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Abstract The global transhipment of ballast water
and associated flora and fauna by cargo vessels has
increased dramatically in recent decades. Invertebrate
species are frequently carried in ballast water and
sediment, although identification of diapausing eggs
can be extremely problematic. Here we test the
application of DNA barcoding using mitochondrial
cytochrome ¢ oxidase subunit I and 16S rDNA to
identify species from diapausing eggs collected in
ballast sediment of ships. The accuracy of DNA
barcoding identification was tested by comparing
results from the molecular markers against each
other, and by comparing barcoding results to tradi-
tional morphological identification of individuals
hatched from diapausing eggs. Further, we explored
two public genetic databases to determine the broader
applicability of DNA barcodes. Of 289 diapausing
eggs surveyed, sufficient DNA for barcoding was
obtained from 96 individuals (33%). Unsuccessful
DNA extractions from 67% of eggs in our study were
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most likely due to degraded condition of eggs. Of 96
eggs with successful DNA extraction, 61 (64%) were
identified to species level, while 36% were identified
to possible family/order level. Species level identifi-
cations were always consistent between methodolo-
gies. DNA barcoding was suitable for a wide range of
taxa, including Branchiopoda, Copepoda, Rotifera,
Bryozoa and Ascidia. Branchiopoda and Copepoda
were respectively the best and worst represented
groups in genetic databases. Though genetic dat-
abases remain incomplete, DNA barcoding resolved
nearly double the number of species identified by
traditional taxonomy (19 vs. 10). Notorious invaders
are well represented in existing databases, rendering
these NIS detectable using molecular methods. DNA
barcoding provides a rapid and accurate approach to
identification of invertebrate diapausing eggs that
otherwise would be very difficult to identify.

Keywords DNA barcodes - Invertebrates -

Nonindigenous species - Ship ballast sediment -
Species identification - Diapausing eggs

Introduction
Aquatic nonindigenous species (NIS) are often

transported fouled on ships’ external surfaces or in
ballast water and sediments carried by ships (Carlton
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and Geller 1993; Ruiz et al. 2000; Leppékoski et al.
2002; Bailey et al. 2005; Sylvester and Maclsaac
2010). In order to most effectively utilize limited
resources, managers must be able to quantify the risk
of NIS introductions associated with different inva-
sion vectors such as ballast water and sediment. One
of the best indicators of invasion risk is “propagule
pressure”, the frequency and density with which NIS
are introduced to new habitats (Colautti et al. 2000;
Hayes and Barry 2008; Lockwood et al. 2009). An
essential but very difficult aspect of measuring
propagule pressure is correct identification of the
NIS associated with each vector (Bax et al. 2001).
Accurate identification is a principal component of
invasion biology, essential for determining that a
species is indeed a NIS rather than a locally rare or
even endangered species (Bax et al. 2001). Effective
management of NIS is generally hindered by insuf-
ficient information and resources (Byers et al. 2002;
Simberloff et al. 2005; Lodge et al. 2006). Limited
systematic, biogeographic and/or historical data often
results in an inability to categorize study species as
native or nonindigneous (Carlton 2009), while inac-
curate or insufficient species identifications could
result in misdirected resources against false positives,
or worse, inaction against false negatives. As false
negatives often lead to late detection of NIS, they can
lead to difficulty in eradication and/or stopping
further spread, as well as concurrent increases in
operational costs (Bax et al. 2001; Simberloff 2009).
The success of both prevention and rapid response
efforts critically depends on a rapid, accurate and
reliable approach to species identifications.
Examination of invertebrate species transported in
residual ballast water and sediment of ships has been
an active area of recent research (Bailey et al. 2005;
Duggan et al. 2005, 2006; Briski et al. 2010). Most of
these studies have utilized traditional taxonomic
methods to identify individuals collected as active
adults or sub-adults, or for diapausing eggs, to identify
individuals hatched in the laboratory (Bailey et al.
2003, 2005; Duggan et al. 2006). This approach,
however, has some disadvantages. Diapausing eggs
will not hatch, even when conditions are favourable,
until diapause is broken, and some viable eggs may
never hatch in the laboratory as conditions required to
induce hatching are complex and vary among taxa
(Schwartz and Hebert 1987). Second, traditional
taxonomic keys are often effective only for a particular
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life stage or sex, and juvenile stages, especially nauplii
of Copepoda, often cannot be identified. Third,
phenotypic plasticity in the character used for species
recognition can lead to incorrect identification, and
morphologically cryptic species are common in many
taxa (Knowlton 1993; Jarman and Elliott 2000).
Fourth, traditional taxonomic identification often
demands a very high level of expertise and can be
very time consuming, with misidentifications or high
uncertainty being a common result (Giangrande 2003).

Molecular identification of species through the
analysis of a small fragment of the genome represents
a more promising approach for species identification,
and is already broadly accepted among scientists.
DNA identification has been applied to a wide variety
of taxa including Copepoda (Bucklin et al. 1999,
2003), Lepidoptera (Brown et al. 1999; Janzen et al.
2005), Culicidae (Shouche and Patole 2000), Araneae
(Barrett and Hebert 2005), Scirtothrips (Rugman-
Jones et al. 2006), Aves (Hebert et al. 2004), Pisces
(Ward et al. 2005; Ivanova et al. 2007) and Mam-
malia (Hajibabaei et al. 2007; Imaizumi et al. 2007).
The approach consists of amplification and sequenc-
ing of a specified ‘barcode region’, followed by
comparison of the recovered sequence(s) to available
genetic databases to determine species identity
(Hebert et al. 2003). The advantages of DNA
barcoding are that it allows for identification of
species when morphological identification may offer
only estimates of higher taxonomic levels or no
estimate at all (Darling and Blum 2007), it recognizes
cryptogenic species (Bickford et al. 2007; Geller
et al. 2010), and it is rapid and cost-effective (Hebert
et al. 2003; Wong and Hanner 2008).

However, use of barcodes to identify species is not
without drawbacks. The utility of barcodes can be
limited by overlap of genetic variation between
closely related species (Meyer and Paulay 2005;
Monaghan et al. 2005), and by the lack of reference
sequences in existing genetic databases (Darling and
Blum 2007). The former problem is more challenging
as an insufficient ‘barcoding gap’, which describes
the extent of separation between intraspecific varia-
tion and interspecific divergence in the selected
molecular marker, can prohibit confident species-
level identification (Meyer and Paulay 2005). Mito-
chondrial cytochrome ¢ oxidase subunit I (COI) and
16S rDNA (16S) have been shown to be broadly
applicable for use as DNA barcode regions in animals
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because the evolution of these genes is rapid enough
to discriminate to the species level (Hebert et al.
2004; Ward et al. 2005; Hajibabaei et al. 2007,
Imaizumi et al. 2007; Ivanova et al. 2007) and
because of the availability of robust, universal
primers (Folmer et al. 1994; Lopez et al. 1997,
Zhang and Hewitt 1997). COI is suitable for distin-
guishing not only closely related species but also
phylogeographic groups within species (Gomez et al.
2000, 2007; Hebert et al. 2003).

Here, we use the COI and 16S genes to test the
utility of DNA barcodes as a tool for species-level
identification of diapausing eggs of aquatic inverte-
brates found in ships’ ballast sediment. For simplicity,
the term ‘diapausing egg’ is used in a broad sense in
this paper and includes eggs, statoblasts, and other
types of diapausing and non-diapausing dormant (or
resting) stages. While the focus of this assessment was
diapausing eggs in the strictest sense, we acknowl-
edge that additional dormant stages were not excluded
from analysis. The study is based on DNA extraction,
PCR amplification using universal COI and 16S
primers, and assignment of species identity by com-
paring resulting sequences with reference databases:
GenBank and the Barcode of Life Database (BOLD).
We then assess: (1) the accuracy of the DNA barcode
identifications by comparing DNA barcode results
generated by two molecular markers, and by compar-
ing DNA barcode results to morphological identifica-
tion; (2) the efficacy of DNA barcoding by comparing
the number of species identifications obtained via
molecular identification of diapausing eggs versus
traditional morphological identification of animals
hatched from diapausing eggs; and (3) the utility of
DNA barcoding by examining the availability of
sequences of invasive invertebrate species in existing
reference genetic databases.

