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Abstract 

Invasive, non-indigenous ascidians have been a significant biofouling problem for the aquaculture industry in Nova Scotia and 
Prince Edward Island since the mid-1990’s. The problematic species in Atlantic Canada include Styela clava, Ciona intestinalis,  
Botryllus schlosseri and Botrylloides violaceus. Newfoundland harbour surveys that we have performed over the past three years 
revealed the presence of B. schlosseri and B. violaceus. As of yet, neither of these species has reached invasive abundance in 
Newfoundland. 

Portions of the COI genes of two non-indigenous ascidians (Botryllus schlosseri and Botrylloides violaceus) and two 
indigenous ascidians (Boltenia echinata and Halocynthia pyriformis) were cloned and sequenced. We then determined 
intraspecific and interspecific COI sequence variation. The BLASTN results showed that Botryllus schlosseri and Halocynthia  
pyriformis match the other listings for these species in GenBank. However, the BLAST results from Botrylloides violaceus were 
more similar to B. schlosseri than B. violaceus. While there were no other entries for Boltenia echinata , it was similar to other 
species in the Pyuridae family. 

Intraspecific similarity in the COI sequence for Newfoundland populations was >99.7% for B. violaceus, H. pyriformis and B. 
echinata, and 86.5-96.6% for B. schlosseri. Interspecific similarities among all four species were <80.3 %. This indicates that the 
COI gene should be an effective species-specific molecular marker for the identification of eggs and larvae of these 
Newfoundland ascidians. 
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Introduction 

Bioinvasions are some of the leading marine 
environmental issues in the world and represent 
a serious global threat (Ruiz et al. 2000; 
Stachowicz et al. 2002; Occhipinti-Ambrogi and 
Galil 2004; Campbell et al. 2007). Non-
indigenous marine species can threaten marine 
biodiversity, survival of native species and the 
economy (Blum et al. 2007). Non-indigenous 
ascidians are a significant biofouling problem for 
the aquaculture industry worldwide, especially 
on both the east and west coasts of Canada.  
Over the past ten years, four ascidian tunicates 
[Styela clava Herdman, 1881, Ciona intestinalis 
(Linnaeus, 1767), Botryllus schlosseri (Pallas, 
1766) and Botrylloides violaceus Oka, 1927] 
have reached invasive levels at aquaculture sites 
in Nova Scotia and Prince Edward Island, 
Canada (Carver et al. 2003; Locke et al. 2007). 

Impacts of invasive ascidians on the aquaculture 
industry include biofouling of the harvested 
species themselves as well as fouling of the 
growing and processing equipment (Carver et al. 
2003). These impacts lead to decreased 
economic performance of the farms due to 
increased production costs (Carver et al. 2003). 
Newfoundland is considered to be a high-risk 
area for the introduction of these four non-
indigenous species (Therriault and Herborg 
2008a, b). This prediction is based on the fact 
that Newfoundland has many shipping links with 
the other Maritime provinces and that some areas 
of the coastline have environmental conditions 
within the tolerance limits of these non-
indigenous ascidians (Locke et al. 2007; 
Therriault and Herborg 2008b).  

There has been very little targeted research 
conducted on invasive ascidians in Newfound-
land thus far. The only documented occurrence 
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of a non-indigenous ascidian in Newfoundland 
was Botryllus schlosseri, which was reported in 
1975 on the west coast (Hooper 1975). Rapid 
assessment surveys (RAS) are an efficient and 
reliable way to look for indigenous and non-
indigenous species occupying an area. They are 
particularly useful in identifying the presence or 
absence of rare species in a given area and are 
commonly conducted in harbours (Pederson et 
al. 2005; Campbell et al. 2007). 

The cytochrome c oxidase I (COI) gene of 
mitochrondrial DNA (mtDNA) is a common 
gene useful for molecular identification of 
species and for uncovering patterns of diversity 
within and among populations and in 
communities (Muirhead et al. 2008). As far as 
we know, there is no information in the literature 
on molecular analyses and gene sequencing of 
ascidian species collected from Newfoundland 
populations. The COI gene is a logical first 
choice for species identification and may be 
useful for early detection of propagules for 
management purposes. A relatively short (~ 650 
base) fragment of COI has been used in the 
identification of species in many groups of 
animals (e.g. fish, birds, insects) because this 
size of DNA fragment allows the acquisition of 
reliable sequences from single reads using 
standard cycle sequencing, and this COI region 
is generally highly conserved within species 
(Hajibabaei et al. 2007). 

The objectives of this study were: (a) to 
determine the presence of non-indigenous 
ascidians in harbours along the south and west 
coasts of Newfoundland, and (b) to determine 
the nucleotide sequence of a portion of the COI 
gene of mtDNA of indigenous and non-
indigenous ascidian tunicates, to confirm 
taxonomic identity and to compare COI sequence 
similarity within and among species. 

