pulex irritans, which was

also reported from dogs by the same study [19] from which the specimens in the vial originate.

It is likely that a Pulex specimen was mis-sorted among the many Ctenocephalides in the tube

of alcohol. The specimens were collected from Washington County, Arkansas, not from Wash-

ington state, as incorrectly noted in the GenBank record.

The three remaining cases of presumptive species-level misidentifications involved genera

(Gryllus, Glossina, Phanaeus) with complex taxonomy. One of the three species, Gryllus assimi-
lis, was formerly thought to be widely distributed in the New World, but it is now recognized

to be a complex of 8+ species, several of which can only be reliably distinguished by their calls

or life history [20,21]. Examination of the specimen analyzed by Meiklejohn et al. revealed that

it was collected in Virginia–well outside the range of the true G. assimilis, which is a more

southern species. In the United States, G. assimilis is only known from Texas and, as an intro-

duced species, from southern Florida [21]. The identification retrieved for this specimen from

both BOLD and GenBank (G. pennsylvanicus) is likely correct, although other species do occur

in Virginia [21]. Similarly, the query species of tsetse fly (G. palpalis) belongs to a complex that

includes G. brevipalpis [22–24], the species identified as the closest match by BOLD and Gen-

Bank. There are hundreds of Glossina COI sequences in GenBank and BOLD, but most of

them are from the 3’ end of the gene and do not overlap with the DNA barcode region. The

Phanaeus specimen analyzed by Meiklejohn et al. [10] may well be correctly identified as it

matches closely (0.9955) to two specimens of P. vindex from an earlier study on the phylogeny

of this genus [25]. The closest match (0.9982) for this specimen on both BOLD and GenBank

is a sequence associated with an interim species name, which results in the apparent species-

level misidentification. It should be noted that Phanaeus vindex belongs to a group of three

closely related species as well as some controversial subspecies [26], but it is likely more diverse

as records for it on BOLD include four distinct COI sequence clusters. Because of these taxo-

nomic uncertainties, the four cases of presumptive species- or genus-level misidentifications

are best viewed as unconfirmed or incorrect.

Resolving taxonomic uncertainty

As the preceding section reveals, efforts to assess the resolution of DNA barcodes are often

constrained by poor taxonomy. It is certain that some records on BOLD and GenBank derive

from misidentified specimens, but there is no easy path to correct them. This fact was power-

fully demonstrated by Mutanen et al. [27] in a study of DNA barcode variation in 4,977 species

of European Lepidoptera which revealed that 60% of the cases initially thought to indicate

compromised species resolution or DNA barcode sharing actually arose as a result of misiden-

tifications, databasing errors, or flawed taxonomy. As the taxonomic system for European Lep-

idoptera is very advanced, similar issues will be a greater impediment in most other groups.

Databases like BOLD and GenBank record these divergences in taxonomic opinion, but they

cannot resolve them, providing strong motivation for approaches that sidestep this barrier.

The Barcode Index Number (BIN) system is a good candidate as it makes it possible to objec-

tively register genetically diversified lineages [28]. One of the species in the current study, For-
ficula auricularia, provides a good example of the enhanced geographic and taxonomic

resolution offered by BINs that could be useful in forensic and many other contexts. This
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taxon was, in principle, correctly identified through GenBank by Meiklejohn et al. [10]

(Table 1). However, although only a single species is still formally recognized, F. auricularia
has been known to include two lineages with differing distributions and life histories for>20

years [29,30]. In fact, barcode results indicate that North American populations actually

include three divergent lineages with allopatric distributions (Fig 1). As such, BIN assignments

provide information on the geographic distributions of the component lineages of this species

complex that could be important in certain contexts, but that would be overlooked by a spe-

cies-based assignment. Because most species of multicellular organisms await description, it is

certain that there are many other cases where BIN-based analysis will enhance geographic

resolution.

Distinction between BOLD and GenBank

It is not surprising that BOLD and GenBank demonstrated similar performance in identifica-

tion, once operational issues were resolved, as many records appear in both platforms, which

are intended to be complementary. Sequences of COI submitted independently to GenBank

are mined and entered into BOLD periodically while records from BOLD are submitted to

GenBank when they are published. At present, 11% of all COI barcode records on BOLD origi-

nate from GenBank, while 75% of the COI barcodes on GenBank derive from BOLD.

Although many records are shared, the two platforms diverge in collateral data. For example,

for the 17 species of insects analyzed in [10], 65% of the records originating from BOLD pos-

sess GPS coordinates, 60% have trace electropherograms, and 40% have specimen images,

while only 26% of those originating from GenBank had GPS coordinates and all lacked images

and electropherograms. In addition, BOLD employs BINs to integrate records that lack a

genus or species designation with those that possess them. These extended data elements and

functionality are a valuable, often essential, component in the evaluation of identification

results.