Materials and methods

Sample collection and extraction of eggs
from sediment

Ballast sediments were collected opportunistically
from 13 transoceanic ships arriving to Great Lakes
ports (Hamilton, Windsor, Sarnia, Toledo and Detroit)
and five transoceanic ships arriving to Sept—fles,

Quebec between June 2007 and September 2008.
Approximately 6 kg of sediment was collected from a
single tank of each ship. Sediment was homogenized
before removal of four 40 g subsamples from each
sample. Eggs were separated from sediment using a
sugar flotation method (Hairston 1996). Sediment was
sieved through a 45 pm sieve, with the retained
material washed into centrifuge tubes using a 1:1
mixture (weight:volume) of sucrose and water and
centrifuged at approximately 650 rpm (7.7 m s 2)
for 5 min. The supernatant was then decanted into a
45 pm mesh sieve and rinsed with water. Diapausing
eggs were classified into groups based on size and
morphology using a dissecting microscope before
DNA extraction and hatching experiments (Fig. 1).
Every type of egg was photographed (Fig. 2). A
maximum of 15 eggs per group were isolated for DNA
extraction. Eggs that appeared completely intact were
preferentially selected over those that appeared
degraded, when possible; when less than 15 eggs per
group were available, all eggs were used regardless of
quality (Fig. 2).

Species-level identifications using DNA
barcoding

Selected eggs were rinsed thoroughly in double-
distilled H,O several times to remove external debris
before DNA extraction. DNA was extracted directly
from diapausing eggs using the HotSHOT method
(Montero-Pau et al. 2008). Individual diapausing eggs
were transferred to 200 pL reaction tubes containing
15 pL of alkaline lysis buffer (NaOH 25 mM, diso-
dium EDTA 0.2 mM, pH 8.0). Once in the buffer, the
egg was gently crushed against the side of the tube
using a sterile needle under a dissecting microscope.
Samples were incubated at 95°C for 30 min and
placed on ice for 3 min. Finally, 15 pL of neutralizing
buffer (Tris—HCL 40 mM, pH 5.0) was added to each
tube. DNA was quantified using a Nanovue spectro-
photometer (GE Healthcare UK Limited).

Fragments of the mitochondrial genes COI and
16S were amplified using the universal COI primers
LCO1490 (5'-GGT CAA CAA ATC ATA AAG ATA
TTG G-3") and HCO2190 (5'-TAA ACT TCA GGG
TGA CCA AAA AAT CA-3') (Folmer et al. 1994),
and universal 16S primers S1 (5-CGC CTG TTT
ATC AAA AAC AT-3') and S2 (5'-CCG GTC TGA
ACT CAG ATC ACG T-3') (Palumbi 1996). PCR
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Fig. 1 Schematic
representation of DNA
barcoding and
morphological
identification methods used
for diapausing egg

UNSUCCESSFUL
DNA EXTRACTION
<1ng/pl
193 eggs (67%)

DNA BARCODING IDENTIFICATION MORPHOLOGICAL IDENTIFICATION
¥

EXTRACTION OF EGGS FROM SEDIMENT
289 eggs for molecular identification
5106 eggs for morphological identification

v \
DNA EXTRACTION
289 eggs HATCHING EXPERIMENTS
v 5106 eggs
SUCCESSFUL 1 & \
DNA EXTRACTION
o
/ 96 eggs (33%) 0 ppt 15 ppt 30 ppt
v

COI SEQUENCES
66 sequences

16S rDNA SEQUENCES
73 sequences

!

¢

FAMILY/ORDER - LEVEL
35 eggs (36%)

SPECIES - LEVEL
61 eggs (64%)

161 HATCHED INDIVIDUALS
(3%)

¢

128 SPECIES - LEVEL IDENTIFICATION

33 ORDER - LEVEL IDENTIFICATION

col 16S rDNA col 16S rDNA
23 22 43 51
sequences sequences sequences sequences
v v
19 SPECIES

10 Branchiopoda 3 Bryozoa
1 Rotifera 1 Ascidia
4 Copepoda

)

10 SPECIES
9 Branchiopoda
1 Rotifera

reactions were performed in a total volume of 25 pL.
using 5 pL of DNA extract, 1x PCR buffer,
0.13 mM trehalose, 0.1 pM of each primer, 2.5 mM
MgCl,, 0.14 mM dNTPs and 0.4 U TopTag DNA
polymerase (Qiagen, Canada). The thermal profile
consisted of a 1 min initial cycle at 94°C, followed by
5 cycles of 94°C (40 s), 45°C (40 s) and 72°C
(1 min), 35 cycles of 94°C (40 s), 50°C (40 s) and
72°C (1 min), and a final extension of 72°C for
5 min. We did not attempt to concentrate DNA
extracts resulting in unsuccessful PCR or to amplify
smaller fragments from within the barcode region
using primers other than universal Folmer et al.
(1994) or Palumbi (1996) primers.

PCR products from eggs were sequenced using an
ABI 3130XL automated sequencer (Applied Biosys-
tems, Foster City, CA) and DNA sequences were
blasted against GenBank (http://blast.ncbi.nlm.nih.
gov/Blast.cgi) using the nucleotide blast (default
parameters). In addition, COI sequences were com-
pared to the BOLD (http://www.barcodinglife.org),
using the identification engine BOLD-IDS, with the
option ‘All Barcode Records on BOLD’. Based on a
maximum 4% intraspecific variation in the COI gene
reported for Copepoda by Bucklin et al. (2003) and for
Cladocera and Amphipoda by Costa et al. (2007), a
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score resulting in at least 96% similarity to the closest
match was deemed a species level identification. As
16S evolves approximately 2 times slower than COI
(Adamowicz et al. 2009), 98% similarity was used
for discriminations for species level using 16S.
Matches lower than 96 and 98% for COI and 168S,
respectively, were not assigned to any particular tax-
onomic level.

Species-level identifications using traditional
taxonomy

More than 5,100 diapausing eggs were incubated to
conduct traditional morphological identification on
hatched individuals (Fig. 1). Sediments were stored in
the dark at 4°C for at least 4 weeks to break diapause
of dormant eggs before hatching experiments com-
menced (Grice and Marcus 1981; Schwartz and Hebert
1987; Dahms 1995). Subsequently, diapausing eggs
were isolated from 40 g replicate subsamples of
sediment using the sugar flotation method described
above. Isolated eggs were immediately placed into
vials containing 15 mL of sterile synthetic pond water
(0 parts per thousand salinity (%o); Hebert and Crease
1980) or sterile seawater medium (15 or 30%o) under a
light:dark cycle of 16:8 h at 20°C, using a stratified
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Fig. 2 Resting egg morphotypes with successful (1) and
unsuccessful (2) DNA extraction. Branchiopoda: al Daphnia
mendotae, a2 Daphnia sp., ¢1 Daphnia magna, ¢2 Daphnia sp.,
d1 Daphnia magna, d2 Branchiopoda, el Podon intermedius,

random design. The seawater medium was prepared
from natural seawater ballast collected from a vessel
transiting the Great Lakes, filtered through 2.5 um
Whatman paper filter, and diluted with the sterile,
synthetic pond water. Each vial contained between 6
and 81 eggs, depending on the density of eggs in
sediment samples.

