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a b s t r a c t Species boundaries, evolutionary relationships and geographic distributions of many unionoid bivalve species, like those in the genus Pyganodon, remain unresolved in Eastern North America. Because unionoid bivalves are one of the most imperiled groups of animals in the world, understanding the genetic variation within and among populations as well as among species is crucial for effective conservation planning. Conservation of unionoid species is indispensable from a freshwater habitat perspective but also because they possess a unique mitochondrial inheritance system where distinct gender-associated mitochondrial DNA lineages coexist: a female-transmitted (F) mt genome and a male-transmitted (M) mt genome that are involved in the maintenance of separate sexes (=dioecy). In this study, 42 populations of Pyganodon sp. were sampled across a large geographical range and fragments of two mitochondrial genes (cox1 and cox2) were sequenced from both the M- and F-transmitted mtDNA genomes. Our results support the recency of the divergence between P. cataracta and P. fragilis. We also found two relatively divergent F and M lineages within P. grandis. Surprisingly, the relationships among the P. grandis specimens in the F and M sequence trees are not congruent. We found that a single haplotype in P. lacustris has recently swept throughout the M genotype space leading to an unexpectedly low diversity in the M lineage in that species. Our survey put forward some challenging results that force us to rethink hybridization and species boundaries in the genus Pyganodon. As the M and F genomes do not always display the same phylogeographic story in each species, we also discuss the importance of being careful in the interpretation of molecular data based solely on maternal transmitted mtDNA genomes. The involvement of F and M genomes in unionoid bivalve sex determination likely played a role in the genesis of the unorthodox phylogeographic patterns reported herein. Ó 2012 Elsevier Inc. All rights reserved.



1. Introduction Unionoid bivalves, also called freshwater mussels, are an important but neglected component of freshwater aquatic ecosystems. They are long-lived partially infaunal ﬁlter feeders that can be found in most permanent freshwater bodies. North America boasts the richest unionoid fauna in the world with nearly 300 currently recognized species and subspecies, representing two families (Unionidae and Margaritiferidae) in the United States and Canada (Bogan, 1993; Turgeon et al., 1988, 1998; Williams et al., 1993). Unionoid bivalves have a unique and complex life cycle. They are ⇑ Corresponding authors. E-mail addresses: [email protected] (H. Doucet-Beaupré), pier [email protected] (P.U. Blier), [email protected] (E.G. Chapman), opiont [email protected] (H. Piontkivska), [email protected] (F. Dufresne), bernard. [email protected] (B.E. Sietman), [email protected] (W.R. Hoeh). 1055-7903/$ - see front matter Ó 2012 Elsevier Inc. All rights reserved. doi:10.1016/j.ympev.2012.01.017



ovoviviparous and depend on host species for reproduction since their life cycle typically includes a short obligate parasitic larval stage on ﬁsh or amphibians hosts (Bauer and Wächtler, 2000). As adults, they have limited dispersal abilities and the release of spermatozoa from males occurs in the open water of lakes, rivers and streams, which is the main dispersal mode along with the parasitic larval stage (Nagel, 2000). The insular nature and diversity of freshwater habitats (Strayer, 2006), their limited dispersal opportunities (Bilton et al., 2001), their high degree of variation and endemism and association with major drainage systems with relatively long geologic histories (Burch, 1975; Burky, 1983; McMahon, 1991) as well as their unique and complex combination of life history traits (Haag and Staton, 2003) has deeply inﬂuenced the observed genetic diversity and geographic variation in unionoid bivalves. Unionoid bivalves are also one of the most imperiled groups of animals in the world (Lydeard et al., 2004), with 70% of the