Methods 

Rapid assessment surveys 

Rapid assessment surveys (RAS) were carried 
out in a total of 37 Newfoundland harbours on 
the south and west coasts of insular Newfound-
land (September 2006-October 2008) (locations 
not shown). The RAS followed existing 
protocols (Pederson 2005; Campbell 2007). 
During these RAS, SCUBA divers took a 
combination of underwater videos, a vertical 
series of still photographs, and visual transect 
surveys of the bottom in addition to the 

collection of environmental data. Wharf pilings, 
boat hulls, seafloor and artificial structures were 
assessed for the presence of non-indigenous 
species. GPS coordinates were recorded of all 
wharves examined. The RAS were conducted by 
a team of 5-7 individuals, including two SCUBA 
divers. The RAS ranged from 1-3 hours per 
harbour based upon the size of the area to be 
assessed. The RAS team assessed all of the 
wharf pilings in each harbour. 

Sample collection and study species 

In 2006 and 2007, adult specimens of Botryllus 
schlosseri, Botrylloides violaceus, Halocynthia 
pyriformis (Rathke, 1806) and Boltenia echinata 
(Linnaeus, 1767) were collected for genetic 
analyses, from sites within Newfoundland, 
Prince Edward Island and Massachusetts, by 
SCUBA divers or by hand from wharf pilings. 
Samples were fixed in 95% ethanol and stored at 
room temperature. In this paper we report gene 
sequences from a subset of these samples (Table 
1). Botryllus schlosseri is a colonial ascidian that 
originated from the Mediterranean Sea, while 
Botrylloides violaceus, also colonial, is thought 
to have originated from the Northwest Pacific 
Ocean (Berrill 1950; Carver et al. 2006). 
B. echinata and H. pyriformis are solitary 
ascidians, both having a northern boreal 
distribution (Plough 1978). Both are indigenous 
to Newfoundland. 

DNA extraction, COI amplification and 
sequencing 

Adult ascidians were visually identified based on 
morphology (Plough 1978; Pollock 1997) before 
genetic analyses were performed. For each of the 
colonial ascidians (Botryllus schlosseri and 
Botrylloides violaceus), several zooids (~5-10) 
from a system were removed and considered to 
be a single sample. Tissue was removed from the 
pharyngeal sac of the solitary ascidians 
(Halocynthia pyriformis and Boltenia echinata). 
The numbers of samples analyzed from each 
location are shown in Table 1.  

Total DNA was extracted using the DNeasy 
Blood & Tissue Kit (Qiagen, Mississauga, ON) 
following the manufacturer’s protocol. To 
remove residual ethanol prior to DNA extraction, 
ascidian tissue samples were soaked in the 
following series of ethanol/phosphate buffered 
saline (PBS) washes for five minutes each:  75% 
ethanol/25% PBS; 50% ethanol/50% PBS; 25% 
ethanol/75% PBS; 100% PBS. 
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Figure 1. Map of the region containing 
insular Newfoundland, Canada, 
indicating sampling locations for the 
molecular analyses (main map; letters 
corresponding to Table 1) and the 
locations of Botryllus schlosseri (Green) 
and Botrylloides violaceus (Red) from 
the Rapid Assessment Survey (RAS) 
(map inset). 

 
 
 
Table 1. Geographic location, map code for Figure 1, latitude and longitude (GPS), sample size (n) and GenBank accession numbers 
for the partial nucleotide sequences of the cytochrome c oxidase I gene. NL = Newfoundland, PEI = Prince Edward Island, MA = 
Massachusetts. 

Species Location Map 
Code Latitude Longitude n GenBank Accession 

Numbers 
Botryllus 
schlosseri 

Hermitage, NL A 47.5563 -55.9259 1 GU065354, DQ340216 
North Harbour, NL B 47.8590 -54.1000 1 GU065353, DQ340205 
Arnold's Cove, NL C 47.8747 -54.1682 1 GU065350  
Argentia, NL D 47.2920 -53.9904 1 GU065349  
Murray River, PEI E 46.0170 -62.6155 2 GU065351  
Woods Hole, MA F 41.5170 -70.6683 2 GU065352  

Botrylloides 
violaceus 

Belleoram, NL G 47.5272 -55.4092 3 GU065355, GU065356 
Murray River, PEI E 46.0170 -62.6155 1 GU065357  
Woods Hole, MA F 41.5170 -70.6683 3 GU065358 , GU065359  

Halocynthia 
pyriformis 

Port-aux-Basques, NL H 47.5751 -59.1402 4 EU178858  
Logy Bay, NL I 47.6253 -52.6646 1 EU178861  

Boltenia 
echinata  

Port-aux-Basques, NL H 47.5751 -59.1402 1 GU065360 
Logy Bay, NL I 47.6253 -52.6646 1 GU065361 
Bauline, NL J 47.7232 -52.8348 1 GU065362 
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Total DNA was extracted using the DNeasy 
Blood & Tissue Kit (Qiagen, Mississauga, ON) 
following the manufacturer’s protocol. To 
remove residual ethanol prior to DNA extraction, 
ascidian tissue samples were soaked in the 
following series of ethanol/phosphate buffered 
saline (PBS) washes for five minutes each:  75% 
ethanol/25% PBS; 50% ethanol/50% PBS; 25% 
ethanol/75% PBS; 100% PBS. 