Three different salinities were used in an attempt to
match unknown species to optimum fresh-, brackish-
or salt-water habitat to maximize hatching success.
Controls containing only hatching media were kept in
each treatment group to monitor for the introduction of
organisms from the environment. Following Bailey
et al. (2005), vials were checked for emergence every
24 h for the first 10 days and every 48 h for a

e2 Branchiopoda. Bryozoa: bl Plumatella emarginata, b2
Plumatella sp. Rotifera: f1 Brachionus calyciflorus, {2
Brachionus spp. Copepoda: gl Leptodiaptomus siciloides, g2
various Copepoda. Scale bars (um) are included on each image

subsequent 10 days, with media renewed every
5 days. Hatched individuals were removed to separate
vials and identified morphologically in our laboratory;
taxonomic experts were consulted when identifica-
tions were uncertain. Hatching percentage was calcu-
lated by dividing the total number of animals hatched
by the total number of eggs isolated for hatching and
multiplied by 100.

Confirmation of species identifications
and efficacy of DNA barcoding

A DNA barcoding identification was considered

correct when a second methodology gave the same
result (i.e. when both molecular markers (COI and
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16S), or when morphological identification and one
molecular marker, identified eggs from the same
group as the same species). To assess efficacy of
DNA barcoding we compared the total number of
species identified and the variety of taxa identified by
DNA barcoding to that of traditional morphological
identification of animals hatched from diapausing
eggs. Additionally, financial costs and time spent to
conduct DNA barcoding versus morphological meth-
ods were estimated.

GenBank sequence availability

To determine the broader applicability of DNA
barcoding for species level identification of diapausing
eggs transported by ship sediments, we searched two
primary public genetic databases to determine the
number of species with available gene sequences in
comparison to the number of described species.
Rotifera, Bryozoa, Branchiopoda and Copepoda spe-
cies were investigated for availability of any type of
sequence, and specifically for COI and 16S genes, in
GenBank (http://www.ncbi.nlm.nih.gov/), and for the
COI gene in the BOLD (http://www.barcodinglife.org)
on 23 February 2010. In addition, we examined
sequence availability of 34 established NIS of Bryo-
zoa, Branchiopoda and Copepoda reported from the
Northeast Pacific Ocean (Wonham and Carlton 2005),
Laurentian Great Lakes (Ricciardi 2006), and East
Coast of Canada (A. Locke, unpublished data) to gain a
better understanding of NIS sequence availability on a
broader scale. Finally, sequence availability for 55
invasive animal species on the Global Invasive Species
Database’s “100 of the World’s Worst Invasive Alien
Species” list (http://www.issg.org/database/welcome)
were examined to determine if notorious animal
invaders were better represented than NIS in general.

Results

Species-level identifications using DNA
barcoding

We isolated 289 diapausing eggs from 18 ballast
tanks for DNA barcoding. Of the 289 eggs isolated,
DNA was successfully extracted from 96 eggs (33%).
Extraction from the remaining 193 eggs resulted
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in <1 ng/pL of DNA (as quantified using a Nanovue
spectrophotometer), and unsuccessful PCR amplifi-
cation for both COI and 16S DNA fragments. We
obtained 139 successful PCR products and 139
sequences using the two sets of universal primers,
including 66 COI and 73 16S sequences (Fig. 1). Of
the 96 diapausing eggs for which we obtained
barcodes, we were able to identify 61 eggs to species
level and a further 35 to possible family/order level.
Species level identifications were obtained for ten
Branchiopoda (44 eggs), one Rotifera (5 eggs), three
Bryozoa (6 eggs), four Copepoda (5 eggs) and one
Ascidia (1 egg) (Fig. 1; Appendix).

DNA barcoding of diapausing eggs was most
successful for species level identification of Bran-
chiopoda belonging to the families Podonidae and
Daphniidae. We were able to identify all four
Podonidae species and five out of six Daphniidae
species. Further, one Diaphanosoma was identified to
species-level and one to possible genus, while Moina
and Bosmina were poorly represented, resulting in no
species identifications. All three Bryozoa species
were identified, as was one out of three Rotifera
species. Copepoda was the least represented group in
the genetic databases; of nine possible species, only
four were identified (Appendix).

Six of the 19 species identified by molecular
methods are nonindigenous to the Great Lakes region
(i.e. Daphnia magna, Podon intermedius, Pleopis
polyphemoides, Cercopagis pengoi, Acartia tonsa
and Botryllus schlosseri), while three are nonindige-
nous to the east coast region (i.e. D. magna, Calanus
euxinus and Plumatella emarginata).

Species-level identifications using traditional
taxonomy

Hatching trials were conducted on 5106 diapausing
eggs, of which 161 eggs (3%) were successfully
hatched. There was no introduction of organisms from
the environment into the negative controls. Hatched
taxa included Branchiopoda, Copepoda and Rotifera.
Morphological species level identification was suc-
cessful for nine Branchiopoda (109 individuals) and
one Rotifera species (19 individuals), but no Copep-
oda (Appendix). Juvenile naupliar stages of many
species of Copepoda are morphologically indistin-
guishable (Kiesling et al. 2002), thus even taxonomic
experts could not identify hatched individuals. Three
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of the 10 species identified morphologically
were nonindigenous to the Great Lakes region (i.e.
D. magna, P. intermedius and P. polyphemoides), and
one was nonindigenous to the east coast region (i.e.
D. magna).

Confirmation of species identifications
and efficacy of DNA barcoding

Of 61 species level identifications by DNA barcod-
ing, 48 were confirmed by a second method: 30
confirmed by both morphological identification and
another marker, 14 confirmed only by morphological
identification and four confirmed only by another
marker (Table 1). Thirteen additional sequences
resulted in a species level identification, but were
not confirmed by a second method. Forty-four
sequences had identification matches between 79
and 95%, resulting in identification only to the
possible family/order level (Fig. 1; Appendix). One
16S sequence had an identification match of 99%, but
still resulted in only genus level identification as the
GenBank reference sequence was only identified to
the genus level itself (Appendix). Species level
identifications were entirely consistent between
methodologies.

Comparison of DNA barcoding and morphological
methods revealed that DNA barcoding resolved a
greater number of species. While nine Branchiopoda
(D. mendotae, D. parvula, D. magna, D. pulex,
D. galeata, Diaphanosoma brachyurum, P. interme-
dius, P. polyphemoides and Evadne normanni) and
one Rotifera (Brachionus calyciflorus) were identi-
fied by both methods, nine species could be identified

only by DNA barcodes: four Copepoda (Leptodia-
ptomus siciloides, A. tonsa, Eurytemora affinis and
C. euxius), one Branchiopoda (C. pengoi), three
Bryozoa (P. emarginata, P. reticulata and P. casmi-
ana) and one Ascidia (B. schlosseri) (Fig. 3;
Appendix). The success of DNA barcoding identifi-
cation (19 species) was nearly double that of tradi-
tional morphological methods (10 species) (Fig. 1).
Further, estimated costs (supplies and labour) and time
spent on molecular identification using both markers
(unsuccessful tries included) were approximately
$1800 (CND) and 72 h, respectively, versus approx-
imately $2600 (CND) and 300 h for morphological
identification.

