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Updates 2024: 24 

This paper, originally written in 2004 but not ultimately published until 2022, reports the 25 

discovery of a mitotype associated with cytoplasmic male sterility (CMS) in Physa twenty years 26 

before that phenomenon was understood.  See the FWGNA Blog for additional details: 27 

• Cytoplasmic Male Sterility in Physa [9June22] 28 

• Cytoplasmic Male Sterility in the Snake River Physa [7Aug24] 29 

 30 

The sequences discovered in Charleston associated with CMS were uploaded to GenBank in 31 

September of 2024 as follows: 32 

Snail 16S CO1 

C10 PQ275512 PQ272431 

C13 PQ275513 PQ272432 

C15 PQ275514 PQ272433 

C18 PQ275515 PQ272434 

 33 

34 

https://fwgna.blogspot.com/2022/06/cytoplasmic-male-sterility-in-physa.html
https://fwgna.blogspot.com/2024/08/cytoplasmic-male-sterility-in-snake.html
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Abstract 35 

We document genetic divergence among six populations of an invasive freshwater pulmonate 36 

snail, the European Physa acuta and two of its North American synonyms, P. heterostropha and 37 

P. integra.  Our analysis uncovered 73 unique CO1 haplotypes in 98 individuals and 81 unique 38 

16S haplotypes in 124 individuals.  A molecular phylogeny based on the combined CO1+16S 39 

sequence returned a monophyletic acuta group, phylogenetically distinct from outgroups Physa 40 

gyrina and P. hendersoni, confirming that the six populations constitute a single phylogenetic 41 

species as well as a biological one.  Four individuals bearing a strikingly divergent haplotype 42 

were discovered in a population from South Carolina, with a genetic distance of approximately 43 

30% from all other P. acuta.  Haplotype diversity was high even with these outliers removed, 44 

however, ranging up to 10.3% within an Irish population and 13.3% in a population from 45 

Michigan (FSC = 0.584, FST = 0.557).  Genotype frequencies at seven polymorphic allozyme-46 

encoding loci were generally in conformance with Hardy-Weinberg expectation, occasionally 47 

showing private alleles at high frequency.  Mean heterozygosity ranged from 10.7% in Michigan 48 

to 25.8% in Philadelphia, and interspecific Nei genetic distances ranged from 0.022 to 0.843 (FIS 49 

= 0.104, FST = 0.472).  No analysis revealed any reduction in the genetic diversity of European 50 

P. acuta populations below that observed in America, nor was any component of the variance 51 

attributable to continental subdivision ( FCT = -0.065 sequence, FCT = -0.027 allozymes), 52 

suggesting that if the species did in fact spread from America during historical times, no genetic 53 

bottleneck was involved.54 
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Introduction 55 

Freshwater pulmonate snails of the family Physidae are among the most abundant and 56 

widespread elements of the benthic macroinvertebrate fauna of North America (Brown 1991; 57 

Dillon 2000).  They have figured prominently in many studies of general importance to our 58 

understanding of aquatic ecosytems (Clampitt 1970; Brown 1982; Kesler et al. 1986; Sheldon 59 

1987; Osenberg 1989; Dillon & Davis 1991; Hershey 1992; Martin et al. 1992; McCollum et al. 60 

1998), predator-prey interactions (Thorp & Bergey 1981; Stein et al. 1984; Crowl & Covich 61 

1990; Hanson et al. 1990; Alexander & Covich 1991; McCarthy & Fisher 2000; DeWitt et al. 62 

1999; DeWitt et al. 2000), population genetics (Buth & Suloway 1983; Liu 1993; Liu & Mitton 63 

1993; Dillon & Wethington 1995; Bousset et al. 2004) and life history evolution (Brown 1979; 64 

Rollo & Hawryluk 1988).  By virtue of their reproductive diversity and ease of culture, physids 65 

have become a model organism for the study of sex allocation (Wethington & Dillon 1991; 1993, 66 

1996, 1997; DeWitt 1991, 1995; and Jarne et al. 2000). 67 

Despite the prominence of physid snails in the literature of ecological and evolutionary 68 

biology, the taxonomy of the Physidae remains in a confused state.  The original descriptions of 69 

most species were based solely on minor differences in shell shape, size, or color.  Physid shell 70 

morphology can, however, be affected by predator cues (Crowl 1990; Crowl & Covich 1990; 71 

McCarthy & Fisher 2000; DeWitt et al. 1999; DeWitt et al. 2000), parasitism (Wilke & 72 

Falniowski 2001), and various other environmental factors (Burnside 1998; Britton in press). 73 

Te’s (1975, 1978, 1980) influential reassessment of the North American Physidae, based 74 

partially on soft anatomy, recognized 41 nominal species and 40 subspecies or geographic 75 

variants (Burch 1982; Burch 1988; Burch & Tottenham 1980; Turgeon et al. 1998). 76 

Most of the species that have played important rolls as model organisms for ecological or 77 
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evolutionary research were placed by Te in the subgenus Costatella, including Physa acuta 78 

(Draparnaud 1805) of western Europe, P. heterostropha (Say 1817) of eastern North America, 79 

and P. integra (Haldeman 1842) of the American midwest.  These nominal species show great 80 

phenotypic variability throughout their fluid ranges, the invasive P. acuta being freshly reported 81 

from northern Europe, the Middle East, Africa, North and Central America, Hawaii, Australia, 82 

New Zealand, Fiji and Japan in the last 100 years (Abbott 1950; Beetle 1973; Te 1978; Brandt 83 

1980; Kristensen & Ogunowo 1992; Cowie 2001).  Several investigators have suggested that P. 84 

acuta might not be a European native, but may instead have been introduced from North 85 

America where physid diversity is at its greatest (Te 1978; Brown 1980). 86 

  Dillon et al. (2002) intercrossed lines of Physa from the type or near-type localities of 87 

P. acuta, P. heterostropha, and P. integra both with each other and with nominally conspecific 88 

populations isolated at distances of 500 km.  The reproductive performance of the six outcross 89 

populations was generally intermediate between the incross controls in age at first parental 90 

reproduction, parental fecundity, F1 viability, and F1 fertility, and in no case significantly worse 91 

than the more poorly-performing control.  The absence of any evidence of postzygotic 92 

reproductive isolation, together with previous findings of negligible prezygotic reproductive 93 

isolation (Wethington et al. 2000), prompted Dillon and his colleagues to synonymize P. 94 

heterostropha and P. integra under the older nomen P. acuta.  The authors suggested that P. 95 

acuta, now more broadly understood to include American populations, might be the world’s 96 

most cosmopolitan freshwater gastropod.  97 

Since Rosen (1979) asserted that reproductive compatibility is a plesiomorphic attribute, 98 

the “phylogenetic species concept” and related concepts have been offered as alternatives to the 99 

biological species concept employed by Dillon and his colleagues (de Queiroz & Donoghue 100 
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1988, 1990;  Mishler & Donoghue 1982;  Donoghue 1985;  Mishler & Brandon 1987).  Harrison 101 