Three primer sets were used to amplify partial 
sequences of the mtDNA COI gene. The primer 
sets included: the primers, LCO1490f, 5’-GGT 
CAA CAA ATC ATA AAG ATA TTG G-3’and 
HCO2198r, 5’- TAA ACT TCA GGG TGA CCA 
AAA AAT CA-3’, (Folmer et al. 1994), 
ASC_COI_F, 5’-TCG ACW AAT CAT AAA 
GAT ATT AG-3’ and ASC_COI_R, 5’-GTA 
AAA TAA GCT CGA GAA TC-3’ (Vogler, per. 
comm.), and a species-specific primer set was 
developed for Botrylloides violaceus, Violet 
Forward, 5’-TTA GGT TTT GGT CTA GGT 
TTA TTG-3’ and Violet Reverse, 5’-TAA ATG 
TTG ATA AAG TAC AGG GTC-3’.  

Polymerase chain reaction (PCR) amplifi-
cations were performed using DyNAzyme EXT 
DNA polymerase (MJ Research, Waltham, MA). 
Briefly, 50 μl reactions were prepared containing 
100 ng of DNA, DyNAzyme EXT DNA 
polymerase (1U), the manufacturer’s Optimized 
DyNAzyme EXT Buffer (1X final concen-
tration), 0.2 mM dNTPs and 0.2 μM each of 
forward and of reverse primer.  

The PCR reaction conditions were 94ºC for 2 
min, followed by 40 cycles (94ºC for 30 sec, 
37ºC for 30 sec, and 72ºC for 1 min) and a final 
extension at 72ºC for 7 min. The PCR products 
were electrophoresed on 1.5% agarose gels with 
1 kb plus ladder (Invitrogen, Burlington, ON), 
and amplicons were excised and purified using 
the QIAquick Gel Extraction Kit (Qiagen, 
Mississauga, ON). The PCR amplified COI was 
subcloned into pGEM T-Easy (Promega, 
Madison, WI). Transformations were performed 
using either Subcloning Efficiency DH5α 
Chemically Competent Cells (Invitrogen, 
Burlington, ON) or JM109 High Efficiency 
Competent Cells (Promega, Madison, WI) 
following the manufacturers’ instructions. 
Recombinant clones were screened for inserts of 
correct size by visual comparison of clone 
restriction fragments with a DNA size marker (1 
kb plus ladder; Invitrogen, Burlington, ON) 
using 1.5% agarose gel electrophoresis. 

Plasmid DNA from positive clones was 
isolated for sequencing using the QIAprep Spin 
Miniprep Kit (Qiagen). Each individual clone 
was sequenced in both directions (using M13 
Forward and M13 Reverse primers). DNA was 
amplified from approximately 100 ng of 
recombinant plasmid DNA using the BigDye 
Terminator v3.1 Cycle Sequencing Kit (Applied 
Biosystems, Foster City, CA) and the unincorpo-
rated BigDye terminators were removed using 
the BigDye X Terminator Purification Kit 
(Applied Biosystems). The purified sequencing 
reactions were processed by capillary electro-
phoresis using the 3730xl DNA analyzer 
(Applied Biosystems).  

Sequence comparisons 

COI sequences from each individual were 
compiled and aligned using Vector NTI Advance 
10 (Invitrogen) and a consensus sequence was 
determined for each individual and/or species. 
Compilation and alignments were performed 
using AlignX, which uses the CLUSTALW 
algorithm (Thompson et al. 1994).  

To confirm taxonomic identity, the COI 
sequences generated for the four putative species 
in this study were compared with those in 
GenBank using a Basic Local Alignment and 
Search Tool Nucleotide (BLASTN 2.2.20) search 
of the non-redundant nucleotide collection 
(nr/nt). A BLASTN search can be run to 
determine the similarity of an unknown DNA 
sequence (query) with the collection of all 
known DNA sequences in GenBank. BLAST 
searches were performed between January 2009 
and January 2010 and reflect the state of the 
database at that time. In this paper we focus only 
on those BLASTN hits with the highest percent 
identities and the lowest E-values). 

