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Abstract
In 2019 the first specimens of the European ascidian Ascidiella aspersa were
recorded at two southern California locations in and near Long Beach, the first
records for the NE Pacific. Subsequent surveys during 2020–2021 of numerous
sites have now recorded this species in nine locations from San Diego to Ventura.
The non-indigenous status of Ascidiella aspersa in southern California is now
considered Established, with populations reproductive and individuals of all sizes
present. An increase in abundance of A. aspersa in southern California with new
records in additional sites is predicted, with possible further northward movement.
Key words: invasive species, introductions, rapid assessment survey, marina, nonindigenous

Introduction
During the early 1990’s a number of newly introduced non-native ascidians
were observed in southern California harbors and marinas, leading to
extended surveys of numerous sites between San Diego and Santa Barbara
between 1994–2000 (Lambert and Lambert 1998, 2003; Cohen et al. 2005;
Lambert 2007, 2009). These harbors had long been recognized as fostering
the successful survival of non-indigenous ascidian species especially on
man-made surfaces (Ritter and Forsyth 1917; Van Name 1945).
Ascidiella aspersa (Müller, 1776) is native to the NE Atlantic (Berrill
1928, 1950; Thompson 1933; Millar 1966, 1970), and these same early
records included locations in the northern Mediterranean. The species has
been introduced into many regions of the world, most likely by shipping
(Carlton 2003), including Australia (Hewitt et al. 2004; Sams and Keough
2007), New Zealand (Brewin 1946; Brine et al. 2013), South Africa (Rius et
al. 2010), Japan (Kanamori et al. 2017; Nishikawa et al. 2019 for review),
Korea (Park et al. 2017), India (Nagabhushanam and Krishnamoorthy 1992),
Argentina (Tatián et al. 2010; Lazari et al. 2018), Iceland (Ramos-Esplá et
al. 2020), the NW Atlantic including the U.S. (Osman and Whitlatch 1996;
Stachowicz et al. 2002; Carlton 2003) and Canada (Moore et al. 2014; Lowen
and DeBacco 2017; Ma et al. 2019). The species was not mentioned by Van
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Figure 1. Southern California coastline showing locations of incidence of Ascidiella aspersa.
Length of N arrow represents 72 km.

Name (1945) but has been common in New England since approximately
1985 though probably earlier than that date (Carlton 2000, 2003 and pers.
comm. 11/16/2021), yet was first recorded in eastern Canada only in 2012
(Moore et al. 2014).
Molecular sequences obtained during this study were compared with
published sequences (Pyo et al. 2012; Nishikawa et al. 2014; López-Legentil
et al. 2015; Couton et al. 2019; LeBlanc et al. 2020; Shito et al. 2020) as well
as unpublished sequences; see Supplementary material Table S1.

Materials and methods
Sample collection
Survey techniques followed Lambert and Lambert (1998, 2003) and included
examination of ropes and floating docks from various parts of each marina
sampled; see Figure 1 and Table S2 for locations and dates surveyed including
those where samples were preserved in 95% ethanol for barcode sequencing
of the mitochondrial cytochrome oxidase 1 (mtCO1) gene. Abundance was
determined subjectively based on the number of individuals observed: (1) rare:
one or a few specimens observed; (2) common: frequently observed but not
overly abundant; and (3) abundant: occurring frequently and in great
numbers. Specimens for morphological examination were relaxed in menthol
and preserved in 10% seawater formalin. Specimens from Newmark’s
Yacht Center in Wilmington, CA were examined live in the laboratory not
only for morphological identification but also the floating oocytes were
removed from the oviduct, a trait present only in live animals.
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DNA extraction and amplification
Genomic DNA was extracted from siphonal tissue using the Nucleospin
Tissue Kit (Macherey Nagel). PCR amplification was performed using either
OneTaq DNA Polymerase (New England Biolabs) or Phusion High-Fidelity
DNA Polymerase (New England Biolabs). OneTaq reactions were as follows:
20.0 µl total reaction volume with 18.0 µl H20, 2.0 mM MgCl2, 0.2 mM
dNTPs, 2.0 µl of 10X buffer, 0.2 mM of each primer, 0.16 U of OneTaq,
and 2.0 µl template DNA. Phusion reactions were as follows: 20.0 µl total
reaction volume with 18.0 µl H20, 4.0 µl HF buffer, 0.2 mM dNTPs, 0.6 µl
of 100% DMSO, 0.2 U of Phusion, and 2.0 µl template DNA.
Each DNA sample was amplified with one of the following PCR primer
pairs: Tun_forward/Tun_reverse2 (Stefaniak et al. 2009), LCO1490/HCO2198
(Folmer et al. 1994), dinF/Nux1R (Brunetti et al. 2017), and/or cat1F/ux1R
(Salonna et al. 2021; Iannelli et al. 2007). Tun primers were only used with
OneTaq polymerase, following this protocol: 94 °C for 1 min, 60x (94 °C for
10 sec, 50 °C for 30 sec, 72 °C for 50 sec), 72 °C for 10 min. Folmer primers
were only used with Phusion polymerase, following this protocol: 98 °C for
30 sec, 35x (98 °C for 10 sec, 48 °C for 30 sec, 72 °C for 30 sec), 72 °C for 5 min.
dinF/Nux1R and cat1F/ux1R were only used with Phusion polymerase,
following this protocol: 98 °C for 30 sec, 35x (98 °C for 10 sec, 46 °C for 30 sec,
72 °C for 30 sec), 72 °C for 5 min. cat1F/ux1R are primers nested in the
PCR products obtained with dinF/Nux1R: 1:100 dilution of dinF/Nux1R
products were used as templates for cat1F/ux1R (Salonna et al. 2021).
PCR products were incubated with 1.0 µl each of Exonuclease I (New
England Biolabs) and Antarctic Phosphatase (New England Biolabs) at 37 °C
for 1 hour, followed by 90 °C for 10 min. The PCR products were Sanger
sequenced in both directions at Eurofins Genomics (Louisville, KY) using
industry standard protocols. Forward and reverse sequences were edited
and combined into a consensus sequence using Codon Code Aligner (Codon
Code Corporation). Consensus sequences are available on Genbank (Accession
Numbers are listed in Table S2).