Barcode Lineages
Forficula auricularia-A
Forficula auricularia-B
Forficula auricularia-C

Fig 1. Geographic distributions and sequence clustering of the three barcode lineages of Forficula auricularia in North America.

https://doi.org/10.1371/journal.pone.0231814.g001
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Conclusions and path forward

Six of the 17 species examined by Meiklejohn et al. [10] escaped operational errors, but the

other 11 did not (Table 2), explaining the low identification success they reported. Even after

correcting for the use of reverse complements, the effectiveness of DNA barcoding could not

be evaluated for eight species, those impacted by sequence contamination or taxonomic uncer-

tainty. Importantly, DNA barcode records in BOLD and GenBank did deliver a correct species

assignment for the other nine species. While the outcome for these species is reassuring, the

lack of an outcome for other taxa reveals the need for improved protocols. Clearly, two condi-

tions need to be satisfied to ensure a correct identification–the query sequences must be legiti-

mate and the reference libraries must be well-validated. As a start, any study that aims to

employ DNA barcodes for species identification should include steps to ensure the sequences

recovered are valid by including positive and negative controls, by assessing sequence quality,

and by checking for contaminants (Fig 2). Presuming the query sequences pass these quality

checks, the generation of a reliable identification requires a comprehensive, well-validated ref-

erence library. The taxonomic reliability of GenBank has often been questioned [e.g. 31],

although the actual overall data quality is much better than often assumed [32]. Because BOLD

is a workbench for the DNA barcode research community, it will always contain sequences

from specimens whose identifications are being refined. However, the taxonomic coverage

and resolution of the COI barcode library on BOLD, and hence the accuracy of identification

queries, is steadily improving [33]. The establishment of a Barcode REF library, based upon a

small number of carefully validated records for each species, would represent an important

step towards further improving BOLD’s capacity to generate reliable identifications. Under

ideal circumstances, the primary reference sequence for each species would derive from its

holotype. However, because 90% of all multicellular organisms await description, and the sta-

tus of many described species groups is uncertain, these efforts will need to be reinforced by a

BIN-based approach.

Table 2. Three categories of operational errors which compromised efforts by Meiklejohn et al. [10] to test the

effectiveness of the BOLD and GenBank reference libraries in identifying 17 insect species.

Specimen # ID Reverse Complement Contamination Incorrect ID

1 Phanaeus vindex — — Yes

2 Forficula auricularia Yes — —

3 Chrysomya rufifacies — — —

4 Calliphora vicina — — —

5 Aedes aegypti — — —

6 Glossina palpalis — — Yes

7 Musca domestica Yes Yes N.D.

8 Hexagenia limbata — Yes N.D.

9 Vespula squamosa — — —

10 Callosamia promethea — — —

11 Danaus plexippus — — —

12 Merope tuber Yes — —

13 Ululodes quadripunctatus Yes — —

14 Gomphus exilis Yes Yes N.D.

15 Gryllus assimilis — — Yes

16 Ctenocephalides felis Yes — Yes

17 Pediculus humanus capitis Yes Yes N.D.

N.D. = not determined.

https://doi.org/10.1371/journal.pone.0231814.t002
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Supporting information

S1 File. Top 20 matches in GenBank BLAST queries for the four specimens deemed cross-

contaminations.

(XLSX)

S2 File. Top 20 matches from queries to the BOLD ID engine for four specimens whose

COI sequences derive from cross-contamination.

(XLSX)
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DNA barcode database for Central European beetles with a focus on Germany: Adding more than

3,500 identified species to BOLD. Mol Ecol Resour. 2015; 15: 795–818. https://doi.org/10.1111/1755-

0998.12354 PMID: 25469559

8. Huemer P, Mutanen M, Sefc KM, Hebert PDN. Testing DNA barcode performance in 1000 species of

European lepidoptera: large geographic distances have small genetic impacts. PLoS One. 2014; 9:

e115774. https://doi.org/10.1371/journal.pone.0115774 PMID: 25541991

9. Kerr KCR, Stoeckle MY, Dove CJ, Weigt L a., Francis CM, Hebert PDN. Comprehensive DNA barcode

coverage of North American birds. Mol Ecol Notes. 2007; 7: 535–543. https://doi.org/10.1111/j.1471-

8286.2007.01670.x PMID: 18784793

10. Meiklejohn KA, Damaso N, Robertson JM. Assessment of BOLD and GenBank–Their accuracy and

reliability for the identification of biological materials. Fugmann SD, editor. PLoS One. 2019; 14:

e0217084. https://doi.org/10.1371/journal.pone.0217084 PMID: 31216285

11. Ratnasingham S, Hebert PDN. BOLD: The Barcode of Life Data System (http://www.barcodinglife.org).

Mol Ecol Notes. 2007; 7: 355–364. https://doi.org/10.1111/j.1471-8286.2007.01678.x PMID: 18784790

12. Benson DA, Cavanaugh M, Clark K, Karsch-Mizrachi I, Lipman DJ, Ostell J, et al. GenBank. Nucleic

Acids Res. 2017; 45: D37–D42. https://doi.org/10.1093/nar/gkw1070 PMID: 27899564

13. Siddall ME, Fontanella FM, Watson SC, Kvist S, Erséus C. Barcoding bamboozled by bacteria: conver-
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