To confirm high intraspecific similarity in the 
COI sequences for samples from the Newfound-
land populations, we determined genetic distance 
(100 – the sequence dissimilarity score) pair-
wise for all haplotypes using AlignX. High 
intraspecific similarity and lower interspecific 
similarity are prerequisites for future use of the 
COI gene for species-specific markers for New-
foundland ascidians. All of our sequences have 
been deposited in GenBank and the GenBank 
accession numbers are shown in Table 1. 
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Results 

Rapid assessment surveys 

We initially discovered Botryllus schlosseri on 
the bottom of a small, local fishing vessel in 
Argentia harbour in December 2006, and 
Botrylloides violaceus on wharf pilings in 
Belleoram harbour in October 2007 (Figure 1). 
Subsequently, we have found B. schlosseri in 
several additional harbours, primarily on the east 
side of Placentia Bay and the west side of 
Fortune Bay (Figure 1). B. schlosseri has been 
found growing not only on boat hulls, but also on 
wharf pilings, kelp fronds, mussel shells and 
encrusting bryzoans. As of January 2010, we 
have found B. violaceus only in Belleoram, 
where it is growing on boat hulls, wharf pilings, 
as well as on mussel shells and natural 
substrates. In February 2008, a follow-up survey 
revealed that B. violaceus appeared to have died 
back substantially during winter. It is notable 
that all of the harbours in which non-indigenous 
ascidians were documented are on the south 
coast of Newfoundland. 

Cytochrome c oxidase I sequences  

We obtained partial COI sequences from four 
species of Newfoundland ascidians from eight 
different harbours (Table 1). Initially, the 
primers developed by Folmer et al. (1994) for 
the amplification of a 709 bp fragment of the 
COI gene from phylogenetically diverse meta-
zoan invertebrates were used on all four species 
in our study. These primers generated amplicons 
for Halocynthia pyriformis and Botryllus 
schlosseri, but yielded either no or incorrect 
amplicons for Boltenia echinata and Botrylloides 
violaceus. Therefore, another primer set 
developed by Vogler (pers. comm.) was applied 
to these two species. These Vogler primers were 
successful in the amplification of a COI 
fragment in B. echinata but still failed for 
B. violaceus. Therefore, we designed new 
species-specific primers for B. violaceus based 
on the limited sequences obtained from the 
Folmer primers. The B. schlosseri and 
H. pyriformis partial COI sequence we obtained 
was 658 bp (excluding primer sequences). The 
B. violaceus partial COI sequence was 590 bp, 
whereas that of B. echinata was 850 bp 
(excluding primer sequences). The sequences 
which were submitted to GenBank at the time of 
writing are indicated in Table 1. Our COI 

sequences are the first in GenBank for 
H. pyriformis and B. echinata. 

The number of haplotypes and polymorphic 
sites were much higher for Botryllus schlosseri 
from Newfoundland harbours than for any of the 
other three species examined in this study, 
including the samples from the Northwestern 
Atlantic (NWA) populations (Table 2). In 
comparison to B. schlosseri, the number of 
haplotypes of the non-indigenous Botrylloides 
violaceus was much lower, with only one haplo-
type in common amongst the Newfoundland and 
NWA populations (Table 2). Newfoundland 
populations of each of the two indigenous 
species had two haplotypes, but a low number of 
polymorphic sites (≤ 2). 

Table 2. Population, sample size (n), number of haplotypes 
(Nh) and number of polymorphic sites (ps) of a segment of 
the cytochrome c oxidase I gene for the four ascidian species 
studied. NWA includes samples from Woods Hole, 
Massachusetts and Prince Edward Island (see Table 1). 
‘Newfoundland’ includes samples from all of the harbours 
listed in Table 1. 

Species Population n Nh ps 

Botryllus 
schlosseri 

Newfoundland 4 3 29 
NWA 4 1 0 

Botrylloides 
violaceus 

Newfoundland 3 1 0 
NWA 4 1 0 

Halocynthia 
pyriformis Newfoundland 5 2 2 

Boltenia 
echinata Newfoundland 3 2 1 

Results from the BLAST analyses helped to 
confirm taxonomic identification of the four 
putative ascidian species in this study. Every 
sample from Newfoundland (Table 1) was 
BLASTN searched. The Botryllus schlosseri 
samples from this study matched other 
B. schlosseri GenBank submissions with simila-
rities ranging from 95-100% (Table 3). 
Similarly, the Halocynthia pyriformis samples 
matched other H. pyriformis species in GenBank, 
with similarities ≥99%. There were no COI 
samples of B. echinata in GenBank prior to this 
study. Our Newfoundland samples were most 
similar to the pyurid ascidian Microcosmus 
sulcatus (accepted name: Microcosmus vulgaris 
Heller, 1877) (76% similarity, Table 3). The 
Newfoundland samples tentatively identified as 
B. violaceus based on morphological features 
had  greatest  similarity  to  several B. schlosseri 
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Table 3. Species names associated with the known sequences most similar to the cytochrome c oxidase I gene fragments of the four 
putative Newfoundland ascidian species, as shown by BLASTN searches of GenBank. % ID = % nucleotide sequence identity. E = 
expected value, a parameter that describes the number of hits one can "expect" to see by chance when searching a database of a 
particular size. NWA= (Prince Edward Island + Massachusetts). 