H. Doucet-Beaupré et al. / Molecular Phylogenetics and Evolution 63 (2012) 430–444



recognized species in North America considered extinct, endangered, threatened or of special concern (Williams et al., 1993). Unionoids are generally sensitive to ecosystem deterioration and have declined for various reasons such as watershed alterations, changes in water quality resulting from organic enrichment and chemical contamination, and the recent introduction of the exotic zebra mussel, Dreissena polymorpha (Nalepa, 1994; Schloesser and Nalepa, 1994), the quagga mussel, Dreissena bugensis, and the Asian clam, Corbicula ﬂuminea (McMahon, 1983; Ricciardi et al., 1998). Effective conservation planning for unionoids includes protecting distinct species and populations and requires an understanding of genetic variation within and among populations for proper species and subspecies delineation. Unionoid species identiﬁcation is usually based on conchological characteristics but phenotypic plasticity in shell morphology renders the differentiation of particular species problematic (e.g., species within the genus Pyganodon; Cyr et al., 2007). Alternatively, molecular markers can be used for a more accurate estimate of species diversity within unionoid lineages and to investigate population genetics and phylogeography. Despite its unquestionable relevance to freshwater mussel conservation, the study of unionoid genetics is of pivotal importance in regard to this taxon’s unique mitochondrial inheritance system. Unionoid bivalves possess a distinct form of mitochondrial DNA (mtDNA) inheritance, termed ‘‘doubly uniparental inheritance’’ (DUI; for review, see Breton et al., 2007; Passamonti and Ghiselli, 2009). In these organisms, distinct gender-associated mitochondrial DNA lineages coexist: a female-transmitted (F) genome and a male-transmitted (M) genome. Under DUI, female bivalves transmit their mitochondria (F mtDNA) to both sons and daughters, as in standard maternal inheritance, but males pass on their mitochondria (via sperm carrying M mtDNA) to only sons (e.g., Breton et al., 2007; but see Chakrabarti et al., 2007; Obata et al., 2006, 2007). At the organismal level, male bivalves with DUI are thus heteroplasmic and contain both M and F genomes. Evidence has recently been presented that is consistent with the hypothesis that the DUI system in unionid and margaritiferid bivalves functions in the maintenance of separate sexes (=dioecy; Breton et al., 2011). The bivalve order Unionoida is the only freshwater taxon where DUI is present; the two other bivalve lineages possessing DUI are marine (Mytiloida and Veneroida). This nontraditional and unique mode of mitochondrial inheritance provides the opportunity to study the mitochondrial DNA evolution from a different and privileged point of view and could be very useful in answering many systematic and phylogenetic questions that cannot be effectively solved by studying taxa with the classical animal mitochondrial transmission mode (i.e., strict maternal inheritance [SMI]) (Passamonti and Ghiselli, 2009). Speciﬁcally, studies of intra- and interspeciﬁc genetic variation for both M and F genomes potentially offer complementary views on species limits, evolutionary relationships, and levels of population variation (Hoeh et al., 2002; Krebs, 2004). Furthermore, extensive phylogenetic analysis of M and F genomes might shed light on molecular evolutionary processes affecting these unique mtDNA genomes. The genus Pyganodon (Unionidae: Unioninae) (previously included in the genus Anodonta; see Hoeh, 1990) contains several conchologically similar species whose evolutionary relationships and distributions in North America remain uncertain. Clarke (1981) recognized four species in this genus distributed across Canada, namely P. cataracta (Say, 1817), P. fragilis (Lamarck, 1819), P. grandis (Say, 1829) and P. simpsoniana (Lea, 1861). In a revised classiﬁcation of the Eastern North American Anodonta, Hoeh (1990) indicated that Pyganodon includes two other species, P. lacustris (Lea, 1857) and P. gibbosa (Say, 1824) without mentioning P. simpsoniana (which could be conspeciﬁc with P. grandis, Clarke, 1981). In a recent survey of the genus based on morphological characters and DNA sequences from nuclear (ITS1&2), F mitochondrial and M
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mitochondrial loci (cox1 and 16S) from southern Quebec, Cyr et al. (2007) (i) conﬁrmed the distinction between P. fragilis and P. cataracta, (ii) corroborated the presence of P. grandis but not P. simpsoniana and (iii) found two additional Pyganodon mt lineages that they were unable to identify. The aims of the present study are (1) to clarify the systematic and phylogenetic relationships among Pyganodon lineages in northeastern North America using F and M mtDNA sequences from cytochrome c oxidase subunits I and II (cox1 and cox2); (2) to compare the phylogenetic signal obtained from M and F mitochondrial genomes in this group and (3) to place the pattern of genetic variation within and among lineages in a broad geographical and historical context. 2. Material and methods 2.1. Populations sampled Males and females, representing four Pyganodon species, were collected in northeastern North America from different populations in Newfoundland and Labrador, Quebec, Michigan, Minnesota, Wisconsin, New Jersey, Indiana, Maine, Maryland, Massachusetts and Pennsylvania (Table 1 and Fig. 1). Mussels were quickly transported to the laboratory and dissected. Tissues were frozen using liquid nitrogen in the ﬁeld or whole mussels were preserved in 95–100% non-denatured ethanol in the ﬁeld. Microscopic examination of gonadal tissue allowed for rapid determination of mussel gender (by the presence of eggs or sperm/sperm morulae). Dissected tissues samples were stored either at 80 °C or in 95–100% ethanol at 20 °C. 2.2. DNA extraction, ampliﬁcation and sequencing Total genomic DNA extractions were performed on the dissected tissues using a QIAGEN DNEasy Extraction Kit (QIAGEN Inc., Mississauga, Canada) following the manufacturer’s animal tissue protocol. Extracted DNA quality and quantity were examined using 0.7% agarose gel electrophoresis and the DNA were stored at 20 °C. Four distinct gene regions were analyzed in the present study: Fcox1, Mcox1, Fcox2, and Mcox2e. The complete F cytochrome c oxidase subunit II (Fcox2), Mcox2e and partial F and M cytochrome c oxidase subunit I (cox1) gene regions were ampliﬁed and directly sequenced without cloning. The following primer pair was used to amplify cox1: LCO22me2/HCO700dy2 (Walker et al., 2006). These primers are complementary to very conserved regions of animal mtDNA (Folmer et al., 1994) and have been shown to reliably PCR amplify mtDNA from unionoid bivalves (Hoeh et al., 1996, 1998; Bogan and Hoeh, 2000; Hoeh et al., 2001, 2002) and they facilitated the production of both Fcox1 (from ovarian or mantle tissue-based DNA) and Mcox1 (from testicular tissue-based DNA) amplicons. The primer pair UNIOND3-155F (50 -AGHSCKTTTGARTGYGGKTTT GA-30 )/FCOIPygR (50 -TGCCARTAACAARTAYAAAGTA-30 ) was used to amplify the Fcox2 gene from ovarian or mantle tissue-based DNA. Additionally, a third primer pair (MCOIIh 35F 50 -TTTATRCCTR TKKTGTGTRGARGCTGT-30 /PygMcox2eR 50 -TAYAATCTTYCAATRTC YTTATGATT-30 ) was used to amplify the hypervariable extension region of Mcox2 (=Mcox2e) (e.g., Chapman et al., 2008; Walker et al., 2006) from testicular tissue-based DNA. Some primers had a 50 M13 tail added for sequencing purposes. All ampliﬁcations were performed in 50-ll volumes of a solution containing 1X Qiagen buffer, 2.5 mM MgCl2, 200 lM of each dNTP, 0.5 lM of each primer, 2.5 U Qiagen Taq (QIAGEN Inc., Mississauga, Canada) and 1 lg of template DNA. Thermal cycling conditions for cox1 and cox2 ampliﬁcation were as follows: 94 °C for 3 min, followed by 35 cycles of 94 °C for 1 min, 54 °C for 1 min and 72 °C for 90 s and a ﬁnal extension at 72 °C for 5 min. The resulting PCR products were gel
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Table 1 Description and geographical coordinates of sampling sites for Pyganodon lacustris, P. cataracta, P. fragilis and P. grandis and numbers of individual per morphospecies sampled (see Fig. 1 and 9–12) documented in each site and morphospecies. L.: Lake, R.:River, P.:Pond, Res.: Reservoir, Co.: County, Gr: P. Grandis, Fr: P.fragilis, Ca: P.cataracta, La: P.lacustris. State/province (Country)