GenBank sequence availability

Our inspection of two public databases revealed the
availability of COI and/or 16S sequences for 102,
176, 488 and 416 species for Rotifera, Bryozoa,
Branchiopoda and Copepoda, respectively (Table 2,
consulted 23 Feb 2010). This represents ~ 5, 3.5, 54
and 3.5% of described Rotifera, Bryozoa, Branchio-
poda and Copepoda species, respectively (Ruppert
et al. 2004; BOLD (http://www.barcodinglife.org),
consulted 23 Feb 2010) (Table 2). However, search-
ing for COI and 16S sequences of NIS of Bryozoa,
Branchiopoda and Copepoda established in the
Northeast Pacific Ocean, the Laurentian Great Lakes,
and East Coast of Canada resolved available
sequences for 7 (44%), 7 (44%) and 2 (100%) spe-
cies, respectively (Table 3). Of the 55 worst invasive
animals reported in the Global Invasive Species

Table 1 List of taxa identified by DNA barcoding using mitochondrial genes COI and 16S

Primary marker Secondary confirmation Branchiopoda Copepoda Rotifera Ascidia Bryozoa Total
COI 16S and morphological 25 0 5 0 0 30
Morphological 0 0 0 0 2
16S 3 1 0 0 0
No extra confirmation 2 4 0 1 0 7
16S Morphological 12 0 0 0 0 12
No extra confirmation 0 0 0 0 6 6
Total 44 5 5 1 6 61

Species level identifications were considered accurate if the two genes gave the same results and/or were verified by morphological

identification

@ Springer


http://www.barcodinglife.org

1332

E. Briski et al.

(=]

Number of species
N oW e O N 0 WO

o Ll [ [

Branchiopoda Copepoda Rotifera Bryozoa Ascidia

Invertebrate taxa

Fig. 3 Number of species identified using DNA barcodes from
diapausing eggs (gray bars), and morphological identification
of hatched animals (black bar)

Database, 52 (94%) had COI and/or 16S sequences
available.

Discussion

Results from this study indicate that DNA barcoding
resolved nearly double the number of species iden-
tified by traditional morphological taxonomy (19 vs.
10), and was suitable for a wide range of taxa,
including Branchiopoda, Copepoda, Rotifera, Bryo-
zoa and Ascidia. Branchiopoda and Copepoda were
respectively the best and worst represented groups in
genetic databases. Nevertheless, notorious invaders
were well represented, making high priority NIS

Table 2 Number of described species of Rotifera, Bryozoa,
Branchiopoda and Copepoda compared to the number of
species for which gene sequences are available in two public

detectable. Of the 96 diapausing eggs for which we
obtained barcodes, we were able to identify 64% to
species level and a further 36% to possible family/
order level.

Correct identification of species is essential to
invasion biology, yet identification of morphologi-
cally cryptic species and those which are present as
diapausing eggs remains a major challenge. Chal-
lenges associated with morphological identification
of sub-adult stages render molecular genetic analy-
ses particularly advantageous (Hebert et al. 2003),
though accuracy of the method for many taxonomic
groups has yet to be demonstrated. For example,
Schubart et al. (2008) reported the same COI
sequence for two genera of freshwater crabs, while
Bucklin et al. (2003) and Costa et al. (2007) reported
a ‘barcoding gap’ for species of Copepoda, Cladocera
and Amphipoda. We tested DNA barcoding accuracy
for taxa of interest by direct comparison of DNA
barcoding results using two gene markers to each
other, and by comparison of DNA barcoding and
morphological identification results. We found no
disagreement among the three methodologies. DNA
barcoding using mitochondrial COI and16S genes
provides a rapid, accurate method for identification of
species from diapausing eggs, and overcomes several
problems posed by traditional morphological identi-
fication. Even though morphological identification
showed the same accuracy as molecular, we esti-
mated that DNA barcoding method is at least 4x
times faster and 30% cheaper than morphological

databases: GenBank (http://blast.ncbi.nlm.nih.gov/Blast.cgi)
and BOLD (http://www.barcodinglife.org)

Taxa Number of GenBank BOLD Total number of
described - - N distinct species
species Number of Number of Number of Number of from GenBank

species species species species and BOLD
(all sequences) (COI sequence) (16S sequence) (COI sequence) (COI + 16S)

Rotifera ~2,000* 205 78 33 34 102

Bryozoa ~5,000% 239 76 103 20 176

Branchiopoda ~900° 582 364 230 374 488

Copepoda ~12,000* 598 256 123 296 416

Comparison was conducted 23 Feb 2010
* Ruppert et al. 2004

® BOLD (http://www.barcodinglife.org); consulted 23 Feb 2010
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Table 3 Gene sequence availability for 34 aquatic NIS recorded in the North Pacific Ocean, the Laurentian Great Lakes and the East Coast of Canada and the 55 worst animal

invaders globally in two public databases: GenBank (http://blast.ncbi.nlm.nih.gov/Blast.cgi) and BOLD (http://www.barcodinglife.org); consulted 23 Feb 2010
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identification (not including initial equipment costs).
Furthermore, notorious invaders such as C. pengoi
and B. schlosseri were identified only by the molec-
ular method. We found DNA barcoding was suitable
for a range of taxa, including Branchiopoda, Copep-
oda, Rotifera, Bryozoa and Ascidia.

By using both markers for each individual egg, and
two public databases—GenBank and BOLD—we
obtained more sequences and increased the chance of
a sequence match, thereby providing higher confi-
dence in identifications. Branchiopoda were the best
resolved taxa, possibly due to the fact that about 54%
of the species in this group are represented in public
genetic databases. In addition, the genus Daphnia—
which represents 13% of Branchiopoda taxa (Forr6
et al. 2008)—are used as model organisms for
genomics (http://wfleabase.org/) and evolutionary
studies (e.g. Hebert et al. 2002). Conversely, only
3.5% of Copepoda have been entered into genetic
databases, limiting the current utility of molecular
identification methodologies for a group notorious for
difficult taxonomic identification (Rombouts et al.
2009). Given morphologically indistinguishable
immature stages in this order (Kiesling et al. 2002),
augmentation of sequence databases may prove par-
ticularly useful for identification of Copepoda in the
future.

Unbalanced representation of taxa in sequence
databases has been observed by other scientists.
Puillandre et al. (2009) reported that sequence avail-
ability for marine gastropods is low, with only 4% of
taxa identified to species level. Conversely, Wong and
Hanner (2008) obtained 99% species identifications
for market seafood. Though DNA databases are
undergoing continual and rapid expansion, sequence
availability for poorly studied taxa remains low
compared to commercially important or otherwise
better studied taxa. Despite this current limitation,
identification of invasive species such as C. pengoi
and B. schlosseri was successful. Sequences exist for
94% of the world’s 55 worst invasive animals in the
two explored genetic databases. As studies of popu-
lation genetics of NIS are a major source for
sequences, species with small, spatially restricted
populations, and those that cause no discernible
economical or ecological problems, are rarely studied.
Because control and eradication of NIS is usually only
possible at the earliest stages of invasion (Bax et al.
2001), DNA barcoding may be especially useful for

@ Springer
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management of notorious invaders which are already
well represented in genetic databases. Presently,
barcoding technology is being used to assay for
presence of silver (Hypophthalmichthys molitrix) and
bighead (H. nobilis) carp in waterways adjacent to
Chicago, Illinois, as part of an early detection program
to prevent spread to Lake Michigan.

Unsuccessful DNA extractions from 67% of eggs
in our study were most likely due to the condition of
eggs, as eggs that were visibly degraded never
hatched. Previous testing of the HotSHOT method
(Montero-Pau et al. 2008) for DNA extraction
success on freshly cultured Daphnia pulex eggs from
our lab resulted in 96% success (E. Briski unpub-
lished data) with similar observations reported by
Montero-Pau et al. (2008) for diapausing eggs of
Rotifera, Cladocera, Anostraca and Notostraca, indi-
cating that our methodology was robust. Considering
that diapausing eggs in this study were collected in
ships’ ballast tanks, degradation of eggs is common
and faster than degradation of dormant eggs in
natural habitats (E. Briski unpublished data). As
universal COI and 16S primers amplify products of
similar size, they can be considered a positive control
for each other (Ivanova et al. 2007). Failed amplifi-
cation of one primer can be attributed to primer
mismatch. In cases where both markers failed, there
is a distinct possibility that the DNA template was
degraded (Ivanova et al. 2007). This phenomenon
provides possible insight into the viability of diapa-
using eggs. In our case, 3% of the eggs hatched, while
DNA was successfully extracted from 33% of eggs.
While the percentage of eggs hatched in the labora-
tory likely underestimates the true viability of the
eggs, the percentage of successful DNA extractions
may overestimate viability. The physiology of dor-
mant eggs is very complex, and hatch success
depends on the degree of diapause termination,
energy content of the eggs, number of non-viable
embryos and environmental factors (Carvalho and
Wolf 1989; Lavens and Sorgeloos 1996; Gilbert
2004; Pauwels et al. 2007; Briski et al. 2008). As a
result, many eggs will not hatch in the laboratory

@ Springer

even under favourable conditions (Schwartz and
Hebert 1987; Bailey et al. 2003). In contrast,
successful DNA extraction may overestimate viabil-
ity if extraction methods are sensitive enough to
amplify degraded DNA of non-viable eggs. Thus, the
true viability of diapausing eggs recovered from
sediments may be somewhere between the number of
hatched individuals and the number of eggs from
which DNA was successfully extracted. This infor-
mation could prove useful to risk assessments, as
diapausing eggs that are not viable do not constitute
an invasion risk.

