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The colonial tunicate Botryllus schlosseri is a globally distributed, invasive ascidian that has colonized the
Californian coasts of the USA during the mid-late 1940s and has, since the late 1980s, spread north to
Washington. This study analyzes the population genetic characteristics of transient populations residing
at the Elkhorn Yacht-Club (EYC), in central California (seven sessions, 1996–2008), which suffered peri-
odic catastrophes caused by episodic fresh-water floods and a single sampling session (in the year 2001)
of five West-Coast populations using the mtDNA COI gene and five microsatellite markers. EYC
microsatellite results were further compared with the closely situated but persistent population of the
Santa Cruz Harbor (SCH) to understand the impact on EYC population regeneration processes after the
2005-flood catastrophe. All microsatellites were highly polymorphic, revealing a large number of unique
alleles at different sampling dates. Whereas pairwise h did not reveal significant differences between the
EYC time-series samplings, the overall h was significant, as it was between all the 2001 West Coast pop-
ulations. The most likely cluster number was 3 for the EYC samples whereas two K values were obtained
(2 and 5) for the 2001 samples. Tajima’s D and Fu’s/Fs tests did not reject the null hypothesis for COI neu-
tral evolution, except for in the EYC-2000, 2007 and two 2001 samplings. The wide geographical range of
the analyses has indicated that following the EYC 2005-flood catastrophe, newcomers could have origi-
nated from neighboring populations, from deep-water colonies that may have escaped the 2005 low
salinity event, or less expectedly, from far away West-Coast populations, while revealing that the SCH
population is the most probable source for the EYC population.

� 2016 Elsevier Inc. All rights reserved.
1. Introduction expansion of B. schlosseri colonies worldwide into so many
The colonial tunicate Botryllus schlosseri is a globally distributed
ascidian, a common member of shallow water (<200 m depth),
marine hard-bottom sessile assemblages in the northern and
southern hemispheres (Ruiz et al., 2000; Lambert, 2001; Stoner
et al., 2002; Paz et al., 2003; Ben-Shlomo et al., 2006, 2010; Bock
et al., 2012; Reem et al., 2013a, 2013b). In the wild, adults settle
on natural and manmade structures (primarily in marinas and har-
bors), on/under stones, on algae and seaweed, floats, dock pilings,
ships’ hulls and other artificial substrata. The planktonic phase of
B. schlosseri larvae is highly restricted (<1 h), and therefore the
poorly swimming larvae settle in close proximity to their parental
colonies (Grosberg, 1987; Rinkevich andWeissman, 1987), limiting
population dispersal to local sites. Therefore, the extensive
disparate temperate and sub-tropical marine habitats has been
based on the ability of adult colonies to withstand long journeys
via attachment to moving substrates such as ship hulls, floating
objects and the surfaces of commercially important organisms,
mainly crabs and oysters, that are transported across oceans
(Paz et al., 2003; Bernier et al., 2009).

B. schlosseri colonies are found in all of the Mediterranean Sea as
well as in European waters, extending as far north as Norway, and
also are distributed throughout Asia (Korea, Japan, Hong Kong and
India), Australia, Tasmania, New Zealand, South Africa, and the east
and West Coasts of Northern and Southern America (Ruiz et al.,
2000; Stoner et al., 2002; Paz et al., 2003; Ben-Shlomo et al.,
2006, 2008, 2010; Reem et al., 2013a, 2013b). While the USA east
coast populations originated from ancient Mediterranean/Atlantic
introductions (the first Massachusetts records date back to 1841;
Ruiz et al., 2000), the first USA West Coast introductions were
recorded in central California during the mid-to-late 1940s (USA
Navy, 1951; Kozloff, 1975), presumably originating from Western
Pacific populations (Lejeusne et al., 2011).
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Under natural conditions, B. schlosseri colonies are short-lived
organisms, with a seasonally dependent life-span of 82–247 days
recorded for the USA West Coast populations (Chadwick-Furman
and Weissman, 1995), a significantly reduced life expectancy com-
pared to laboratory maintained genotypes, some of which exhib-
ited extended life-spans of 7–13 years (Rinkevich and Shapira,
1998; Rinkevich et al., 2013). As B. schlosseri populations typically
produce about five generations/year (Chadwick-Furman and
Weissman, 1995), in the decades since the tunicate’s introduction
to the coastal sites of central California it has reproduced hundreds
of successive sexual generations, underlying the successful estab-
lishment of an invasive species with populations in equilibrium
(Reem et al., 2013a). B. schlosseri colonies from Monterey Bay, cen-
tral California, attain sexual maturity within 49 days following set-
tlement, and achieve colonial sizes of up to 1400 zooids within
69 days (Chadwick-Furman and Weissman, 1995), all attesting to
the potential rapid turnover in population genetic characteristics
during the seven decades since its arrival in central California.

While the literature assesses at length numerous cases of pop-
ulation genetic structures in marine organisms over assorted geo-
graphic scales, an insufficient number of studies endeavor to
evaluate population genetics’ alternations within a single natural
population over an extended scale of generations (e.g., Pérez-
Portela et al., 2012; Reem et al., 2013a). Recently, Reem et al.
(2013a) have studied a single, relatively isolated population of
B. schlosseri from the central Californian coast (Santa Cruz Harbor;
SCH) that was sampled over a period of 13 years (nine session,
1995–2008). Alleles found at five microsatellite loci revealed that
the SCH B. schlosseri population had been exposed to a low fre-
quency of repeated invasions for prolonged periods, supporting
the notion of relative genetic isolation, and had been influenced
by genetic drift and high mutation rates, causing the appearance
of numerous newly added microsatellite alleles and the loss of
established alleles (Reem et al., 2013a). This status for population
genetic structures is not ubiquitous to the tunicates as revealed
for some pelagic tunicates (Lavaniegos and Ohman, 2003).

The Elkhorn Yacht Club (EYC) harbor lies about 27 km south-east
of SCH, near the openings of Elkhorn Slough (the second largest
marine wetland in California), Moro Cojo Slough and the Salinas
River, and is thus subjected to episodic freshwater flooding events
that occur once every several years (CalAm Coastal Water Project
Final Environmental Impact Report; http://www.water.ca.gov/
sfmp/resources/Attachment_C_History_Appendices_A-F.pdf). More
severe than usual, these floods caused the complete eradication of
the shallow water marine assemblages (including all botryllid
ascidians) in the area for several months, until the marine biota
reestablished itself over the following spring–summer months (BR
pers.-observ., Fig. S1). These EYC environmental conditions enabled
us to compare the temporal genetic structure dynamics of this tran-
sient B. schlosseripopulationwith the geographically adjacent stable
population from the Santa Cruz harbor (Reem et al., 2013a), and
with other USA West-Coast populations as well. Thus, the genetic
structures, possible genetic drifts, mutation rates and gene flow of
the EYC populations are evaluated in this manuscript, following
seven sampling sessions (between 1996 and 2008). Using
5 microsatellite markers as well as mitochondrial COI gene
sequences, we also aim to define historic gene flow. Identification
of past population dynamics may help understand the influences
and risks of future species expansions, as of invasive potential.