Indiana (USA) Maine (USA) Maine (USA) Maryland (USA) Michigan (USA) Michigan (USA) Michigan (USA) Michigan (USA) Michigan (USA) Michigan (USA) Michigan (USA) Minnesota (USA) Minnesota (USA) Minnesota (USA) Minnesota (USA) Minnesota (USA) Minnesota (USA) Minnesota (USA) Minnesota (USA) Minnesota (USA) Minnesota (USA) Minnesota (USA) New Jersey (USA) Nﬂd (Canada) Nﬂd. (Canada) Nﬂd. (Canada) Pennsylvania (USA) Quebec (Canada) Quebec (Canada) Quebec (Canada) Quebec (Canada) Quebec (Canada) Quebec (Canada) Wisconsin (USA) Wisconsin (USA) Wisconsin (USA) Wisconsin (USA) Wisconsin (USA) Wisconsin (USA)



Exact site



Region



Mill Creek Indian L. Tilson farm P. Loch Raven Res. Beach pool Cedar R. Fish L. Lyons L. Mona L. Pogey L. Prairie L. Big Fork R. Black Duck L. Bowstring R. Deer L. Elephant L. Mississippi R. Pelican L. Pfeiffer L. Prairie R. Rice R. Twin Lakes Mantua Creek Burin L. Birds pond Goose Bay Pickering Creek Atikamakusch L. Bellevue L. Elgin L. Macpès L. Matapédia L. Sainte-Marie L. Annabelle L. Chetak L. Kentuck L. Mendota L. North Twin L. St. Germain R.