Aside from the fact that we found two public
sequence databases underpopulated, DNA barcoding
still yielded greater taxonomic identification capabil-
ity than traditional morphological methods. The
problem of underpopulated sequence databases is
least acute for problematic NIS, which tend to be well
represented in existing databases. As sequencing
technology improves and DNA barcoding becomes
more commonplace, we expect that DNA barcoding
for species identifications will become routine for an
ever increasing number of taxonomic groups.

Acknowledgments We thank the Shipping Federation of
Canada and the multiple shipping companies that facilitated
access to vessels, and our ballast sampling teams: C. van
Overdijk, A.M. Weise, O. Casas-Monroy, N. Simard, J.-Y.
Couture, M. Huot and Dr. C. McKindsey. We are grateful for
taxonomic assistance from Drs. S.I. Dodson, J.R. Cordell and
P. Hudson, and laboratory support from R. Tedla, S. Ross and
H. Coker. Great thanks to Drs. Aibin Zhan and Francisco
Sylvester for commenting on an early version of the
manuscript. Comments from two anonymous reviewers are
gratefully acknowledged. This research was supported by
NSERC’s Canadian Aquatic Invasive Species Network,
Transport Canada, Fisheries and Oceans Canada, by NSERC
Discovery Grants to MEC, SAB and HJM, and by a DFO
Invasive Species Research Chair to HIM.

Appendix

See Table 4



1335

Species identification of diapausing eggs

g8 SSUIS0418U0] PUIUSOY 08 AN [5 DUIOP] 98 SPANAOIUL [5 DUIOJ]
8 JSLISOA18U0] DUIUSOY 08 AN [5 DUIOJ] 98 AN [O DUIOP]
8 SMIs0418U0] DUIUSOG 98 panaonu f5> utopy 98 panaonu f5> vulopy
¥8 SSLUSOAISUO] DUIUSOY 08 AN [5 DUlop] 98 AN [5 DUIOp]
€8 SSLUSOAI8UO] DUNUSOY 08 AN [5 DUIO] 98 AN [5 DUIOp]
€8 SLUSOA18UO] DUNUSOY 08 AN [5 DUIOP] 98 SPANAOIUL [5 DUIOP]
S8 SSLUSO418U0] DUIUSOY 08 AN f5 DUIOJ] 98 AN [5 DUIOJ]
g8 SSLISOA18U0] PUIUSOY 08 AN [5 DUIOP] 98 SPANAONUL [5 DUIOJ]
S6 “ds puropy
S6 “ds puropy
S6 -ds puropy
S6 “ds vuropy
YLTEYEDD SIELSYOD 86 vuspu pruydo 66 vuspw piuydoq 001 vuspw viuydnq Gy vuspu piuydnq 1D
1LTerE0D 001 vpnaind pruydpq 9 vpnand pruydopq
y6 wnindyon.iq vuosouvydicy
ZLTEYEOD 66 wWnindyon.iq puiosouvydicy € wnndyon.iq vutosounydviq
€LTEVEDD  9.TSLYOD 86 sniop1o8jpo snuonyon.ag 66 SNLOY10K]pD snuoyovLg 66 SNLO0Y10K]pd snuoyovLg
0LZEPEDD  SLTSLYOD 001 SNAOY108]0d snuoyovLg 66 SNLOY10K]pd snuoovLg 66 SNLOY10(]pd snuowonig | SHAOY10K]DD SNUOIYODAG €1D
697€7E0D 001 ppnatvd viuydpq
89TErE0D 66 vpnaind pruydpq
L9TEYEOD 001 vpnaind ruydpq
992¢7€0D 66 vpnaind pruydpq
S9TEYEDD 66 ppnatnd viuydog
Y9TEPE0D 66 vpaind vruydnq 9 vpnaand pruydopq
€97EVE0D  PLTSLYOD 66 avjopuout iuydnq 66 avjopuaut vruydnq 66 avjopuaut iuydnq
T9TEVEOD  €LTSLYOD 66 avjopuout viuydn( 66 avjopuut viuydnq 66 avjopuut iuydnq
192€VE0D  TLTSLYOD 66 avjopuaut viuydn( 66 avjopuaut viuydn 66 avjopuowt viuydnq ¢ avjopuut viuydn [419)
S91 10D % S91 wstesIo 9% 10D wstesIo 9% 10D wstuesio  # wstuesIo
Joquinu APETRD atod LS[euiue
UOISSI0E JURGUID) 5389 Jo uonesynuepr Surpooreq YNA  Jo uonesynuaprt [esrsofoydioy (r drys
sopooreq YN pue spoyjouwr [eor3ojoydiowr Aq pagnuoprt saroads Jo ISIT H d[qeL

pringer

As



E. Briski et al.

1336

€6TEFE0D  LTELSHOD 66 vuspu viuydo 66 vuspw viuydoq 001 vudvu viuydoq
T6TEFE0D  9TELSHOD 66 vugvu vluydvq 66 vugvw pluydoq 01 vusvw vluydvq
162€7€0D  STELSHFOD 86 vusou viuydo 66 vuspw viuydoq 001 vudvu viuydnq
062€r€0D  +TELSFOD 66 vugvw viuydoq 66 vuspw viuydnq - 001 vusvw vluydvq
68T€PE€0D  €TELSHOD 86 vusou viuydoq 66 vudpw viuydo@ 001 vudou viuydoq
88TEVE0D  CTELSYOD 86 vudpu pruydnq 66 puspw viuydoq 001 vudpu pruydnq
L8TEYEDD  1TELSYOD 86 vuspu pruydn 66 puspw viuydog 001 puspu viuydoq
987EVEDD  0TELSYOD 86 vuspu piuydn 66 vuspw viuydog 001 vuspu pruydnq
G8TEYEDD  61ELSYOD 86 vusou viuydn@ 001 vuspw viuydo@ 001 vudvu viuydoq
¥8TEFE0D  81ELSHOD 86 vusvw vluydvq 66 vugvw puydvq 01 vusvw vluydvq
€8T€VE0D  LIELSYOD 86 vusou viuydoq 66 vuspw viuydnq - 00T vusvw vluydvq
78TEPE0D  91€LSHOD 86 vudpu pruydn 66 puspw viuydoq 001 vudpw puuydnq (¢ vudpu pruydn@ €110
88 DANLOIUL [0 DUIOP]
88 DANLOIUL [0 DUIOP]
98 syvipf punusog
98 sipinf vutusog
182EF€0D  TI49940OD 66 103uad s130d02.42) 86 103uad $130d02.427) 86 103uad $s130d0o24a)
082¢r€OD  11$99+0D 66 108uad s18vdooia) 001 108uad s18vdoo.1a) 001 108uad $s15vdo2.42)
6LTEFEDD 01799700 66 xopnd vruydpq 001 xapnd viuydvq 66 Xopnd viuydnq 6 xapnd viuydnq
8LTcrEOD  6LTSLYOD 001 soprowaydqjod sidoajq 86 saprowaydqjod s1doajq 86 saprowaydqjod s1doa)q 1 saprowaydqjod s1doajg (171D
6079970OD 86 sap1roqo1s smuoidvipoiday 86 Sap1oq101s snuodmipoiday 9 mdneu pododoo eprouere)
LLTEFEDD 66 DIUISIDWS D]]IDUN]]
9LTEPEOD  8LISLYOD 66 SmpauLIIul UOpod 66 SmipauLIIul uopod 66 SnipauLiu uopod snipauLapul uopod 819
SLTEYEOD  LLTSLYOD 66 xapnd pruydpq 66 xapnd pruydpq 66 Xopnd puydpq ¢ xopnd puydpq — ¢19
98 DANLOIUL fO DUIO 98 DANAOIUL fO DUIO]
[« DN [O DUIO 98 DN [O DUIOP]
98 DANLONUL O DUIOP] 98 DANIOIUL fO DUIOP]
98 DANLOIUL O DUIOP] 98 DANIOIUL fO DUIO]
G8  ,SMISO413U0] DUIUSOg 98 DA f5 vulop] 98 Jpanaonu 5 vutopy
S91 10D % S91 wsesIo 9% 10D wstesIo 9% 10D wstesio  # wstuesIo
Ioquinu PETO atod LSlewrue
UOISSI00E Juegquan nmwmo Jo uoneoynuapt Surpodreq YN  Jo uoneoynuapr [eordojoydioly r diys
ponunuod ¢ Jqel,

