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Abstract: Knowledge of species ages and their distribution enhance our understanding of 

processes that create and maintain species diversity at both local and regional levels. The largest 

family of freshwater mussels (Unionidae), reach their highest species diversity in drainages of 

the southeastern united states. By sequencing multiple loci from mussel species distributed 

throughout the drainages in this region, we attempt to uncover historical patterns of divergence 

and determine the role of vicariance events on the species formation in mussels and extend our 

hypothesis to freshwater animals in general. We analyzed 346 sequences from five genera 

encompassing 37 species. Species were sampled across 12 distinct drainages ending either in the 

Atlantic Ocean or the Gulf of Mexico. Overall the topologies of the different genera returned 

phylogenetic trees that were congruent with geographically contiguous drainages. The most 

common pattern was the grouping between the Atlantic slope and gulf coast drainages, however 

the Tennessee drainage was often the exception to this pattern grouping with the Atlantic slope. 

Most mussel species find a most recent common ancestor within a drainage before finding an 

ancestor between drainages. This supports the hypothesis of allopatric divergence followed by 

later burst of speciation within a drainage. Our estimated divergence times for the Atlantic-Gulf 

split agree with other studies estimating vicariance in fish species of the Atlantic and gulf coast. 
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The goal of comparative phylogeography is to evaluate the topological and chronological 

congruence of molecular phylogenies across a common biogeographic barrier in multiple species 

pairs (Avise 1998; Edwards and Beerli 2000). Comparisons among species allow inference into 

common mechanisms that have influenced the evolutionary, demographic, and distributional 

histories of taxa in an ecological region (Bermingham and Moritz 1998). Knowledge concerning 

the different ages of species and their areas of extent serve to enhance our understanding of 

processes that create and maintain species diversity at both local and regional levels. Improving 

our understanding of processes that promote and maintain diversity will allow us to focus 

conservation efforts on biologically diverse regions containing endemic species.  

 

The southeastern United States (U.S.) provides the perfect example of endemic regional 

biodiversity as it contains high levels of endemic freshwater species such as gastropods, fish, 

crayfish, and mussels (Master 1990). There have been two proposed hypotheses to explain 

contemporary species distribution and diversity in the southeastern U.S, i) source-dispersal and 

ii) multiple vicariance. Under the hypothesis of source-dispersal, it is believed that a single 

ancestral drainage was a cradle for most of the present species diversity; contemporary patterns 

of species distribution are then due to coastal flooding, headwater captures, and anadromous fish 

migration which allow dispersal of species among rivers (Sepkoski and Rex 1974). Under the 

hypothesis of vicariance biogeography, a once widespread ancestor species was fragmented into 

smaller isolated populations by the formation of a barrier to gene flow; these species then 

diverged becoming reproductively isolated (Pflieger 1971; Mayden 1985; Mayden 1987; Wiley 

and Mayden 1985). These two hypotheses are by no means mutually exclusive and attempts to 

treat them as such may lead to data outliers that cannot be explained by either mechanism. A 

better hypothesis would incorporate mechanisms of both vicariance and source-dispersal to 

explain contemporary pattern of species diversity and distribution.  

 

Despite the presence of mussels throughout the southeastern U.S., it has not been tested whether 

the distribution of freshwater mussels can be explained by either of these hypotheses. In this 

paper we use freshwater mussel taxa that are distributed throughout the drainages of the 

southeastern U.S. to test for both topological and chronological congruent patterns of 

biogeographic vicariance and dispersal. Freshwater mussels are ideal for this task because of an 
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extrinsic link to fish dispersal; mussels do not migrate except during their larval life stage where 

they rely on fish in a parasitic life cycle. Hence any movement made by fish during times of sea 

level change or head-water capture would be preserved in the genome of freshwater mussels. By 

sequencing multiple loci from mussel species distributed throughout the drainages of the 

southeastern U.S., we can uncover historical patterns of divergence and determine the role of 

vicariance events on the species formation in mussels and freshwater animals in general. 