2. Materials and methods

2.1. Location

The EYC area (36�4804900N–121�4701300W; Fig. 1) is connected to
the Elkhorn Slough coastal estuary, an estuary drains into the
Pacific Ocean through the Moss Landing Harbor Channel (http://
www.montereybay.com/creagrus/elkhornslough.html). Once
every few years, during wintertime, the EYC area undergoes major
freshwater flooding catastrophes from one or more sources (Elk-
horn Slough, Moro Cojo Slough, and/or Old Salinas River), which
eradicate the marine biota in EYC. According to the Californian
flood history reports (http://www.water.ca.gov/sfmp/resources/
Attachment_C_History_Appendices_A-F.pdf; Fig. S1), the area
experienced several major flooding catastrophes during 1996–
2008 (Table S1).). One of the significant events throughout the
studied period occurred during the winter of 2005 (http://met.
nps.edu/~ldm/renard_wx/; the highest precipitation levels
recorded for the period of 1996–2008), during which B. schlosseri
colonies were not found in EYC (along with other marine organ-
isms) due to the resulting prolonged period of low salinity
(http://www.water.ca.gov/sfmp/resources/Attachment_C_History_
Appendices_A-F.pdf).

2.2. Collection and preparation of genetic material

Colonies of B. schlosseri were collected from artificial objects
(e.g., ropes, floats and buoys) and partly submerged floating docks,
located 0.1–2.5 m below surface seawater. Six sampling sessions
were performed, in 1996 (n = 8), 1999 (n = 22), 2000 (n = 30),
2001 (n = 22), 2007 (n = 24) and 2008 (n = 20) during the month
of January, and an additional, single session was performed during
November 1996 (n = 15), on B. schlosseri colonies situated at least
1 m apart, minimizing the chances of collecting kin colonies that
may be identical by descent (Grosberg, 1987). In addition, colonial
sampling was performed during January 2001 in five other USA
West Coast populations, along more than 1520 km, including two
marinas in the Seattle area, WA; the Shilshola Bay Marina (SM,
n = 28) and the Des Moins Marina (DMM, n = 28; >1180 km north
to EYC). Three sites were in California; the Santa Barbara Marina
(SBM, n = 26; 334 km south of EYC), the Half Moon Bay Marina
(HMBM, n = 20; 99 km north of EYC) and the Monterey Marina
(MM, n = 22; 25 km south of EYC; Fig. 1). In total, 265 whole colo-
nies or colonial fragments were removed from their substrates, and
DNA extractions were carried out according to Paz et al. (2003).
The vials were shipped to the National Institute of Oceanography,
Israel, for further analysis.

2.3. Genotyping and sequencing

Microsatellites – Five B. schlosseri microsatellites, PBC-1, PB-29,
PB-41, PB-49 (Stoner et al., 1997) and BS-811 (Pancer et al.,
1994), were amplified using a polymerase chain reaction (PCR)
with specific fluorescent primers (Agentech), following Reem
et al. (2013a). Fragments were analyzed using an ABI-PRISM 310
sequencer with a 0.3 ll LIZ 500 size standard (Applied Biosystems,
Foster City, CA) per well. Genotyping was carried out with the
Genotyper software (Applied Biosystems, Foster City, CA).

mtDNA – The B. schlosseri cytochrome oxidase I (COI) gene
(�700 bp) was amplified following Folmer et al. (1994;
HCO2198-R, LCO1490-F, 5) in all the collected colonies (12 sam-
pling sessions, 265 DNA samples). Sequencing was performed by
Macrogen Inc. (Seoul, South Korea) on both forward and reverse
directions.

2.4. Statistical analyses

Microsatellites – Analyses were performed on all yearly EYC
samples and compared to the other West Coast USA samplings.
Expected and observed heterozygosity (He, Ho), pairwise and over-
all genetic differentiation (h, Weir and Cockerham, 1984) among
EYC samplings/West Coast populations and their significance tests
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Fig. 1. B. schlosseri sampling locations along the USA West Coast; the Elkhorn Yacht Club (EYC-CA), the Shilshole Bay Marina (SM-WA), the Des Moines Marina (DMM-WA),
the Santa Barbara Marina (SBM-CA), the Half Moon Bay Marina (HMBM-CA), the Monterey Marina (MM-CA). Right map: a/the detailed EYC location.
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(10.000 permutation), linkage disequilibrium (Weir, 1979), popu-
lation migration rates (pairwise Nm values) along with observed
(Ho) and expected (He) (unbiased) heterozygosity and Nei’s genetic
distance (Nei, 1978) were calculated using GENETIX v.4.05 (Belkhir
et al., 1996).

Pairwise and overall GST (a measure of genetic differentiation
among subdivided populations for multiple alleles; Nei, 1973)
and Dest (an estimator of actual differentiation; Jost, 2008) values
were calculated by performing 9999 permutations for the EYC
samplings and also for each population-locus combination; the
number of different alleles (Na), of effective alleles (Ne) and of pri-
vate alleles was calculated using GenAlEx 6.5 (Peakall and Smouse,
2012). Allelic richness (AR) and the inbreeding coefficient (FIS; Weir
and Cockerham, 1984) were estimated using FSTAT v.2.9.3
(Goudet, 1995). HP-Rare v.1.1 (Kalinowski, 2004, 2005) was used
to calculate private allelic richness for each locus. The presence
and frequency of null alleles was tested using the algorithm of
Dempster et al. (1977), implemented in FreeNA (Chapuis and
Estoup, 2007). The null hypothesis of the Hardy–Weinberg equilib-
rium at a locus was tested using the GENEPOP version 4.1.1
(Rousset, 2008). The analysis of the genetic relationships between
the samples was estimated by Principle Component Analysis (PCA;
Pearson, 1901) using PCA-GEN v.1.2. (Goudet, 1999).

