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Abstract 23 
 24 

Assessing genomic diversity and population structure of non-indigenous species is 25 

crucial to develop adequate management strategies. However, in species with scarce 26 

material for DNA extraction, applying genomic techniques can be a difficult task. Here we 27 

set a protocol for small DNA samples combining whole genome amplification (WGA) and 28 

genotyping-by-sequencing (GBS). This protocol was applied to the worldwide invasive 29 

colonial ascidian Didemnum vexillum using a single zooid per colony. WGA-GBS 30 

performance was tested using half zooids, providing empirical demonstration for 31 

genotyping reliability. We analysed 296 individuals from 12 localities worldwide including 32 

native and the main invaded areas. Polymorphic loci datasets generated by locality, area 33 

and globally, identified genetic differentiation at all levels. The two groups found in Japan, 34 

the native area, matched Cytochrome Oxidase I clades and were strongly differentiated 35 

at the genomic level suggesting reproductive isolation. Our genomic analyses confirmed 36 

that only one clade spread worldwide. We also detected some clones, always within the 37 

same locality. Genetic diversity was high in both the introduced and in the native area. 38 

Three independent colonisation events determined the global distribution of the species, 39 

although population pairwise comparisons within each introduced genetic cluster were 40 

significant. Human-mediated transportation seems to drive the distribution pattern of this 41 

species worldwide and regionally, as there is a lack of isolation by distance within 42 

introduced areas. Diverse and well differentiated populations point to a high expansion 43 

potential of this worrisome worldwide invader. 44 

 45 
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INTRODUCTION 52 
 53 

Non-indigenous species (NIS) are a major cause of ecological change in marine 54 

communities and one of the major threats to global biodiversity (Dukes and Mooney 1999; 55 

Bax et al. 2003; McGeoch et al. 2010; Darling et al. 2017). Marine biological invasions are 56 

due to anthropogenic vectors such as transportation-related pathways (e.g. ballast waters, 57 

fouling, interoceanic canals) and commerce of living organisms (e.g. aquaculture and 58 

aquarium trade) (Padilla and Williams 2004; Molnar et al. 2008; Galil et al. 2015). 59 

 60 

Diverse methodologies have been developed to identify invasion processes since 61 

their understanding is fundamental for implementing adequate management strategies. 62 

Population genetic approaches have proved very valuable to assess invasion processes 63 

(Viard and Comtet 2015); in particular, the relationship between populations from widely 64 

separated invaded areas (Rius et al. 2012). Molecular tools are of great utility for NIS 65 

research and management in marine systems (Darling et al. 2017). However, information 66 

provided by molecular markers relies strongly on the type and number of markers used 67 

(Adrion et al. 2014). Nowadays, several molecular techniques and bioinformatic pipelines 68 

allow to perform population genomic studies in non-model species (Chown et al. 2015; 69 

Torkamaneh et al. 2016). These approaches generate hundreds to thousands of markers 70 

which remarkably increase the accuracy of population genetic studies (Tepolt and 71 

Palumbi 2015; Tepolt 2015; Gagnaire et al. 2015). The genome sizes of most species are 72 

too large for whole genome assessment and a reduction of the fraction being analysed is 73 

necessary. Restriction-enzyme associated DNA techniques allow this reduction, with the 74 

resulting fragments being distributed throughout the genome. These technologies, 75 

coupled with high throughput sequencing, increase the potential for identifying 76 

demographic and adaptive processes of ecologically relevant species (Hudson 2008; 77 

Carreras et al. 2017). To date, however, only a few works have applied population 78 

genomics to assess invasion processes in marine organisms (Bouchemousse et al. 2016; 79 

Jeffery et al. 2017; Gagnaire et al. 2018; Pérez-Portela et al. 2018). Population genomic 80 

approaches applied to marine invasive species may allow a deep understanding of 81 
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invasion processes, revealing unknown population structure, invasion patterns and 82 

adaptation (Rius et al. 2015; Viard et al. 2016; Forsström et al. 2017). 83 

 84 

Among marine invasive organisms, ascidians include several species of major 85 

concern, some of which have worldwide colonisation ranges (Lambert and Lambert 2003; 86 

Shenkar and Swalla 2011; López-Legentil et al. 2015; Zhan et al. 2015). They are diploid 87 

and sessile marine filter feeders with characteristics that make them successful 88 

colonisers: rapid growth rate and short time to maturity (Rius et al. 2009; Pineda et al. 89 

2013; Casso et al. 2018), physical and chemical defences (Stoecker 1980; López-Legentil 90 

et al. 2006), ability to reproduce asexually by fragmentation, and large number of short-91 

lived non-feeding planktonic larvae (Lambert 2001). Moreover, colonial ascidians can form 92 

chimeras by allogeneic fusions, generating larger colonies with zooids of different 93 

genotypes, which can be an advantage for an invasive species (Ben-Shlomo 2017). 94 

Invasive ascidians are well-established on artificial substrates (Tyrrell and Byers 2007) 95 

which makes them very common in marinas, aquaculture facilities and other human-built 96 

structures (Airoldi et al. 2015). They can also be introduced in natural environments where 97 

they can overgrow epibenthic communities and cover large areas of the seafloor (Bullard 98 

et al. 2007). Thus, these biofouling species can cause an important negative ecological 99 

and socio-economic impact (Aldred and Clare 2014). 100 

 101 

Didemnum vexillum Kott, 2002 is a colonial ascidian thought to be native from Japan 102 

(Lambert 2009; Stefaniak et al. 2012) which has colonised most of the world temperate 103 

regions: New Zealand (Kott 2002), East and West coast of North America (Bullard et al. 104 

2007; Lambert 2009; Cohen et al. 2011), Atlantic and Mediterranean coasts of Europe 105 

(Minchin and Sides 2006; Gittenberger 2007; Griffith et al. 2009; Lambert 2009; El Nagar 106 

et al. 2010; Tagliapietra et al. 2012; Ordóñez et al. 2015), and SE Russia (Zvyagintsev et 107 

al. 2016). The chronology of its spread is difficult to determine as the taxonomy of the 108 

genus is challenging and it has been historically misidentified (Lambert 2009). The most 109 

likely large scale vector leading to primary introductions is trans-oceanic transport by 110 

commercial shipping and aquaculture-related transfers, while at small scales, leisure craft 111 
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and regional commercial shipping are more probably contributing to secondary spread 112 

within the region of introduction (Lambert 2009; Bishop et al. 2015). This species 113 

overgrows commercial bivalves and artificial substrates such as boat hulls and marinas’ 114 

structures, so it has high economic impact (Bullard et al. 2007). Furthermore, it can spill 115 

over natural communities (Mercer et al. 2009), and it has been reported to cause great 116 

harm in some fishing grounds (Bullard et al. 2007; Valentine et al. 2007; Kaplan et al. 117 

