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Studies of invasive populations are often conducted with neutral loci, which may lack 

resolution.  Here, we examine DNA sequence variation in a portion of the functional 

nuclear fusion/histocompatibility (FuHC) locus in the invasive colonial ascidian 

Botryllus schlosseri, and compare it to variation in the traditional barcoding locus, 

mitochondrial cytochrome oxidase I (COI).  Using these two loci, we compare new 

invasive populations of B. schlosseri in Alaska to long-established populations in San 

Francisco Bay.  Slightly higher COI diversity was detected in San Francisco Bay, but 

diversity was very low overall.  FuHC revealed much higher variation, with similar 

levels of diversity between Alaska and San Francisco Bay populations, and no evidence 

of a genetic bottleneck.  By genotyping FuHC, we also detected increased chimerism in 

Alaska, suggesting that fusions may play an important role in the establishment of very 

new populations.   
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Introduction 

 

Evolutionary theory predicts that reduced genetic diversity should result from 

the population bottlenecks and founder events thought to accompany species invasions, 

leading many to wonder how invasive populations succeed (Wright 1931; Allendorf & 

Lundquist 2003; Frankham 2005).  Introduced populations clearly have the ability to 

thrive despite reduced diversity at neutral genetic loci (Aguilar et al. 2004; Golani et al. 

2007; Roman & Darling 2007).  In addition, recent reports have suggested that that 

many invasive populations are actually diverse, often because they are founded from 

multiple sources (Kolbe et al. 2004; Voisin et al. 2005; Wares et al. 2005; Dlugosch & 

Parker 2008; Geller et al. 2010).  Population genetics studies of invasions are almost 

always conducted with neutral loci, which are the most readily available genetic 

markers, but are generally not correlated with the phenotypic traits that affect the 

invasive and survival capability of a species (Reed & Frankham 2001; Hufbauer 2004; 

Roman & Darling 2007).  Use of highly polymorphic non-neutral markers such as the 

major histocompatibility complex (MHC) in vertebrates has become increasingly 

favored for population genetics studies because of their direct links to immunity, fitness 

and survivorship (Cohen et al. 2006).  These functional qualities make MHC subject to 

selective pressures and therefore a much more informative marker than any of its 

neutral counterparts (Cohen 2002; Aguilar et al. 2004; Bos et al. 2008).  Until recently, 



 2 

such molecular markers for highly variable historecognition loci were unavailable for 

population genetic studies of non-vertebrates (De Tomaso et al. 2005).   

 The cosmopolitan colonial ascidian Botryllus schlosseri provides an opportunity 

to evaluate diversity at an invertebrate recognition locus and assess its effectiveness for 

invasion genetics.  B. schlosseri is capable of allorecognition, a process of self/nonself 

discrimination similar to the MHC-controlled adaptive immunity in vertebrates, making 

it an important model system for studies of invertebrate immunity (Bancroft 1903; 

Sabbadin 1962; Scofield et al. 1982; Grosberg 1988).  Colonies grow asexually, and 

neighboring colonies of B. schlosseri often come into physical contact.  Adjacent 

colonies either fuse together to form a chimeric colony with a shared blood supply, or 

reject and form cytotoxic lesions at their points of contact (De Tomaso 2006).  This 

process of historecognition in B. schlosseri is governed by the highly polymorphic 

fusion/histocompatibility (FuHC) locus (Weissman et al. 1990), which was recently 

isolated by De Tomaso et al. (2005).  Fusion can occur only between colonies that share 

at least one allele at this locus, and a complete mismatch of FuHC alleles results in a 

rejection reaction (Oka & Watanabe 1960; Sabbadin 1962; Scofield et al. 1982). 

The primary hypothesized cost of fusion is germline loss, where two genotypes 

in a chimera compete to be represented in the gametic output of the colony, with 

heritable winner and loser genotypes (Sabbadin & Zaniolo 1979; Pancer et al. 1995; 

Stoner et al. 1999).  The benefits of chimerism are proposed to include increased colony 

size, acceleration to start of sexual maturity, and increased within-colony diversity 
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(Grosberg 1988; Chadwick-Furman & Weissman 2003; Rinkevich & Yankelevich 

2004).  Kin selection appears to maintain very high FuHC polymorphism, with reports 

of tens to hundreds of alleles per population (Karakashian & Milkman 1967; Scofield & 

Nagashima 1983; Grosberg & Quinn 1986; Rinkevich & Saito 1992; Rinkevich et al. 

1995), thus reducing the probability of fusion and restricting fusion benefits to close 

relatives.  High variability and functional relevance make the fusion/histocompatibility 

locus a novel and informative gene for studies of invasive populations of B. schlosseri, 

with the potential to contribute to the understanding of the population dynamics of a 

highly variable recognition system in the wild.   

 First described in Europe (Pallas 1766), B. schlosseri is now globally distributed 

(Van Name 1945; Berrill 1950; Lambert & Lambert 1998) and abundant in fouling 

communities where it grows rapidly, contributing to the increasing invasive ascidian 

problem that is impacting both natural and artificial habitats worldwide (Bullard et al. 

2007; Lambert 2007; Therriault & Herborg 2008).  This species has short-lived, non-

feeding larvae that are generally incapable of long-distance dispersal, so its current 

widespread distribution is considered to be a result of anthropogenic transport vectors, 

most likely hull fouling and aquaculture translocation (Svane & Young 1989; Cohen & 

Carlton 1995).  B. schlosseri was first reported on the west coast of North America in 

San Francisco Bay, California between 1944 and 1947 (Cohen & Carlton 1995), and 

was first detected at several marinas in Sitka, Alaska in 2001 (Ruiz et al. 2006).  This 

site in southeast Alaska is currently the northernmost reported population of B. 
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schlosseri on the west coast of North America.  And, despite extensive surveying, B. 

schlosseri has not been detected at any other locations in Alaska to date (Gregory Ruiz, 

Smithsonian Environmental Research Center, pers. comm.).  Very few nonindigenous 

species have been reported in Alaskan waters, but marine invasions are of growing 

concern for these high-latitude regions (Ruiz & Hines 1997; Ruiz et al. 2006; Ruiz & 

Hewitt 2009).  