Lat.



Jackson Co. Washington Co. Hampshire Co Baltimore Co. Emmet Co. Gladwin Co. Calhoun Co. Kalamazoo Co Muskegon Co. Mecosta Co. Barry Co. Koochiching Co. Koochiching Co. Itasca Co. Itasca Co. Koochiching Co. Goodhue Co. St. Louis Co. St. Louis Co. Itasca Co. Aitkin Co. Itasca Co. Gloucester Co. Eastern Whittbourne Labrador Chester Co. Nord du Québec Capitale-Nationale Estrie Bas-Saint-Laurent Bas-Saint-Laurent Outaouais Vilas Co. Sawyer Co Vilas Co. Dane Co. Vilas Co. Vilas Co



Long.



41.5664 45.4174 42.3903 39.4177 45.7372 43.9932 42.0494 42.1884 43.1767 43.7962 41.8586 47.8004 48.2087 47.4979 47.8253 48.1819 44.5269 48.0633 47.7515 47.2391 46.5326 45.2483 39.7088 47.0504 47.4162 53.2945 40.1034 53.5044 47.1833 45.7483 48.3119 48.5588 45.9561 46.2206 45.7253 45.9847 43.1224 46.0665 45.9184



86.5490 69.2979 72.5327 76.5383 84.8019 84.3704 85.8600 84.9668 86.2602 93.4821 85.4037 93.5724 92.8094 93.7389 93.3748 92.7373 92.3297 92.8321 92.4771 93.4821 93.3200 94.2126 75.0923 55.1632 53.5281 60.3618 75.5337 77.7186 72.2333 71.3361 68.4869 67.5855 75.9305 89.6787 91.4936 89.0120 89.4042 89.0887 89.5324



No. on map



39 32 29 36 34 19 37 28 18 17 27 38 9 33 11 8 16 10 12 13 14 15 35 7 31 30 26 1 4 6 3 2 5 22 20 21 24 25 23



Species (N) Female



Male



Gr (3) Ca (2) Ca (3) Ca (1) La (5) Gr (4) Gr (2) Gr (8) Gr (2) Gr (8) Gr (5) Gr (1) La (11) La (4) La (7) Gr (8) La (4) Gr (4) La (9) Gr (3) La (4) Gr (5) La (5) Gr (13) La (9) Gr (7) La (2) Ca (6) Fr (1) Fr (8) Ca (1) Fr (5) Ca (6) Fr (1) Gr (8) – – Fr (9) Fr (3) Gr (2) La (6) Gr (2) La (1) Gr (3) La (6) Gr (3) La (4) Gr (6) La (1) Gr (6)



– Fr (1) Ca (3) – – Gr (1) Gr (3) Gr (5) Gr (1) – – – La (6) – La(12) Gr (2) La (6) Gr (1) La (5) Gr (4) La (1) Gr (1) La (9) Gr (6) La(26) Gr (6) – – Fr (1) Fr (4) Fr (5) Fr (3) Gr (9) Ca (5) Fr (1) Fr (9) Fr (11) Gr (3) La (2) La (1) Gr (1) La (4) Gr (1) La (4) Gr (4) La (5) Gr (6)
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Wisconsin, USA) and sequenced at the Sequencing Platform (3730XL, Applied Biosystems) of McGill University (Québec, Canada; using the PCR primers) or at Geneway Research (Hayward, California, USA; using M13 primers).
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2.3. Phylogenetic reconstruction
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Fig. 1. Sampling sites of Pyganodon spp. (black .) and geographical occurrence of Pyganodon spp. (yellow j) based on Global Biodiversity Information Facility (GBIF; Biodiversity occurrence data provided by: Canadian Museum of Nature, EMAN Provider, New Brunswick Museum, National Museum of Natural History and University of Kansas Biodiversity Research Center (Accessed through GBIF Data Portal, data.gbif.org, 2010-03-26). Sites are numbered as in Table 1. The maximum extent of the proglacial lakes (dashed line) is outlined.



puriﬁed using Qiagen QIAquick Gel Extraction Kit (Qiagen, Valencia, California, USA) or Promega Wizard PCR Kits (Promega, Madison,