2018). 118 

 119 

Phylogeographic studies of D. vexillum using Cytochrome Oxidase Subunit I (COI) 120 

gene have shown the presence of two main mitochondrial clades, A and B, of which only 121 

clade A has been detected in introduced localities (Stefaniak et al. 2012). However, 122 

precise relationships among different areas of introduction could not be determined due 123 

to low variability of this marker (Stefaniak et al. 2012; Ordóñez et al. 2015). Microsatellite 124 

markers have been developed for this species and used to assess diversity in an invaded 125 

locality (Abbott et al. 2011). These markers were also recently applied to identify 126 

allogeneic fusion between individuals, a process suggested to play an important role in 127 

invasion success and influence genetic data interpretation (Fidler et al. 2018; Watts et al. 128 

2019). A microsatellite locus and two presumably nuclear sequence fragments have been 129 

found to be useful to assess differentiation among some populations (Hess et al. 2009), 130 

but never tested globally. Multimarker approaches applied to D. vexillum may provide a 131 

more accurate assessment of its population structure and the processes involved in the 132 

success of this global invasive species. In particular, genotyping-by-sequencing (GBS) 133 

(Elshire et al. 2011) stands out by its simplicity as there is no fragment size selection, and 134 

few enzymatic and purification steps are required, being thus time- and cost-efficient. This 135 

technique requires an amount of DNA not always available, but whole genome 136 

amplification (WGA) protocols are specifically designed to overcome this problem (Dean 137 

et al. 2002). In our study, WGA was used to obtain high quality DNA from single zooids, 138 

instead of sampling pools of zooids or colony fragments, to avoid contamination, problems 139 

related to DNA degradation, and genetic heterogeneity due to chimeric colonies 140 

(Rinkevich and Fidler 2014; Watts et al. 2019). 141 
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 142 

The objective of the present work is to determine patterns of genetic structure, and 143 

to assess the connectivity between populations and the colonisation history of D. vexillum 144 

using population genomics. More specifically, we (i) evaluated the reliability of several 145 

WGA-GBS protocols for correct and reproducible genotyping, (ii) compared genomic 146 

differentiation between COI clades of Didemnum vexillum, (iii) estimated diversity in native 147 

and introduced localities and (iv) assessed genetic relationships between and within the 148 

main areas where the species has been introduced. We expect that combining GBS and 149 

WGA will provide a genome-wide panel of markers for accurate inference of genetic 150 

patterns. Moreover, if mitochondrial clades correspond to different evolutionary units, we 151 

anticipate finding a strong divergence also at the nuclear level. With our multimarker 152 

approach, we expect to be able to accurately identify the population structure of the 153 

species in the native and invaded areas and obtain meaningful insights into the 154 

colonisation processes of this important worldwide invader. This study will further 155 

contribute to set guidelines for genomic analyses in organisms with scarce genetic 156 

material and without reference genome. 157 

 158 

 159 

METHODS 160 
 161 

Sampling 162 

A total of 291 colonies of Didemnum vexillum from 12 locations were sampled 163 

around the world during 2015 and 2016 (Fig. 1, Table 1). Colonies were sampled in 164 

marinas and other artificial substrates and they were at least 2 m apart to avoid 165 

pseudoreplication (Smith et al. 2012). The samples were coded by geographic region as 166 

defined in a previous study (Stefaniak et al. 2012). Mediterranean localities, not included 167 

in that previous work, were grouped into the European geographic region. Samples were 168 

preserved in 96% ethanol. 169 

 170 
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COI analysis 171 

In order to determine the COI haplogroup of our Japanese samples, DNA extractions 172 

were carried out from thoraxes of five zooids for each of the 41 colonies from Aomori and 173 

Sugashima using the REDExtract-N-Amp Tissue kit (Sigma-Aldrich), following 174 

manufacturer's recommendations. A fragment of about 600 bp was amplified and 175 

sequenced using primers designed in a previous work (Stefaniak et al. 2012). PCR 176 

amplification was done in 20 µL total reaction volume with 10 µL of REDExtract-N-Amp 177 

PCR reaction mix (Sigma-Aldrich), 0.8 µL (10mM) of each primer, 6.4 µL of ultra-pure 178 

water (Sigma-Aldrich) and 2 µL of DNA at a concentration of ca. 5ng/µL. A total of 30 179 

cycles with an annealing temperature of 50ºC were performed in a S1000 Thermal Cycler 180 

(BioRad). Sequencing was carried out at Macrogen facilities (Netherlands). Sequences 181 

were edited and analysed with Mega7 (Kumar et al. 2016). Our sequences were aligned 182 

and trimmed to 444 positions to avoid low quality bases. Additional sequences from 183 

GenBank of D. vexillum COI haplotypes coded as H1 to H23 (Stefaniak et al. 2012; Smith 184 

et al. 2012) (acc. JF738057 to JF738069⁠and JQ663509 to JQ663517) were included for 185 

phylogenetic analysis. Identical sequences, as a result of trimming, were collapsed (i.e. 186 

H1.2 = H1 and H2; H5.6 = H5 and H6; H10.21 = H10 and H21) and a neighbour-joining 187 

tree of the resulting haplotypes built using the proportion of nucleotide differences (p-188 

distances). 189 

 190 

DNA extraction and sequencing for genomic analysis 191 

For each colony, DNA extraction was performed from the thorax of a single zooid, to 192 

avoid contamination due to digestive content and to avoid genetic heterogeneity, as 193 

colonies of Didemnum vexillum can fuse forming chimeric colonies (Rinkevich and Fidler 194 