(1998) has suggested that reproductive isolation may best be understood as a mechanism causing 102 

speciation, rather than as a character diagnostic of the species.  But since advocates of the 103 

phylogenetic species concept emphasize the individual organism as the unit of evolution, while 104 

advocates of the biological species concept emphasize populations, a compromise does not seem 105 

imminent. 106 

The purposes of this research are threefold.  First, we assess the levels of mitochondrial 107 

and allozyme frequency variation within and among the six populations of P. acuta involved in 108 

the Dillon et al. (2002) breeding experiments, examining genetic diversity in an invasive 109 

organism which, despite obvious biological limitations, has spread over six continents.  Second, 110 

we prospect for evidence that might confirm a North American origin for P. acuta.  Third, we 111 

examine the extent to which the phylogenetic species concept corresponds to the biological 112 

species concept in this unique situation. 113 

 114 

115 
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Materials and methods 116 

Study Populations 117 

Wild-collected specimens were analyzed from the six populations used to found the laboratory 118 

lines of Dillon et al. (2002).  Physa acuta population F was sampled near the type locality for the 119 

species, the Rieutort Wadi in Saint-Martin de Londres, 25 km north of Montpellier, France.  A 120 

second population of European P. acuta (population I) was sampled from the Glastry Clay Pits, 121 

County Down, Northern Ireland.   Population P was collected from a near-type locality for Physa 122 

heterostropha, the Schuylkill River at Fairmount Park in Philadelphia, Pennsylvania.  A second 123 

population of nominal P. heterostropha (population C) was sampled from the pond at Charles 124 

Towne Landing State Park, in Charleston, South Carolina.  Population N was sampled from the 125 

type locality of Physa integra, a small pond and connecting stream at the historical site of New 126 

Harmony, Posey County, Indiana.  A second sample of nominal P. integra (population D) was 127 

collected from Douglas Lake at the University of Michigan Biological Station, Cheboygan 128 

County in northern Michigan.  We also sampled one population of P. gyrina (G) from Little 129 

Lake at the Escanaba State Forest Campground, Marquette County, Michigan and one population 130 

of P. hendersoni (Y) from its type locality on the Salkehatchie River at Yemassee, South 131 

Carolina to serve as outgroups.  Initial identifications based on shell morphology were confirmed 132 

by dissection and examination of the penial complex, which is “type c” for Physa acuta, 133 

(Paraense & Pointier 2003), “type b” for P. gyrina, and “type bc” for P. hendersoni (Te 1975, 134 

1978, 1980). 135 

 136 

Mitochondrial DNA sequence 137 

Specimens for DNA sequencing were either frozen whole or stored in 95% ethanol before DNA 138 
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isolation.   Sample sizes for DNA sequences ranged from 12 (population P) to 24 (population C).  139 

Genomic DNA was isolated from head tissues or whole animal using standard 140 

phenol/chloroform extraction.  Mitochondrial DNA sequences were obtained for a 650 base pair 141 

segment of the mitochondrial cytochrome oxidase c subunit 1 (CO1) (Folmer et al. 1994) and a 142 

550 base pair segment of the mitochondrial 16S rRNA gene (Palumbi et al. 1991).  The target 143 

genes were amplified via PCR using 50-500 ng of template genomic DNA in 25 µl volumes (10 144 

mM Tris, 50 mM KCl, 2.5 mM MgCl2, 1 µM each primer, 0.1 mM each dNTP, 1.5 units Taq 145 

DNA polymerase; Fisher Scientific).  The amplification regime began with a denaturation at 146 

920C for two minutes followed by 35 cycles of the following: denaturation at 920C for 40 147 

seconds, annealing at 520C for 60 seconds (16S)/ 500C for 60 seconds (CO1), and extension at 148 

680C for 90 seconds.  Reaction products were purified using Qiagen DyeEx spin columns and 149 

concentrated using Millipore Ultrafree MC filters.  Cycle sequencing was performed on an ABI 150 

3100 genetic analyzer using the ABI BigDye kit and the manufacturer’s instructions.  151 

Sequence data were initially aligned using Clustal W (Thompson et al. 1994).    152 

Comparison of 16S rRNA sequences to molluscan secondary structure models of conserved 153 

stems and loops (Lydeard et al. 2000) identified occasional large loop-region indels, which were 154 

excised in BioEdit (Hall 1999).  Each 16S sequence was then concatenated to its corresponding 155 

CO1 sequence for a single phylogenetic analysis. 156 

An optimal model for sequence evolution was determined using Modeltest 3.06 (Posada 157 

& Crandall 1998; copyrighted by Posada at Brigham Young University 1998-2000) and run on 158 

PAUP (Swofford 2001).  The combined analysis of the six P. acuta populations and two 159 

outgroups resulted in 82 taxa with 1065 characters (after duplicate sequences and portions of the 160 

16S loop region were removed).  The TVM+I+G model was selected with base frequencies as 161 
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follows: A = 0.30390, C = 0.14670, G = 0.19570, T = 0.35370.  The substitution model for the 162 

rate matrix was as follows: R(a) [A-C] = 1.491100, R(b) [A-G] = 2.479100, R(c) [A-T] = 163 

1.227500, R(d) [C-G] = 1.259500, R(e) [C-T] = 2.479100,R(f) [G-T] = 1.0000.  The proportion 164 

of invariable sites (I) was 0.3596 and the variable sites (G), gamma distribution shape parameter, 165 

was  0.8212.  A 10,000 bootstrap replicate neighbor joining analysis was performed using the 166 

GTR+G+I model maximum likelihood as a distance measure (selected by Modeltest 3.06) using 167 

the BioNJ method. 168 

We used Arlequin ver. 2.000 (Schneider et al. 2000, copyrighted by Excoffier 1995-169 

2000) to discover whether our sequence data might contain genetic structure corresponding to 170 

continent of collection.  Three initial analyses were performed within the six P. acuta 171 

populations - one of the CO1 data set alone, a second based on the 16S data set alone (with loop 172 

sequences unedited) and a third based on the concatenated CO1 + 16S (edited) data set as 173 

analyzed phylogenetically above.  Variance in the concatenated data set was partitioned into a 174 

component among continents, a component between populations within continents, and a 175 

component within populations using analysis of molecular variance.   176 

 177 

Allozyme Electrophoresis 178 

Sample sizes for the analysis of gene frequencies at allozyme-encoding loci generally ranged 179 

from 30 to 40 individuals, except population C (from 53 to 103 individuals).  Specimens were 180 

frozen in 100 – 200 microliters of tissue buffer (Tris HCL 7.4, 7% sucrose) with a xylene cyanol 181 

marker.  For electrophoresis, whole-animal homogenates were centrifuged and the supernatant 182 

resolved in 14% starch gels (a 1:1 mixture of Sigma starch and Electrostarch).  Four buffer 183 

systems were employed: AP6, TC6.0, TEB8 (Dillon 1992), and TC6.8 (Mulvey & Vrijenhoek 184 
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1981).  Gels were sliced and stained to demonstrate 6 enzymes using standard techniques (Shaw 185 