The Bayesian structure analysis was run using STRUCTURE 2.1
(Pritchard et al., 2000). The number of populations assumed by
STRUCTURE is K, each of which is in the Hardy–Weinberg and link-
age equilibrium. Ten replicate simulations were run for each prior
value of K. K was allowed to range from 1 to 10, using 30.000 burn-
in repetitions and a final run of 106 Markov-chain-Monte-Carlo
steps under an admixture model with independent allele frequen-
cies. The most likely value for Kwas estimated with Evanno’s Delta
K method (Evanno et al., 2005) using the STRUCTURE HARVESTER
(Earl and VonHoldt, 2012). CLUMPP software (Jakobsson and
Rosenberg, 2007) was used to align the repetitions for each K. Man-
tel’s (Mantel, 1967) statistic test was employed to understand the
relationship between geographic distance and genetic divergence
using the ARLEQUIN 3.11 (Excoffier et al., 2005).

Two time series samples data analysis: SCH (based on Reem et al.,
2013a Appendix Table 4) and EYC – The Principle Component Anal-
ysis (PCA; Pearson, 1901) and the Agglomerative Hierarchical Clus-
tering analysis (AHC; Ward, 1963) were performed using Euclidian
distance by XLSTAT (AddinsoftTM XLSTAT v. 2013.6.01, Paris, France,
2014) in order to observe any dissimilarity between the SCH and
EYC time series samples.

mtDNA – For COI gene analyses, DNA sequences were aligned
in the BIOEDIT version 7.0.9.0 (Hall, 1999) software. Good quality
239 sequences were used for a/the NBLAST analysis (http://blast.
ncbi.nlm.nih.gov/Blast.cgi) for identified organisms already found
in the Gene bank, and further confirmed by performing a compar-
ison to the BOLD (http://v2.boldsystems.org/views/login.php)
database. Pairwise and overall genetic distances (h, Weir and
Cockerham, 1984) among EYC samplings/West Coast populations
and their significance test were calculated by performing 10.000
permutations of the dataset using ARLEQUIN 3.11 (Excoffier
et al., 2005).

Demographic history and neutrality tests – All analyses were per-
formed using the DNAsp version 5.0 software (Rozas and Rozas,
1999; Rozas et al., 2003). The number of polymorphic sites (Np),
the number of haplotypes (Nh), nucleotide diversity (Pi), haplotype
diversity (Hd) and the gene flow parameter (Nm) between the time
series EYC samples were estimated (Nei, 1973). The signatures of
population demographic changes in all samplings/populations
was investigated with a test of neutrality, Tajima’s D-test
(Tajima, 1989, using 1000 simulated samples), and compared with
Fu and Li’s D⁄ and F⁄ (Fu and Li, 1993) test (1000 simulations), fur-
ther considered as a more sensitive metric (Fu, 1997). The distribu-
tion of pairwise nucleotide differences (mismatch distribution) of
the EYC samples was calculated as an additional test for demo-
graphic expansion, using the Raggedness Index (r; Harpending,
1994).
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COI based phylogeographic analyses – The phylogeographic rela-
tionships between haplotypes were estimated using the median
joining algorithm with default settings for constructing the net-
work (weight = 10 e = 0) in the program NETWORK version
4.6.1.2. (Bandelt et al., 1999) and visualized with the Network Pub-
lisher (Fluxus Engineering, Clare, UK). The rho (q) estimator
(Forster et al., 1996; Saillard et al., 2000) was used to date the hap-
lotype cluster. The average number of mutations separating ances-
tral and descendent haplotypes was used to estimate the
divergence time. The standard deviation sigma (SDs) and the stan-
dard deviation in a year (SDy) were also calculated. All were done
using default NETWORK program parameters.

The Bayesian analysis was conducted using MrBayes v.3.21
(Ronquist and Huelsenbeck, 2003). Two independent runs were
carried out with Monte-Carlo Markov Chains for 20 million gener-
ations, started from a random tree and sampled every 2.000 gener-
ations. The convergence of the analyses was validated by the
standard deviation of split frequencies (<0.01) and by monitoring
the likelihood values over time using TRACER v1.5 (http://beast.
bio.ed.ac.uk/Tracer). The final models were visualized with FIG-
TREE v.1.3.1 (http://tree.bio.ed.ac.uk/software/figtree) and by
default the initial 25% of all sampled trees were discarded.
3. Results

3.1. Microsatellites

The summarized statistics of 141 EYC (1996–2008, seven sam-
plings) and 124 (six populations, year 2001) Californian/Seattle B.
schlosseri colonies are given in Table 1. All five microsatellite loci
were highly polymorphic. Locus BS-811 has emerged as the most
polymorphic, with 55 alleles (consistent with results obtained
from other B. schlosseri populations worldwide; Paz et al., 2003;
Ben-Shlomo et al., 2006, 2010; Reem et al., 2013a, 2013b), while
PBC-1, PB-29, PB-41 and PB-49 revealed in total 17, 8, 15 and 7
alleles, respectively, altogether presenting 113 scored alleles for
all regions and samplings (Table 1, raw data is given in Appendix
B).

No significant linkage genotypic disequilibrium was found
between all pairs of the 5 microsatellite loci used (Bonferroni’s cor-
rection, P-value = 0.01).
3.1.1. EYC time series samples (1996–2008)
3.1.1.1. Allelic structures. Allelic scores for seven samplings on loci
PBC-1, PB-29, PB-41, PB-49 and BS-811 were 13, 5, 13, 13 and 36
respectively; minimum allelic richness was recorded in the
01/1996 sample, with 5, 4, 4, 5 and 3 alleles, respectively, and max-
imal allele numbers were obtained in the year 2007 with 8, 4, 7, 12
and 15 alleles, respectively. Locus BS-811 exhibited high FIS and
null allele (rP 0.2) values at all samplings/populations, except
for EYC-01/1996. The high FIS values were also observed at locus
PB-41 at all EYC samplings (except 01/1996 and 11/1996) and at
locus PB-49 during 2000 and 2007.