 

If we find that multiple mussel taxa support a single divergence time it would follow that a single 

dispersal/vicariant event was most likely responsible for species formation, linking species in 

evolutionary history. Lieberman (2000) advocated the importance of identifying community-

wide events as they serve to link species within an evolutionary framework and create a stable 

community (Lieberman 2000). Species in a stable community share an evolutionary history 

important to both the biotic stability of the community and inference of environmental factors 

affecting both past and future diversity (Lieberman 2000). Incorporating history of the entire 

community and its implied stability allow us to draw inferences on the long-term sustainability 

of species relationships within that community, an important factor for conservation 

management. 

 

Here we use three mitochondrial loci (16S ribosomal RNA, cytochrome c oxidase subunit I 

(CO1), NADH dehydrogenase subunit 1 (NAD1)) in a comparative phylogeographic approach to 

determine the relative importance of glacial and interglacial cycles on speciation of freshwater 

mussels. We test the congruence of divergence times among species to determine the stability of 

contemporary mussel communities. We focused on five widespread genera (Alasmidonta, 

Elliptio, Lampsilis, Pleurobema, and Villosa) that were sampled from the Altamaha (GA), Satilla 

(GA), Apalachicola-Flint-Chattahoochee (GA, AL, FL), Alabama-Coosa (GA, AL), Savannah 

(GA), Tennessee (TN), Ocklockonee (FL), Ogeechee (GA), St. Mary’s (FL) St. John’s (FL), and 

Choctowhatchee (FL). We utilized Bayesian phylogenetic construction and incorporate 

genealogical variance to estimate possible divergence times as well as the likelihood of multiple 

vicariance events. We use data from five mussel genera to answer the following questions: how 

old is the MRCA for each species group? Are molecular phylogenies similar in topology and 

chronology? Is there evidence of a phylogeographic break across the Appalachian Divide?  
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Materials and Methods 

We targeted 12 drainage basins covering an area from the Mississippi River east to south of the 

Pee Dee River, encompassing a majority of the rivers in the southeastern U.S. (Figure 1). We 

grouped drainages into either the Atlantic Slope or the eastern Gulf of Mexico Coastal Plains 

(Gulf Coast) based on the terminus of the rivers. The Atlantic Slope contains the Altamaha, 

Savannah, Satilla, Ogeechee, and Santee rivers and the Gulf of Mexico contains the 

Apalachicola-Chattahoochee-Flint (ACF), Coosa, Mobile, Choctawhatchee, Suwannee, 

Ochlockonee, and Tennessee. The Appalachian Divide separates the Atlantic Slope region and 

the eastern Gulf Coast, effectively isolating the Unionid fauna of the coastal rivers from direct 

contact with the species of the interior basin (Johnson 1970). The rivers and their freshwater 

faunas constitute discrete biogeographic systems (Sepkoski and Rex 1974).  

 

Mussel specimens were collected between 2007-2009 from taxonomic collections at Auburn 

University (AU), University of Alabama (UA), and North Carolina State (NC) (Supplementary 

Table S1). We focused our specimen collection on five genera, Alasmidonta, Elliptio, Lampsilis, 

Pleurobema, Villosa, that co-occur in most of the drainages (Table 1). From each genus we 

avoided species under taxonomic revision (Williams and Bogan 2008), species with purported 

anthropogenic introductions, and widespread congeners consisting of subspecies.  

 

Tissue was collected from the foot, abductor mussel, or mantle of mussel specimens and preserved in 

95% EtOH for later DNA isolation. DNA from the collected tissue was then isolated using a modified 

CTAB (cetyl trimethylammonium bromide) isolation protocol based on Campbell, Serb et al. (2005). 

Samples were first homogenized using liquid nitrogen and micro-pestles. We next added CTAB to a 

final volume of 300ul with an addition of 25mg/ml Proteinase K solution (Gentra). Samples were 

allowed to digest at 55° C for 1-2 hours or until no solid tissue remained in the tube. DNA was 

precipitated using a chloroform wash step followed by the addition of 100% isopropanol. DNA was then 

eluted in 40ul of H2O and stored at -80° C until time of use. 