2014; Fidler et al. 2018). DNA from each thorax was obtained by whole genome 195 

amplification (WGA) with REPLI-g® Single Cell kit (Qiagen) after showing the best 196 

performance on a preliminary test (Appendix S1). Additionally, to assess potential 197 

genotyping error from WGA-GBS combined protocol, single thoraxes from eight colonies 198 

of Ebro Delta were cut in two halves and extracted separately. Overall, 307 samples (16 199 

half thoraxes and 291 thoraxes) were independently extracted and amplified following the 200 
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manufacturer’s protocol except for a reduction on the amount of polymerase used (1.5 201 

µL). 202 

 203 

WGA DNA samples were sent to the National Centre for Genetic Analysis (CNAG, 204 

Barcelona). Separate libraries were constructed for each sample. DNA was digested with 205 

PstI restriction enzyme (see Appendix S1 for justification of enzyme selection) and 206 

adaptors ligated with a single-step PCR. The libraries of approximately 80 individuals were 207 

pooled and paired-end sequenced (2x125 bp fragments) in an Illumina HiSeq 2500 208 

platform. Individuals from the same locality were distributed in different lanes. 209 

 210 

Loci datasets construction 211 

Demultiplexed raw sequences from 16 half-thoraxes on one hand and the 291 212 

individuals of the global dataset on the other hand were filtered and analysed following 213 

the pipeline described in Appendix S2. We used the GIbPSs toolkit (Hapke and Thiele 214 

2016) as it can deal with paired ends, and performs better than other programs in terms 215 

of computation time and number of shared loci (Hapke and Thiele 2016). We chose the 216 

option to define alleles as haplotypes, combining all variable positions of each locus, 217 

instead of using each single nucleotide polymorphism (SNP) separately to increase the 218 

statistical power of the analyses (RYMAN et al. 2006). 219 

 220 

For the half-thoraxes dataset, tables of haplotypic genotypes and sequencing depths 221 

were exported from GIbPSs and read into R (R Core Team 2018). The haplotypic 222 

genotypes table was used to obtain the Percentage of Shared Genotypes (PSG, i.e. 223 

percentage of identical genotypes among shared loci). PSG values together with the table 224 

of sequencing depths were used to determine WGA-GBS reliability. For the global dataset, 225 

PSG values were also obtained from the table of haplotypic genotypes and used to detect 226 

clones. The PSG between samples with the same genotype is expected to be significantly 227 

higher than between samples with different genotype, even between siblings. However, 228 

PSG values may vary depending on sequencing errors and depth bias. 229 

 230 
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We kept only one colony from each of the clones detected and ran again the same 231 

pipeline to obtain the final global loci dataset which was exported to a genepop file format 232 

from GIbPSs and read into R using the ‘adegenet’ package (Jombart 2008; Jombart and 233 

Ahmed 2011). Loci in Hardy-Weinberg disequilibrium in more than 60% of localities 234 

(Benestan et al. 2015; Carreras et al. 2017) were detected using the R package ‘pegas’ 235 

(Paradis 2010) and removed. Using the final global loci dataset, we expected to find some 236 

genetic structure in the species, at least between COI clades and/or between native and 237 

introduced localities. Thus, we decided to first analyse the population structure, build new 238 

loci datasets for each identified genetic cluster, and then perform the relevant genetic 239 

analyses within each dataset. For comparison with the results obtained using alleles as 240 

haplotypes, we ran again the pipeline defining alleles with only the first SNP at each locus, 241 

using the sequences of the main genetic cluster. 242 

 243 

Data analyses 244 

Pairwise genetic distances among individuals were calculated using the Prevosti 245 

distance in the R package ‘poppr’ (Kamvar et al. 2014, 2015). We chose the Prevosti 246 

distance as it is a model-free method (Grünwald et al. 2017) which calculates the absolute 247 

differences between two individuals at all loci. We corrected this distance by the exact 248 

number of loci shared by each pair to avoid bias due to missing data. With the resulting 249 

genetic distances, Principal Coordinates Analysis (PCoA) were run using the R package 250 

‘ade4’ (Dray and Dufour 2007) and plotted with ‘ggplot2’ (Wickham 2009). To determine 251 

the optimal number of genetic groups (K), twenty runs were carried out using Structure 252 

v2.3.4 (Pritchard et al. 2000) for each K ranging from one to 16. Burn-in period was set to 253 

50,000 MCMC steps and runs to 500,000 steps to achieve consistent results. The most 254 

likely number of genetic groups was inferred by the ad hoc statistic ΔK (Evanno et al. 255 

2005) using Structure Harvester v0.6.94 (Earl and vonHoldt 2012). The 20 runs of 256 

Structure for the best K values were averaged using Clumpp vs1.1.2 (Jakobsson and 257 

Rosenberg 2007) and plotted with the ‘ggplot2’ R package (Wickham 2009). 258 

 259 

Locality pairwise distances (FST) were calculated with ‘hierfstat’ (Goudet and 260 
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Jombart 2015). The significances of these distances were tested by 999 permutations and 261 

p-values corrected for multiple comparisons using the Benjamini-Yekutieli FDR correction 262 

(White et al. 2019). Mantel tests were performed between FST and geographic distances 263 

using ‘ade4’ (Dray and Dufour 2007). An AMOVA analysis was performed for the 264 

introduced populations, using as hierarchical levels the genetic groups detected, the 265 

localities, and the individuals. This analysis was performed with Arlequin v. 3.5. (Excoffier 266 

and Lischer 2010). 267 

 268 

Heterozygosities, inbreeding coefficients and allelic richness were estimated with 269 

‘diveRsity’ (Keenan et al. 2013). The number of singletons (alleles found only once in the 270 

dataset) and unique alleles (alleles found only in one locality) were obtained from genepop 271 

files using ‘adegenet’ (Jombart 2008; Jombart and Ahmed 2011). 272 

 273 

 274 

RESULTS 275 
 276 

COI analysis 277 

Among the 41 analysed individuals from the two Japanese localities we found 10 278 

haplotypes, of which four had not been previously described (accession numbers XXX, 279 

pending). The neighbor-joining tree showed that all individuals from Aomori (25) and 280 

seven individuals from Sugashima had clade A haplotypes and the other 9 individuals 281 

from Sugashima had clade B haplotypes (Fig. 2). The four new haplotypes (Accession 282 

numbers MN071417-20) were all of individuals from Sugashima, two of clade A and two 283 

of clade B (Fig. 2). In Sugashima, we found 0.97% nucleotide differences within clade A, 284 