Phylogenetic and population genetic analysis of A. aspersa
The best model of nucleotide substitution was identified in MEGA X
(Kumar et al. 2018) as GTR+G+I using AIC model selection. A Maximum
Likelihood phylogenetic tree was constructed with the above sequences using
RAxML HPC BlackBox (Stamatakis 2014) on CIPRES (Cyberinfrastructure
for Phylogenic Research) Science Gateway v. 3.3 (Miller et al. 2010). 1,000
bootstrap replicates were used to assess confidence in the nodes.
All sequences ≥ 99% identical to any of the sequences generated in this
study were then obtained from GenBank. Because GenBank sequences can
be misidentified, we only used GenBank identifications in which the
submitting author had independently verified the identification using
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morphological characters. GenBank sequences were aligned with our
sequences from California. To visualize the geographic relationships of
Ascidiella aspersa sequences from GenBank and this study, a median
joining network was produced using PopART 1.7 (Population Analysis
with Reticulate Trees) (Leigh and Bryant 2015). The geographic origins of
sequences from GenBank are listed in Table S1.
Nucleotide diversity per site (π) and haplotype diversity (Hd) for each
population with ≥ 10 sequences, and number of haplotypes for all populations,
were calculated in DnaSP 6.12.03 (Rozas et al. 2017). The five populations
are LA/Long Beach Harbor, CA, USA; Hokkaido, Japan; Plymouth, UK;
Vilanova, Spain; Arenys de Mar, Spain.