 

We used PCR to amplify two loci (16S, CO1) from the mitochondrial genome. For mitochondrial 

loci (16S, CO1) we obtained primer sequences from Campbell, Serb et al. (2005) and Folmer, 
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Black et al. (1994), respectively. Additional 16S, CO1, and NAD1 sequences were obtained from 

Genbank (queried January 2009; Supplementary Table 2). PCR amplifications were performed in 

20µl volumes consisting of 0.5μM each primer, 0.8mM total dNTPs, 3mM MgCl2, and 1U Taq 

polymerase (Promega). Annealing temperatures for each locus were as follows: 16S, 50° and 

COI, 40°. PCR products were prepared for sequencing using Exonuclease I and Antarctic 

Phosphatase (New England Biolabs, Ipswich, MA, USA). Sequencing reactions were carried out 

in 10µl volumes with 80ng of prepared template, 0.6μM primer, 0.6μl BigDye Terminator 

(Applied Biosystems, Foster City, CA, USA) and 3.4 μl Better Buffer (The Gel Company). 

Sequence reactions were cleaned and precipitated with 4 volumes 75% isopropanol, suspended 

in Hi-Di formamide (Applied Biosystems, Foster City, CA, USA) and run on an ABI 3730 at the 

University of Georgia. For each locus, sequence data were edited using CODONCODE ALIGNER 

v.2.06 (CodonCode Corporation, Dedham, MA, USA). Sequences were aligned using ALIGNER’S 

built-in ‘end-to-end’ algorithm, examined and edited for likely artifacts caused by poly-N repeats 

and other apparent insertions, and disassembled/realigned. PHRED (Ewing et al. 1998) quality 

scores < 30 were investigated visually, and recoded as ambiguities (N) if not readily classified.  

 

Phylogenetic Analysis 

The program BEAST version 1.4.8 (Drummond and Rambaut 2007) was used to make inferences 

about demographic history based on mtDNA sequence phylogenies within the study populations. 

BEAST is a Bayesian phylogenetic program that uses MCMC to sample the posterior distribution 

of gene trees, coalescence events and demographic parameters through time given observed 

DNA sequence data in addition to priors on substitution model and demographic models 

(Drummond and Rambaut 2007). All trees were rooted with the outgroup Margaritifera 

margaritifera, a freshwater mussel outside of the family Unionidae. 

 

We used the program JMODELTEST (Posada 2008) to estimate which nucleotide substitution 

models best fitted the observed data. Priors on parameters associated with the substitution model 

in BEAST were based on the values chosen by the Akaike information criterion (AIC) (Akaike 

1974) in JMODELTEST. The best-fit model was HKY85+ Γ. For the molecular clock, we used a 

normal distributed substitution rate prior for 16S with 95% of the probability density between 

5.4×10–9 and 1.36×10–8, CO1 and NAD1 with a 95% of the probability density between 
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2.4×10–8 and 4.8×10–8 (Rawson and Hillbish 1995). 

 

We used a relaxed molecular clock model as implemented in BEAST, as preliminary analyses 

showed evidence of rate heterogeneity (Drummond, Ho et al. 2006). Species trees in BEAST were 

estimated from aligned sequence data with enforcement of intraspecific monophyly and starting 

trees were randomly configured from a Yule prior (Aldous 2001), which assumes a constant 

speciation rate per lineage. All other parameters within BEAST were given uniform distributions, 

where parameters were adjusted using the suggestions from the BEAST log file (Drummond and 

Rambaut 2007). MCMC chains were run with 107 iterations with trees sampled every 1000 

iterations. The first 10% of the iterations were discarded as burn-in throughout. Log-files were 

analyzed in TRACER version 1.4 (Rambaut & Drummond 2003), and effective sample sizes (ESS) 

were used to evaluate MCMC convergence within chains. LOGCOMBINER version 1.4.8 

(Drummond and Rambaut 2007) was used to combine data from independent chains with 

identical settings into a composite chain to assess the robustness of parameter estimates. 

 

Results 

We analyzed 346 sequences from five genera encompassing 37 species. Species were sampled 

across 12 distinct drainages all containing the Atlantic slope-Gulf of Mexico drainage split 

except Pleurobema (Table 2). 

 

All BEAST runs were found to have good convergence across 3 independent chains with an ESS 

of greater than 200. Mean substitution rates were found to be within reasonable bounds for both 

mitochondrial loci in invertebrates (Drake, Charlesworth et al. 1998). Drainage split times were 

inferred from the mean posterior distribution averaged over all loci within the sample. The mean 

substitution rate at each locus was used to estimate a divergence time between drainages and 

across the Appalachian Divide.  