& Prasad 1970).  Glucose phosphate isomerase (GPI) was resolved on the AP6 and TC6.8 186 

buffers, 6-phosphogluconate dehydrogenase (6Pgd) on the AP6 and TEB8 buffers, isocitrate 187 

dehydrogenase (Isdh) on AP6 and TC6.8, and leucine aminopeptidase (Lap) on AP6 and TEB8.  188 

We scored only the faster of the two loci encoding phosphoglucomutase (Pgm2) resolved on 189 

both TC6 and TC6.8.  We scored two (of several) loci encoding esterases (Est3 and Est6) as 190 

resolved on TEB8 buffer (Dillon & Wethington 1994).  A detailed description of our general 191 

methods for allozyme electrophoresis, including equipment employed and recipes for all buffers 192 

and stains is available in Dillon (1992). 193 

Mendelian inheritance of Esterase, Lap, Gpi, Pgm, and 6Pgd allozyme phenotype has 194 

been previously confirmed in several pulmonate taxa (Dillon & Wethington 1994; Mulvey & 195 

Vrijenhoek 1984; Mulvey et al. 1988).  The allele encoding the most common allozyme band in 196 

population C was designated “100,” and other alleles were named by the mobilities of their 197 

products (in millimeters) relative to this standard.  Then gene frequencies, mean (direct-count) 198 

heterozygosities, genic diversity analyses, and genetic distances were calculated using Biosys-1 199 

(Release 1.7, Swofford & Selander 1981).  Conformance to Hardy-Weinberg expectation was 200 

tested at all polymorphic loci by chi-square, with Yates correction in 2x2 cases, pooling within 201 

homozygous and heterozygous genotypic classes as necessary.  Unbiased genetic identities and 202 

distances were calculated among all 8 populations using the method of Nei (1978), and 203 

hierarchical F-statistics estimated across the six P. acuta populations using the methods of Nei 204 

(1977) and Wright (1978). 205 

 206 
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Results 207 

Mitochondrial DNA 208 

CO1 sequences from 98 individuals and 16SrDNA sequences from 124 individuals from the six 209 

populations of P. acuta contained 73 and 81 unique mtDNA haplotypes, respectively.  All three 210 

P. gyrina (population G) shared the same haplotype, as did two of the three P. hendersoni (Y).  211 

A total of 104 CO1 sequences and 130 16s sequences have been entered into GenBank 212 

(accession numbers XXXX – XXXX).  Figure 1 shows the subset of 96 individuals for which 213 

both genes were successfully sequenced clustered in a neighbor-joining tree based on the 214 

TVM+I+G likelihood distances chosen by Modeltest 3.06 (Posada & Crandall 1998).  The 215 

topology confirms that P. acuta is monophyletic relative to outgroups P. hendersoni and P. 216 

gyrina.  None of the six populations appeared to be monophyletic, however, nor did the three 217 

formerly recognized nominal species P. heterostropha (P and C), P. integra (N and D) or P. 218 

acuta (sensu strictu F and I) constitute monophyletic groups, nor did any recognizable cluster 219 

correspond to continent of collection.  Rather, the most striking feature of Figure 1 is the 220 

appearance of four haplotypes from the Charleston population (C10, C15, C13, and C18) 221 

clustered well outside the main body of P. acuta sequences.   222 

 The four individual snails bearing these haplotypes were not morphologically 223 

distinguishable from typical P. acuta in any respect.  Yet their haplotypes differed from those of 224 

the other 20 snails in the Charleston population by an average of 31.9% for the 16S gene, 32.6% 225 

for the CO1 gene, and 30.4% for the two sequences concatenated and edited.  A BLAST search 226 

of the Genbank returned greatest similarity to 16S and CO1 sequences from other pulmonate 227 

snails already in the database, suggesting that contamination was not a factor.  But because 228 
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cryptic speciation cannot be ruled out at present, we elected to delete these four outliers from the 229 

gene diversity analysis. 230 

For the 94 CO1 sequences and 120 16SrDNA sequences remaining, Table 1 summarizes 231 

the sample size, number of haplotypes, and range of uncorrected genetic distances within each of 232 

the six P. acuta  populations as well as the mean number of pairwise differences and nucleotide 233 

diversity for the three data sets.  Totals are also given for each value mentioned above in Table 1.  234 

The populations with the greatest within population genetic variation appear to be D and I for all 235 

three data sets.  Table 2 shows the results of the analysis of molecular variance based on the 236 

concatenated 16s + CO1 data set.  The fixation indices were FSC = 0.584 within populations, FST 237 

= 0.557 among populations (within continents) and FCT = -0.065 between continents. 238 

 239 

 240 

Allozyme Electrophoresis 241 

Gene frequencies at seven enzyme loci for our eight study populations are given in Table 3.  242 

Sample sizes were at least 30 across all 7 x 8 = 56 observations, except for the New Harmony 243 

population (N = 24 for Lap, N =28 for Isdh).  Mean direct-count heterozygosities were not 244 

strikingly different among populations, ranging from 0.107 + 0.071 in population D to 0.212 + 245 

0.097 in population I.  By the 0.95 criterion, 26 observations may be considered to reflect 246 

polymorphism.  Genotype frequencies were significantly different from Hardy-Weinberg 247 

expectation in three observations, all at the leucine aminopeptidase locus:  population C (chi 248 

square = 6.03, p = 0.014), population N (chi square = 5.41, p = 0.020), and population Y (chi 249 

square = 7.12, p = 0.008).  The heterozygosity observed is significantly below Hardy-Weinberg 250 

expectation in all three cases, but it is not clear whether this result reflects low levels of self-251 
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fertilization previously documented in Physa populations (Wethington & Dillon 1997; Dillon et 252 

al. in press) or type I statistical error.  Across the six populations of the P. acuta and seven loci, 253 

average coefficients of inbreeding were FIS = 0.104, FIT = 0.0527, and FST = 0.472.  Hierarchical 254 

reanalysis, dividing the populations into four American and two European, returned an average 255 

FSC (populations within continents) = 0.483 and FST = 0.469, with negligible variance attributable 256 

to continents within the total (FCT = -0.027).     257 

The levels of interpopulation divergence generally appear high; Physa gyrina population 258 

G sharing no alleles at any locus with most populations of P. acuta.  The Yemassee (Y) 259 

population of P. hendersoni appeared intermediate in some sense between the other two species, 260 

more genetically similar to P. acuta but sharing some alleles with P. gyrina.  Within P. acuta, 261 

the northern Michigan population (D) was distinguished by high frequencies of private alleles at 262 

several loci.  The matrix of Nei’s statistics based on these data is given in Table 4.   263 

264 
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Discussion 265 

The levels of genetic diversity within our six populations of Physa acuta (FSC = 0.584 mtDNA, 266 