Results
Morphology of live specimens
Morphological identification of the specimens as Ascidiella aspersa was
determined by comparison with published descriptions (Thompson 1933;
Berrill 1950; Millar 1966, 1970; Kott 1985; Nagabhushanam and
Krishnamoorthy 1992; Pyo et al. 2012; Ma et al. 2019; Nishikawa et al. 2019).
All of the specimens examined were 100% identical with those descriptions.
The largest specimens were 5.5 cm in length, about 2.5 cm wide at the base
of the siphons (Figure 2). Oral siphon terminal, with 7–8 lobes; atrial
siphon six-lobed, a short distance behind the oral siphon but always in the
anterior one third of the overall length. Tunic thick, soft, sparsely papillated.
Both siphons with faint pink striping and a thin red line around the rim
visible only when both siphons fully open. Internally, largest specimens with
about 19 white oral tentacles well separated from each other, both horns of
dorsal tubercle somewhat inrolled (Figure 2H). Longitudinal branchial
vessels much more numerous than oral tentacles, no branchial papillae at
junction of longitudinal and horizontal branchial vessels (Figure 2F–G).
Most live animals had a full oviduct. Oocytes measured on average about
308 µm in total diameter (Figure 3), with an average egg diameter of about
185 µm surrounded by large tightly packed follicle cells about 61.6 µm in
height. In live specimens the oocytes float due to the large follicle cells;
after preservation in either ethanol or formalin most of the follicle cells fall
off, thus making it impossible to confirm this very important speciesspecific character. In live specimens there is swelling after spawning of the
oocyte vitelline coat, increasing the perivitelline space, a phenomenon that
occurs in all ascidian eggs (Lambert and Koch 1988). Some swelling also
occurs in the follicle cells, especially the large ones in A. aspersa. Published
sizes are somewhat smaller than reported here (Berrill 1950; Kott 1985),
indicating that the measurements may have been made using preserved
specimens.
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Figure 2. Photos of live Ascidiella aspersa. A: whole animal in tunic, 5.5 cm in length including siphons. B: enlargement of atrial
siphon of same animal. C: specimen in A removed from tunic, 3.8 cm in length. D: right side of same specimen showing muscle
pattern. E: left side of different specimen similar in size to A, out of tunic, showing renal vesicles and genital ducts. F: part of
branchial sac, dorsal lamina on the left, showing lack of branchial papillae. G: enlargement of portion of F, lightly stained with
toluidine blue.; scale bar = 0.29 mm. H: dorsal tubercle, slightly inrolled, at base of oral tentacles. Photographs by Gretchen Lambert.
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Figure 3. Live oocytes of Ascidiella aspersa dissected from oviduct, photographed with two different illuminations. Total
diameter about 308 µm including the large outer follicle cells. B is a slightly higher enlargement than A. Photomicrographs by
Gretchen Lambert.
Table 1. Genetic diversity in Ascidiella aspersa populations. Haplotype diversity and nucleotide diversity per site values have
measures of error (standard deviation).
Population
LA/Long Beach Harbor, CA, USA
Hokkaido, Japan
Plymouth, UK
Vilanova, Spain
Arenys de Mar, Spain

Number of
sequences
12
8
12
11
11

Number of
haplotypes
8
4
3
7
8

Haplotype
Diversity
0.85 ± 0.1
0.75 ± 0.14
0.47 ± 0.16
0.91 ± 0.07
0.93 ± 0.07

Nucleotide Diversity
per site
0.01 ± 0.005
0.003 ± 0.0006
0.002 ± 0.0007
0.004 ± 0.0006
0.004 ± 0.0009

Genetic diversity and phylogenetic relationships
Seventy-eight mtCO1 sequences of Ascidiella aspersa were obtained in total,
52 from Europe, 10 from Japan, 12 from California, one from Maine, one
from Nova Scotia, and two from Korea. Fifteen haplotypes were recovered
from the 78 sequences, and are listed in Table S2 (for sequences generated
in this study), or Table S1 (for sequences obtained from GenBank). The
number of sequences, number of haplotypes, haplotype diversity, and
nucleotide diversity per site for five populations are presented in Table 1.
The California population (LA/Long Beach Harbor) was on the higher end
of the haplotype diversities (0.85 ± 0.1), and had higher nucleotide
diversity per site (0.01 ± 0.005) than any of the other populations.
The Maximum Likelihood phylogram shows Ascidiella aspersa from
California as a well-supported clade, genetically distinct and divergent from
the outgroup, Ascidia ceratodes (Figure 4). One sample, from Long Beach,
CA (MZ782798), was an outgroup to the rest of the Ascidiella aspersa
sequences. This sample is Haplotype N in the median joining network,
which also includes a sample from San Pedro, CA whose sequence was too
short to include in the phylogenetic tree (MW872314), and a sequence
from Niigata Prefecture, Japan (LC547006.1) (Figure 5). Haplotype O, found
Nydam et al. (2022), BioInvasions Records 11(2): 416–427, https://doi.org/10.3391/bir.2022.11.2.15
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Figure 4. Maximum Likelihood phylogram of Ascidiella aspersa sequences generated in this
study. All nodes with < 75% bootstrap support were collapsed. The scale bar represents
substitution per site. Outgroup sequences are Ascidia ceratodes.

Figure 5. Median Joining Network of Ascidiella aspersa mtCO1 sequences obtained in this
study and available on GenBank. The size of the circle represents the frequency of the haplotype,
and the colors correspond to geographic regions: Orange = Europe, Yellow = Japan, Purple =
California, Blue = Maine and Nova Scotia, Pink = Korea. Each hash mark represents one mutation.