Putative ascidian species Location 
BLASTN 

Most homologous species name and 
GenBank Accession # % ID (align) E-value 

Botryllus schlosseri Newfoundland Botryllus schlosseri; FJ528641.1 626/653 (95%) to 
653/653 (100%) 0.0 

 NWA Botryllus schlosseri; FJ528641.1 627/651 (96%) 0.0 
Botrylloides violaceus Newfoundland Botryllus schlosseri; AY116601.1 481/588 (81%) 1e-161 
 NWA Botryllus schlosseri; AY116601.1 481/588 (81%) 1e-161 

Halocynthia pyriformis Newfoundland Halocynthia pyriformis; FJ528610.1 656/658 (99%) to 
658/658 (100%) 0.0 

Boltenia echinata Newfoundland Microcosmus sulcatus; AM292321.1 645/848 (76%) to  
646/848 (76%) 

3e-172 to 6e-
174 

 

Table 4. Nucleotide sequence identity table (%) among the four ascidian species studied from Newfoundland. The values were 
generated between all pairs of samples using AlignX. 

 Botrylloides violaceus Botryllus schlosseri Halocynthia pyriformis Boltenia echinata 

Botrylloides violaceus 100 78.8-80.3 74.2-74.4 76.3-76.4 
Botryllus schlosseri  86.5-96.6 75.6-76.3 76.9-78.6 
Halocynthia pyriformis   99.7 74.9-79.0 
Boltenia echinata    99.9 

 

 
sequences from GenBank, but the similarities 
were low (i.e., 81 %, Table 3). The similarity to 
the single B. violaceus sequence in GenBank was 
even lower (80 %).  

We then compared sequence similarities 
among our Newfoundland samples of the four 
species, to confirm that the COI gene qualifies as 
a species-specific marker for Newfoundland 
populations, i.e. low interspecific and high 
intraspecific similarity. Intraspecific similarity 
(the diagonal in Table 4) of all species except 
B. schlosseri was ≥99.7%. Intraspecific simila-
rity for B. schlosseri was somewhat lower among 
Newfoundland populations (87-97 %, Table 4).  
The interspecific similarities among the four 
species (i.e., the off-diagonal elements in Table 
4) were much lower than the above intraspecific 
values, ranging from 74-80 %. 

Discussion 

Rapid assessment survey 

Our RAS revealed the presence of two non-
indigenous ascidians in Newfoundland harbours, 
Botryllus schlosseri and Botrylloides violaceus. 
B. schlosseri was first reported in Newfoundland 
by Hooper (1975), while this is the first report of 

B. violaceus. This successional pattern is similar 
to that reported from elsewhere in the north-
western Atlantic. B. schlosseri has been present 
in the Gulf of Maine since 1870, while 
B. violaceus was detected there only 25 years 
ago (Gould 1870; Dijkstra et al. 2007). B. schlo-
sseri also preceded the presence of B. violaceus 
in Prince Edward Island, Canada, in 2001-02 
(Locke et al. 2007).  

Botrylloides violaceus was most likely 
introduced into the Gulf of Maine via 
aquaculture activity and recreational boating 
(Dijkstra et al. 2007). Our first sighting of 
B. violaceus in Belleoram harbour was on the 
hull of several small fishing vessels. At least one 
of these vessels had been purchased within the 
previous five years from Nova Scotia, which is 
known to have B. violaceus (Andrea Locke, pers. 
comm.). There are no regulations regarding 
small vessel movement (except aquaculture 
related vessels) between Canadian provinces, or 
hull cleaning of small coastal boats, so the risk 
to Newfoundland from this vector is high.  

The Newfoundland Department of Fisheries 
and Aquaculture took the discovery of B. schlo-
sseri and B. violaceus seriously, using the same 
management protocols as are used for fish health 
issues, prohibiting the export of mussels from 
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Placentia Bay for processing elsewhere in 2006. 
This highlights the importance of non-indigenous 
species issues in Newfoundland, and the need for 
more scientific information to better inform 
management decision-making. The Newfound-
land Department of Fisheries and Aquaculture 
has monitored Newfoundland aquaculture sites 
for aquatic invasive species since 2005. No non-
indigenous tunicates have been found at any 
Newfoundland aquaculture site to date. 