Mitochondrial cytochrome c oxidase subunit I (COI), which is commonly used 

in studies of invasive populations of many taxa, was shown to have low haplotype 

diversity in native European B. schlosseri populations (Lopez-Legentil et al. 2006), 

although COI diversity is high in other ascidians (Tarjuelo et al. 2001; Tarjuelo et al. 

2004; Lopez-Legentil & Turon 2006).  Invasive populations of B. schlosseri had a 

reduced number of COI haplotypes compared to native populations (Lejeusne et al. 

2010).  Neutral microsatellite markers showed high allelic diversity in native 

populations of B. schlosseri, but extreme heterozygote deficiency was consistently 

detected in invasive populations (Ben-Shlomo et al. 2001; Stoner et al. 2002).  Results 

from these previous studies show evidence of low genetic diversity in introduced 

populations of B. schlosseri when using neutral loci.   

 In this study, we examine variation at the fusion/histocompatibility locus and 

cytochrome oxidase I in populations of B. schlosseri in two regions with different times 

since introduction in order to address the following questions:  (i) Is an allorecognition 

locus under positive diversifying selection able to provide better genetic resolution than 
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a neutral mitochondrial gene when comparing recent and historical invasions of B. 

schlosseri?  (ii) Is diversity lower in the recently introduced B. schlosseri populations in 

Alaska than in the long-established populations in San Francisco Bay, as would be 

expected of very recent invasions?  (iii) Is chimerism higher in more recently founded 

populations, indicating that fusions may play a role in B. schlosseri invasions?  
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Materials and Methods 

 

Samples 

 

 B. schlosseri colonies were collected from a total of eight marinas.  Five marinas 

in Sitka, Alaska were sampled in September 2007: New Thomsen Harbor (now Eliason 

Harbor), near Sawmill Cove, Sealing Cove, Crescent Harbor, and ANB Harbor (Figure 

1, Table 1).  Three marinas in San Francisco Bay were sampled in July 2008:  

Emeryville Marina, San Leandro Marina, and the San Francisco Yacht Club (Figure 1, 

Table 1).  All samples were preserved in 70-95% ethanol in the field.  Presence of B. 

schlosseri colonies in Sitka marinas was patchy, so the number of samples collected in 

Alaska was proportional to the quantities of B. schlosseri colonies found at each site.  

At two marinas in Sitka, we also conducted fine-scale spatial sampling to test for 

population structure at multiple scales.  The combination of founder effects and limited 

larval dispersal in B. schlosseri would lead us to expect reduced diversity in very small 

areas.  For fine-scale sampling, we collected all B. schlosseri colonies along a 65cm 

transect on one densely colonized kelp blade at each site (Thomsen Harbor, n = 12 

colonies; ANB Harbor, n = 22 colonies).  All other colonies in Sitka (n = 23, all sites 

combined) were collected on a broad scale, generally spaced at least three meters apart.  

B. schlosseri was ubiquitous at San Francisco Bay sites, so sampling was limited to 10-

20 colonies per marina.  
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Molecular Methods 

  

Genomic DNA was extracted from B. schlosseri tissue using a modified 

protocol for the NucleoSpin Tissue kit (Machery-Nagel).  COI was amplified using 

degenerate primers modified from the universal primers LCO1490 and HCO2198 

(Folmer et al. 1994).  These primers were as follows: 1490M 5’–

GGTCTACTAATCACAAAGAYATHGG-3’ and 2198M  5’-TAAACTTCAGGGT-

GACCAAARAAYCA-3’ (courtesy Stephen Palumbi Lab, Stanford University).  PCR 

was performed in a 25 uL reaction with: 2 mM MgCl2, 1 mM dNTPs, 1X PEII buffer, 

0.48 uM of each primer, 0-0.04 mg bovine serum albumin, 1U Taq (New England 

Biolabs), and 20-3000 ng template DNA.  Initial denaturing at 94
o
C for 4 min was 

followed by 30-35 amplification cycles (denaturing at 94
 o

C for 30 sec, annealing at 47
 

o
C for 1 min, extension at 72

 o
C for 1.5 min), and a final extension at 72

 o
C for 5-10 

min.  PCR products were purified with a SAP/Exo reaction (USB) according to 

manufacturers instructions, and cycle sequencing reactions were run with BigDye 

Terminator v3.1 (Applied Biosystems) in a 1/8 reaction using the reverse primer 

2198M.  PCR products were forward sequenced with 1490M only as needed.  

Sequencing was conducted on an ABI 3130 automated sequencer at the Romberg 

Tiburon Center for Environmental Studies in Tiburon, CA. 

A portion of the fusion/histocompatibility locus (FuHC) was amplified with the 

primers STS1 forward 5’- GTATGGGACAACACAGGAAATTCTAC-3’ and STS1 
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reverse 5’- GTGACGTTTTAGTCCATAGGATATCAG-3’, which are situated in Exon 

20 and Exon 21, encompassing a highly polymorphic intron region (De Tomaso et al. 

2005).  With the exception of primers, FuHC direct PCR and sequencing procedures 

were identical to those used for COI.  Prior to cloning, FuHC STS1 PCR products were 

direct sequenced with the STS1 forward primer to identify homozygotes.  FuHC STS1 

PCR products were ligated into pGEM-T vector (Promega) and cloned into XL1-Blue 

strain competent E. coli (Stratagene).  Between 8 and 24 transformed colonies were 

screened by PCR for each individual.  Clones between 500-750 bp were routinely 

sequenced, and clones outside of this range were occasionally sequenced to look for 

additional alleles and loci.   

 

Sequence Analysis 

 

COI and FuHC sequences were aligned and trimmed in Sequencher 4.8 (Gene 

Codes Corporation), and verified in GenBank.  For analysis of FuHC clones, an average 

of 5 clone sequences were examined for each individual.  Clone sequences that 

confirmed across individuals were considered to be unique verified alleles.  Singleton 

sequences that differed from confirmed alleles or direct sequences by 1-3 bp were 

discarded as Taq error.  Unconfirmed hybrid sequences, which we defined as potentially 

recombinant sequences that appear to be a mixture of other sequences within the same 

individual, were also discarded.  Unconfirmed sequences were not included in our 
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analysis.  The minimum estimate of Taq error rate was calculated as (# sequences with 

erroneous nucleotide substitutions)/(total # clones · length of FuHC STS1 sequenced · # 

clonescreen PCR cycles).   