 

Gene phylogenies for each genus gave different topologies but “similar” chronologies. Overall 

the topologies of the different genera returned phylogenetic trees that were congruent with 

geographically contiguous drainages. The most common pattern was the grouping between the 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 9, 2021. ; https://doi.org/10.1101/2021.03.08.434420doi: bioRxiv preprint 

https://doi.org/10.1101/2021.03.08.434420
http://creativecommons.org/licenses/by/4.0/


15 

Atlantic slope and Gulf Coast drainages, however the Tennessee drainage was often the 

exception to this pattern grouping with the Atlantic Slope (Figure 2).  

 

In the genus Alasmidonta, species from different drainages were reciprocally monophyletic with 

the Savannah and ACF having the fewest substitutions separating the terminal nodes. However, 

sampling issues limited us to comparing only the Savannah, Tennessee, and Altamaha, and thus 

restricting our ability to reconstruct drainages patterns using Alasmidonta. The genus Elliptio 

showed patterns of polyphyly in the Altamaha drainage with Elliptio shepardiana grouping with 

species from the Ogeechee drainage. Most other drainages for the genus Elliptio were 

reciprocally monophyletic, except Florida where limited sample size (n=2) does not allow us to 

make any concrete conclusions as to its placement. The genus Lampsilis also produced a 

polyphyletic Altamaha drainage with some species being more closely related to species from 

the Tennessee drainage than other Altamaha species. Other drainages within the Lampsilis genus 

were reciprocally monophyletic in respect to the Gulf Coast and Atlantic slope groupings with 

the exception of the Tennessee. Sparse sampling in the genus Pleurobema returned a 

polyphyletic Coosa drainage with a monophyletic Tennessee. The genus Villosa showed patterns 

of polyphyly in the Tennessee drainage with some species grouping with the Gulf drainages and 

some with the Coosa drainage, all other drainages were monophyletic.  

 

Even though we found different topologies among the genera the chronologies were similar. 

Timing of speciation events were similar in Alasmidonta, Lampsilis, and Pleurobema at ~5-7 

millions of years ago (mya) with a more recent event affecting these genera as well as Villosa at 

~3 mya (Figure 2). The genera of Elliptio and Villosa share a speciation event between ~2-3 mya 

with Elliptio having a more recent event at ~1-2 mya (Figure 2). 

 

Appalachian Divide: Atlantic Slope-Gulf Coast split 

We found evidence for two substantially different vicariance times corresponding to the Pliocene 

(Alasmidonta, and Lampsilis) and the Pleistocene (Elliptio, Villosa) across the Appalachian 

divide (Table 3). Elliptio species showed slightly different patterns across loci with an Atlantic-

Gulf Coast split of 2.67 (1.7-3.7) mya using CO1 and earlier dates were found for 16S  4.12 (0.6-

7) mya and NAD1 5.24 (2.3-9.0) mya owing mainly to the lack informative sites at 16S and poor 
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sampling for NAD1. Villosa species had a mean divergence time of 1.98 (1-1.3) mya for CO1, 

with earlier times for 16S of 2.16 mya (1.2-4.2) and NAD1 of 3.38 (2.2-4.6) mya. Lampsilis and 

Alasmidonta species showed evidence of an earlier split time, when compared to Elliptio and 

Villosa (Table 3).  

 

Bayesian posterior estimates of divergence times per locus present a pattern of two separate 

vicariance events, one corresponding to Elliptio and Villosa at approximately 0.8-2.2 mya and a 

second corresponding to Lampsilis and Alasmidonta at approximately 4.8-6.5 mya. The 95% 

credible intervals for the posterior distribution between the Elliptio-Villosa group and the 

Alasmidonta-Lampsilis group do not overlap (Figure 3), further supporting two separate events.   

 

Discussion 

In the southeast United States two main hypotheses have been proposed to explain the 

distribution of freshwater taxa among drainages. One proposed hypothesis is the source-pool 

where a central river high in species diversity seeded the surrounding rivers (Sepkoski and Rex 

1974). This hypothesis proposed that various headwater captures, and flooding in the Pleistocene 

allowed the movement of species among adjunct rivers creating the present pattern of species 

distribution. A competing hypothesis proposed that fragmentation of a widespread ancestral 

species, existing before the Pleistocene, created the present pattern of species distribution. 