-
[
)
=]
g
9
)
Gll



1337

Species identification of diapausing eggs

G89t260D 78 pladdod vjjayoa0g 66 Stuyffo vaowailnzg 9 npdneu podedoo eprouee)d  g1Dd
T0€EPE0D  €EELSYOD 86 vusou viuydo 96 vudou viuydnq 86 vuvu viuydn@ T vusow viwydn@  ¢OH
10€€7€0D 86 VIS jjAIWN]
00£€YE0D 86 pUISIDWD V]jIVUN]]
18 pDSUO) DILIDIY 78 Stulffp viowdilinzg
6L pDOMUOSPIY DILIDIY 68 peptouere) ¢ 1jdneu podedos eprouere) 104
€8 pSHo12u D]12Y220g €8 pSisuaodood v)jay200g
€8 pSHo212u D]]2Y220g €8 pDAqIL DI2DYINIDID
80¥99¥0D  LI1¥99¥OD 86 bsuop vy 001 bsuop vpvoy 66 vsuoy pupoy g 1dneu podedos eprouee) 771D
662c7€0D  91$99+0D 66 103uad s18vdoo.ua)) 66 103uad $13pdooua)) 001 103uad s18vdoo.1a)) 171D
16 Snopfiodjpo snuoryovtg 16 snopf1o&Ind snuoryov.g
90%99+0D  S1#99+0D 66 SNLOY104]0d snuoonLg 86 SNIOY10410D snuoyonLg 86 SNAOY10&I00 snuoyovig 9 SNAOY10&100 SNUOIYODIg
86TEYE0D 66 “ds vruydpq
LOY99YOD  TEELSYOD 66 2|8 viuydpq 66 vaps pruydpq 001 a8 viuydpq | vwaps vuydpq  L1TD
8912600 16 n.mw puosouvydmiq 001 cEE:\EuEQ putosounydviq
£89v260D 16 o'ds vuosouvydoiq 001 punandyopiq vuosouvydpicy 911D
+8 SHO12U D]12Y220g 98 Stuyffo vaowailingg - mjdneu podedod eprouere)
S0Y99+¥0D  ¥1499%OD 66 SNL0Y10K]pd snuooIvLg 66 SNL0Y124]pd> snuoyov.Lg 66 SNAOY10K1DD snuoyovag g SAOY10K1DD snuoyovdg  G11D
1€€LS¥0D 66 1195S0]YIs snjjligog 66 1198S0]Yos snjjlagog
L6TEYEOD 001  DupnUsDO Dij2IDUN]d
967EYE0D 66 pIUISIDWD D]jIVUN]
S6TEVE0D 86  PIv[oNaL DijIvUMm]d 1419t9)
18 SU2QNL SNUOIYIDAG
98 SUagNL SNUOIYIDAG
10799400  €1$99+0D 86 SNLOY10A]D snuoyIvLg 86 SNLOY10K10d snuoyID.Ig 66 SHAOY10K1DD snuoyovag SHAOY10K]DD SNUOYODAG
0€€LSHOD 66 vudpw pruydoq 001 vudpw pruydnq
62€LSYOD 66 vuspw pruydoq 001 vudpw pruydnq
Y6TEYEOD  8TELSYOD 66 vuspu pruydn 66 vuspw vruydoq 001 vuspu pruydn
S91 10D % S91 wstesIo 9% 10D wstuesIo % 10D wstuesiQ  # wstuesIo
oqunu APEIRD atod LS[ewiue

UOISSAI0E JUBRUID)

S350 Jo uonesynuapt Surposreq YN

Jo uoneoynuept [edrsofoydioy I drys

ponunuod § JqeL,

pringer

s



E. Briski et al.

1338

SOYOTEU IS3SO[O JUIIYIP PA[EIARI (urguUID pue qTOH) 958qeiep d1[qnd JUSISKIP PUE ‘94 POPIIOXS YOTEW ISISO[O WOl UISIAI] |,

(vanoru fo> vuropy

10D PUR SLS018U0] DUIUSOZ :SYT) SIYIIBW JSISO[O JUIIIJJIP PI[BIAAI SISNIBW JUSIIJIP PUB ‘A[9AN0AdSAI ‘S9] pue [QD) I0J % 10 f PIPIIIXI YIJBW ISISO[O WOIJ OUITIALT

(S91 pue J0D) sIaxIEW Yioq 10J pasn st 33 swes YL,

Surpooreq YN( 10J pasn asoy) se ASojoydiow pue 9zIs U0 paseq dnoi3 1ounSIp JWES JY) AIIM YoIgm ‘s339 Paydley WOIJ SUOp Sem S[RWIUR JO UONBOYNUIPI [edr3ojoydIoly
BOLIOWY UMON JO ISBOD IS8R D7 ‘SoyeT] JedlD) 7D
S[enpIAIpur paynuapl A[resrsojoydiow jo roqunN = #

papraoid osfe a1e Apnjs STy} WOIJ seouanbas 103 sIoquuNu UOISSEdOE JUBUAD)
*SUOTIBOYTIUSPT [QAQ] JopIo/A[Twue] 9[qissod paropIsuod a1aom ‘A[oAnoadsar ‘S9] pue [QD I0J ‘986> 10 96> J[IYym ‘(p[oq Ul pAYSIYIIY) SUONBIYNUIPI [9AJ] SA10ads PaIOPISUOD
Q1M “AToAn0adsal ‘§9T pue QD 10J ‘% 86< 10 96< SOI0DS YOIRJA "PISI] OS[E ST JuegUaD) pue (JOF U0 PUNOJ 9S0Y) 3 $a0uanbas 1o Jo (9) yoyew UONEIYIIUSPT WNWIXEW Y,