0.78% within clade B and 3.75% among clades. 285 

 286 

WGA-GBS performance 287 

On average, 2,765,845 raw reads were obtained for each of the 16 half-thoraxes, 288 

and 2,201,744 reads remained after the sequence quality filtering stage of the pipeline 289 

(Appendix S2). Overall, 51,296 loci were found from which only 2,981 loci were kept after 290 
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the loci filtering stage. The mean Percentage of Shared Genotypes (PSG) (±SE) between 291 

samples with the same genotype, in this case half-thoraxes from the same individual, was 292 

higher (N=8, 93.24% ±0.53) than among samples from different individuals (N=112, 293 

41.65% ±0.17), and differed significantly (Mann-Whitney-Wilcoxon test; W = 896; p-value 294 

< 0.0001) (Fig. 3). When comparing each pair of half thoraxes (Appendix S3), the mean 295 

sequencing depths of non-shared-genotype loci were lower (16.5±2.4) than those of 296 

shared-genotype loci (112.1±2.5). Most non-shared-genotype loci had two different alleles 297 

in each pair of half-thoraxes, which is compatible with sequencing depth bias (i.e., 298 

undetected heterozygotes), while only 0.59% of the total loci had three different alleles in 299 

a given pair, attributable to sequencing errors, and none had four different alleles. 300 

 301 

Clone identification 302 

When analysing the sequences of the 291 individuals, 1,975,862 raw reads were 303 

obtained on average per individual and one individual from Brest was removed due to low 304 

number of reads (less than 20% of the average). After the sequence filtering stage, the 305 

number of reads for the 290 retained individuals averaged 1,620,457 per individual. A total 306 

of 194,064 loci were identified of which only 473 loci were kept since they were 307 

successfully genotyped in more than 70% of individuals. Thirteen pairs of individuals 308 

shared 99.71%±0.09 (mean±SE) of the genotypes, and were thus identified as clones. 309 

The higher PSG than in the half-thoraxes dataset is partly due to the lower number of loci 310 

retained and their higher mean sequencing depth. In all 13 cases, both individuals of the 311 

pair belonged to the same locality: 1 pair from Aomori, 2 from New Zealand, 2 from Alaska, 312 

3 from Seattle, 1 from Richmond, 1 from Sausalito, 1 from Portsmouth and 2 from Ebro 313 

Delta. Only one individual per clone-pair was retained to redo the global loci dataset. 314 

 315 

Nuclear divergence between mitochondrial clades 316 

The new loci identification performed on the retained 277 individuals after removing 317 

clones found 462 loci after filtering, hereafter the global dataset (Table 2). However, the 318 

nine individuals from Sugashima with clade B COI haplotypes had a lot of missing data 319 

and only had between 168 and 189 loci of the global dataset. Filtering was applied to loci 320 
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but not to individuals and, consequently, loci (not individuals) with more than 30% of 321 

missing data were removed. Thus, the low number of shared nuclear loci between both 322 

mitochondrial clades could be the result of the large divergence between them. Two 323 

genetically differentiated groups of samples were observed with the first axis of the PCoA 324 

(Fig. 4). One group included all individuals with mitochondrial clade B haplotypes and the 325 

other included all individuals with mitochondrial clade A haplotypes from Aomori and 326 

Sugashima and also all individuals from the introduced localities. We therefore assume 327 

that all introduced individuals would present mitochondrial clade A haplotypes, the only 328 

one recorded so far outside Japan (Stefaniak et al. 2012; Ordóñez et al. 2015). 329 

 330 

For a deeper comparison between mitochondrial clades A and B, a new loci 331 

identification was performed using only the sequences of the 16 individuals from 332 

Sugashima, the only location including both clades in our sampling. With this dataset, 595 333 

loci were identified (Table 2) and the average corrected-Prevosti distance within clade A 334 

was 0.107 (SE±0.002), within clade B was 0.183 (SE±0.003) and between clades was 335 

0.340 (SE±0.001). The resulting PCoA clearly separated both clades (Appendix S4). 336 

Moreover, the most likely number of clusters identified was K = 2 (ΔK = 5,267.8), with 337 

individual assignment probabilities of 100% to belong to one or the other group (results 338 

not shown). 339 

 340 

Differentiation within clades 341 

Due to the strong differentiation between genetic groups, the 277 individuals from 342 

the global dataset were then split to run new loci identifications for each group. Hereafter, 343 

we will refer to these datasets as clade B (9 individuals from Sugashima) and clade A (the 344 

other 268 individuals) loci datasets. The clade B dataset (2,536 loci retained, Table 2) 345 

showed high heterozygosities (He=0.518, Ho = 0.387) and the FIS value was significant 346 

(FIS = 0.247, p<0.05).  347 

 348 

The analysis performed using the sequences of the 268 clade A individuals retained  349 

577 loci (Table 2). In the clade A dataset, the most likely number of clusters identified was 350 
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K = 3 (ΔK = 1,193.8), with the highest peak, and K = 13 (ΔK = 28.2) with a lower peak 351 

(Appendix S5). Both the clustering of the posterior probabilities of each individual with K 352 

= 3 (Fig. 5a) and the PCoA of the 268 clade A individuals (Fig. 6a) showed three separate 353 

genetic groups for the introduced localities: New Zealand plus East North America (NZ-354 

ENA), West North America (WNA) and Europe (EUR). Sugashima presented a central 355 

position in the PCoA and showed membership probabilities split in each of the three 356 

clusters for K = 3. Aomori clustered with the NZ-ENA group (Fig. 5), which is consistent 357 

with the PCoA where these three localities were in overlapping positions along the first 358 

axis (Fig. 6a). For comparison with these results, we performed the same analyses using 359 

the dataset with only the first SNP of each locus. The most likely number of clusters 360 

identified was again K = 3 (ΔK = 87.4). The PCoA also showed the same three separate 361 

genetic groups. However, these groups were less well defined in both analyses and in the 362 