 

Population Analysis 

 

 For all analyses involving FuHC population genetics, we doubled the number of 

allele copies for homozygous individuals to account for the presence of two identical 

alleles in those individuals.  Haplotype diversity, nucleotide diversity, and other 

molecular diversity indices were calculated for both loci and subsets of our samples 

using DnaSP v. 5.10.00 (Librado & Rozas 2009).  These subsets included population, 

regional, and spatial sampling scale comparisons.  Tajima’s D statistic (Tajima 1989) 

was estimated using DnaSP to test for the neutrality of nucleotide substitutions.  DnaSP 

was also used to calculate the minimum number of recombination events (RM) using the 

four-gamete test (Hudson & Kaplan 1985) and the recombination parameter R (Hudson 

1987).  MEGA 4.0 (Tamura et al. 2007) was used to calculate nucleotide composition, 

transition/transversion ratios, and pairwise distances.  For comparison, pairwise 

distances were also calculated between our B. schlosseri COI haplotypes and those from 

Lopez-Legentil et al. (2006) and Lejeusne et al. (2010), which were trimmed to match 

the length of our sequences (Table 2).   
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Arlequin 3.11 (Excoffier et al. 2005) was used to perform analysis of molecular 

variance (AMOVA) for both loci, with sequences grouped into two geographical 

regions:  Alaska and San Francisco Bay.  Arlequin was also used to calculate FST values 

for each pair of populations, and a sequential Bonferroni adjustment was implemented 

to correct for multiple comparisons using MacBonferroni 1.0 (Watkins 2002).  

BOTTLENECK 1.2.02 (Piry et al. 1999) was used to test for reductions in FuHC 

genetic diversity in all populations under the infinite alleles model (Kimura & Crow 

1964), and using the one-tailed Wilcoxon signed rank test for heterozygosity excess to 

detect bottlenecks.  Samples with more than two detected FuHC alleles were completely 

removed prior to BOTTLENECK analysis. 

  

Phylogenetic Analysis 

 

 Relationships between COI haplotypes were estimated with a minimum 

spanning network using TCS v1.21 (Clement et al. 2000).  The congeneric species 

Botryllus tyreus was used as an outgroup for COI phylogenetic analyses (GenBank 

Accession no. DQ365851).  Bayesian phylogenies were created using MrBayes v3.1.2 

(Huelsenbeck & Ronquist 2001; Ronquist & Huelsenbeck 2003), with MrModeltest 2.3 

(Nylander 2004) determining HKY+I to be the best-fit nucleotide substitution model for 

COI data under the Akaike Information Criterion (AIC).  One million generations were 

run, sampling trees every 100 generations, with the first 2500 trees discarded as burn-in 
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after using Tracer v1.4 (Rambaut & Drummond 2007) to verify chain convergence.  

Consensus trees were obtained in TreeView 1.6.6 (Page 1996).  COI maximum 

likelihood phylogenies were created with PAUP* 4.0b10 (Swofford 2002) with TrN + I 

selected as the best-fit nucleotide substitution model under AIC using Modeltest 3.06 

(Posada & Crandall 1998).  The model was run as a heuristic search starting from a 

neighbor-joining tree, and followed with a likelihood bootstrap analysis with the same 

search parameters and 1000 replicates.   

 Phylogenetic analyses were conducted for the complete FuHC segment 

examined in this study, as well as for the FuHC intron and combined exon regions 

separately, using the same run parameters as COI.  FuHC bayesian phylogenies were 

run with HKY+G selected as the best-fit model for both the complete FuHC sequence 

and the intron regions, and GTR+I for the FuHC exon region.  FuHC maximum 

likelihood phylogenies were run with TrN + I selected as the best-fit model for 

complete FuHC sequence and the exon region, and HKY + G for the FuHC intron 

region.  Gaps in the FuHC sequence were treated as missing data for the Bayesian and 

likelihood analyses.   
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Results 

 

COI 

 

Sequence variability 

 

After alignment and trimming, a 478-bp partial sequence of COI was obtained 

from 95 B. schlosseri samples from eight sites (5 AK, 3 SF).  Four distinct B. schlosseri 

haplotypes were found, with a total of 19 variable sites (4.0% polymorphism), five 

substitutions occurring in the first codon position, and 14 occurring in the third codon 

position.  Divergence between COI haplotypes ranged from 0.2 – 3.9%.  All nucleotide 

substitutions were transitions, resulting in a high overall transition/transversion bias (R 

= 261.83).  The nucleotide composition was A = 22%, T = 44%, C = 14%, and G = 

19%.  There were 18 synonymous substitutions and one non-synonymous substitution, a 

transition (A-G), changing the codon from Isoleucine to Valine, both of which are 

nonpolar and neutral amino acids.  Tajima’s D statistic was not significant (D = 1.1307, 

P > 0.10), indicating that no deviation from neutrality was detected.  No recombination 

events (Rm = 0) were detected across the length of the COI sequence, and estimates of 

the recombination parameter were R = 0.001 per gene, and R = 0.000 between adjacent 

sites. 
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Population genetics 

 

COI haplotype and nucleotide diversity were both higher in San Francisco than 

in Alaska (Table 1).  The most common haplotypes were COI-A and COI-B, which 

were found in all populations.  COI-C and COI-D were less common and present only 

in San Francisco Bay populations.  Haplotypes COI-A, COI-B, and COI-D were a 

complete match to three 524-bp haplotypes from Lejeusne et al. (2010) for the 478-bp 

sequenced in our study (Table 2).  Comparisons with Lopez-Legentil et al. (2006) 

haplotypes revealed no exact matches, and divergence ranged from 0.002 to 0.173 (1-74 

nt) when compared to the four COI haplotypes we found in San Francisco and Alaska 

(Table 2). 