80€ErEDD  18TSLFOD 00T soprowaydsjod sidoajd 86 saprowaydsjod sidoajq 66 soprouaydsjod sidoa)q
LOEEFEDD  08TSLFOD 00T soprowaydsjod sidoajd 66 saprowaydsjod sidoajq 66 soproudyd§jod sidoajd | saprowaydsjod sidoajq
90£€¥£0D 001 IuupuLIou 2uppaz]
SOEEYEOD 001 TUUDULIOU 2UPDAH
POEEYEDD 66 UUDULIOU 2UPDAH
€0EETEOD 66 WUDULIOU QUPDAT] z wupuLiou aupvag [ €D
18 DSUOL DIDIY 68 o'ds poynyo043sMY
$€ELSFOD 86 SNUIXND SNUDID)) 66 snuixna snuppp)  /  1jdneu pododoo eprouee)  g1DH
6L pSuasiad.ind snupjpoosnv|) 68 pStulffp iowailing
6L Suasiadvavd snuvjpoosnv|) 88 PStulffp piowailing
6L wwx\:c& SNUDIDIVID ] 68 zn.:\w%v pDAOWILANT
98912600 8 ploddod vijayoaog 86  pSufip piowdlinyg
S91 10D % S91 wstesIo 9% 10D wstesIo % 10D wstuesIQ 4 wstuesIo
Joqunu AETRD atod LS[euiue

UOISSI0E Jueguon

5389 Jo uonesynuUapt Surposreq YN

Jo uoneoynuept [edrsofoydioy I drys

ponunuod § JqeL,

-
[
)
=]
g
9
)
Gll



Species identification of diapausing eggs

1339

References

Adamowicz SJ, Petrusek A, Colbourne JK, Hebert PDN, Witt
JDS (2009) The scale of divergence: a phylogenetic
appraisal of intercontinental allopatric speciation in a
passively dispersed freshwater zooplankton genus. Mol
Phylogenet Evol 50:423-436

Bailey SA, Duggan IC, van Overdijk CDA, Jenkins PT,
Maclsaac HJ (2003) Viability of invertebrate diapausing
stages collected from residual ballast sediment of trans-
oceanic vessels. Limnol Oceanogr 48:1701-1710

Bailey SA, Duggan IC, Jenkins PT, Maclsaac HJ (2005)
Invertebrate resting stages in residual ballast sediment of
transoceanic ships. Can J Fish Aquat Sci 62:1090-1103

Barrett RDH, Hebert PDN (2005) Identifying spiders through
DNA barcodes. Can J Zool 83:481-491

Bax N, Carlton JT, Mathews-Amos A, Haedrich RL, Howarth
FG, Purcell JE, Rieser A, Gray A (2001) The control of
biological invasions in the world’s oceans. Conserv Biol
15:1234-1246

Bickford D, Lohman DJ, Sodhi NS, Ng PKL, Meier R, Winker K,
Ingram KK, Das I (2007) Cryptic species as a window on
diversity and conservation. Trends Ecol Evol 22:148-155

Briski E, Van Stappen G, Bossier P, Sorgeloos P (2008) Lab-
oratory production of early hatching Artemia sp. cysts by
selection. Aquaculture 282:19-25

Briski E, Bailey SA, Cristescu ME, Maclsaac HJ (2010) Effi-
cacy of ‘saltwater flushing’ in protecting the Great Lakes
from biological invasions by invertebrate eggs in ships’
ballast sediment. Freshwater Biol 55(11):2414-2424.
doi:10.1111/j.1365-2427.2010.02449.x

Brown B, Emberson RM, Paterson AM (1999) Mitochondrial
COI and II provide useful markers for Weiseana (Lepi-
doptera, Hepialidae) species identification. Bull Entomol
Res 89:287-294

Bucklin A, Guarnieri M, Hill RS, Bentley AM, Kaartvedt S (1999)
Taxonomic and systematic assessment of planktonic cope-
pods using mitochondrial COI sequence variation and com-
petitive, species-specific PCR. Hydrobiologia 401:239-254

Bucklin A, Frost BW, Bradford-Grieve J, Allen LD, Copley NJ
(2003) Molecular systematic and phylogenetic assessment
of 34 calanoid copepod species of the Calanidae and
Clausocalanidae. Mar Biol 142:333-343

Byers JE, Reichard S, Randall JM, Parker IM, Smith CS,
Lonsdale WM, Atkinson IAE, Seasted TR, Williamson M,
Chornesky E, Hayes D (2002) Directing research to
reduce the impacts of nonindigenous species. Conserv
Biol 16:630-640

Carlton JT (2009) Deep invasion ecology and the assembly of
communities in historical time. In: Rilov G, Crooks JA
(eds) Biological invasions in marine ecosystems: ecolog-
ical, management, and geografic perspectives. Springer,
Berlin, pp 13-56

Carlton JT, Geller JB (1993) Ecological roulette: the global
transport of nonindigenous marine organisms. Science
261:78-82

Carvalho GR, Wolf HG (1989) Resting eggs of lake-Daphnia 1.
Distribution, abundance and hatching of eggs collected
from various depths in lake sediment. Freshw Biol
22:459-470

Colautti RI, Grigorovich IA, Maclsaac HJ (2006) Propagule
pressure: a null model for biological invasions. Biol
Invasions 8:1023-1037

Costa FO, de Waard JR, Boutillier J, Ratnasingham S, Dooh
RT, Hajibabaei M, Hebert PDN (2007) Biological
identifications through DNA barcodes: the case of the
Crustacea. Can J Fish Aquat Sci 64:272-295

Dahms HU (1995) Dormancy in the copepoda—an overview.
Hydrobiologia 306:199-211

Darling JA, Blum MJ (2007) DNA-based methods for moni-
toring invasive species: a review and prospectus. Biol
Invasions 9:751-765

Duggan IC, van Overdijk CDA, Bailey SA, Jenkins PT, Limen H,
Maclsaac HJ (2005) Invertebrates associated with residual
ballast water and sediments of cargo-carrying ships entering
the Great Lakes. Can J Fish Aquat Sci 62:2463-2474

Duggan IC, Bailey SA, van Overdijk CDA, Maclsaac HJ
(2006) Invasion risk of active and diapausing inverte-
brates from residual ballast in ships entering Chesapeake
Bay. Mar Ecol Prog Ser 324:57-66

Folmer O, Black M, Hoeh W, Lutz R, Vrijenhoek R (1994)
DNA primers for amplification of mitochondrial cyto-
chrome c¢ oxidase subunit I from diverse metazoan
invertebrates. Mol Mar Biol Biotechnol 3:294-299

Forr6 L, Korovchinsky NM, Kotov AA, Petrusek A (2008)
Global diversity of cladocerans (Cladocera; Crustacea) in
freshwater. Hydrobiologia 595:177-184

Geller JB, Darling JA, Carlton JT (2010) Genetic perspectives on
marine biological invasions. Annu Rev Mar Sci 2:367-393

Giangrande A (2003) Biodiversity, conservation, and the
‘Taxonomic impediment’. Aquatic Conserv: Mar Freshw
Ecosyst 13:451-459

Gilbert JJ (2004) Females from resting eggs and parthenoge-
netic eggs in the rotifer Brachionus calyciflorus: lipid
droplets, starvation resistance and reproduction. Freshw
Biol 49:1505-1515

Goémez A, Carvalho GR, Lunt DH (2000) Phylogeography
and regional endemism of a passively dispersing zoo-
plankter: mitochondrial DNA variation in rotifer resting
egg banks. Proc R Soc Lond B Biol Sci 267:2189-2197

Gomez A, Hughes RN, Wright PJ, Carvalho GR, Lunt DH
(2007) Mitochondrial DNA phylogeography and mating
compatibility reveal marked genetic structuring and
speciation in the NE Atlantic bryozoans Celleporella
hyalina. Mol Ecol 16:2173-2188

Grice GD, Marcus NH (1981) Dormant eggs of marine cope-
pods. Oceanogr Mar Biol Ann Rev 19:125-140

Hairston NG (1996) Zooplankton egg banks as biotic reservoirs in
changing environments. Limnol Oceanogr 41:1087-1092