Cytochrome c oxidase I sequences 

The four ascidian species differed markedly in 
the success of COI sequence amplification using 
universal primers (Folmer et al. 1994) that have 
been used to amplify COI sequences from over 
80 taxa, including ascidians and bivalves 
(Folmer et al. 1994). However, Pérez-Portela et 
al. (2009) reported failure of amplification in the 
ascidian Stolonica socialis (Hartmeyer, 1903) 
using the Folmer primers, but no problem in the 
amplification of B. violaceus. Dan Bock (pers. 
comm.) also report amplification failure of B. 
violaceus using the Folmer primers. In our study, 
the Folmer primers either failed to generate COI 
amplicons (Botrylloides violaceus and Boltenia 
echinata) or generated non-ascidian COI 
sequences (Mytilus trossulus Gould, 1850). The 
most likely explanation for the failure of the 
Folmer primers to amplify COI is the divergence 
between species at this particular locus. In the 
case of incorrect amplicons being generated, i.e. 
the amplification of COI from non-target 
organisms, many of the ascidians we collected 
were attached to the surfaces of other organisms 
(i.e. kelp, mussels and bryozoans). To 
circumvent these issues, we used the Vogler 
primer set (a modification of the Folmer 
primers), which was designed to be more 
specific for the amplification of COI in ascidians 
(Vogler, pers. comm.). This set has been 
successful in the amplification of several 
ascidians species from the Mediterranean Sea 
(Vogler, per. comm.) and also worked well for 
our B. echinata. In the case of B. violaceus, we 
had to develop a species-specific primer by 
aligning the partial sequences of B. violaceus 
and other closely related species to identify 
regions in which the sequences were different, 
thereby eliminating the generation of COI 
sequences from contaminating organisms. 

Although our sample size was relatively small, 
our estimates of the number of haplotypes for 
B. schlosseri fall within the range of that 

published by López-Legentil et al. (2006) of 2-4 
population-1 based on larger sample sizes of 11-
25. In addition, they found three haplotypes from 
only four samples at Woods Hole, Massachu-
setts, U.S.A., as we did for B. schlosseri in 
Newfoundland (Table 2). The number of 
polymorphic sites found for B. schlosseri within 
Newfoundland (29) was much higher than the 
polymorphic sites in other three ascidians (0-2) 
from this study. However, they fall within the 
range of polymorphic sites for B. schlosseri (12-
89) reported by López-Legentil et al. (2006). 
High numbers of polymorphic sites have also 
been reported for other ascidian species (Turon 
et al. 2003; Tarjuelo et al. 2001; Lopez-Legentil 
and Turon 2005; Silva and Smith 2008) 
including the invasive ascidians Ciona 
intestinalis and C. savignyi from California 
(Dehal et al. 2002; Vinson et al. 2005). Silva and 
Smith (2008) reported recently that ten different 
ascidian species show substantially different 
levels of genetic polymorphism and exceptions 
to the assumption that invasive species start with 
a low level of genetic polymorphism that 
increases over time. 

In contrast to Botryllus schlosseri, the other 
non-indigenous ascidian, Botrylloides violaceus, 
showed only one haplotype within Newfound-
land and the NWA. These results are comparable 
to those of Dan Bock (pers. comm.), who also 
found very low haplotype and nucleotide 
diversity in B. violaceus. Within a total of 192 
samples from North America and Japan, there 
were only five haplotypes, and the individuals 
from the NWA all shared the same haplotypes 
(Dan Bock, pers. comm.).  

The BLAST results provided confirmation of 
our taxonomic identifications for three out of the 
four species that we studied. Since there were no 
other COI sequences available in GenBank for 
B. echinata, our sequences matched most closely 
with Microcosmus vulgaris, also in the Pyuridae 
family to which B. echinata belongs. The case 
for Botryllus violaceus was more complex. The 
most similar sequence to our samples of 
B. violaceus was Botryllus schlosseri, and the 
single GenBank entry for B. violaceus was 
slightly less homologous. Given this uncertainty, 
we sent a type specimen to an independent 
authority who confirmed B. violaceus (Gretchen 
Lambert, pers. comm.). 