The most common microsatellite alleles (Fig. 2), while being
prominent throughout the entire seven sampling session, fluctu-
ated between the different sampling dates, particularly in PBC-1
and BS-811. The highest frequency of the most common allele at
locus PBC-1 (202 bp) was 0.615 in 11/1996; 0.583 for allele
157 bp at locus PB-29 (year 2007); 0.571 for allele 175 bp at locus
PB-41 during 01/1996 and 11/1996; 0.500 for allele 231 bp at locus
PB-49 (01/1996) and 0.286 (274 bp) for BS-811 during 01/1996
(Fig. 2). The frequency of the most common allele in locus BS-
811 (274 bp) was reduced gradually, from 0.286 to 0.021 between
01/1996 and 2007, and then it increased within the following
12 months, up to 0.111 in 2008.
The highest number of alleles at the EYC site (n = 46) was
observed in the 2007 samplings, whereas the effective numbers
of alleles increased over time, except for a small decrease in
2007 (Fig. 3a). In total, minimal private allelic richness was docu-
mented in the 01/1996 samplings (0.226), compared to all other
samplings presenting high private allelic richness (Fig. 3a,
Table S2). The minimum private allelic richness frequencies for
the loci PBC-1, PB-29 and PB-49 were 0.0, 0.0 and 0.008, respec-
tively in the 11/1996 samples, and a frequency of 0.0 was observed
in the 2007 samples at the PB-29 locus also; frequencies of 0.001
and 0.034 were observed for loci PB-41 and BS-811, respectively,
in the 01/1996 samples. Maximum private allele riches were
observed in the 2000 samples for loci PBC-1 (0.167) and PB-41
(0.674); in the year 2001, for loci PB-29 (0.191) and BS-811
(1.373); in the year 2007, for locus PB-49 (0.602). The most distinc-
tive decrease in private alleles was observed between the 2007
samples and the 2008 samples at locus PB-49 (from 0.602 to
0.063).

3.1.1.2. Genetic differentiation among sampling sessions and gene
flow. While no significant pairwise h were observed between the
time series samples (Table 2), the pairwise GST and Dest values for
the 2001–2007 samples were ascertained as significant (0.019
and 0.125, respectively P = 0.001; Table 3). On the other hand,
overall h, GST and Dest values were observed to be significant after
the Bonferroni correction was performed for the EYC samples
(h = 0.022, GST = 0.021 and Dest = 0.077, p < 0.01).

The first two axes of PCA explained 52.44% of the total variance,
representing a large proportion of the genetic variance for seven
EYC samples (Fig. 4a), with the first component (PC1) separating
EYC samples 11/1996, 2007 and 2008 from the other three samples
(01/1996, 1999 and 2001). The 2001 and 2007 samples were sep-
arated from all others by the second component (PC2). Even with
only a 10 month period between sessions 01/1996 and 11/1996,
the samples were separated by PC1 (28.84%).

All gene flow estimations (Nm) between consecutive samplings
were insignificant (Nm > 4), insufficient to prevent genetic differ-
entiation (Nm > 1, there is enough gene flow to negate the effects
of genetic drift, Nm > 4, local populations belong to one randomly
mating population (Wright, 1931)). The highest values of mean
gene flow were found between samplings 1999 and 2000
(999999.0, h 6 0; �0.006). The lowest value of mean gene flow
(5.80) was detected between samplings 01/1996 and 11/1996
(the shortest sampling interval). The gene flow between the year
2000 and 2001 and between the year 2007 and 2008 was 10.90
and 12.70, respectively.

3.1.1.3. The structure analysis of seven EYC samplings. Using Evanno
et al.’s (2005) approach, the most likely number of clusters was
determined as 3 (Fig. 5a; Fig. S2a), and the outcomes of the Baye-
sian structure analysis performed for K = 3 are summarized in
Table S4. The bar plots are shown in Fig. 5a for K = 3 from the
CLUMPP software (which aligns multiple runs of structure), from
10 runs at each K. Cluster-1 was dominant in the years 01/96,
11/1996, 1999 and 2008 (41%, 46%, 41% and 47%, respectively),
the 2001 samples consisted mainly of Cluster-2 (72%), and
Cluster-3 had maximum value in the 2007 samples (53%). EYC-
2000 revealed the most homogeneous samples [Cluster-1: 27%
(red), Cluster-2 (yellow): 34%, Cluster-3 (blue): 39%, Fig. 5a,
Fig. S2a, Table S4].

3.1.2. The West Coast 2001 populations
Allele numbers of the PBC-1, PB-29, PB-41, PB-49 and BS-811

microsatellites for the year 2001 at the West Coast sampling sites
were: 9, 5, 6, 7, 13 (EYC); 6, 4, 3, 5, 18 (SM); 9, 5, 5, 6, 11 (DMM); 8,
3, 4, 6, 15 (SBM); 8, 5, 7, 11, 13 (HMB) and 5, 6, 7, 4, 13 (MM),
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Table 1
The summary of the genetic diversity indices performed on B. schlosseri colonies sampled from the Moss Landing area (EYC), the Shilshole Marina (SM), the Des Moines Marina
(DMM), the Santa Barbara Marina (SBM), the Half Moon Bay Marina (HMBM) and the Monterey Marina (MM). N, sample size; k, number of alleles; AR, allelic richness; He,
expected heterozygosity; Ho, observed heterozygosity; FIS, inbreeding coefficient; Null frequency of null alleles under the hypothesis of the Hardy–Weinberg equilibrium.

Parameter Locus Parameter Locus

PBC-1 PB-29 PB-41 PB-49 BS-811 PBC-1 PB-29 PB-41 PB-49 BS-811

EYC-01/1996 (N = 8) SM-2001 (N = 28)
k 5 4 4 5 3 k 6 4 3 5 18
AR 5.000 3.992 4.000 5.000 3.000 AR 4.702 3.130 2.520 3.524 8.762
He 0.780 0.708 0.648 0.736 0.703 He 0.768 0.541 0.505 0.465 0.902
Ho 0.571 0.250 0.429 0.143 0.000 Ho 0.500 0.357 0.130 0.200 0.259
FIS 0.284 0.663 0.357 0.818 1.000 FIS 0.353 0.344 0.746a 0.574 0.717a

Null 0.065 0.261b 0.094 0.330b 0.396b Null 0.145 0.109 0.254b 0.196 0.354b

EYC-11/1996 (N = 15) DMM-2001 (N = 28)
k 5 3 5 6 8 k 9 5 5 6 11
AR 4.218 2.759 3.886 4.978 6.803 AR 6.261 4.186 3.584 4.617 7.001
He 0.600 0.582 0.619 0.739 0.871 He 0.847 0.741 0.526 0.733 0.861
Ho 0.462 0.714 0.286 0.500 0.077 Ho 0.643 0.208 0.167 0.261 0.167
FIS 0.238 �0.238 0.548 0.333 0.915a FIS 0.244 0.723a 0.688a 0.649a 0.810a

Null 0.050 0.000 0.205b 0.103 0.414b Null 0.145 0.305b 0.250b 0.270b 0.367b

EYC-1999 (N = 22) SBM-2001 (N = 26)
k 9 4 6 9 8 k 8 3 4 6 15
AR 6.142 3.527 4.437 6.180 6.380 AR 5.026 2.844 3.197 4.528 7.524
He 0.802 0.693 0.735 0.783 0.852 He 0.691 0.499 0.613 0.618 0.866
Ho 0.591 0.818 0.333 0.550 0.211 Ho 0.308 0.539 0.462 0.423 0.539
FIS 0.268 �0.185 0.553a 0.303 0.758a FIS 0.559a �0.082 0.251 0.320 0.383a