in Korea only, is one mutation away from Haplotype N. Haplotype N and
O are connected to Haplotype L by 10 mutations. Haplotype L is the most
geographically diverse haplotype, including samples from all locations
except for Korea. It should be noted, however, that there are only two
A. aspersa mtCO1 sequences on GenBank from Korea. Haplotypes A, E and
K are majority European, but are also found in Japan. Haplotype A, the most
common haplotype, is also found in California. Haplotype E is connected
to Haplotypes A, F, G, H, I, J and K by only one mutation; five of these
haplotypes are rare, containing one or two sequences. Haplotype A is
connected to Haplotype B, a Korea-specific haplotype, by only one mutation.
Nydam et al. (2022), BioInvasions Records 11(2): 416–427, https://doi.org/10.3391/bir.2022.11.2.15
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Discussion
Various taxonomists prior to the 1970’s noted that Ascidiella aspersa was
confined to Europe and the northern Mediterranean (Berrill 1928, 1950;
Thompson 1933; Millar 1966, 1970). However, Brewin (1946) reported its
appearance in New Zealand in the 1940’s which she attributed to
anthropogenic transport due to shipping. Kott (1985) recorded A. aspersa
at various widely separated locations in Australia as far back as 1952.
Tatián et al. (2010) discovered that A. aspersa was actually first found in
Argentina in the early 1960’s based on examination of numerous museum
specimens. Nishikawa et al. (2019) gave the first Japan record as 2007 and
suggested it might have invaded from South Korea.
The coastlines of the U.S. have been well sampled for many decades.
Thus the first U.S. occurrence of A. aspersa in New England in the 1980’s
(Altman and Whitlatch 2007; JT Carlton pers. comm.) is likely accurate; it
is missing from Van Name (1945) and Plough (1978). Surprisingly, the
first eastern Canada record is 2012 from Nova Scotia (Moore et al. 2014;
Ma et al. 2019). This is the first record of A. aspersa in the NE Pacific even
though the coastal ascidians especially of California are well known (Van
Name 1945; Lambert and Lambert 1998, 2003; Cohen et al. 2005; Abbott et
al. 2007; Tracy and Reyns 2014).
The median joining network of A. aspersa mtCO1 sequences provides
some clues as to the origins and dispersal of this species, although the
network does not represent thorough sampling across the entire range. The
divergence between Haplotypes N/O and Haplotype L, and between
Haplotypes E and J, is an indication that the sequences on GenBank
represent an incomplete sampling of this species. This species likely
originated in Europe, with populations subsequently establishing in Japan,
California, and the East Coast of the United States and Canada. There was
likely more than one haplotype that left Europe to establish populations in
new geographic regions, as Haplotypes A, E, K and L are all found in
Europe and at least one other region. The California samples may also have
multiple origins, as California Haplotype A is also found in Europe and
Japan, California Haplotype L is also found in Europe, Japan, Maine and
Nova Scotia, and California Haplotype N is also found in Japan. The
locations of the two Korean samples on the edges of the network, connected
to haplotypes from Japan that are closer to the center of the network,
indicates that the species spread from Japan to Korea. This is counter to
the pathway suggested by Nishikawa et al. (2019). However, confirmation
of the invasion pathways within Asia will require additional sampling in
Korean waters.
Lynch et al. (2016) studied the biology of A. aspersa in its native region
to understand why it has become such a successful invader worldwide. Many
of its significant environmental adaptabilities are common to a number of
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other successful invasive ascidians (Lambert 2005). It is highly tolerant of
variations in salinity and temperature, and tends to occur in large dense
clumps indicating that the tadpole larvae may prefer to settle on the tunic
of adults. A long reproductive season, and often year-round reproduction,
are common in highly successful introduced ascidians, and growth rate is
high, leading to rapid attainment of sexual maturity often in just a few
weeks after settlement. Global warming has resulted in new invasions in
such places as Iceland, where the first record was in 2018 (Ramos-Esplá et
al. 2020).
Ascidiella aspersa is a free-spawning species unusual in having large
floating oocytes. No Ascidia spp. have floating eggs, nor do any other
Ascidiella spp. Corella inflata Huntsman, 1912 also has large floating
oocytes, but they are fertilized and retained until after hatching in a brood
chamber formed by an enlargement of the atrial chamber (Lambert et al.
1981). Flotation of the oocytes in C. inflata is due to ammonium ions in the
large follicle cells (Lambert and Lambert 1978). The mechanism for egg
flotation in A. aspersa has not been studied. But since the gametes are freespawned from large tightly-packed populations of large individuals,
fertilization is likely very high, and dispersal is greatly facilitated and
enhanced by the floating eggs and embryos.
The non-indigenous status of Ascidiella aspersa in southern California is
now considered established, with populations reproductive and individuals
of all sizes present. An increase in abundance of A. aspersa in southern
California with new records at additional sites is predicted, with possible
further spread northward as has been observed for other species (Wasson
et al. 2001; Moore et al. 2014; Lowen and DeBacco 2017; Tracy et al. 2017;
Ma et al. 2019). Periodic monitoring will remain important, especially in
the San Francisco Bay area.
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