We determined that the COI gene can be used 
to differentiate among indigenous and non-
indigenous ascidians species from Newfound-
land. However, levels of intraspecific similarity 
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were not the same for all four species. With the 
exception of B. schlosseri, intrapecific similarity 
was > 99 %. Although intraspecific variability 
was much higher in B. schlosseri compared to 
the other species, similarity within this species 
(87-95%) was still greater than all of the 
interspecific similarities, which were < 85 %. It 
will be important in future research to sequence 
more individuals from several Newfoundland 
populations to expand knowledge of haplotype 
diversity of populations of B. schlosseri and 
Botrylloides violaceus in Newfoundland. This 
question has important management impli-
cations, because regulation of invasion vectors is 
often the most effective way to control the 
spread of invasive marine invertebrates (Bax et 
al. 2003). Ascidians are difficult to identify with 
morphological methods, especially when they are 
in the egg, larval and juvenile stages of 
development (Darling and Blum 2007). 
Therefore, molecular methods for identifying 
ascidian gametes and early life stages are 
needed. This paper presents the preliminary work 
necessary to develop molecular markers for rapid 
identification of early life stages of these 
ascidians. 

Acknowledgements 

Many thanks to colleagues who helped with field 
collections; Christine Vickers; Philip Sargent, Bob 
O'Donnell, Renne Boland and Terri Wells. We would also 
like to thank Dr. Paul Snelgrove and Dr. David Innes for 
their help in reviewing previous versions of this manuscript. 
We would also like to thank the anonymous reviewers. This 
work was supported by the National Aquatic Invasive 
Species Monitoring and Research programme, Fisheries and 
Oceans Canada (CHM & DD) and by the Discovery Grant 
(NSERC) of DD. AC was partially supported by a School of 
Graduate Studies Fellowship from Memorial University. 

References 

Bax N, Williamson A, Aguero M, Gonzalez E, Geeves W 
(2003) Marine invasive alien species: A threat to global 
biodiversity. Marine Policy 27: 313-323, doi:10.1016/ 
S0308-597X(03)00041-1 

Berrill NJ (1950) The Tunicata, with an account of the British 
species. The Ray Society, London, England, 1-354 

Blum J, Chang AL, Liljesthröm M, Schenk ME, Steinberg 
MK, Ruiz GM (2007) The non-native solitary ascidian 
Ciona intestinalis (L.) depresses species richness. 
Journal of Experimental Marine Biology and Ecology 
342: 5-14, doi:10.1016/j.jembe.2006.10.010 

Campbell ML, Gould B, Hewitt CL (2007) Survey evaluations 
to assess marine bioinvasions. Marine Pollution Bulletin 
55: 360-378, doi:10.1016/j.marpolbul.2007.01.015 

Carver CE, Chrisholm A, Mallet AL (2003) Strategies to 
mitigate the impact of Ciona intestinalis (L.) biofouling 
in shellfish production. Journal of Shellfish Research 22: 
621-631 

Carver CE, Mallet AL, Vercaemer B (2006) Biological 
synopsis of the colonial tunicates, Botryllus schlosseri 
and Botrylloides violaceus. Canadian Manuscript Report 
of Fisheries and Aquatic Sciences No. 2747 

Darling JA, Blum MJ (2007) DNA-based methods for 
monitoring invasive species: a review and prospectus. 
Biological Invasions 9: 751-765, doi:10.1007/s10530-006-
9079-4 

Dehal P, Satou Y, Campbell RK, Chapman J, Degnan B, et al. 
(2002) The draft genome of Ciona intestinalis: insights 
into chordate and vertebrate origins. Science 298: 2157-
2167, doi:10.1126/science.1080049 

Dijkstra J, Harris J G, Westerman E (2007) Distribution and 
long-term temporal patterns of four invasive colonial 
ascidians in the Gulf of Maine. Journal of Experimental 
Marine Biology and Ecology 342: 61-68, doi:10.1016/ 
j.jembe.2006.10.015 

Folmer O, Black M, Hoeh W, Lutz R, Vrijenhoek R (1994) 
DNA primers for amplification of mitochondrial 
cytochrome c oxidase subunit I from diverse metazoan 
invertebrates. Molecular Marine Biology and 
Technology 3: 294-300 

Gould AA (1870) Report on the Invertebrata of 
Massachusetts. Wright & Potter, State Printers, Boston. 

Hajibabaei M, Singer GAC, Hebert PDN, Hickey DA (2007) 
DNA barcoding: how it complements taxonomy, 
molecular phylogenetics and population genetics. Trends 
in Genetics 23:167-239, doi:10.1016/j.tig.2007.02.001 

Hooper R (1975) Bonne Bay Marine Resources. An ecological 
and biological assessment. Manuscript Report Parks 
Canada Atlantic Regional Office. 295 pp 

Locke A, Hanson JM, Ellis KM, Thompson J, Rochette R 
(2007) Invasion of the southern Gulf of St. Lawrence by 
the clubbed tunicate (Styela clava Herdman): Potential 
mechanisms for invasions of Prince Edward Island 
estuaries. Journal of Experimental Marine Biology and 
Ecology 342: 69-77, doi:10.1016/j.jembe.2006.10.016 