Null 0.109 0.017 0.231b 0.120 0.339b Null 0.229b 0.000 0.065 0.132 0.174

EYC-2000 (N = 30) HMBM-2001 (N = 20)
k 8 4 9 9 15 k 8 5 7 11 13
AR 5.404 3.800 6.039 6.023 8.729 AR 5.386 3.758 5.432 7.529 8.052
He 0.715 0.721 0.758 0.798 0.913 He 0.772 0.591 0.818 0.881 0.895
Ho 0.679 0.552 0.250 0.500 0.179 Ho 0.800 0.400 0.550 0.579 0.450
FIS 0.052 0.237 0.675a 0.378a 0.807a FIS �0.04 0.329 0.333 0.349 0.504a

Null 0.057 0.120 0.323b 0.160 0.381b Null 0.021 0.156 0.139 0.167 0.228b

EYC-2001 (N = 22) MM-2001 (N = 22)
k 9 5 6 7 13 k 5 6 7 4 13
AR 5.899 3.942 4.763 5.237 8.474 AR 3.609 4.577 5.427 3.918 7.742
He 0.799 0.637 0.717 0.760 0.912 He 0.635 0.711 0.769 0.744 0.865
Ho 0.773 0.364 0.364 0.682 0.524 Ho 0.810 0.571 0.476 0.450 0.318
FIS 0.034 0.435 0.499a 0.105 0.432a FIS �0.283 0.200 0.387 0.401 0.637a

Null 0.020 0.222b 0.208b 0.050 0.195 b Null 0.00 0.062 0.171 0.173 0.287b

EYC-2007 (N = 24)
k 8 4 7 12 15
AR 4.670 3.177 5.134 7.645 7.594
He 0.661 0.582 0.773 0.882 0.844
Ho 0.583 0.583 0.375 0.550 0.250
FIS 0.120 �0.002 0.520a 0.383a 0.708a

Null 0.003 0.000 0.221b 0.192b 0.317 b

EYC-2008 (N = 20)
k 7 4 5 7 12
AR 4.66 3.59 4.65 5.36 8.65
He 0.612 0.671 0.770 0.788 0.922
Ho 0.316 0.500 0.353 0.563 0.278
FIS 0.491a 0.261 0.549a 0.293 0.705a

Null 0.192 0.127 0.229b 0.106 0.330b

Overall EYC Overall all sites
k 13 5 13 13 36 k 17 8 15 18 55
AR 5.64 3.60 5.43 6.15 9.45 AR 6.10 3.80 5.30 6.20 10.03

a Significant FIS value after Bonferroni correction for multiple tests (Rice, 1989).
b High null allele value (rP 0.2). PBC-1, PB-29, PB-41, PB-49 from Stoner et al. (1997) and BS-811 from Pancer et al. (1994).

A. Karahan et al. /Molecular Phylogenetics and Evolution 101 (2016) 19–31 23
respectively. For locus BS-811 we observed high FIS and null allele
values (rP 0.2) at all the 2001 samples except the SBM-2001 sam-
ples. Similar high FIS values were observed in locus PBC-1 at SBM,
locus PB-29 at DMM, locus PB-41 at SM and DMM, and locus PB-49
at DMM (Table 1). The highest private allelic richness was observed
at locus BS-811 for the SM, DMM, SBM, HMBM and MM samples
(1.654, 0.928, 0.454, 1.296 and 1.174, respectively; Fig. 3b,
Table S2). Significant h values (p < 0.0017) were also observed
between all the sampled 2001 populations, ranging from 0.036
(between EYC-01 and HMBM) to 0.227 (between SM and SBM;
Table S3).

The first two PCA axes explained 72.52% of the total variance for
the six 2001 West Coast populations (Fig. 4b). The first component
(PC1 = 51.24%) clearly outlined the separation of the two Washing-
tonian populations (SM, DMM) from the four Californian popula-
tions (SBM, HMBM, MM, EYC-01). PC2 (21.28%) revealed that the
DMM and HMBM samples are separated from the other
populations.
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The outcomes of the Bayesian structure analysis for the most
likely number of clusters (K = 2 and K = 5), which are characterized
with high Delta K and a low SD value, are summarized in Table S4.
According to K = 2, Cluster-1 consisted mainly of the northern
populations (SM and DMM; 92% and 72%, respectively), and
Cluster-2 of the southern populations (SBM, HMBM, MM and
EYC; 94%, 80%, 78% and 87%, respectively). According to K = 5, the
SM samples had maximum values in cluster-5 (71%), the DMM at



Table 2
Pairwise genetic differentiation (h) estimates between the EYC time series samples for 5 microsatellites loci (h-Mic: above diagonal) and the mitochondrial COI gene (h-COI; below
diagonal). Pairwise h were calculated using the method of Weir and Cockerham (1984), and were tested using 10.000 permutations. All values became non-significant after a
sequential Bonferroni correction.

h-Mic/h-COI 01/1996 11/1996 1999 2000 2001 2007 2008

01/1996 0 0.042NS �0.002NS 0.004NS 0.035NS 0.057NS 0.045NS

11/1996 0.184NS 0 0.025NS 0.019NS 0.040NS 0.029NS 0.007NS

1999 0.027NS 0.015NS 0 �0.006NS 0.022NS 0.033NS 0.013NS

2000 0.057NS �0.018NS �0.025NS 0 0.023NS 0.021NS 0.012NS

2001 0.236NS �0.018NS 0.043NS 0.011NS 0 0.038NS 0.033NS

2007 0.118NS �0.031NS �0.024NS �0.025NS 0.004NS 0 0.019NS

2008 0.222NS �0.025NS 0.035NS 0.003NS �0.045NS �0.004NS 0

Bonferroni correction (Rice, 1989) have been done for multiple tests microsatellite and COI data (P < 0.0012), EYC; Elkhorn Yacht Club.

Table 3
Pairwise GST (above the diagonal) and Dest (below the diagonal) values based on 5 microsatellites loci for the EYC sampling sessions, calculated by performing 9999 permutations.
Pairwise value between the 2001 and 2007 populations became significant after a Bonferroni correction.