Mayden (1988) as well as others (Pflieger 1971; Mayden 1985; Mayden 1987; Wiley and 

Mayden 1985; Bermingham and Avise 1986; Avise 1992) provide support for a Pliocene 

vicariant event in freshwater fish taxa, refuting the source-dispersal hypothesis as the main 

mechanism responsible for contemporary freshwater fish species distributions. The current 

distribution of freshwater mussel species in the southeastern U.S. supports both the source-

dispersal and vicariant hypotheses. 

 

The hypotheses of source-dispersal and vicariance may not be mutually exclusive. This is in fact 

the case for freshwater mussels where we find evidence supporting both vicariance events and 

dispersal events. Vicariance events can be most clearly seen as the congruent bifurcation of 

phylogenetic trees among different genera. This pattern is evident in Figure 2 where the genera 

of Lampsilis, Pleurobema, and Alasmidonta share a diversification event and the genera of 
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Elliptio and Villosa also share a diversification event. Earlier diversification events are also 

shared among genera such as the ~3-4 mya diversification of Lampsilis, Pleurobema, 

Alasmidonta, and Villosa and the much earlier diversification event of Villosa and Elliptio. 

Congruence among diversification events is difficult due to confounding factors such as species 

life history, substitution rates, and ancestral population sizes (Edwards and Beerli 2000), but the 

support of multiple genera all with a similar pattern point to a general vicariant event that 

influenced the whole southeastern mussel fauna.  

 

Dispersal events are identified by a species from a specific area, i.e. Coosa drainage, finding a 

most recent common ancestor with species from another drainage. Inferred dispersal events are 

rarer in the dataset possibly because of the exclusion of widespread species from the analysis. A 

few cases of dispersal are evident in the genera of Lampsilis, Villosa, and Pleurobema typically 

involving the Coosa or the Altamaha and Tennessee.  

 

We find evidence for multiple divergence times in our five genera of mussels with Elliptio and 

Villosa species corresponding to a Pleistocene divergence time, while other genera had an earlier 

divergence time. Multiple divergence times were also found by Bermingham and Avise (1986) in 

the study of four fish species of the southeastern U.S that spanned the Appalachian divide. 

Bermingham and Avise (1986) found two separate divergence times, one for Lepomis dating to 

the Pliocene and a second later time for Amia dating to the Pleistocene. Bermingham and Avise 

(1986) propose that if a second vicariance event occurred in the Pleistocene it might have erased 

the earlier event in the genus Amia, while at the same time not affecting Lepomis. Pleistocene 

stream remodeling, notably the headwater captures of the Chattahoochee by the Savannah (Swift, 

Gilbert et al. 1986), may also have led to species exchange, but it may not be expected due to the 

rarity of many fish and mussel species in headwater reaches. In the species of Elliptio and 

Villosa we did not find any evidence supporting the movement of species via the headwater 

capture, but did find evidence in Villosa species that supports the Pleistocene connection of the 

Tennessee with the Mobile drainage through the presence of the hypothesized Appalachian River 

(Swift, Gilbert et al. 1986; Mayden 1988). 

 

Appalachian Divide: Atlantic-Gulf split 
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Our results provide evidence for a widespread pre-Pleistocene ancestor in species of Alasmidonta 

and Lampsilis with a deep phylogenetic divergence between Atlantic slope and Gulf Coast 

drainages of approximately 5-7 mya. However, we also found support for a more recent 

divergence in Elliptio and Villosa species dating to 0.7-1.8 mya also between Atlantic slope and 

Gulf Coast drainages.  

 

Our estimated divergence times for the Atlantic-Gulf split agree with two other studies 

estimating vicariance in fish species of the Atlantic and Gulf Coast. Bermingham and Avise 

(1986) found a divergence time in Lepomis separating species of the Atlantic Slope drainages 

from the Gulf Coast drainages dating back to the Pliocene, and Mayden (1988) found evidence 

of a pre-Pleistocene vicariance event in seven fish taxa of the Eastern and Central highlands. 