PCoA the individuals of the different localities within the same group were more 363 

overlapped (Appendix S6). 364 

 365 

The clade A loci dataset was further split into the three subsets of introduced 366 

populations revealed by the clustering analysis (NZ-ENA, WNA and EUR) and 367 

independent loci datasets were constructed (Table 2). In each of the PCoAs performed 368 

separately for the three introduced genetic groups (Fig. 6b, 6c and 6d), localities were well 369 

differentiated from each other. Consistently with the PCoAs of these three groups, the 370 

clustering for K = 13 (Fig. 5b) recovered almost every locality as belonging mostly to a 371 

single genetic cluster, with two exceptions. In New Zealand, all individuals had assignment 372 

probabilities of ca. 50% to two genetic clusters, one of them being the main genetic cluster 373 

in Woods Hole individuals. In Aomori, 15 individuals were assigned to a genetic group 374 

while another 9 had mixed membership probabilities with a second genetic group. These 375 

two groups were only found with high probability in Aomori. Due to the high differentiation 376 

between localities of the clade A, more specific analyses were conducted using this 377 

dataset and, additionally, new loci datasets were constructed for each locality, including a 378 

loci dataset with the only seven clade A individuals from Sugashima. Using the clade A 379 

loci dataset, pairwise corrected-Prevosti distances between individuals from the same 380 
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locality averaged 0.112 (SE±2.52e-04), between individuals from the same genetic group 381 

but different localities averaged 0.131 (SE±1.20e-04), and between individuals from 382 

different genetic groups averaged 0.143 (SE±6.92e-05). The differences were significant 383 

(Kruskal-Wallis chi-squared = 10912.58; p-value < 0.001) between each of these three 384 

types of comparisons (Dunn test, all p-values < 0.001). 385 

 386 

Pairwise FST values were calculated between localities using the clade A loci dataset, 387 

and all of them were significant after FDR correction (Appendix S7). The lowest genetic 388 

differentiation was between Brest and Ebro Delta while Seattle was the locality with the 389 

highest differentiation when compared to the other localities. Interestingly, Sausalito was 390 

more differentiated from the other locality of San Francisco Bay than from Alaska, which 391 

is not expected according to geographic distance. The correlation between FST and 392 

geographic distances was not significant within the NWA populations (Mantel test; r = 393 

0.337; p-value = 0.295). Likewise, Brest was more differentiated from Portsmouth than 394 

from Delta, despite the latter is geographically more distant. Accordingly, no isolation by 395 

distance was detected among European localities (Mantel test; r = 0.396; p-value = 0.252). 396 

A hierarchical FST analysis (AMOVA) revealed significant genetic differentiation between 397 

the three groups identified among the introduced populations (NZ-ENA, WNA and EUR), 398 

as well as among populations within groups and among and within individuals, the latter 399 

explaining the highest percentage of variation (Appendix S8). 400 

 401 

Among the locality-specific analyses, Sugashima had the highest number of 402 

polymorphic loci (2,942), although the number of polymorphic loci per introduced locality 403 

was high (2,046±117, mean±SE) (Table 3). The highest number of alleles per locus was 404 

found in Aomori (3.32). Interestingly, as the number of individuals per locality decreased, 405 

the number of shared loci increased but the mean number of alleles per locus decreased. 406 

In the clade A analysis, the highest allelic richness was also in Aomori (2.08) and mean 407 

allelic richness in introduced localities ranged between 1.55 in Seattle and 1.91 in Brest 408 

(Table 3). Expected heterozygosities were higher than observed ones, in all cases, and 409 

those from the locality-specific analyses were always higher (mean of 40% higher) than 410 
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those obtained using clade A loci dataset (Table 3), suggesting that more variable loci are 411 

dropped when filtering loci of a dataset with higher number of individuals. The highest 412 

expected heterozygosities were found in Sugashima and Aomori in the locality-specific 413 

analysis (Table 3). In both clade A and locality-specific analyses, FIS values were all 414 

positive and significant except for Sugashima clade A and Seattle. 415 

 416 

Using the clade A loci dataset, the number of singletons (alleles found only once in 417 

the dataset) and number of unique alleles (alleles found only in one locality) varied from 418 

10 to 121 and from 11 to 193 respectively (Table 3). The mean number of unique alleles 419 

in Japanese populations was 114.5 and in the other localities was 45.2. Interestingly, the 420 

proportion of unique alleles that were not singletons was higher in Aomori (54%) and 421 

Sugashima (50%) than in the other localities (which ranged between 0% and 39%). The 422 

number of singletons and unique alleles in the Ebro Delta locality was very high (121 and 423 

126, respectively). However, half of the singletons were found in only two individuals, 424 

which also showed the highest number of missing loci within the clade A loci dataset 425 

(20.62% and 14.21%). 426 

 427 

 428 

DISCUSSION 429 
 430 

We present here the first population genomic study on a colonial ascidian, the 431 

invasive pest Didemnum vexillum. Our results provide empirical evidence for validating 432 

the combination of WGA and GBS in population genomic studies of samples with low DNA 433 

content. Our assays on half thoraxes showed high genotyping reliability, with 434 

discrepancies only in loci with low sequencing depth, indicating that sequencing depth is 435 

critical for correct genotype assessment. We showed that the colonisation process of 436 

Didemnum vexillum comprises three main independent introductions with clear genetic 437 

footprints: to New Zealand plus East North America, to West North America and to 438 

Europe. These findings showcase how a genomic approach can provide a deeper 439 

understanding of invasion processes than traditional population genetic techniques (Clark 440 
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et al. 2010; Tepolt and Palumbi 2015). Population genomics would be particularly useful 441 

in cases where neither the historical records nor the use of less sensitive genetic markers 442 

could disentangle the introduction history of a given species (Carlton and Cohen 2003; 443 

Pineda et al. 2011; Adrion et al. 2014). 444 

 445 

Previous population genomic studies on ascidians focused only on large solitary 446 

forms, such as Ciona spp. (Bouchemousse et al. 2016; Lin et al. 2017) and Pyura chilensis 447 

(Segovia et al. 2017). Colonial ascidians have reduced zooid size, thus many zooids must 448 

be pooled to get enough DNA for a GBS approach. However, this increases the probability 449 

of sample contamination, and it is highly time consuming. Furthermore, this group of 450 

ascidians can form chimeras (Rinkevich and Weissman 1987; Rinkevich 2005) which can 451 

be a problem when genotyping a sample as it may contain two or more genotypes (Watts 452 

et al. 2019). Thus, to avoid genetic heterogeneity, a single zooid should be used (Pérez-453 