GST/Dest 01/1996 11/1996 1999 2000 2001 2007 2008

01/1996 0 0.020NS �0.002NS 0.002NS 0.016NS 0.029NS 0.023NS

11/1996 0.106NS 0 0.013NS 0.010NS 0.021NS 0.015NS 0.004NS

1999 �0.012NS 0.075NS 0 �0.003NS 0.011NS 0.017NS 0.007NS

2000 0.012NS 0.060NS �0.018NS 0 0.012NS 0.011NS 0.006NS

2001 0.103NS 0.116NS 0.078NS 0.082NS 0 0.019⁄ 0.017NS

2007 0.177NS 0.081NS 0.113NS 0.075 NS 0.125⁄ 0 0.010NS

2008 0.143NS 0.021NS 0.046NS 0.041NS 0.110NS 0.062NS 0

Permutation 9999. Significant values at P < 0.0012 (Bonferroni correction for multiple tests microsatellite, Rice, 1989).
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Cluster-4 (57%), the SBM at Cluster-2 (56%), the HMBM at Cluster-1
(47%) and the MM samples at Cluster-3 (54%). The EYC-2001 sam-
ples had the most homogeneous pattern (Cluster-1: 20%, Cluster-2:
34%, Cluster-3: 36%, Cluster-4: 5% and Cluster-5: 5%, Fig. 5b,
Fig. S2b, Table S4).

The Mantel test detected a significant positive relationship
between pairwise genetic and geographical distances for the entire
region (mean value h = 0.07, sums of squares h = 0.2, P = 0.001).
3.1.3. The SCH time series samples
The nearest populations to EYC are at SCH, a site studied inten-

sively for its B. schlosseri population genetics during 1995–2008
(Reem et al., 2013a), overlapping the current research period
(1996–2008). We obtained the genotype data for loci PBC-1, PB-
29, PB-41, PB-49 and BS-811 from the study of Reem et al.
(2013a). Loci PBC-1 and BS-811 were discarded because we were
unable to establish cross-study relationships between alleles at
this locus. Alleles at the other three loci were pooled (Table S5).
The resulting matrix of allele frequencies per sample (Table S5)
was subjected to the PCA. The outcomes of the PCA on the allele
frequency data are presented in Fig. 4c. It is thus a fact of
significant interest that these closely situated populations differed
significantly, as shown by the PCA (Fig. 4c; a 59.06% dissimilarity
was seen by the first two axes) and the AHC analysis (Fig. S3,
Table S5). Three clusters were revealed, one consisting of only
the SCH-1995 samples, the second of the EYC-01/1996, -11/1996,
-1999, -2000, -2001, SCH-1998 and -2006 and the third of
the SCH-1997, -1999, -2000, -2005, -2007, -2008, EYC-2007 and
-2008 samples (Fig. 4c).
3.2. Mitochondrial DNA analyses

The final length of the COI gene fragment after alignment and
trimming was 594 bp. The main parameters describing popula-
tions, namely the number of polymorphic sites (Np), haplotypes
(Nh), haplotype diversity (Hd) and nucleotide diversity (Pi), are
summarized in Table 4. Altogether, 23 haplotypes were revealed
from the 239 sequences. Polymorphic sites, haplotype diversity
and nucleotide diversity were calculated as 58, 0.663 and 0.012,
respectively. Almost 83% of the haplotypes are unique.

3.2.1. The EYC time series samples
3.2.1.1. Genetic differentiation among samplings and gene flow. The
total number of polymorphic sites for the 131 EYC colonial samples
were 49, representing 13 haplotypes, with a 0.0048-nucleotide
diversity and a haplotype diversity of 0.467. The lowest haplotype
numbers were obtained in the 11/1996 and 2008 samples (n = 2),
and 6 haplotypes was the record number in the year 2000
sampling.

Except samplings 01/1996 vs. 11/1996, the pairwise gene flow
estimates for all other were insignificant (Nm > 4; for 1999 vs.
2000; 2000 vs. 2001 and 2007 vs. 2008 [consecutive years sam-
pling pairs] were 49.33, 18.35 and 21.23, respectively). The Nm
value for samplings 01/1996 vs. 11/1996 was 2.95, which negates
the effects of genetic drift but infers non-random mating (Nm > 1).
During January 1996 only eight B. schlosseri colonies were sampled
in the EYC area, possibly due to the 1995 January and March rain-
falls, where the Salinas River exceeded its previous measured
record crest by more than four feet, which was within a foot or
two of the reputed crest of the legendary 1862 flood (http://
www.water.ca.gov). When compared with the other consecutive
samplings, the documented lowest gene flow between 01/1996
and 11/1996 could be explained as a result of these rainfalls and
the following fresh-water floods.

3.2.1.2. Demographic history and the neutrality test. Based on Taji-
ma’s D and Fu’s Fs tests, the null hypothesis for the COI gene neu-
tral evolution was not rejected for most samplings, except for the
EYC sessions for the years 2000 and 2007, which showed signifi-
cant negative values, indicating population expansion, natural
selection, demographic and/or geographic expansions (e.g., follow-
ing the natural catastrophe that occurred during the winter of 2005
and the high precipitation of 2000, Fig. S1), (Tajima’s D: �2.27,
�2.50 and Fu and Li’s F: �2.85, 4.15; Table 4). The total EYC COI
data revealed the possibility of selective sweep (Tajima’s D:
�2.16, P < 0.02), population expansion or background selection
(Fu and Li’s D test statistic: �3.48, P < 0.02). Fu and Li’s F test

http://www.water.ca.gov
http://www.water.ca.gov
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statistics (�3.51, P < 0.02) further indicated genetic hitchhiking in
addition to population expansion. These tests showed that selec-
tive sweep, background selection and/or genetic hitchhiking can
be inferred from the mtDNA patterns of the EYC samples (Table 4).

All distributions displayed a non-significant raggedness index
(r > 0.03). These results were confirmed by the observed mismatch
distributions. Unimodal and multimodal distributions were
observed, fluctuating between 0.115 (01/1996) and 0.270
(11/1996; Fig. 6a and b), that is, occurring during the shortest time
period (10 months) between two consecutive samplings. The mis-
match distribution plot for the EYC-11/1996, 2001 and 2008 sam-
ples was smooth and unimodal (Fig. 6b,e and g), indicating a
population expansion, whereas the multimodal pattern of the
EYC-01/1996, 1999, 2000 and 2007 samples’ mismatch distribu-
tions may suggest population subdivision and a stable population
size (Fig. 6a,c,d and f).
3.2.2. The West Coast 2001 samples
When the neutrality test was performed for all 2001 B. schlosseri

populations except the SM and HMBM samples, no selective sweep
was revealed. The D and F⁄ tests of the SM and HMBM samples also
indicated the possibility of population expansion, background
selection or genetic hitchhiking (Table 4). Minimum polymorphic
sites were observed at MM (Np = 0), and maximum in the SBM
samples (Np = 33). The population structuring h values (Bonferroni
correction P < 0.0017) were significant for the USA West Coast
samples, except for the pairs SBM-HMBM, DMM-SBM, DMM-
HMBM and MM-EYC-2001 (Table S3, below diagonal).
3.2.3. Phylogeographic relationship among haplotypes
Relationships and the geographical distribution of the 23 haplo-