Bermingham and Avise (1986) offer the explanation that saltwater inundation of the lowlands 

during the Pliocene interglacial (50-80m above present-day sea levels), isolated and fragmented 

a once widespread species. Then as the seas receded from the Pliocene high sea-level stand, it 

would have been possible for fish to disperse along the lowlands, enabling taxa within major 

lineages to colonize adjacent coastal rivers.  

 

The major genetic effects of the Pliocene 1 million year-long, high sea-level stand on both 

mussels and fish species would have been i) extinction of locally differentiated species in the 

smaller Coastal Plain rivers, ii) attendant reduction of overall levels of genetic diversity within 

each species, iii) significant sequence divergence between lineages that had survived in refugia 

of either piedmont headwaters or Floridian highlands (Bermingham and Avise 1986; Baer 1998). 

Isolation of mussel taxa with fish taxa for long periods of time would also have allowed for the 

specification of host-parasite relationships and may account for some of the contemporary 

patterns of species-specific parasitism see among different genera of mussels, where some 

mussel species are specialists and other are generalists. 

 

Reproductive isolation in mussels 

Species formation and reproductive isolation are poorly understood in freshwater mussel taxa. It 

has been suggested that mechanisms such as lysin recognition proteins similar to the genus 

Mytilus may be acting to prevent species hybridization (Riginos and McDonald 2003), but there 
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is also the possibility of reproductive isolation via a breakdown of fish-host relationships with 

hybrid individuals (Kat 1985; Kat 1986). If vicariance events are responsible for most species’ 

formation then the presence of multiple endemic species within drainage may be due to 

sympatric speciation rather than reticulate allopatry (van Veller, Kornet et al. 2000).  

 

Broadening our understanding of vicariance events and their frequency between drainages serve 

to inform future hypotheses of speciation and reproductive isolation in freshwater mussel 

species. If our results on mussel vicariance, as well as the corroboration of data from fish taxa, 

are any indication of speciation processes in the Unionids it might be possible that while the first 

burst of species formation arose via allopatric speciation, while subsequent, within drainage 

endemism is due entirely to sympatric of parapatric speciation. This hypothesis arises from the 

strong reciprocal monophyly found in most mussel and fish species for a particular drainage. As 

most fish and mussel species find a most recent common ancestor within a drainage before 

finding an ancestor between drainages, it could be assumed that after the initial allopatric 

separation, a secondary burst of species formation occurred within drainages. However, our data 

suggests that within-drainage speciation may have occurred as recently as 1 mya in species of 

Lampsilis in the Coosa drainage. Species within drainages are typically reciprocally 

monophyletic but harbor vast amounts of genetic diversity leading to shallow branches between 

species. Speciation within a drainage either via sympatric or parapatric speciation would most 

likely require the formation of prezygotic barriers to reproductive isolation more so than in the 

case of allopatric speciation (Coyne and Orr 2004). However, it is possible that within drainage 

speciation events are linked to introductions of new fish hosts by dispersal from other drainages, 

which would allow specialization and possible diversification into different species. 

  

Conclusions   

When two or more groups display patterns congruent in time and space, the patterns are probably 

the result of common history. Our paper tests the concordance of species divergence with glacial 

and interglacial vicariance to determine whether divergence times are temporally congruent 

among mussel genera. Our ability to differentiate between hypotheses that have significantly 

influenced the ecological and evolutionary history of the biota in the southeast United States will 
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assist in taxonomic reconstruction of species relationships within the region and allow inference 

into long-term community stability in freshwater ecosystems.  
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Figures and Tables 

Figure 1. Map of southeast drainages. 
A map of the southeast United States showing in bold the rivers sampled for this project. The 
Mississippi is labeled for reference only and was not included in this study. 
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Figure 2. Phylogeny of five genera with divergence times by drainage. 
Comparison of species trees from five genera with tips labeled as river drainages. Mean age with 
95% credible intervals on branching events are given using the mean substitution rate as given 
by BEAST (Drummond & Rambaut 2007). 
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Figure 3. Divergence time between Atlantic and Gulf Coast drainages 
Boxplot showing the divergence time between the Atlantic Slope and Gulf Coast drainages for 
four genera of freshwater mussels as average across all loci. Boxes delineate upper and lower 
quartiles, dark lines show medians, and dashed lines extend to the last observation within 1.5x 
interquartile range of the boxes. 
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Table 1. Mussel specimens collected from drainages on the Gulf Coast and Atlantic Slope. 
 