Pairwise population differentiation tests revealed significant genetic divergence 

for only two pairs of population comparisons, both of which compared populations 

from different regions (Table 3).  None of the other pairwise FST values between or 

within Alaska and San Francisco populations were significantly different from zero.  

AMOVA results showed that most of the genetic variance was found within populations 

(91%).  Far less variation was explained by regional differences between Alaska and 

San Francisco (10%), and differences among populations within the regional groups 

explained essentially none of the observed variation (Table 4). 

Fine-scale sampling of B. schlosseri colonies in Alaska detected both COI-A 

and COI-B in each of the marinas, but with differing evenness.  In fine-scale samples 
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from Thomsen Harbor, COI-B was dominant (n = 12 within 65 cm; Hd = 0.1667, π = 

0.0024).  Haplotypes were more evenly distributed in ANB Harbor fine-scale sampling 

(n = 22 within 65 cm; Hd = 0.5065, π = 0.0074), and in the Alaska combined broad-

scale sampling (n = 23, Hd = 0.5138, π = 0.0075). 

 

Phylogenetic analysis 

 

 Both Bayesian and maximum likelihood analyses grouped COI haplotypes into 

two distinct clades (tree not shown).  The common haplotypes COI-A and COI-B form 

one clade with 69% Bayesian clade credibility and 65% bootstrap support.  The 

haplotypes restricted to San Francisco, COI-C and COI-D, form the other clade with 

86% Bayesian clade credibility and 78% bootstrap support.  The clades are separated by 

a genetic distance of 3.2%, and are 24-25% divergent from the outgroup B. tyreus.  The 

minimum spanning network showed the same relationships among our COI haplotypes 

(Figure 2). 
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FuHC 

 

Sequence variability 

 

In total, 507 FuHC clone sequences were compared, with 392 of those 

sequences confirming across individuals, 79 Taq error sequences (7 with erroneous 

substitutions occurring at 2-3 bp), 23 unconfirmed hybrid sequences, 7 sequences that 

had both a hybrid motif and Taq error, and 6 other unconfirmed sequences.  Overall Taq 

error rate was 0.15 x 10
-4 

errors per bp per cycle, slightly below the range reported in a 

review (Bracho et al. 1998) for clone sequencing, which was 0.27 – 0.85 x 10
-4

 errors 

per bp per cycle.   

Fourteen confirmed FuHC alleles were found in a final alignment of 167 

sequences for 94 individuals across eight populations.  The 415-bp segment of FuHC 

includes 52-bp of exon 20, a 278-bp intron, and 85-bp of exon 21 (De Tomaso et al. 

2005).  Nucleotide composition was A = 31%, T = 31%, C = 18%, and G = 20%.  Of 64 

variable sites (15.4% polymorphism), 60 occurred in the intron.  Of the 137 sites in the 

two coding regions, only four were polymorphic, three of which were synonymous 

substitutions.  The single non-synonymous substitution was a transversion (T-G), 

changing the codon from Serine (polar, neutral) to Alanine (nonpolar, neutral), and was 

present only in two of the alleles (FuHC-G and FuHC-K).  Divergence between pairs of 

alleles ranged from 0.2 – 11.7%.  The overall transition/transversion ratio was R = 
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0.503, indicating no bias in the type of nucleotide substitution.  There were a total of 

three indels (14, 22, and 1 bp in size) in the intron (Figure 3).  Tajima’s D-statistic did 

not detect selection in the FuHC segment examined (D = 1.9607, 0.05 < P < 0.10) or in 

the coding region alone (D = 1.5111, P > 0.10). 

Alleles FuHC-K, FuHC-L, FuHC-M, and FuHC-N were hybrid alleles 

(potentially recombinant alleles that appeared as a mixture of two other alleles) that 

confirmed across individuals, with each allele represented in two distinct individuals 

from different marinas (8 individuals total) in Alaska.  All of these hybrid alleles were 

present in apparently chimeric individuals in which three FuHC alleles were detected.  

In addition to the hybrid allele, each pair of individuals had one (for FuHC-L & FuHC-

N) or both (for FuHC-K & FuHC-M) of their other alleles in common.  Because the 

apparent recombination events creating these hybrid alleles originated from different 

alleles at different locations on the FuHC sequence (Appendix 1), and in individuals 

from different populations, it was impossible to determine whether they were a result of 

true recombination in the field samples or whether they were clone artifacts, and thus 

we decided to cautiously treat them as true alleles and include them in our analyses.   

Overall recombination in FuHC was Rm = 7, R = 1.8 per gene, and R = 0.0044 

between adjacent sites.  Rm = 6 within the FuHC intron region, and Rm = 1 between the 

two flanking exon regions.  Although hybrid alleles were detected only in samples from 

Alaska, recombination differed only slightly between the two geographic regions (San 

Francisco, Rm = 6, R = 3.0 per gene, R = 0.0073 between adjacent sites; Alaska, Rm = 
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5, R = 2.5 per gene, R = 0.0062 between adjacent sites).  These two regions were very 

different in the number of pairs of sites with four gametic types (Alaska = 68, San 

Francisco = 19).  However, when hybrid alleles were removed from the analysis, Rm = 

4 in Alaska, with only 9 pairs of sites with four gametic types.  

 

Population genetics 

 

Similar levels of FuHC haplotype diversity were found in samples from Alaska 

and San Francisco, but nucleotide diversity was twice as high in Alaska samples (Table 

1).  Of the 14 total alleles, seven were shared between San Francisco and Alaska 

populations and three were detected only in San Francisco samples.  Four alleles, all 

potential hybrids, were detected only in samples from Alaska (Table 1).  Excluding 

these four hybrid alleles resulted in minimal change to Alaska FuHC diversity (Hd = 

0.8050, π = 0.0540).  No private alleles were found at any marinas.  Considering only 

the intron region, FuHC-D and FuHC-M become identical alleles, as do FuHC-C and 

FuHC-K, combining two of the Alaska-only hybrid alleles with common alleles.  When 

considering only the exon region, the 14 FuHC alleles are condensed into seven distinct 

exon alleles.  The exon groupings are as follows:  (FuHC-A, FuHC-C, FuHC-H, FuHC-

N); (FuHC-G, FuHC-K); (FuHC-E, FuHC-F, FuHC-I, FuHC-J), with the four 

ungrouped FuHC alleles (FuHC-B, FuHC-D, FuHC-L, FuHC-M) remaining distinct.  