Portela et al. 2013). Recently, a few studies started to use WGA on non-model species to 454 

increase the amount of DNA obtained (Blair et al. 2015; Grogan et al. 2016; Onyango et 455 

al. 2016) but, to our knowledge, this method had not been previously applied to marine 456 

invertebrates. Choosing the best WGA kit is not trivial, as performance can vary 457 

substantially, and differences in economic cost are not negligible. Although several 458 

comparative studies did not find substantial variation when using different WGA 459 

commercial kits (Pinard et al. 2006; Han et al. 2012; Blair et al. 2015; Ivanov et al. 2018), 460 

we found significant differences in yield and reliability using three different kits. We 461 

selected REPLI-g Single Cell kit (Qiagen) based on amplification success (100%), yield 462 

(36.58 μg per sample) and genotyping reliability (94% out of 2,981 loci) with the few failing 463 

loci due mainly to low sequencing depth. 464 

 465 

The reliability of the technique combining WGA-GBS has been proved using the 466 

Percentage of Shared Genotypes (PSG). This variable was very useful to identify samples 467 

with the same or different genotype, so it can be applied not only to identify clones but 468 

also chimeric colonies, in a fast and easy way. Thus, for a more efficient workflow, this 469 

method of sample filtering could be incorporated into pipelines for calling SNPs or allele 470 
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variants. We found PSG values greater than 98% between clones from the same locality, 471 

which is higher than the 93% found between half-thoraxes from the same individual. This 472 

increase can be explained because the mismatches observed between half-thoraxes 473 

were mostly due to loci with low sequencing depth, while less than 1% of the total loci had 474 

mismatches attributable to other errors. Loci with low sequencing depth were more prone 475 

to be eliminated during the filtering process as more individuals are included in the 476 

datasets. It is therefore expectable that the larger global dataset has less mismatching 477 

loci than the restricted half-thoraxes dataset. Thus, the PSG threshold should be defined 478 

a posteriori, as it depends on the number of samples and loci in each dataset. The clonality 479 

found is likely due to colony fragmentation and propagule reattachment, that can disperse 480 

asexually D. vexillum (Morris and Carman 2012; Reinhardt et al. 2012; Stefaniak and 481 

Whitlatch 2014), as has been reported in other groups of colonial or modular invertebrates 482 

(Wulff 1991; Baums et al. 2006; Calderón et al. 2007; Kürn et al. 2011). 483 

 484 

For the clade A dataset, we found more than 150,000 loci before filtering, of which 485 

ca. two thirds were polymorphic, with an average length of 170 bp, which represents 486 

approximately 5% of genome coverage, assuming a genome size of ca. 540 Mb 487 

(Velandia-Huerto et al. 2016). Thus we analysed a similar proportion of the genome as in 488 

other GBS studies (Carreras et al. 2017), indicating that WGA is not reducing the fraction 489 

of the genome being assayed. A large proportion of the initial loci was eliminated during 490 

the filtering procedure, mostly because they were not shared by at least 70% of 491 

individuals. The mean sequencing depth per locus with our selected restriction enzyme, 492 

PstI, was large (Appendices S1 and S3), suggesting that this drop cannot be explained 493 

by an inadequate number of reads per individual. Highly variable regions have an 494 

increased probability of changes in the restriction site, resulting in null alleles. This implies 495 

that the larger is the sample, the smaller is the number of shared loci. Thus, the 496 

construction of different loci datasets with subsets of individuals is crucial to optimize the 497 

information at different genetic groups (i.e. population, region and species). This 498 

hierarchical and multiple dataset approach is especially important in species with large 499 

distribution range, and strong differentiation between mitochondrial clades, regions and 500 
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localities like D. vexillum. It is also important to use a pipeline considering haplotypic 501 

variants at each locus, including all variable positions, not only individual SNP loci, as 502 

shown by our comparison with the results of the clade A loci datasets using both a single 503 

SNP per locus and whole haplotypes. In this way, using alleles as haplotypes we can take 504 

full advantage of the large amount of genetic information obtained by GBS. 505 

 506 

Previous works on D. vexillum based on COI showed the presence of two main 507 

mitochondrial clades, A and B, being clade A the only found in invasive populations 508 

(Stefaniak et al. 2012; Ordóñez et al. 2015). However, when sequencing the nuclear 509 

marker tho2, differentiation between clades was not observed (Stefaniak et al. 2012). This 510 

was taken as evidence that the two clades do not correspond to separate species. On the 511 

contrary, our genome-wide analyses showed clear divergence at the nuclear level and 512 

high genetic diversity within clades, suggesting reproductive isolation even in sympatric 513 

samples and a potential on-going speciation process. Each clade should be studied in 514 

more detail at the biological and phylogenetic levels to determine in which stage of the 515 

speciation process these two clades can be placed at present (De Queiroz 2007). In 516 

instances of cryptic speciation among ascidians, contrasting invasiveness of the different 517 

genetic clades has been found, e.g., Botryllus schlosseri complex (Bock et al. 2012) or 518 

Diplosoma listerianum complex (Pérez-Portela et al. 2013). In our study, clade A was the 519 

only found in introduced populations, a result that may be explained either by specific 520 

characteristics (i.e. habitat preferences) that increase invasion success in clade A or just 521 

by chance with only clade A colonies transported outside the native range (Stefaniak et 522 

al. 2012). Since three independent colonisation events have shaped the present day 523 

distribution in the introduced area, most probably a combination of different evolutionary 524 

processes is responsible for clade A invasion success. 525 

 526 

In marine invasive species, similar genetic diversity has been frequently found in 527 

introduced and native populations, which has been interpreted as a consequence of a 528 

strong propagule pressure or admixture processes, complicating the identification of the 529 

invasion processes (Rius et al. 2015). Unravelling the native region and introduction 530 
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processes of D. vexillum clade A proved difficult as historical records are confusing and 531 

with species name changes (Griffith et al. 2009). However, including a sample collected 532 

in 1926 but misidentified as another species, these authors could determine that the first 533 

record of D. vexillum was actually in Japan. The species is common and widespread in 534 

Japan, mostly on artificial structures, but also in natural communities, thus it was 535 

suggested that the Pacific is likely the origin of D. vexillum (Lambert 2009). Further studies 536 

using COI (Stefaniak et al. 2009, 2012) also strongly indicated that Japan is located within 537 

the native range of D. vexillum, based on comparisons of genetic diversity and allelic 538 

richness. A decrease of 41% of COI haplotype diversity in non-Japanese vs Japanese 539 

populations was found within clade A (Stefaniak et al. 2012). However, our multilocus 540 

nuclear dataset revealed a milder reduction in gene diversity (He, 12%) and in the number 541 

of alleles (9%) within the non-Japanese localities as compared to Sugashima and Aomori. 542 