FIT = 0.104 allozymes) as well as the genetic divergence among them (FST = 0.557 mtDNA, FST 267 

= 0.472 allozymes) are high by comparison to values typically reported for other organisms in 268 

the literature.  But in view of the large geographic distances separating these populations and the 269 

poor overland dispersal capabilities reasonably expected from freshwater gastropods, one might 270 

be surprised that levels of genetic divergence were not greater. 271 

Population D from northern Michigan was the most distinctive of the P. acuta 272 

populations on the basis of gene frequencies at allozyme-encoding loci, fixed for the unique 273 

allele Est692 and carrying two other unique alleles in high frequency, Est3105 and Isdh104 (Table 274 

3).  We detected only one fixed difference among the other five populations combined (pair N 275 

and F at Est6) and only one unique allele (Isdh97 in population P).  Genetic distances among 276 

populations N, P, C, F, and I ranged from 0.022 to 0.284 (Table 4).  By comparison, the ten 277 

populations of P. acuta surveyed from the area around Charleston, SC, also displayed one fixed 278 

difference and two private alleles (Dillon & Wethington 1995).  Nei’s genetic distances among 279 

the ten Charleston populations, isolated by brackish water creeks but in no case separated by 280 

greater than 50 km, generally ranged from 0.10 to 0.25 and up to 0.33.  The allozyme divergence 281 

of population D from the other five P. acuta populations was somewhat greater, with genetic 282 

distances ranging from 0.626 to 0.843.   283 

The number of unique mitochondrial haplotypes we discovered in each P. acuta 284 

population generally approached the number of individuals sampled (Table 1).  For 16S + CO1 285 

concatenated and edited, matching sequences were generally found only within populations (2 of 286 

12 in P, 2 of 18 in C, and 2 of 14 in I).  The only exception was a single sequence shared 287 
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between the P and C populations (C8 = C17 = P6).  Setting aside the population C outliers, the 288 

mean number of pairwise nucleotide differences ranged from 7.18 + 3.58 in Population F to 289 

35.41 + 16.35 in Population D.  Percent difference in concatenated 16S + CO1 sequence ranged 290 

up to 10.3% within population I and up to 13.3% in population D.   291 

Similarly high levels of mitochondrial sequence diversity have recently been reported in 292 

many populations of pulmonate land snails (Thomaz et al 1996; Ross 1999; Davison 2000; 293 

Hayashi & Chiba 2000; Thacker & Hadfield 2000; Goodacre & Wade 2001; Teshima et al 294 

2003).  Thomaz and his colleagues suggested four non-exclusive factors that might contribute to 295 

this phenomenon: (1) extremely rapid mitochondrial evolution, (2) ancient isolating factors 296 

contributing to extreme mitochondrial divergence before reestablishment of panmixia, (3) natural 297 

selection favoring the polymorphism, and (4) ecological factors lending to population structuring 298 

that favors the retention of ancient haplotypes.  Although genetic variation in pulmonate snails 299 

has traditionally been attributed at least partly to selection (Jones et al 1977; Clarke et al 1978), 300 

Thomaz and subsequent workers have generally favored population subdivision as the most 301 

important factor. 302 

Despite high levels of sequence divergence, our mtDNA phylogeny supported the 303 

monophyly of Physa acuta (Figure 1).  Thus our six populations constitute a single phylogenetic 304 

species as well as a biological one.  Three (of 14) individuals from population I appeared to form 305 

a distinct cluster, as did 13 (of 15) individuals from population D.  The most distinctive cluster of 306 

P. acuta haplotypes was, however, born by four of the 18 snails sequenced from Charleston 307 

population C.  The likelihood that the pond from which these 18 snails were collected hosts an 308 

admixture of two cryptic species seems low, but not entirely negligible.  Our 15 years of 309 

laboratory breeding experiments, involving scores of lines founded separately from population 310 
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C, have revealed no evidence of reproductive isolation (Wethington & Dillon 1993, 1996, 1997).  311 

Our surveys of allozyme genotype frequencies, both of 70 individuals at ten loci (Dillon & 312 

Wethington 1995) and of 50 -100 individuals at the seven loci reported here, generally show 313 

conformance to Hardy-Weinberg expectation within population C.  The exception at the LAP 314 

locus seems attributable to background levels of self-fertilization (Wethington & Dillon 1997; 315 

Dillon et al. in press).  Nevertheless, an effort to isolate and intercross lines of Physa from 316 

population C that have the two divergent mitochondrial haplotypes is currently underway in our 317 

laboratory.  318 

Although the hypothesis remains quite plausible on the basis of other evidence, neither 319 

our allozyme data nor our mitochondrial sequence data support previous suggestions that 320 

European populations of P. acuta have been founded from North America in historic times.  321 

Genotype frequencies at allozyme encoding loci yield a negligible coefficient of inbreeding 322 

attributable to the continent level of subdivision (FCT = -0.027).  European populations are not 323 

less heterozygous than their putative sources in America, nor do they seem to have lost alleles.  324 

Population F and I are more similar to each other than either is to any of the American 325 

populations, missing the common American allele Lap103 and sharing the rare allele Pgm2110 not 326 

detected elsewhere.  The sequence data yield a similarly negligible fixation index attributable to 327 

the continent level of organization (FCT = -0.065), neither European population showing any 328 

evidence of reduction in haplotype diversity (Table 1).  Thus any artificial introduction of P. 329 

acuta into Europe would seem to have involved a large number of colonists, and a specific 330 

American source does not immediately present itself.  A model hypothesizing multiple 331 

colonization events, perhaps from source(s) in the southern Gulf regions of the United States 332 

(Anderson 2003), would seem fertile ground for future inquiry. 333 

334 



Freshwater Gastropods of North America Circular No. 5 (2022)                                                                         P a g e  | 17 

References 335 

Abbott RT (1950) Snail invaders.  Natural History, February, 80-85. 336 

 337 

Alexander J, Covich A (1991) Predator avoidance by the freshwater snail Physella virgata in  338 

 response to the crayfish Procambarus simulans.  Oecologia, 87, 435-442. 339 

 340 

Anderson R (2003) Physella (Costatella) acuta Draparnaud in Britain and Ireland – Its  341 

 taxonomy, origins and relationships to other introduced Physidae.  Journal of   342 

 Conchology, 38, 7 – 22. 343 

 344 

Beetle DE (1973) Physa acuta in Virginia.  The Nautilus, 87, 28. 345 

 346 

Bousset L, Henry P-Y, Sourrouille P, Jarne P (2004) Population biology of the invasive 347 

freshwater snail Physa acuta approached through genetic markers, ecological 348 

characterization and demography.  Molecular Ecology, 13, 2023-2036. 349 

 350 

Brandt A (1980) An annotated checklist of the non-marine molluscs of Hong Kong.  In:  The  351 