Of these exon-only alleles, only two alleles are restricted to Alaska, and no San 
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Francisco-only alleles remain.  Higher diversity was detected in the intron region than 

the combined exon regions (Table 5). 

Tests for pairwise population differentiation at the FuHC locus revealed 

significant FST values in almost all comparisons between Alaska and San Francisco Bay 

populations, four of which were no longer significant after sequential Bonferroni 

adjustments were made (Table 3).  These results did not change when the analysis was 

run without the Alaska hybrid alleles.  Populations within Alaska or San Francisco Bay 

were never significantly subdivided.  AMOVA results showed that most of the genetic 

variance was explained by within-population comparisons (82%), with a smaller 

proportion of the variance explained by differences between Alaska and San Francisco 

(19%).  None of the variation was explained by comparisons of populations within 

regions (Table 4). 

Ten of the 94 individuals sampled were found to be chimeric, identified as 

individuals possessing a third allele at the FuHC locus.  All ten chimeric individuals 

detected were from Alaska populations (18%), with potential hybrid alleles present in 

eight of these individuals.  When hybrid alleles were excluded, chimerism in Alaska 

was reduced to 4%.  Twenty-six individuals were confirmed to be FuHC homozygotes, 

13 each in Alaska (23%) and San Francisco (35%) populations.  Tests for loss of 

genetic diversity using the one-tailed Wilcoxon signed rank test for heterozygosity 

excess were not significant (P > 0.25), revealing no evidence of a genetic bottleneck in 

any of the populations in Alaska or San Francisco.   
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Fine-scale sampling of FuHC at two marinas in Alaska revealed similarly high 

diversity for both sets of samples.  Fine-scale sampling in Thomsen Harbor (n = 12 

colonies) found 9 FuHC alleles within 65 cm (FuHC-A - FuHC-G; FuHC-K; FuHC-N), 

Hd = 0.8661, π = 0.0520, with 8% homozygosity and 33% chimerism.  Fine-scale 

sampling in ANB Harbor (n = 22 colonies) revealed 7 FuHC alleles within 65 cm 

(FuHC-A - FuHC-E; FuHC-G; FuHC-M), Hd = 0.8066, π = 0.0553, with 27% 

homozygosity and 9% chimerism.  Broad-scale sampling in Alaska revealed 11 FuHC 

alleles (FuHC-A-FuHC-G, FuHC-K-FuHC-N), Hd = 0.8368, π = 0.0549, 26% 

homozygosity, and 21% chimerism.  

 

Phylogenetic analysis 

 

 Bayesian and maximum likelihood analyses produced FuHC trees with the same 

topology (Figure 3).  Clades show no pattern of geographic distribution, and there were 

no restricted Alaska or San Francisco-only clades based on FuHC data.  The most 

divergent clade, which consisted of FuHC-D and FuHC-M, was almost exclusively 

from Alaska and was separated by 11% from the nearest neighboring clade.  Bayesian 

and maximum likelihood trees based on introns only had the same topology as trees 

based on complete sequences, but with the branches for alleles with identical introns 

collapsing together.  There was no clade resolution with either the Bayesian or 

likelihood phylogenies based on exons only. 
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Discussion 

 

Nuclear and mitochondrial gene variability in two different invaded regions 

 

By examining a nuclear allorecognition locus, we were able to reveal diversity 

in invasive populations of B. schlosseri that would have remained undetected had we 

tested only a neutral mitochondrial locus.  As expected, we saw extremely low COI 

haplotype diversity in samples from both Alaska and San Francisco, although overall 

COI diversity was higher in San Francisco than in the recently established Alaska 

populations (Table 1).  The levels of COI diversity found in both regions of this study 

were comparable to those of B. schlosseri in European harbors, where Lopez-Legentil et 

al. (2006) found 16 COI haplotypes in 181 sequences from 10 harbors, with two to four 

haplotypes per harbor.  Recent COI data suggest B. schlosseri may have originated in 

Europe (Lejeusne et al. 2010), but it has also been proposed that B. schlosseri is native 

to the Pacific Ocean, the center of botryllid biodiversity, with European populations 

being established via shipping as early as the 1500s (Carlton 2005).  In either case, it is 

not surprising that we found low COI diversity in our recently established populations 

given the low diversity seen in the long-established European populations. 

 The number of FuHC alleles we detected was lower than in previous studies, in 

which B. schlosseri populations have been estimated to contain tens to hundreds of 

FuHC alleles (Karakashian & Milkman 1967; Scofield & Nagashima 1983; Grosberg & 
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Quinn 1986; Rinkevich & Saito 1992; Rinkevich et al. 1995).  Allele detection may be 

a result of sampling effort.  Our study sequenced 94 B. schlosseri colonies from two 

geographic regions at the FuHC locus, while the previously mentioned studies estimated 

alleles by testing fusion compatibility, ranging from 50 to 1262 pairs of colony fusion 

assays conducted per population.  Many of these previous estimates are inferred from 

fusion assay frequencies using the method by Curtis et al. (1982), which calculates the 

probability of histocompatibility given the number of loci and alleles.  Our study is the 

first to measure FuHC alleles directly across a variety of spatial scales by sequencing 

the FuHC locus itself.  The only other study to date to survey FuHC sequence diversity 

found 18 alleles in 10 individuals, all heterozygous, among three populations in 

Monterey Bay, California using the entire 3.2 kb cFuHC gene (De Tomaso et al. 2005).  

Although much shorter, the 415-bp genomic FuHC STS1 segment we sequenced was 

reported to segregate absolutely with histocompatibility phenotypes in laboratory fusion 

assays and genetic mapping, and includes a highly variable intron, with 4.71% 

divergence among alleles, comparable to the 4% divergence found with full-length 

cFuHC (De Tomaso et al. 2005).  Thus, FuHC STS1 has been used in this study and in 

De Tomaso (2005) as a proxy for cFuHC variability, and clearly shows more genetic 

diversity than COI, allowing for better resolution when examining these invasive 

populations. 