Yet, the highest values of both genetic variability (He=0.298) and allelic richness (2.08) 543 

were found in a Japanese locality (Aomori). A clearer indication of ancestral area is seen 544 

with the number of unique alleles, which were 2.5 times more abundant in the Japanese 545 

populations than in the other localities. In particular, the proportion of unique alleles that 546 

were not singletons were 3.2 times higher in Japanese localities. This tendency is also 547 

observed in other invasive species where the frequency of unique alleles is clearly 548 

reduced in the introduced area despite low diversity reduction (Adrion et al. 2014). 549 

Therefore, our results agree with the NW Pacific being the native area of this species and 550 

the origin of its worldwide expansion. Why the reduction in genetic diversity was more 551 

marked with a mitochondrial gene can relate to the haploidy and lower effective population 552 

size of mitochondrial DNA (Ballard and Whitlock 2004). The weak reduction in nuclear 553 

DNA diversity may indicate that introduced populations retain an important proportion of 554 

genetic variability upon which selective forces can act and explain why the species 555 

survives in diverse environmental conditions in the introduced area. A more exhaustive 556 

sampling of the native range is needed to trace back sources and identify if admixture and 557 

selection had occurred. 558 

 559 

The PCoA and the STRUCTURE analysis performed using clade A loci dataset point 560 
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to three areas independently colonised: Europe (Portsmouth, Brest, Ebro Delta and 561 

Venice), West North America (Alaska, Seattle, Richmond and Sausalito) and another 562 

formed by two widely separated regions, East North America (Woods Hole) and New 563 

Zealand (Nelson). AMOVA results further confirmed a significant genetic differentiation 564 

between these three groups of populations. The related colonisation of New Zealand and 565 

East North America, although geographically disjunct, can be explained by long-distance 566 

dispersal mediated by maritime traffic or shellfish culture. Although our results do not show 567 

higher diversity in Woods Hole (ENA) than in Nelson (NZ), the direction of this spread is 568 

most likely from East North America to New Zealand based on historical records. The first 569 

observations of D. vexillum in New Zealand were in 2001, while the first verified record of 570 

the species in the eastern coast of North America is a specimen collected in 1993, and 571 

photographic evidence exists at least from the eighties, indicating the likely presence of 572 

the species back in the seventies (Lambert 2009). Within the independently colonised 573 

areas of Europe and West North America, the genetic and geographic distances are not 574 

related. Clearly, anthropogenic vectors such as maritime traffic and aquaculture trade are 575 

needed to explain these patterns as shown in similar case studies (Zhan et al. 2010; 576 

Hudson et al. 2016). In the case of the Ebro Delta, which is an aquaculture facility, oyster 577 

juveniles (seeds) are purchased in West France hatcheries by farmers (pers. comm.). 578 

Thus, that area may be a source for different populations in Europe, with present-day 579 

gene flow due to recurrent introductions linked to shellfish culture activities. 580 

 581 

Overall, this temperate species seems to be able to thrive from cold waters like 582 

Alaska, with temperatures from 4 to 15ºC (Cohen et al. 2011), to warmer environments 583 

like the Ebro Delta, 8 to 28ºC (Casso et al. 2018). It can also colonise environments with 584 

extreme cold and warm temperatures over the year as the Venetian Lagoon, 0 to >30ºC 585 

(Tagliapietra et al. 2012). All this suggests that D. vexillum clade A has either a high 586 

plasticity in its thermal tolerance ranges, or fast adaptive capability to temperature 587 

stresses. Epigenetic changes have been suggested to have a role in surviving 588 

environmental stresses in this species (Hawes et al. 2018). All these features, coupled 589 

with plasticity in reproductive and growth cycles (Ordóñez et al. 2015), make D. vexillum 590 
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a highly successful invader – but see (Stefaniak 2017) – and an excellent model to test 591 

ecophenotypic variation and adaptation. Other future approaches using genome-wide 592 

markers should focus on ascertaining processes that can foster the invasive ability of the 593 

species, such as the presence of chimeric colonies within a given population (Smith et al. 594 

2012; Fidler et al. 2018; Watts et al. 2019), asexual reproduction and multiple paternity. 595 

Moreover, the study of the symbionts of D. vexillum can also provide insights about its 596 

adaptive potential, as ascidians harbour diverse microbiome communities (Erwin et al. 597 

2014), that can have a role in adaptation (Evans et al. 2017). 598 

 599 

In conclusion, our study demonstrated that three main introduction events have 600 

shaped the present-day structure of D. vexillum in temperate waters of the world. Passive 601 

transportation, such as aquaculture trade and shipping, seems to drive the distribution 602 

pattern of this species worldwide and regionally, since geographically close localities can 603 

be more differentiated than distant ones. Sympatric individuals from the two COI clades 604 

were strongly differentiated at the genomic level suggesting reproductive isolation and 605 

either an on-going speciation process or even the coexistence in sympatry of two cryptic 606 

species. The construction of different loci datasets is crucial to test hypotheses at several 607 

levels when a hierarchical structure is present. Finally, we empirically show the feasibility 608 

and reliability of combining WGA and GBS in population genomics studies when DNA 609 

yield of the samples is limited. This approach will set the basis for genomic analyses of 610 

small sized organisms or colonial forms with small zooids, as well as studies where only 611 

trace material (scales, hairs...) is available, as is often the case for elusive and/or 612 

endangered species. 613 
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Tables 975 
 976 

Table 1. Region (Jap: Japan; NZ: New Zealand; ENA: East North America; WNA: West 977 