 Malacofauna of Hong Kong and Southern China (ed. Morton B), pp. 101-108.   352 

 University Press, Hong Kong. 353 

 354 

Britton DK (In press) Environmental and genetically induced shell shape variation in the  355 

freshwater pond snail Physa virgata.  American Malacological Bulletin. 356 

 357 



Freshwater Gastropods of North America Circular No. 5 (2022)                                                                         P a g e  | 18 

Brown DB (1980) The Freshwater Snails of Africa and Their Medical Importance  358 

(revised 2nd edition).  Taylor and Francis, London, p. 249. 359 

 360 

Brown KM (1979) The adaptive demography of four freshwater pulmonate snails.  Evolution,  361 

33, 417-432. 362 

 363 

Brown KM (1982) Resource overlap and competition in pond snails:  an experimental  364 

analysis.  Ecology, 63, 412-422. 365 

 366 

Brown KM (1991) Mollusca:  Gastropoda.  In: Ecology and classification of North American  367 

freshwater invertebrates (eds. Thorp JH, Covich P), pp. 285-314.  Academic Press, Inc.   368 

New York.   369 

 370 

Burch JB (1982) North American freshwater snails:  identification keys, generic synonymy,  371 

supplemental notes, glossary, references, index.  Walkerana, 4, 1-365. 372 

 373 

Burch JB (1988) North American freshwater snails:  introduction, systematics, nomenclature,  374 

identification, morphology, habitats, distribution.  Walkerana, 2, 1-80. 375 

 376 

Burch JB, Tottenham J (1980) North American freshwater snails:  species list, ranges, and  377 

illustrations.  Walkerana, 3, 1-215. 378 

 379 

Burnside C (1998) Ecophenotypic variation in shell morphology within the freshwater pond  380 



Freshwater Gastropods of North America Circular No. 5 (2022)                                                                         P a g e  | 19 

snail, genus, Physella (Pulmonata:  Basommatophora) and its taxonomic implications.   381 

PhD thesis, University of Texas. 382 

 383 

Buth DG, Suloway JJ (1983) Biochemical genetics of the snail genus Physa:  A  384 

comparison of populations of two species.  Malacologia, 23, 351-359. 385 

 386 

Clampitt PT (1970) Comparative ecology of the snails Physa gyrina and Physa integra.   387 

Malacologia, 10, 113-151. 388 

 389 

Clarke B, Arthur W, Horley DT, Parkin DT (1978) Genetic variation and natural selection in  390 

 Pulmonate molluscs.  In:  Pulmonates Volume 2A Systematics, Evolution, and  391 

Ecology (eds. Fretter V, Peake J), pp. 219-270.  Academic Press Inc., New York.   392 

 393 

Cowie R (2001) Invertebrate invasions on Pacific Islands and the replacement of unique native  394 

faunas:  a synthesis of the land and freshwater snails.  Biological Invasions, 3, 119-136. 395 

 396 

Crowl T (1990) Life-history strategies of a freshwater snail in response to stream performance  397 

and predation balancing conflicting demands.  Oecologia, 84, 238-243. 398 

 399 

Crowl T, Covich A (1990) Predator-induced life-history shifts in a freshwater snail.  Science,  400 

 247, 949-951. 401 

     402 

Davison A (2000) An east-west distribution of divergent mitochondrial haplotypes in British  403 



Freshwater Gastropods of North America Circular No. 5 (2022)                                                                         P a g e  | 20 

populations of the land snail, Cepaea nemoralis (Pulmonata).  Biological Journal of the  404 

Linnean Society, 70, 697-706. 405 

 406 

DeWitt T J (1991) Mating behavior of the freshwater pulmonate snail, Physa gyrina.   407 

American Malacological Bulletin, 9, 81-84. 408 

 409 

DeWitt TJ (1995) Gender contests in a simultaneous hermaphroditic snail:  a size-advantage  410 

 model of behavior.  Animal Behaviour, 51, 345-351. 411 

 412 

DeWitt T J, Sih A, Hucko J (1999) Trait compensation and cospecialization in a  413 

freshwater snail:  size, shape, and antipredator behaviour.  Animal Behaviour, 58, 397- 414 

407. 415 

 416 

DeWitt T J, Robinson BW, and Wilson DS (2000) Functional diversity among predators of a  417 

 freshwater snail imposes an adaptive trade-off for shell morphology.  Evolutionary  418 

Ecology Research, 2, 129-148. 419 

 420 

de Queiroz K, Donoghue MJ (1988) Phylogenetic systematics and the species problem.   421 

Cladistics, 4, 317-338. 422 

 423 

de Queiroz K, Donoghue MJ (1990) Phylogenetic systematics and species revised.   424 

Cladistics, 6, 83-90. 425 

 426 



Freshwater Gastropods of North America Circular No. 5 (2022)                                                                         P a g e  | 21 

Dillon RT (1992) Electrophoresis IV:  nuts and bolts.  World Aquaculture, 23(2), 48-51. 427 

 428 

Dillon RT (2000) The Ecology of Freshwater Molluscs.  Cambridge University Press, United  429 

Kingdom. 430 

 431 

Dillon RT, Davis K (1991) The diatoms ingested by freshwater snails:  Temporal,  432 

spatial, and interspecific variation.  Hydrobiologia, 210, 233-242. 433 

 434 

Dillon RT, Wethington AR (1994) Inheritance at five loci in the freshwater snail,  435 

Physa heterostropha.  Biochemical Genetics, 32, 75-82. 436 

 437 

Dillon RT, Wethington AR (1995) The biogeography of sea islands:  clues from the  438 

population genetics of the freshwater snail, Physa heterostropha.  Systematics Biology, 439 

44, 400-408. 440 

 441 

Dillon RT, Wethington AR, Rhett JM, Smith TP (2002) Populations of the  442 

European freshwater pulmonate Physa acuta are not reproductively isolated from 443 

American Physa heterostropha or Physa integra.  Invertebrate Biology, 121, 226-234. 444 

 445 

Dillon RT, McCullough TE, Earnhardt CE (In press) Estimates of natural  446 

allosperm storage capacity and self-fertilization rate in the hermaphroditic freshwater  447 

pulmonate snail, Physa acuta.  Invertebrate Reproduction and Development.   448 

 449 



Freshwater Gastropods of North America Circular No. 5 (2022)                                                                         P a g e  | 22 

Donoghue MJ (1985) A critique of the biological species concept and recommendations for a  450 

phylogenetic alternative.  Bryologist, 88, 172-181. 451 

 452 

Draparnaud de JPR (1805) Histoire Naturelle des Mollusques terrestres et fluviatiles de la  453 

France.  Chez Louis Colas Libraire No. 32, Paris.   454 

 455 

Folmer O, Hoeh WR, Black MB, Vrijenhoek RL (1994) DNA primers for  456 

amplification of mitochondrial cytochrome c oxidase subunit 1 from metazoan  457 

invertebrates.  Molecular Marine Biology and Biotechnology, 3, 294-299. 458 

 459 

Goodacre SL, Wade CM (2001) Patterns of genetic variation in Pacific island land snails:  460 

 the distribution of cytochrome b lineages among Society Island Partula.  Biological 461 