All sequences were trimmed and assembled with the program BioEdit (v.7.0.4.1, Hall, 1999) and multiple sequence alignments were made using Clustal W (Larkin et al., 2007) in MEGA v. 4.0 (Tamura et al., 2007), using default parameters and Dialign v. 2.2.1 (Subramanian et al., 2008) followed by manual alignment adjustments. Phylogenetic trees for the F and M genomes of Pyganodon were separately estimated using Bayesian inference (BI) and maximum likelihood (ML) analyses of concatenated nucleotide sequences from the cox1 and cox2 protein-coding genes. For the F sequence trees, sequences from 232 Pyganodon individuals and ﬁve outgroup sequences representing three Anodonta species (A. beringiana, A. woodiana and A. californiensis) were aligned using Clustal W in MEGA 4.0 and manually reviewed. In the same way, sequences from 184 Pyganodon individuals and those representing three outgroup species (A. beringiana, A. woodiana and A. californiensis) were aligned to produce the M sequence trees. The analyzed F-matrix had 1389 nucleotide positions (comprising 678 nucleotides from cox2 and 711 nucleotides from cox1) and the M-matrix 1245 nucleotides positions (comprising 585 nucleotides from cox2
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and 660 nucleotides from cox1). These matrices are available from WRH. Phylogenetic analyses were conducted using Bayesian inference (BI) via Mr. Bayes (v. 3.1.2; Huelsenbeck and Ronquist, 2001; Ronquist and Huelsenbeck, 2003). Two independent simultaneous analyses were done using the GTR + G + I substitution model (Rodriguez et al., 1990) for both the F and M sequence matrices. Searches were conducted for ﬁve million generations with six search chains each. The molecular data were partitioned by gene region and by codon position (=two gene regions, each with three codon positions for the cox1 and cox2 partitions) yielding a total of six partitions, and saving a total of 100,000 trees (one tree saved every 100 generations in each of the two analyses) from both the F and M sequence analyses. To allow each partition to have its own set of parameter estimates, revmat, tratio, statefreq, shape, and pinvar were all unlinked during the analyses. The BI analyses were terminated when the average standard deviation of the split frequencies fell below 0.020 and 0.011 for the F and M analyses, respectively. The 60,000 post-burn-in trees (determined by examination of the log probability of observing the data  generation plots) were used to generate the F and M majority-rule consensus trees. To allow each gene to evolve independently at its own rate, the option prset ratepr = variable was employed as per the recommendations of Marshall et al. (2006). Best maximum likelihood (ML) F and M trees were generated using GARLI (v. 0.951; Zwickl, 2006) with no data partitioning using default settings except for the following: autoterminate run 1000,000 generations post last improved topology, ln L increase for signiﬁcantly better topology = 0.0001 and score improvement threshold = 0.0005. Garli was also used to generate a 200-replicate ML majority-rule bootstrap (Felsenstein, 1985) trees using default settings except for the following: ln L increase for signiﬁcantly better topology = 0.001 and score improvement threshold = 0.005, based on analyses of the F and M sequence matrices with no data partitioning. 2.4. Sequence-based species delimitation We implemented two different empirical methods to delimit species, including a general mixed Yule-coalescent method (GMYC) and a statistical parsimony network analysis. The general mixed Yule coalescent model (Fontaneto et al., 2007; Pons et al., 2006) is a statistical procedure for estimating species boundaries directly from phylogenetic trees. Equations describing two types of lineage evolution, speciation (a stochastic birth-only or Yule coalescent model) and a model that describes populations (a neutral coalescent model; microevolution) are combined and applied on an ultrametric tree. The procedure identiﬁes a threshold value for the transition from coalescent to speciation branching patterns. Location of the transition point on the phylogenetic tree deﬁnes the species boundary. A standard log-likelihood ratio test is then used to assess whether the stepped model provides a signiﬁcantly better ﬁt than the null model of no such shift in branching process. The analysis was carried out using R package SPLITS (Species Limits by Threshold Statistics) available at http://r-forge.r-project.org/ projects/splits/. To build the clock-constrained tree, we used the Bayesian consensus tree as described before. From this tree, identical haplotype and out-group sequences were removed and converted to an ultrametric tree using penalized likelihood in r8s (v. 1.7; Sanderson, 2003), with the optimal smoothing parameter determined by cross validation between 105 and 105. For the second algorithmic method of sequence-based species delineation, patterns of sequence variation were analyzed for the presence of species level groups by identifying independent networks using parsimony (Templeton et al., 1992) as implemented in the software TCS v. 1.21 (Clement et al., 2000). This procedure partitions the data into independent networks of closely related
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