North America; EUR: Europe), location, code and number of D. vexillum individuals 978 

analysed. 979 

Region Location (country) Codes Coordinates N individuals 

Jap Aomori (Japan) Aom 40.900 N, 140.853 E 25 
Jap Sugashima (Japan) Sug 34.480 N, 136.881 E 16 
NZ Nelson (New Zealand) NZ 41.263 S, 173.267 E 25 
ENA Woods Hole (USA) Woo 41.772 N, 70.490 W 25 
WNA Sitka (USA) Ala 57.045 N, 135.371 W 25 
WNA Seattle (USA) Sea 47.398 N, 122.330 W 25 
WNA Richmond (USA) Ric 37.913 N, 122.349 W 25 
WNA Sausalito (USA) Sau 37.859 N, 122.480 W 25 
EUR Portsmouth (UK) Por 50.799 N, 1.119 W 25 
EUR Brest (France) Bre 48.374 N, 4.498 W 25 
EUR Ebro Delta (Spain) Del 40.776 N, 0.737 E 25 
EUR Venice (Italy) Ven 45.436 N, 12.379 E 25 

 980 

  981 
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Table 2: Number of individuals (N), loci before filters (Loci BF), loci after filters (Loci AF), 982 

alleles, and the mean, minimum and maximum (range) number of alleles per locus, for 983 

each subset. 984 

Subset N Loci BF Loci AF Alleles Mean A/L (range) 

Global 277 191,015 462 2,170 4.70 (2 - 15) 
Sug A&B 16 79,990 595 3,047 5.12 (2 - 13) 
Clade A 268 155,052 577 2,163 3.75 (2 - 13) 
Clade B 9 56,413 2,536 9,537 3.76 (2 - 10) 
NZ-ENA 48 56,181 1,642 5,270 3.21 (2 - 12) 
WNA 93 76,509 1,051 3,361 3.20 (2 - 14) 
EUR 97 116,795 933 3,188 3.42 (2 - 14) 
Footnotes: Global: all individuals of this study; Sug A&B: individuals from Sugashima of 985 

both clades; Clade A: individuals of the clade A; Clade B: individuals of the clade B; NZ-986 

ENA: individuals from Nelson and Woods Hole; WNA: West North America individuals; 987 

and EUR: European individuals. 988 

  989 
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Table 3: Number of individuals after filtering for each locality (N). Number of loci (L) and 990 

alleles per locus (A/L), expected and observed heterozygosity (He, Ho), and inbreeding 991 

coefficients (FIS) of the locality-specific loci datasets. Allele-richness (Ar), singletons (S), 992 

unique alleles (UA), expected and observed heterozygosities (He, Ho) and inbreeding 993 

coefficients (FIS) obtained with the clade A loci dataset with 577 loci. * indicate significant 994 

FIS values. 995 
 996 
    Locality-specific analyses   Clade A analysis (with 577 loci) 
Code N L A/L He Ho FIS   Ar S UA He Ho FIS 
Aom 24 2162 3.32 0.382 0.321 0.147*  2.08 89 193 0.298 0.243 0.162* 
SugA 7 2942 2.71 0.412 0.384 0.050  1.86 18 36 0.236 0.228 0.024 
NZ 23 2312 2.90 0.356 0.307 0.112*  1.74 22 36 0.228 0.191 0.151* 
Woo 25 1995 2.92 0.357 0.314 0.103*  1.80 28 44 0.247 0.220 0.107* 
Ala 23 2522 2.89 0.361 0.317 0.098*  1.73 10 12 0.229 0.199 0.107* 
Sea 22 2382 2.73 0.328 0.322 0.008  1.55 15 15 0.186 0.185 0.005 
Ric 24 1510 2.86 0.336 0.304 0.078*  1.79 76 88 0.243 0.214 0.097* 
Sau 24 1805 2.94 0.335 0.302 0.079*  1.71 11 11 0.222 0.192 0.113* 
Por 24 2470 2.91 0.348 0.316 0.078*  1.75 16 23 0.238 0.220 0.080* 
Bre 24 1604 3.05 0.352 0.309 0.108*  1.85 62 68 0.250 0.219 0.108* 
Del 23 1754 2.95 0.335 0.292 0.098*  1.91 121 126 0.264 0.231 0.103* 
Ven 25 2101 2.94 0.349 0.303 0.109*   1.76 25 29 0.236 0.199 0.148* 
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Figures 998 
 999 

1000 
Figure 1. Distribution map of the species. Sampled localities are indicated with codes (as 1001 

in Table 1), in green dots (native) and red dots (introduced). 1002 

  1003 
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 1004 
Figure 2: Neighbor-joining tree of the COI sequences from Aomori and Sugashima as well 1005 

as previously described haplotypes (H1 to H23 in Smith et al 2012 and Stefaniak et al 1006 

2012). Clade A haplotypes are in black, those from clade B are in dark grey and that from 1007 

clade C in light grey. Samples from Aomori (Aom01 to Aom25) are in pink. Samples from 1008 

Sugashima (Sug01 to Sug18) are in purple. Multiple names in one tip correspond to 1009 

individuals with the same trimmed sequence. Arrows indicate new haplotypes. 1010 

  1011 
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 1012 

Figure 3: Frequency distribution of the Percentage of Shared Genotypes (PSG) between 1013 
half thoraxes from the same individual (in blue) and from different individuals (in red), for 1014 
the 2,981 retained loci. 1015 
  1016 
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 1017 
Figure 4: PCoA of the global loci dataset including 462 loci. Separated dots in the right 1018 

end of the first axis correspond to the nine individuals from Sugashima with clade B 1019 

haplotypes. The names of the localities in the legend include their geographic sampling 1020 

region: Jap: Japan, NZ: New Zealand, ENA: East North America, WNA: West North 1021 

America, and EUR: Europe. Percentages of variance explained by the first and second 1022 

axis are 34.04% and 4.42%, respectively. 1023 
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 1025 

Figure 5: Posterior probabilities of individual assignment to the most probable number of 1026 

clusters using the clade A dataset: a) K = 3; and b) K = 13. Geographic regions are 1027 

indicated: Japan, NZ: New Zealand, ENA: East North America, WNA: West North 1028 

America, and EUR: Europe. 1029 
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 1031 
 1032 

Figure 6: PCoA of a) clade A loci dataset, b) NZ-ENA c) WNA and d) EUR. The names of 1033 

the localities in the legend include their geographic sampling region: Jap: Japan, NZ: New 1034 

Zealand, ENA: East North America, WNA: West North America, and EUR: Europe. 1035 

Percentages of variance explained by the first and second axis are respectively a) 7.48% 1036 

and 6.13%, b) 22.09% and 3.65%, c) 14.59% and 7.84%, and d) 9.78% and 7.00%. 1037 
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