Journal of the Linnean Society, 73, 131 – 138. 462 

 463 

Haldeman SS (1842)  A monograph of the freshwater univalve Mollusca of the United States,  464 

including notices of species in other parts of North American Physadae.  E.  465 

G. Dorsey Printer, Philadelphia. 466 

 467 

Hall TA (1999) BioEdit:  a user-friendly biological sequence alignment editor and analysis  468 

program for Windows 95/98/NT.  Nucleic Acids Research Symposium Serial, 41, 95-98. 469 

 470 

Hanson J, Chambers P, Prepas E (1990) Selective foraging by the crayfish Orconectes  471 

virilis and its impact on macroinvertebrates.  Freshwater Biology, 24, 69-80. 472 



Freshwater Gastropods of North America Circular No. 5 (2022)                                                                         P a g e  | 23 

 473 

Harrison RG (1998) Linking evolutionary pattern and process.  In:  Endless Forms  474 

Species and Speciation (eds. Howard DJ, Berlocher SH), pp. 19- 31.  Oxford University 475 

Press, New York. 476 

 477 

Hayashi M, Chiba S (2000) Intraspecific diversity of mitochondrial DNA in the land snail  478 

Euhadra peliomphala (Bradybaenidae).  Biological Journal of the  Linnean Society,  70, 479 

391 – 401. 480 

 481 

Hershey A (1992) Effects of experimental fertilization on the benthic macroinvertebrate  482 

community of a an arctic lake.  Journal of the North American Benthological Society, 11,  483 

204-217. 484 

 485 

Jarne P, Perdieu M-A, Pernot A-F, Delay B, David P (2000) The influence of self- 486 

fertilization and grouping on fitness attributes in the freshwater snail Physa acuta:   487 

population and individual inbreeding depression.  Journal of Evolutionary Biology, 13, 488 

645-655. 489 

 490 

Jones CS, Noble NR, Lockyer AE, Brown DS, Rollinson D (1977) Species-specific  491 

primers discriminate schistosome intermediate hosts:  unambiguous PCR diagnosis of  492 

Bulinus forskalii group taxa (Gastropoda:  Planorbidae).  Molecular Ecology, 6, 843-849. 493 

 494 

Kesler DH, Jokinen EH, Mumms WR (1986) Trophic preferences and feeding  495 



Freshwater Gastropods of North America Circular No. 5 (2022)                                                                         P a g e  | 24 

morphology of two pulmonate snails species from a small New England pond, U.S.A.   496 

Canadian Journal of Zoology, 64, 2570-2575. 497 

 498 

Kristensen T, Ogunowo O (1992) Physa acuta Draparnaud 1805 recorded from Nigeria.   499 

Journal of Molluscan Studies, 58, 228-229. 500 

 501 

Liu HP (1993) Diagnostic genetic loci for species in the genus Physella.  Malacological Review,  502 

 26,1-8. 503 

 504 

Liu HP, Mitton J (1993) A technique to reveal restriction fragment length  505 

polymorphisms (RFLPs) in the genus Physa.  Malacological Review, 26, 89-90. 506 

 507 

Lydeard C, Holznagel WE, Schnare MN, Gutell RR (2000) Phylogenetic analysis of  508 

molluscan mitochondrial LSU rDNA sequences and secondary structures.  Molecular  509 

Phylogenetics and Evolution, 15, 83-102. 510 

 511 

Martin T, Crowder L, Dumas D, Burkholder J (1992) Indirect effects of fish on  512 

macrophytes in Bays Mountain Lake:  evidence for a littoral trophic cascade.  Oecologia, 513 

89, 476-481. 514 

 515 

McCarthy T, Fisher W (2000) Multiple predator-avoidance behaviours of the freshwater  516 

snail Physella heterostropha pomilia:  responses vary with risk.  Freshwater Biology, 44, 517 

387-397. 518 



Freshwater Gastropods of North America Circular No. 5 (2022)                                                                         P a g e  | 25 

 519 

McCollum E, Crowder L, McCollum S (1998) Complex interactions of fish, snails, and  520 

littoral zone periphyton.  Ecology, 79, 1980-1994. 521 

 522 

Mishler BD, Brandon RN (1987)  Individuality, pluralism, and the phylogenetic species  523 

concept.  Biology and Philosophy, 2, 397-414. 524 

 525 

Mishler BD, Donoghue MJ (1982)  Species concepts:  a case for pluralism.  Systematic Zoology,  526 

31, 491-503. 527 

 528 

Mulvey M, Vrijenhoek R (1981) Genetic variation among laboratory strains of the  529 

planorbid snail Biomphalaria glabrata.  Biochemical Genetics, 19, 1169-1182. 530 

 531 

Mulvey M, Vrijenhoek R (1984) Genetics of Biomphalaria glabrata:  linkage analysis  532 

and crossing compatibilities among laboratory strains.  Malacologia, 25, 513-524. 533 

  534 

Mulvey M, Woodruff D, Carpenter M (1988) Linkage relationships of seven enzyme and  535 

two pigmentation loci in the snail Biomphalaria glabrata.  Journal of Heredity, 79, 473- 536 

476. 537 

 538 

Nei M (1977) F-statistics and analysis of gene diversity in subdivided populations.  Annals of  539 

 Human Genetics, 41, 225-233. 540 

 541 



Freshwater Gastropods of North America Circular No. 5 (2022)                                                                         P a g e  | 26 

Nei M (1978) Estimation of average heterozygosity and genetic distance from a small number  542 

of individuals.  Genetics, 89, 583-590. 543 

 544 

Osenberg C (1989) Resource limitation, competition and the influence of life history in a  545 

freshwater snail community.  Oecologia, 79, 512-519. 546 

 547 

Palumbi S, Martin A, Romano S, McMillan WO, Stice L, Grabowski G (1991) The  548 

Simple Fool’s Guide to PCR, Privately Distributed.  Honolulu, Hawaii. 549 

 550 

Posada D, Crandall KA (1998) Modeltest:  testing the model of DNA substitution.   551 

Bioinformatics, 14, 817-818. 552 

 553 

Rollo C, Hawryluk M (1988) Compensatory scope and resource allocation in two species  554 

of aquatic snails.  Ecology, 69, 146-156. 555 

 556 

Rosen DE (1979) Fishes from the uplands and intermontane basins of Guatemala:  revisionary  557 

studies and comparative geography.  Bulletin of the American Museum of Natural  558 

History, 162, 270-375. 559 

 560 

Ross TK (1999) Phylogeography and conservation genetics of the Iowa Pleistocene snail.   561 

Molecular Ecology, 8, 1363-1373. 562 

 563 

Say T (1817) Conchology.  No pagination, pl. 1, fig. 6. In:  American edition  564 