Hajibabaei M, Singer GCA, Clare EL, Hebert PDN (2007)
Design and applicability of DNA arrays and DNA
barcodes in biodiversity monitoring. BMC Biol 5:24

Hayes KR, Barry SC (2008) Are there any consistent predictors
of invasion success? Biol Invasions 10:483-506

Hebert PDN, Crease TJ (1980) Clonal co-existence in Daphnia
pulex (Leydig): another planktonic paradox. Science
207:1363-1365

Hebert PDN, Remigio EA, Colbourne JK, Taylor DJ, Wilson
CC (2002) Accelerated molecular evolution in halophilic
crustaceans. Evolution 56:909-926

@ Springer


http://dx.doi.org/10.1111/j.1365-2427.2010.02449.x

1340

E. Briski et al.

Hebert PDN, Cywinska A, Ball SL, deWaard JR (2003) Bio-
logical identifications through DNA barcodes. Proc R Soc
Lond B Biol Sci 270:313-321

Hebert PDN, Stoeckle MY, Zemlak TS, Francis CM (2004)
Identification of birds through DNA barcodes. PLoS Biol
2:1657-1663

Imaizumi K, Akutsu T, Miyasaka S, Yoshino M (2007)
Development of species identification tests targeting the
16S ribosomal RNA coding region in mitochondrial DNA.
Int J Legal Med 121:184-191

Ivanova NV, Zemlak TS, Hanner RH, Hebert PDN (2007)
Universal primer cocktails for fish DNA barcoding. Mol
Ecol Notes 7:544-548

Janzen DH, Hajibabaei M, Burns JM, Hallwachs W, Remigio
E, Hebert PDN (2005) Wedding biodiversity inventory of
a large complex Lepidoptera fauna with DNA barcoding.
Philos Trans R Soc Lond B Biol Sci 360:1835-1845

Jarman SN, Elliott NG (2000) DNA evidence for morpholog-
ical and cryptic Cenozoic speciations in the Anaspididae,
‘living fossils’ from the Triassic. J Evol Biol 13:624-633

Kiesling TL, Wilkinson E, Rabalais J, Ortner PB, McCabe
MM, Fell JW (2002) Rapid identification of adult and
naupliar stages of copepods using DNA hybridization
methodology. Mar Biotechnol 4:30-39

Knowlton N (1993) Sibling species in the sea. Annu Rev Ecol
Syst 24:189-216

Lavens P, Sorgeloos P (1996) Manual on the production and
use of live food for aquaculture. FAO Fish Tech Pap
Rome pp 1-8

Leppikoski E, Gollasch S, Gruszka P, Ojaveer H, Olenin S,
Panov V (2002) The Baltic—a sea of invaders. Can J Fish
Aquat Sci 59:1175-1188

Lockwood JL, Cassey P, Blackburn TM (2009) The more you
introduce the more you get: the role of colonization
pressure and propagule pressure in invasion ecology.
Divers Distrib 15:904-910

Lodge DM, Williams S, Maclsaac HJ, Hayes KR, Leung B,
Reichard S, Mack RN, Moyle PB, Smith M, Andow DA,
Carlton JT, McMichael A (2006) Biological invasions:
recommendations for US policy and management. Ecol
Appl 16:2035-2054

Lopez JV, Culver M, Stephens JC, Johnson WE, O’Brien SJ
(1997) Rates of nuclear and cytoplasmic mitochondrial
DNA sequence divergence in mammals. Mol Biol Evol
14:277-286

Meyer CP, Paulay G (2005) DNA barcoding: error rates based
on comprehensive sampling. PLoS Biol 3:e422

Monaghan MT, Balke M, Gregory TR, Volger AP (2005)
DNA-based species delineation in tropical beetles using
mitochondrial and nuclear markers. Philos Trans R Soc
Lond B Biol Sci 360:1925-1933

Montero-Pau J, Gomez A, Muifioz J (2008) Application of an
inexpensive and high-throughput genomic DNA extrac-
tion method for the molecular ecology of zooplanktonic
diapausing eggs. Limnol Oceanogr Methods 6:218-222

Palumbi S (1996) Nucleic acids II: the polymerase chain
reaction. In: Hillis D, Mable B, Moritz C (eds) Molecular
systematics. Sinauer, Sunderland, pp 205-247

@ Springer

Pauwels K, Stoks R, Verbiest A, De Meester L (2007) Bio-
chemical adaptation for dormancy in subitaneous and
dormant eggs of Daphnia magna. Hydrobiologia 594:
91-96

Puillandre N, Strong EE, Bouchet P, Boisselier M-C, Couloux
A, Samadi S (2009) Identifying gastropod spawn from
DNA barcodes: possible but not yet practible. Mol Ecol
Resour 9:1311-1321

Ricciardi A (2006) Patterns of invasion in the Laurentian Great
Lakes in relation to changes in vector activity. Divers
Distrib 12:425-433

Rombouts I, Beaugrand G, Ibanez F, Gasparini S, Chiba S,
Legendre L (2009) Global latitudinal variations in marine
copepod diversity and environmental factors. Proc R Soc
B 276(1670):3053-3062

Rugman-Jones PF, Hoddle MS, Mound LA, Stouthamer R
(2006) Molecular identification key for pest species of
Scirtothrips (Thysanoptera: Thripidaae). J Econ Entomol
99:1813-1819

Ruiz GM, Fofonoff PW, Carlton JT, Wonham MJ, Hines AH
(2000) Invasion of coastal marine communities in North
America: apparent patterns, processes and biases. Annu
Rev Ecol Syst 31:481-531

Ruppert EE, Fox RS, Barnes RD (2004) Invertebrate zoology.
Thomson Learning, USA

Schubart CD, Santl T, Koller P (2008) Mitochondrial patterns
of intra- and interspecific differentiation among endemic
freshwater crabs of ancient lakes in Sulawesi. Contrib
Zool 77:83-90

Schwartz SS, Hebert PDN (1987) Methods for the activation of
the resting eggs of Daphnia. Freshw Biol 17:373-379

Shouche JS, Patole MS (2000) Sequence analysis of mito-
chondrial 16S ribosomal RNA gene fragment from seven
mosquito species. J Biosci 25:361-366

Simberloff D (2009) We can eliminate invasions or live with
them. Successful management projects. Biol Invasions
11:149-157

Simberloff D, Parker IM, Windle PN (2005) Introduced species
policy, management, and future research needs. Front
Ecol Environ 3:12-20

Sylvester F, Maclsaac HJ (2010) Is vessel hull fouling an
invasion threat to the Great Lakes? Divers Distrib 16:
132143

Ward RD, Zemlak TS, Innes BH, Last PR, Hebert PDN (2005)
DNA barcoding Australia’s fish species. Phil Trans R Soc
Land B Biol Sci 360:1847-1857

Wong EH-K, Hanner RH (2008) DNA barcoding detects
market substitution in North American seafood. Food Res
Int 41:828-837

Wonham MJ, Carlton JT (2005) Trends in marine biological
invasions at local and regional scales: the Northeast
Pacific Ocean as a model system. Biol Invasions 7:
369-392

Zhang D-X, Hewitt GM (1997) Assessment of the universality
and utility of a set of conserved mitochondrial COI
primers in insects. Insect Mol Biol 6:143-150



	Use of DNA barcoding to detect invertebrate invasive species from diapausing eggs
	Abstract
	Introduction
	Materials and methods
	Sample collection and extraction of eggs from sediment
	Species-level identifications using DNA barcoding
	Species-level identifications using traditional taxonomy
	Confirmation of species identifications and efficacy of DNA barcoding
	GenBank sequence availability

	Results
	Species-level identifications using DNA barcoding
	Species-level identifications using traditional taxonomy
	Confirmation of species identifications and efficacy of DNA barcoding
	GenBank sequence availability

	Discussion
	Acknowledgments
	Appendix
	References