Similar levels of FuHC haplotype diversity in both regions coupled with 

elevated nucleotide diversity in Alaska may be indicative of introductions of several 
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divergent FuHC alleles into Alaska (Table 1).  We found no COI haplotypes specific to 

the recent invasion, but there were four such alleles for FuHC (all hybrid alleles, 

addressed later), and a clade (FuHC-D & FuHC-M) that was common in Alaska but rare 

in San Francisco populations.  This FuHC clade is highly divergent (Figure 3), and was 

present in each Alaska population at a frequency of 20-67%, but only made up 4% of a 

single San Francisco Bay population.  This clade contributed much of the high 

nucleotide diversity detected in Alaska populations.  Furthermore, no bottleneck was 

detected in B. schlosseri populations from either region based on FuHC.  Had we 

examined only COI, much of this diversity in Alaska populations would have remained 

undetected, with only two COI haplotypes diverged by 1.5%.  Alaska was sampled 

more exhaustively than San Francisco, and we still found fewer COI haplotypes in 

Alaska.   

Although Alaska and San Francisco Bay have similar levels of FuHC diversity 

despite the difference in time since B. schlosseri invasion, the regions are clearly 

distinct from one another.  With FuHC, we are able to see significant genetic 

differentiation between the two invaded regions that was not detected with COI (Table 

3).  FuHC data shows that propagule exchange between Alaska and San Francisco is not 

constant, although shared alleles indicate that San Francisco may be a source for some 

of the Alaska invasion.  Neither FuHC nor COI showed differentiation between sites 

within regions, suggesting that there is gene flow between local marinas.  Thus, it 
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appears that new invasions are unlikely to stay isolated to one particular marina, and 

there is high potential for B. schlosseri to spread on this scale.   

 

Chimerism and recombination in invasive populations 

 

We included four hybrid alleles that confirmed across individuals from different 

marinas in our analyses.  Alleles that are combinations of existing alleles are common 

artifacts of PCR and cloning in polymorphic loci (Longeri et al. 2002; Zhang & Hewitt 

2003; Lenz & Becker 2008), making it extremely difficult to distinguish true 

recombination in the field.  B. schlosseri is already predisposed to forming chimeric 

colonies, and exclusion of hybrid alleles would limit the opportunity to fully examine 

the combining of alleles.  It is often proposed that recombination plays a large role in 

maintaining high MHC allelic diversity in vertebrates (Parham & Ohta 1996; 

Martinsohn et al. 1999; Consuegra et al. 2005; Reusch & Langefors 2005; Hosomichi et 

al. 2008).  Grosberg (1988) reviewed the importance of recombination for the 

production of novel alleles in invertebrate allorecognition systems.  FuHC is one of the 

most polymorphic loci ever described, with at least one recombination hotspot 

identified in previous mapping studies, so recombination is likely contributing to high 

FuHC polymorphism (De Tomaso & Weissman 2003).  While excluding hybrid alleles 

resulted in the elimination of all Alaska-only FuHC alleles and reduces chimerism, 

overall mean diversity and population differentiation remained unaffected, and 
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nucleotide diversity remained twice as high in samples from Alaska as those from San 

Francisco.  If the hybrid alleles unique to Alaska are not artifacts, it remains unknown 

whether the alleles were created in Alaska or transported from a source population and 

maintained by local selection for FuHC diversity.  

Genotyping B. schlosseri at the FuHC locus served as a direct method, unique to 

this study, for identifying chimeric individuals.  The 18% chimerism we detected in 

Alaska is comparable to the 4-14% rate of field chimerism previously reported using 

fusion assays and neutral microsatellites (Karakashian & Milkman 1967; Grosberg & 

Quinn 1986; Rinkevich & Saito 1992; Rinkevich et al. 1995; Ben-Shlomo et al. 2001). 

Using microsatellites, Ben-Shlomo et al. (2008) found similar chimerism rates in 

reportedly native B. schlosseri populations from the Israeli Mediterranean coast (9%), 

and invasive populations from Woods Hole, Massachusetts (9.5%), where B. schlosseri 

has been established for more than a century (Bancroft 1903).   

The detection of higher chimerism in the recently established Alaska 

populations compared to long-established San Francisco populations may indicate that 

B. schlosseri is using fusion as an alternative mode of reproduction in very new 

populations.  This chimerism may allow recently established populations to begin 

increasing population size rapidly, thus avoiding the lag time often associated with the 

start of many invasions, which often need to accumulate high levels of genetic diversity 

prior to expansion (Sakai et al. 2001; Lee 2002; Frankham 2005; Roman & Darling 

2007).  Lee (2002) highlighted the importance of hybridization as a means to reduce 
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founder effects and increase genetic variance in invasive populations.  Fusions in B. 

schlosseri may produce a similar effect, essentially operating in the same manner as an 

intraspecific hybridization.  The importance of reproductive plasticity in establishing 

invasive populations has been suggested, but is yet to be fully understood (Roman & 

Darling 2007; Darling et al. 2009).   

We consider the level of chimerism detected in Alaska to be a minimum 

estimate of fusion rates in the field.  Fusions between FuHC homozygotes are 

undetectable, and increased clone screening may have revealed additional chimeras.  

We found no genetic evidence of chimeras in San Francisco Bay, but this may have 

been a result of field sampling bias and seasonality.  Fewer colonies were genotyped 

from San Francisco Bay (Table 1), which was sampled in July, while Alaska samples 

were collected in September.  B. schlosseri growth and sexual reproduction are largely 

dependent on temperature, so colonies collected later in the summer tend to be larger 

and denser, thus having more opportunity for contact and fusion with neighboring 

colonies (Yund & Feldgarden 1992; Chadwick-Furman & Weissman 1995).   