Freshwater Gastropods of North America Circular No. 5 (2022)                                                                         P a g e  | 27 

of the British encyclopedia (ed. Nicholson W).  S. A. Mitchell and H. Ames,  565 

Philadelphia. 566 

 567 

Schneider S, Roessli D, Excoffier L (2000) Arlequin ver. 2.000 (copyrighted by Excoffier  568 

1995-2000) a software program for population genetic data analysis.  University of  569 

Geneva, Switzerland. 570 

 571 

Shaw CR, Prasad R (1970) Starch gel electrophoresis of enzymes - a compilation of  572 

recipes.  Biochemical Genetics, 4, 297-320.  573 

 574 

Sheldon S (1987) The effects of herbivorous snails on submerged communities in Minnesota  575 

lakes.  Ecology, 68, 1920-1931. 576 

 577 

Stein R, Goodman C, Marshall E (1984) Using time and energetic measures of cost in  578 

estimating prey value for fish predators.  Ecology, 65, 702-715.   579 

 580 

Swofford DL, Selander RK (1981) Biosys-1:  A FORTRAN program for the  581 

comprehensive analysis of electrophoretic data in population genetics and systematics.   582 

Journal of Heredity, 72, 281-283. 583 

 584 

Swofford DL (2001)  PAUP*.  Phylogenetic analysis using parsimony (*and other methods).   585 

Version 4.0b5.  Sinauer Associates, Inc., Sunderland, MA. 586 

 587 



Freshwater Gastropods of North America Circular No. 5 (2022)                                                                         P a g e  | 28 

Te GA (1975) Michigan Physidae, with systematic notes on Physella and Physodon 588 

(Basommatophora:  Pulmonata).  Malacological Review, 8, 7-30. 589 

  590 

Te GA (1978)  The systematics of the family Physidae (Basommatophora:  Pulmonata).  PhD  591 

thesis, University of Michigan. 592 

 593 

Te GA (1980)  New classification for the family Physidae (Pulmonata:  Basommatophora). 594 

Archiv fuer Molluskenkunde, 110, 179-184.   595 

 596 

Teshima H, Davison A, Kuwahara A, Yokoyama J, Chiba S, Fukuda T, Ogimura H, Kawata M   597 

 (2003) The evolution of extreme shell shape variation in the land snail Ariohelix  598 

editha:  a phylogeny and hybrid zone analysis.  Molecular Ecology, 12, 1869-1878. 599 

 600 

Thacker, R. W. & M. G. Hadfield (2000)  Mitochondrial phylogeny of extant Hawaiian tree 601 

 snails (Achatinellinae).  Molecular Phylogenetics and  Evolution, 16, 263-270. 602 

 603 

Thomaz D, Guiller A, Clarke B (1996) Extreme divergence of mitochondrial DNA  604 

within species of pulmonate land snails.  Proceedings of the Royal Society of London B,   605 

263, 363-368. 606 

 607 

Thompson JD, Higgins DG, Gibson TJ (1994) CLUSTALW:  improving the  608 

sensitivity of progressive multiple sequence alignment through sequence weighting,  609 

positions-specific gap penalties and weight matrix choice.  Nucleic Acids Research,  610 



Freshwater Gastropods of North America Circular No. 5 (2022)                                                                         P a g e  | 29 

22, 4673-4680. 611 

 612 

Thorp J, Bergey E (1981) Field experiments on responses of a freshwater, benthic 613 

macroinvertebrate community to vertebrate predators.  Ecology, 62, 365-375. 614 

 615 

Turgeon DD, Quinn JF, Bogan AE, Coan EV, Hochberg FG, Lyons WG, Mikkelsen PM,  616 

Neves RJ, Roper CFE, Rosenberg G, Roth B, Scheltema A, Thompson FG, Vecchione 617 

M, Williams JD (1998) Common and scientific names of aquatic invertebrates from the 618 

United States and Canada:  mollusks, 2nd edition.  American Fisheries Society, Special 619 

Publication 26, Bethesda, Maryland. 620 

 621 

Wethington AR, Dillon RT (1991)  Sperm storage and evidence for multiple 622 

insemination in a natural population of the freshwater snail, Physa.  American 623 

Malacological Bulletin, 9, 99-102. 624 

 625 

Wethington AR, Dillon RT (1993) Reproductive development in the hermaphroditic  626 

freshwater snail, Physa, monitored with complementing albino lines.  Proceedings of the  627 

Royal Society of London B, 252, 109-114. 628 

 629 

Wethington AR, Dillon RT (1996) Gender choice and gender conflict in a non- 630 

reciprocally mating simultaneous hermaphrodite, the freshwater snail, Physa.  Animal  631 

Behaviour, 51, 1107-1118. 632 

 633 



Freshwater Gastropods of North America Circular No. 5 (2022)                                                                         P a g e  | 30 

Wethington AR, Dillon RT (1997) Selfing, outcrossing, and mixed mating in the  634 

freshwater snail Physa heterostropha:  lifetime fitness and inbreeding depression.  635 

Invertebrate Biology, 116, 192-199. 636 

 637 

Wethington AR, Eastman ER, Dillon RT (2000) No premating reproductive isolation  638 

 among populations of a simultaneous hermaphrodite, the freshwater snail Physa.  In:  639 

 Freshwater Mollusk Symposia Proceedings (eds. Tankersley RA, Warmolts DI, Watters  640 

 GT, Armitage BJ, Johnson PD, Butler RS),  pp. 245 – 251.  Ohio Biological Survey,  641 

 Columbus. 642 

 643 

Wilke T, Falniowski A (2001) The genus Adriohydrobia (Hydrobiidae:  Gastropoda):   644 

polytypic species or polymorphic populations?  Journal of Zoological Systematics and  645 

Evolutionary Research, 39, 227-234. 646 

 647 

Wright S (1978) Evolution and the genetics of populations, Volume 4.  Variability within and  648 

among natural populations.  University of Chicago Press, Chicago. 649 

 650 

 651 

 652 

653 



Freshwater Gastropods of North America Circular No. 5 (2022)                                                                         P a g e  | 31 

Acknowledgements 654 

For help with field collection we thank R. Anderson, P. Jarne, N. Sechatixay, T. Smith, S. 655 

Wethington, and Z. Wethington, and for help in the laboratory we thank M. Bailey.  Comments 656 

on the draft manuscript were offered by C. Lydeard, A. Ward, L. Gough, and P. Harris.  This 657 

paper is based on a dissertation completed under the supervision of Dr. Charles Lydeard, whose 658 

assistance in all aspects of the project is especially acknowledged.  It was supported by grants 659 

from the National Science Foundation, DEB-0128964 and DBI-007-351.c   660 

 661 

662 



Freshwater Gastropods of North America Circular No. 5 (2022)                                                                         P a g e  | 32 