types (239 West Coast B. schlosseri samplings) revealed a single
mtDNA clade (named clade a and containing 14 haplotypes), sep-
arated by 11 mutations from the closest haplotype (H6) out of the
other 9 haplotypes (Figs. 7a and b and 8), and containing 6 unique
EYC haplotypes out of the 12 total unique haplotypes. The two
most abundant haplotypes (H1, H4) were found in all 6 USA West
Coast B. schlosseri populations. Except for the MM site, all other B.
schlosseri samples were composed primarily of Haplotype-1, where
Haplotypes-4 was primarily featured in the EYC samples and also
in the HMBM and MM samples. Two semi-private haplotypes (H-
2 and H-5), each containing 2–3 populations, were the most abun-
dant haplotypes of clade-a. Haplotype-2 dominated the SM sam-
ples (89.47%) and was also found in the SBM and DMM
populations. Haplotype-5 occurred primarily in the SBM and
HMBM samples (Fig. 7b). According to network age estimation,
clade-a (q = 8.5625) diverged from the other haplotypes approxi-
mately 240,842 years ago (SDs = 3.3, SDy = 65,697); H2 and H5
(q: 8.5625) diverged ca. 172,791 years ago (SDs = 1.1,
SDy = 22,314); H1 and H4 (q = 1.3495) diverged 27,232 years ago
(SDs = 1.1, SDy = 21,377). The Bayesian analysis revealed H1, H20
and H22 as the deduced source for the other COI haplotypes.



Table 4
COI gene diversity parameters calculated for the 12 B. schlosseri USA West Coast sites/dates.

Populations n Np Nh Pi Hd F&LD⁄ F&LF⁄ Taj. D

EYC-01/1996 10 21 5 0.0135 0.800 0.99NS 0.94NS 0.37NS

EYC-11/1996 13 1 2 0.0005 0.282 0.73NS 0.54NS �0.27NS

EYC-1999 19 24 4 0.0078 0.509 0.94NS 0.35NS �1.26NS

EYC-2000 27 40 6 0.0069 0.496 �2.49NS �2.85a �2.27b

EYC-2001 21 3 3 0.0010 0.495 �1.28NS �1.28NS �0.68NS

EYC-2007 23 27 4 0.0044 0.383 �4.01b �4.15b �2.50c

EYC-2008 18 1 2 0.0007 0.425 0.67NS 0.82NS 0.87NS

Total EYC 131 49 13 0.0048 0.467 �3.48b �3.51b �2.16b

SM-2001 27 26 4 0.0197 0.533 1.44a 2.14b 2.66b

DMM-2001 19 27 3 0.0081 0.205 0.43NS �0.15NS �1.49NS

SBM-2001 22 33 7 0.0192 0.671 0.62NS 0.86NS 1.00NS

HMBM-2001 20 19 5 0.0159 0.695 1.29NS 2.05b 2.89b

MM-2001 20 0 1 0.0000 0.000 – – –

Total all 239 58 23 0.0124 0.6628 �4.22b �3.19b �0.76NS

n, sample size; Np, number of segregation sites (polymorphic sites); Nh, number of haplotypes; Pi, nucleotide diversity; Hd, haplotype diversity. D⁄ test statistic is based on
the differences between the number of mutations appearing only once among the sequences (singletons), and the total number of mutations (Fu and Li, 1993). The F⁄ test
statistic is based on the differences between the number of singletons and the average number of nucleotide differences between pairs of sequences (Fu and Li, 1993).
Window length: 100 Step size: 25, P < 0.10a, P < 0.05b, P < 0.02c, NS: not significant). EYC; Elkhorn Yacht Club, SB: Shilshole Bay, DMM; Des Moines Marina, SBM; Santa Barbara
Marina, HMBM; Half Moon Bay Marina, MM; Monterey Marina.
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Though H4 is close to H1, H2 and H5 are far removed from them
and are included in clade-a (Fig. 8a). The posterior probabilities
of the Bayesian analysis, which was conducted using MrBayes,
are given in Fig. 8b.
4. Discussion

Botryllus schlosseri, while commonly used as a model species for
studying allorecognition (Scofield et al., 1982), developmental



EYC-01/1996
EYC-11/1996
EYC-1999
EYC-2000
EYC-2001
EYC-2007
EYC-2008

a

b

H2

H 3

H4
H5

H 6

H 7

H 8

H 9

H 10

H 11

H 12

H 13

H 14

H 15

H 16

H 17

H 18

H 19
H 20

H 21

H 22

H 23

H1

H -1

H4

H1

III

XV

III

II

III

XI IV II

V

III

IV

III

II

III

III

IV

IV

EYC-all
SM-2001
DMM-2001
SBM-2001
HMBM-2001
MM-2001

α

Fig. 7. The median-joining network of B. schlosseri for the COI haplotypes (H with a corresponding number denotes a specific haplotype). The pie size is proportional to the
number of colonies, and colors indicate different samplings/populations/haplotypes. (a) The time series sampling for the 13 EYC haplotypes, revealing one mutation between
the most common haplotypes, H1 and H4. (b) The network analysis of all 23 USA West Coast B. schlosseri haplotypes (all the EYC samples are clustered together, in green).
Lines without Roman numerals: one mutation step between haplotypes; Roman numerals with vertical black lines: the number of mutations (>1). mv = median vectors;
vertical black line = highlighted mutation positions. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

28 A. Karahan et al. /Molecular Phylogenetics and Evolution 101 (2016) 19–31
biology (Rinkevich et al., 1992, 2007; Manni and Burighel, 2006),
apoptosis (Tiozzo et al., 2006) and stem cell biology (Rosner
et al., 2009; Rinkevich et al., 2013), is also a worldwide invasive
species, known in the central Californian coastal waters for almost
seven decades (Kozloff, 1975). Having a characteristic life history
of five generations/year (Reem et al., 2013a) makes B. schlosseri
extremely suited for population genetics research in California
(Stoner et al., 2002; Bock et al., 2012; Reem et al., 2013a), also exis-
tence of several previously unrecognized and probably reproduc-
tively isolated cryptic B. schlosseri species/clades is possible (Bock
et al., 2012).