The high proportion of FuHC homozygotes we detected was unexpected given 

previous reports of strong overdominant selection on the FuHC locus (De Tomaso 

2006).  Homozygotes are predicted to have a significantly lower chance of survival 

based on laboratory crosses and field observations (Scofield et al. 1982; De Tomaso & 

Weissman 2004; De Tomaso 2006).  This introduces more questions about the role that 

fusions may play in B. schlosseri invasion success.  Because B. schlosseri requires only 
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one matching allele to fuse, FuHC homozygotes in theory have an advantage by 

simulating monoallelic expression, thus reducing the probability of fusion to very close 

relatives (De Tomaso 2006).  Our finding of high homozygosity in both Alaska and San 

Francisco Bay populations may illustrate the lasting benefits of homozygosity in 

minimizing the risk of germline loss and promoting selective fusions to propagate 

invasive populations.  Using a similar strategy with great success, invasive Argentine 

ants have extremely reduced intra-specific colony recognition, allowing for the 

formation of super-colonies and rapid increase in population size (Tsutsui et al. 2000; 

Tsutsui & Case 2001; Lee 2002).  However, the B. schlosseri homozygotes we detected 

encompass nine different FuHC alleles, perhaps representing a strategy to promote 

population expansion by fusion while still maintaining overall population diversity and 

reducing the individual risk of germline sacrifice.  Again, we used a small segment of 

the FuHC locus in our study, so additional polymorphism and perhaps heterozygosity 

may have been revealed with longer sequence.   

Fine-scale spatial sampling in Alaska showed a surprisingly high diversity of 

FuHC alleles coexisting in a very small area.  B. schlosseri colonies are known to live in 

small subpopulations of related individuals, with larvae settling very near or directly 

onto related adult colonies (Grosberg & Quinn 1986; Ben-Shlomo et al. 2008).  While 

this diversity was unexpected, all FuHC genotypes present were histocompatible with at 

least one other colony on the kelp blade.  In addition, there appears to be an inverse 

correlation between chimerism and homozygosity when comparing the fine scale 
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sample sets, supporting the theory that homozygosity may be a strategy to prevent 

nonspecific fusions and germline loss.  The fact that B. schlosseri shows similarly high 

FuHC diversity at multiple scales of sampling in this new invasive region suggests that 

there are selective processes promoting the maintenance of FuHC diversity.  

 

Conclusions 

Recently established populations of B. schlosseri in Alaska do not have lower 

diversity than long-established populations in San Francisco Bay, but this was revealed 

only with the evaluation of a functional allorecognition locus and not the neutral 

mitochondrial gene.  Much work has been done in the past to elucidate the evolutionary 

advantage of maintaining the ability to fuse.  The detection of higher chimerism, and 

high homozygosity to increase fusion specificity, in newer invasions suggests that one 

advantage of fusion may be to promote the ability of B. schlosseri to colonize new 

locales with relatively few propagules.  Increased numbers of hybrid alleles and 

frequency of recombination in Alaska highlight the importance of novel alleles in 

maintaining fusion/histocompatibility locus diversity.  Whether the benefits associated 

with fusion will wane once an invasion is well established certainly warrants further 

investigation.  Much information could be gained by examining the fusion/-

histocompatibility locus in native populations of B. schlosseri. 
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Appendix 3  Nucleotide sequence for the four Botryllus schlosseri cytochrome oxidase I (COI) 

haplotypes detected in this study.   

 

 
          10        20        30        40        50        60 

  ....|....|....|....|....|....|....|....|....|....|....|....| 

COI A  GTGGTTAGAGACAGGCAATTGTATAATGTAATTGTAACTGCTCATGCTTTTGTGATGATT 

COI B  ...............................................C...........C 

COI C  ...........T................................................ 

COI D  ...........T................................................ 

 

          70       80  90     100       110     120  

  ....|....|....|....|....|....|....|....|....|....|....|....| 

COI A  TTTTTTTTTGTTATACCTATGATAATTAGGAGGTTTGGTAATTGGTTATTACCTTTAATA 

COI B  ............................................................ 

COI C  ..C.....................G...............................G... 

COI D  ..C.....................G...............................G... 

 

         130       140 150     160 170     180 

  ....|....|....|....|....|....|....|....|....|....|....|....| 

COI A  GTGGGGAGTCCAGATATGGCTTTTCCTCGATTAAATAATATAAGTTTTTGATTATTGCCC 

COI B  ...................................................C........ 

COI C  .....................................................G...... 

COI D  .....................................................G.....T 

 

         190       200 210     220       230     240 

  ....|....|....|....|....|....|....|....|....|....|....|....| 

COI A  CCTGCTTTGTTTTTTCTTTTTAGAAGTTCTATAATTGAGAGTGGAGTTAGGACCGGGTGA 

COI B  ...................................C........................ 

COI C  ......................................A..............T...... 

COI D  ......................................A..............T...... 

 

         250       260 270     280       290     300 

  ....|....|....|....|....|....|....|....|....|....|....|....| 

COI A  ACTGTTTATCCTCCCCTTTCTAGAAACTTAGCTCATTCTAGAGCTGCTTTGGATTGTGCT 

COI B  ............................................................ 

COI C  ..........................TC................................ 

COI D  ..........................TC................................ 
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         310       320 330     340       350     360 

  ....|....|....|....|....|....|....|....|....|....|....|....| 

COI A  ATTTTTTCTTTACATTTGGCTAGAGTGTCTAGTATTTTAAGATCTCTTAACTTTATAACT 

COI B  ........................................................G... 

COI C  ........................................................G... 

COI D  ........................................................G... 

 

         370       380 390     400       410     420 

  ....|....|....|....|....|....|....|....|....|....|....|....| 

COI A  ACTTTGTTTAATATAAAGGTAAAAGGTTGGGGACTTTTTTCTATATCTTTGTTTTGTTGA 

COI B  ............................................................ 

COI C  ...................................C........................ 

COI D  ...................................C........................ 

 

         430       440 450     460       470    

  ....|....|....|....|....|....|....|....|....|....|....|... 

COI A  ACTGTATTGGTCACTACTATTTTGTTATTATTATCTTTACCTGTTTTGGCAGCTGCTA 

COI B  ....................CC.................................... 