FIGURE LEGEND 663 

 664 

Figure 1:  Neighbor-joining analysis of concatenated mtDNA sequences (16S + CO1) from six 665 

populations of Physa acuta (F, I, P, C, N, D), one population of P. hendersoni (Y) and one 666 

population of P. gyrina (G).  Asterisks at the nodes indicate the percent of 10,000 bootstrap 667 

replicates supporting each, one indicating greater than 50% and two greater than 90%.668 
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Table 1.  Sample sizes (N), numbers of unique haplotypes, and range of genetic distances (uncorrected p) in six populations of Physa 1 

acuta based on 16S sequence alone (with loops, 581 bp counting spaces), CO1 sequence alone (635 bp used), and the two genes 2 

concatenated with16S loops deleted (1145 bp).   3 

 Population D N P C F I Total 

16S alone N  (haplotypes) 21 (17) 21 (12) 17 (14) 20 (14) 22 (11) 19 (10) 120 (77) 

 Mean # Pairwise diff. 16.71 + 7.75 7.41 + 3.61 9.28 + 4.49 3.33 + 1.78 5.68 + 2.83 27.21 + 12.51 35.18 + 15.42 

 genetic distance 0% - 13.1% 0% - 2.7% 0% - 3.5% 0% - 1.24% 0% - 3.7% 0% - 12.56% 0% - 15.69% 

 Nuc. diversity 0.032 + 0.017 0.017 +  0.009 0.018 + 0.010 0.006 + 0.004 0.011 + 0.006 0.072 + 0.037 0.066 + 0.032 

CO1 alone N  (haplotypes) 15 (15) 18 (17) 13 (11) 15 (7) 14 (10) 19 (11) 94 (70) 

 Mean #Pairwise diff. 20.19 + 9.46 14.76 + 6.92 7.99 + 3.97 8.86 + 4.33 2.26 + 1.32 17.57 + 8.17 28.25 + 12.47 

 genetic distance 0.47%-13.7% 0% - 5.0% 0% - 2.42% 0% - 4.25% 0% - 3.42% 0% - 12.0% 0% - 13.7% 

 Nuc. diversity 0.035 + 0.018 0.024 + 0.012 0.013 + 0.007 0.014 + 0.008 
 

0.004 + 0.003 0.034 +0.017 0.043 + 0.021 

16S + CO1 N  (haplotypes) 15 (15) 18 (18) 12 (10) 14 (11) 14 (14) 14 (10) 87 (79) 

 Mean # Pairwise diff. 35.41 + 16.35 19.67 + 9.13 13.54 + 6.55 11.92 + 5.56 7.18 + 3.58 33.57 + 15.58 45.75 + 20.15 

 genetic distance 0.35% - 13.3% 0.18% - 3.6% 0% - 2.53% 0% - 2.81% 0.09% - 3.28% 0% -10.3% 0% - 13.3% 

 Nuc. diversity 0.033 + 0.017 0.019 + 0.010 0.012 + 0.006 0.010 + 0.006 0.007 + 0.004 0.037 + 0.019 0.042 + 0.020 

 4 
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Table 2.  Analysis of molecular variance among six populations of P. acuta from Europe and 1 

North America, based on the concatenated sequences of two genes, CO1 + 16s (loops deleted). 2 

 3 

Source of variation df SS Var %  p 

Among continents 1 161.441 -1.50811 -6.47 0.07331 

Among pops within continent 4 891.230 14.47863 62.13 0.00000 

Within populations 82 847.352 10.33356 44.34 0.00000 

Total 87 1900.023 23.30408   

 4 

 5 

 6 

 7 

 8 

 9 

 10 

11 
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Table 3.  Allele frequencies at seven allozyme loci and mean (direct-count) heterozygosity over 12 

six populations of P. acuta, one population of P. gyrina (G) and one population of P. hendersoni 13 

(Y). 14 

Locus G Y D N P C F I 

EST3         

105 0.000 0.000 0.842 0.000 0.000 0.000 0.000 0.000 

100 0.000 0.000 0.158 0.767 0.531 0.743 0.698 0.618 

99 0.456 0.397 0.000 0.000 0.000 0.000 0.000 0.000 

96 0.000 0.603 0.000 0.233 0.469 0.257 0.302 0.382 

90 0.544 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

         

LAP1         

103 0.000 0.474 1.000 0.646 0.557 0.500 0.000 0.000 

100 0.000 0.526 0.000 0.354 0.443 0.500 1.000 1.000 

95 0.879 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

92 0.121 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

         

6PGD         

100 0.000 0.936 1.000 1.000 0.881 1.000 0.938 1.000 

95 0.000 0.038 0.000 0.000 0.119 0.000 0.063 0.000 

92 0.691 0.026 0.000 0.000 0.000 0.000 0.000 0.000 

88 0.309 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

         

EST6         

104 0.000 0.000 0.000 1.000 0.739 0.206 0.000 0.463 

102 0.000 0.000 0.000 0.000 0.000 0.006 0.329 0.000 

100 0.000 1.000 0.000 0.000 0.261 0.789 0.671 0.537 

92 0.000 0.000 1.000 0.000 0.000 0.000 0.000 0.000 

88 1.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

         

PGM2         

113 0.265 0.718 0.000 0.000 0.000 0.000 0.000 0.000 

110 0.735 0.115 0.000 0.000 0.000 0.000 0.023 0.065 

103 0.000 0.154 1.000 0.000 0.053 0.013 0.000 0.000 

100 0.000 0.013 0.000 1.000 0.947 0.987 0.977 0.935 

         

ISDH         

104 0.000 0.013 0.423 0.000 0.000 0.000 0.000 0.000 

100 0.000 0.077 0.577 0.500 0.560 0.943 1.000 0.891 

97 0.000 0.000 0.000 0.000 0.048 0.000 0.000 0.000 

94 0.000 0.897 0.000 0.500 0.393 0.057 0.000 0.109 

90 1.000 0.013 0.000 0.000 0.000 0.000 0.000 0.000 

         

GPI1         

100 0.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

94 1.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

         

H 0.186 0.199 0.107 0.148 0.258 0.147 0.143 0.212 

(s.e.) (0.072) (0.064) (0.071) (0.075) (0.062) (0.061) (0.073) (0.097) 

 15 
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Table 4.  Matrix of Nei (1978) unbiased genetic identities (above diagonal) and genetic distances 16 

below the diagonal.  17 

  18 

Population G Y D N P C F I 

G - 0.091 0.000 0.000 0.000 0.000 0.003 0.009 

Y 2.397 - 0.457 0.563 0.658 0.644 0.599 0.625 

D **** 0.783 - 0.514 0.532 0.535 0.430 0.438 

N **** 0.574 0.665 - 0.978 0.852 0.753 0.848 

P **** 0.419 0.631 0.022 - 0.914 0.835 0.910 

C **** 0.440 0.626 0.160 0.090 - 0.944 0.942 

F 5.809 0.512 0.843 0.284 0.180 0.058 - 0.969 

I 4.762 0.471 0.826 0.165 0.094 0.059 0.031 - 

 19 

 20 

21 
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