Heterozygote deficiencies in B. schlosseri populations were
recorded in this study for most sampling seasons and localities,
resembling the results of former USA West Coast studies (Stoner
et al., 2002; Ben-Shlomo et al., 2008; Reem et al., 2013a) as well
as of B. schlosseri studies conducted elsewhere (Paz et al., 2003;
Ben-Shlomo et al., 2006, 2010; Reem et al., 2013b). High FIS can
be explained by either asexual reproduction (irrelevant here due
to the sampling protocol) or non-random mating between geneti-
cally related conspecifics. The results further documented high
numbers of alleles per each microsatellite locus, rapid fluctuations
in allelic frequencies between different years, high numbers of
unique alleles and changes in the frequency of the most common
alleles. The long term studies of Paz et al. (2003) and Reem et al.
(2013a) have also revealed high mutation rates in the microsatel-
lite alleles, further supported by the high fluctuations of the private
allele frequencies, recorded here. In the Israeli Mediterranean pop-
ulations, Paz et al. (2003) noted changes in microsatellite allele fre-
quencies over a period of two years, including the appearance and
the loss of alleles, probably caused by random genetic drift, a high
mutation rate and high genetic variation that are all explained by
kin mating and natural selection (Slatkin, 1995; Stoner et al.,
2002). This high genetic diversity (also characteristic to other gene
loci in botryllid ascidians; Yund and Feldgarden, 1992) is an attri-
bute that may play a key role in the success of an invasive species
following introductions into new habitats (Novak, 2007; Roman
and Darling, 2007; Reem et al., 2013a). Studies have indeed
pointed to positive relationships between microsatellite heterozy-
gosity, fitness and genome-wide heterozygosity (Harrison et al.,
2011), though such genetic scenarios have not yet been labelled
for B. schlosseri.

These aforementioned results can be compared with Caputi
et al.’s (2014) long term study (2002–2012) on the demographic
and reproductive trends of Ciona intestinalis sp. A. Whereas precip-
itation appears to play no role in shaping the biological parameters
of Ciona intestinalis sp. A, in the present study we observed a neg-
ative correlation between high precipitation and the population
size of B. schlosseri, a result associated with the deeper living depth
of the Ciona intestinalis populations (down to 500 m), whereas B.
schlosseri is a relatively shallow water species (usually 0–60 m
depth; unpubl.). Due to high precipitation in the catchment basins,
several major floods in the Moss Landing area occurred during the
12 year period of this study, dramatically affecting marine biota in
local marinas. The most pronounced effect was in the year 2005,
where no single B. schlosseri sample could be found in EYC (the
next sampling date was in 2007) and the entire community was
replaced with fresh water organisms (BR personal observations).
Theoretically, newcomers could have originated from neighboring
population/s (SCH, HBMM, MM) and/or far away US West Coast
populations. Another option, while less conceivable, is that deep-
water B. schlosseri genotypes, located on/under the Moss Landing
Harbor/Old Salinas River entrance rocks, may have escaped the
2005 low salinity event. Focusing on the PCA and HCA of the EYC
and SCH time series samples and on the SCH-2007 and 2008
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samples (Reem et al., 2013a, Fig. 4c) made clear that the post-flood
Elkhorn Yacht Club population was most probably established by
the Santa Cruz Harbor migratory genotypes (hitchhiking on plea-
sure boats), and was further shaped by genetic drift and mutations.
However, the contributions of populations from other marinas and
of deep-sea survivors cannot be completely ignored.

Also relevant is the interesting fact that despite there being only
10 months between the EYC-01/1996 and 11/1996 samples, signif-
icant differences were recorded in the nuclear and mtDNA data of
this site. This is a possible outcome of two smaller flood events that
occurred during January–March 1995 and December–January
1996–1997 (Table S1), potentially altering the population genetics
characteristic within a short time scale.
4.1. The B. schlosseri populations of the Pacific coasts

We recorded high h values (ranging between 0.071 and 0.227
for microsatellites, 0.147 and 0.605 for COI) between Washingto-
nian (SM, DMM) and Californian (SBM, HMBM, MM, EYC) USA
West Coast populations, hallmarked as well by the outlined sepa-
ration of the Washingtonian populations from the Central/South-
ern Californian populations. It should be noted that the B.
schlosseri populations in the Seattle area are relatively new (first
recorded in the area in the early 1970s, http://www.psp.
wa.gov/downloads/ANS/MISM_Online.pdf; and in the sampling
sites not earlier than the late 1980s, B. Rinkevich, pers. observ.).
Thus, the significant differences between the northern, younger

http://www.psp.wa.gov/downloads/ANS/MISM_Online.pdf;
http://www.psp.wa.gov/downloads/ANS/MISM_Online.pdf;
http://beast.bio.ed.ac.uk/Tracer
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populations and the southern, more established populations could
be explained by different source genotypes arriving through differ-
ing maritime trajectories, by the high mutation rates (Reem et al.,
2013a) or by multiple catastrophic events. From two clusters
(K = 2), one of them ascribes to the Washingtonian populations,
but on the other hand, according to K = 5 the two Washingtonian
populations also separated from each other. mtDNA result also
shows different haplotype groups for two very close Washingto-
nian populations (SM in H-2 and DMM in H-1). These results fur-
ther attest to the existence of different assemblages of B.
schlosseri genotypes in the USA Pacific populations, less than a cen-
tury after their initial establishment.
5. Conclusions

In this study we characterized the population genetic fluctua-
tions of B. schlosseri from 5 microsatellite loci in the Moss Landing,
CA area and from the COI region throughout a period of 12 years
and seven sampling session, and our results were supplemented
by sampling (during 2001) five additional West Coast B. schlosseri
populations along a 1520 km coastal stretch (from the Seattle area,
WA, in the north to Santa Barbara, CA, in the south). This enabled
us to further evaluate the impacts of catastrophic fresh-water flood
events on genetic differentiation, diversity and population struc-
tures in the persistent, but transient, Botryllus schlosseri population
from Moss Landing, CA (the EYC population). The wide geographi-
cal range of the analyses has also allowed us to form a calculated
estimation regarding the source of the EYC population, which
was wiped out by the 2005 flood event. While the mtDNA results
did not strongly support a pattern of genetic differentiation con-
nected with the flood catastrophes, it provided valuable informa-
tion regarding the six USA West Coast populations. On the other
hand, the neutral microsatellite markers revealed strong genetic
associations with catastrophic events. Significant overall h, GST

and Dest values, significant pairwise GST and Dest values in the
2001–2007 samples, allelic fluctuation and private alleles, all
revealed connections between fresh-water flood catastrophes and
population genetic characteristics. Based on the present and previ-
ous studies results (Reem et al., 2013a), we conclude that the SCH
population is one of the most probable recreation source of the EYC
population though the possibility of contribution from faraway
populations cannot be ignored.
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