COI C  ..............................C........................... 

COI D  ..............................C........................... 

 



 44 

Appendix 4  Nucleotide sequence for the fourteen confirmed Botryllus schlosseri fusion/-

histocompatibility alleles detected in this study.  Indels, represented by dashed lines (-), are present in 

alleles FuHC-D, FuHC-F, FuHC-M, and FuHC-N.  

 

 
 

     10        20       30        40        50        60 

  ....|....|....|....|....|....|....|....|....|....|....|....| 

FuHC A  CGAGCCATCAGTGCCAATCTCGAAAGAAGCAAGAATGATGCTGAAAGTGAACGGTAAGAT 

FuHC B  ................................................T........... 

FuHC C  ............................................................ 

FuHC D  ...................................................T........ 

FuHC E  ............................................................ 

FuHC F  ............................................................ 

FuHC G  ............................................................ 

FuHC H  ............................................................ 

FuHC I  ............................................................ 

FuHC J  ............................................................ 

FuHC K  ............................................................ 

FuHC L  ................................................T........... 

FuHC M  ...................................................T........ 

FuHC N  ............................................................ 

 

 

        70       80  90     100 110       120  

  ....|....|....|....|....|....|....|....|....|....|....|....| 

FuHC A  ACCGCTGTGACTGGCAATCTTGGTGTAGAGACATTTTTTCATTCTCATGCTATGGGAATG 

FuHC B  .....................................................AA..... 

FuHC C  ............................................................ 

FuHC D  ...........................T...........--------------.A..... 

FuHC E  ....T.........A..G.........C.................A........T..... 

FuHC F  ........A..................T...........--------------.A..... 

FuHC G  ...........................A................................ 

FuHC H  ............................................................ 

FuHC I  ......A.................T..C...T.....GC..............AA..... 

FuHC J  ...........................C..........................A..... 

FuHC K  ............................................................ 

FuHC L  .....................................................AA..... 

FuHC M  ...........................T...........--------------.A..... 

FuHC N  ........A..................T...........--------------.A..... 
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   130       140        150     160 170     180 

  ....|....|....|....|....|....|....|....|....|....|....|....| 

FuHC A  GACTTTTATTTGATATGAACTGACCTTGAATGTTGTCGTATTTCATTTCGATTCGGAATT 

FuHC B  AC............G............................................. 

FuHC C  .....................................C...................... 

FuHC D  A............................T......TC.....T.A..------------ 

FuHC E  A................................................A.......... 

FuHC F  A................................................A.......... 

FuHC G  .......................................................T.... 

FuHC H  ............................................................ 

FuHC I  A............................T...................A.......... 

FuHC J  A........................................................... 

FuHC K  .....................................C...................... 

FuHC L  AC............G............................................. 

FuHC M  A............................T......TC.....T.A..------------ 

FuHC N  A................................................A.......... 

 

 

   190        200 210     220 230     240 

  ....|....|....|....|....|....|....|....|....|....|....|....| 

FuHC A  GAATTCAATTCCCAAGTGTTTTCGAACACAGTAATTCTAATTCTCATCTAGTTTCGAAAA 

FuHC B  .....................................................AAA.... 

FuHC C  ...........T................................................ 

FuHC D  ----------.......T...G....T...T.....GA.....AT....T.......... 

FuHC E  .......G.............G...T....T........................A.C.. 

FuHC F  ............................................................ 

FuHC G  ............................................................ 

FuHC H  ...........T................................................ 

FuHC I  A....................G...T...........C......A..........A.... 

FuHC J  ............................................................ 

FuHC K  ...........T................................................ 

FuHC L  .....................................................AAA.... 

FuHC M  ----------.......T...G....T...T.....GA.....AT....T.......... 

FuHC N  ............................................................ 

 

 

   250        260 270     280 290     300 

  ....|....|....|....|....|....|....|....|....|....|....|....| 

FuHC A  AACTGTTAAGCTATAATTCTAATTCTCATATATTAAAATTTTCTATTTGTCCAAGTGTGG 

FuHC B  ............................................................ 

FuHC C  ............................................................ 

FuHC D  .G.....C...CT................C..A....-....A..G..T.T...C.C... 

FuHC E  ...................C........................................ 

FuHC F  ............................................................ 

FuHC G  ............................................................ 

FuHC H  ............................................................ 

FuHC I  ............................................................ 

FuHC J  ............................................................ 

FuHC K  ............................................................ 

FuHC L  ............................................................ 

FuHC M  .G.....C...CT................C..A....-....A..G..T.T...C.C... 

FuHC N  ............................................................ 
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         310       320 330     340  350     360 

  ....|....|....|....|....|....|....|....|....|....|....|....| 

FuHC A  CCTGAAGAGCAATCAATCTTGTTTTCAGTACCCCCGGAAAAAGTGGAAATAACGCACCTC 

FuHC B  ..C.....C....................T.............................. 

FuHC C  ............................................................ 

FuHC D  T.............G.A............T.............................. 

FuHC E  ......C......................T.............................. 

FuHC F  .............................T.............................. 

FuHC G  ..C..........................T.............................. 

FuHC H  ............................................................ 

FuHC I  .............................T.............................. 

FuHC J  .............................T.............................. 

FuHC K  ............................................................ 

FuHC L  ............................................................ 

FuHC M  T.............G.A............T.............................. 

FuHC N  ............................................................ 

 

 

   370        380 390     400       410    

  ....|....|....|....|....|....|....|....|....|....|....| 

FuHC A  ACGAGCGGTAGAAATTTGTCTTTGAGATGTAAATCTGAAGGAGCAAAGCCGCCGG 

FuHC B  ...................................C................... 

FuHC C  ....................................................... 

FuHC D  ...................................C................... 

FuHC E  ...................................C................... 

FuHC F  ...................................C................... 

FuHC G  .................................G.C................... 

FuHC H  ....................................................... 

FuHC I  ...................................C................... 

FuHC J  ...................................C................... 

FuHC K  .................................G.C................... 

FuHC L  ....................................................... 

FuHC M  ....................................................... 

FuHC N  ....................................................... 

 