López-Legentil S, Turon X (2005) How do morphoytpes and 
chemotypes relate to genotypes? The colonial ascidian 
Cystodytes (Ascidiacea: Polycitoridae). Zoologica 
Scripta 34: 3-14, doi:10.1111/j.1463-6409.2005.00167.x 

López-Legentil S, Turon X, Planes S (2006) Genetic structure 
of the star sea squirt, Botryllus schlosseri, introduced in 
southern European harbours. Molecular Ecology 15: 
3957-3967, doi:10.1111/j.1365-294X.2006.03087.x 

Muirhead JR, Gray DK, Kelly DW, Ellis SM, Heath DD, 
MacIsaac HJ (2008) Identifying the source of species 
invasions: sampling intensity vs. genetic diversity. 
Molecular Ecology 17: 1020-1035, doi:10.1111/j.1365-
294X.2008.03669.x 

Occhipinti-Ambrogi A, Galil B (2004) A uniform terminology 
on bioinvasions: a chimera or an operative tool? Marine 
Pollution Bulletin 49: 688-694, doi:10.1016/j.marpolbul. 
2004.08.011 

Pederson J (2005) Marine Invaders in the Northeast. MIT Sea 
Grant College Program #05-3, Cambridge, 
Massachusetts, 45 pp 

Pérez-Portela R, Bishop JDD, Davis AR, Turon X (2009) 
Phylogeny of the families Pyuridae and Styelidae 
(Stolidobranchiata, Ascidiacea) inferred from 
mitochondrial and nuclear DNA sequences. Molecular 
Phylogenetics and Evolution 50: 560-570, doi:10.1016/ 
j.ympev.2008.11.014  



Indigenous and non-indigenous ascidian tunicates of Newfoundland 

39 

Plough HH (1978) Sea squirts of the Atlantic Continental 
shelf from Maine to Texas. Johns Hopkins University 
Press, Maryland, USA, 118 pp 

Pollock LW (1997) A Practical Guide to the Marine Animals 
of Northeastern North America. Rutgers University 
Press, USA, 367 pp 

Ruiz GM, Fofonoff PW, Carlton JT (2000) Invasion of coastal 
marine communities in North America: apparent 
patterns, processes, and biases. Annual Review of 
Ecology and Systematics 31: 481-531, doi:10.1146/ 
annurev.ecolsys.31.1.481 

Silva N, Smith WC (2008) Inverse Correlation of Population 
Similarity and Introduction Date for Invasive Ascidians. 
PLoS ONE 3: 1-8, doi:10.1371/journal.pone.0002552 

Stachowicz JJ Terwin JR, Whitlach RB, Osman RW (2002) 
Linking climate change and biological invasions: Ocean 
warming facilitates non-indigenous species invasions. 
Proceedings of the National Academy of Science 99: 
15497-15500, doi:10.1073/pnas.242437499 

Tarjuelo I, Posada D, Crandall KA, Pascual M, Turon X 
(2001) Cryptic species of Clavelina (Ascidiacea) in two 
different habitats: harbours and rocky littoral zones in 
the north-western Mediterranean. Marine Biology 139: 
455-462, doi:10.1007/s002270100587 

 
 

Therriault TW, Herborg LM (2008a) A qualitative biological 
risk assessment for vase tunicate Ciona intestinalis in 
Canadian waters: Using expert knowledge. ICES Journal 
of Marine Science 65:781-787, doi:10.1093/icesjms/fsn059 

Therriault TW, Herborg LM (2008b) Predicting the potential 
distribution of the vase tunicate Ciona intestinalis in 
Canadian waters: Informing a risk assessment. ICES 
Journal of Marine Science 65: 788-794, doi:10.1093/ 
icesjms/fsn054 

Thompson JD, Higgins DG, Gibson TJ (1994) CLUSTAL W: 
improving the sensitivity of progressive multiple 
sequence alignment through sequence weighting, 
position-specific gap penalties and weight matrix choice. 
Nucleic Acids Research 22: 4673-4680, doi:10.1093/ 
nar/22.22.4673 

Turon X, Tarjuelo I, Duran S, Pascual M (2003) 
Characterizing invasion processes with genetic data: an 
Atlantic clade of Clavelina lepadiformits (Ascidiacea) 
introduced into Mediterranean harbours. Hydrobiologia 
503: 29-35, doi:10.1023/B:HYDR.0000008481.10705.c2 

Vinson JP, Jaffe DB, O’Neill K, Karlsson EK, Stange-
Thomann N, Anderson S, Mesirov JP, Satoh N, Satou Y, 
Nusbaum C, Birren B, Galagan JE Lander ES (2005) 
Assembly of polymorphic genomes: algorithms and 
application to Ciona savignyi. Genome Research 15: 
1127-1135, doi:10.1101/gr.3722605 

 
 