 
 
Table 2. Summary of genetic data collected for freshwater mussels used in comparison 
among drainages 
 

Genus Locus Inds. Species Drainages 
Alasmidonta 16S 6 5 ACF,ALT,TEN 

  CO1 6 5 ALT,SAV,TEN 

Elliptio 16S 35 14 ACF,ALT,SAV,TEN,COO,GUL,FLD,SAT,OGE 

 
CO1 49 13 ACF,ALT,SAV,TEN,COO,GUL,FLD,SAT,OGE 

  NAD1 21 13 ACF,ALT,SAV,TEN,COO,GUL,FLD,OGE 

Pleurobema 16S 14 8 ACF,TEN,COO 
  CO1 30 12 ACF,TEN,COO 

Lampsilis 16S 37 8 ACF,ALT,SAV,TEN,COO,GUL 

 
CO1 46 8 ACF,ALT,SAV,TEN,COO,GUL 

  NAD1 13 8 ACFSAV,TEN,COO 

Villosa 16S 17 7 ACF,ALT,SAV,TEN,COO 

 
CO1 32 11 ACF,ALT,SAV,TEN,COO,GUL 

 
NAD1 40 8 ACF,ALTTEN,COO,GUL,FLD 

ACF=Apalachicola-Chattahoochee-Flint; ALT=Altamaha; SAV=Savannah; TEN=Tennessee; COO=Coosa;  
GUL=Choctawhatchee, Suwannee; FLD=St.John's, St. Mary's; SAT=Satilla; OGE=Ogeechee. 

 

A.

Apalachicola-Chattahoochee-Flint Coosa/Mobile Tennessee Yellow/Chocotawhatchee
Alasmidonta triagulata --- Alasmidonta marginata ---

--- --- Alasmidonta virdis ---
Elliptio fumata Elliptio arca Elliptio dilatata Elliptio mcmichaeli

Elliptio purpurella Elliptio arctata --- ---
Hamiota subangulata Hamiota altilis Lampsilis abrupta Hamiota australis

--- Hamiota perovalis Lampsilis fasciola ---
--- Lampsilis ornata Lampsilis ovata ---
--- --- Lampsilis virescens ---

Pleurobema pyriforme Pleurobema georgianum Pleurobema clava ---
--- Pleurobema decisum Pleurobema oviforme ---
--- Pleurobema hanleyianum Pleurobema gibberum ---

Villosa villosa Villosa nebulosa Villosa iris Villosa choctawensis

--- Villosa umbrans Villosa taeniata Villosa constricta

--- --- Villosa trabalis Villosa vaughaniana

--- --- Villosa vanuxemensis ---

Savannah Ogeechee Altamaha Satilla St. Mary's/St. John's
Alasmidonta varicosa Alasmidonta arcula Alasmidonta arcula --- ---

Elliptio fraterna Elliptio folliculata Elliptio dariensis Elliptio downiei Elliptio buckleyi

Elliptio waccamawensis Elliptio hopetonensis Elliptio shepardiana --- ---
--- --- Elliptio spinosa --- ---

Lampsilis cariosa Lampsilis dolabraeformis Lampsilis dolabraeformis --- ---
Lampsilis radiata --- Lampsilis splendida --- ---

--- --- Villosa delumbis --- Villosa amygdala

Gulf of Mexico Drainage

Atlantic Slope Drainage
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Table 3. Summary of divergence times. 
Summary of divergence times for the Atlantic Slope-Gulf Coast estimated from mtDNA (16S, 
CO1, and NAD1) for each genus of mussel. We report the mean, median, and 95% credible 
intervals from the Bayesian analysis by BEAST (Drummond & Rambaut 2007).  Mean μ is the 
average rate of substitution per million years per gene averaged across the phylogeny. All 
phylogenies were rooted using the outgroup Margaritifera margaritifera. 
 

Genus Locus Mean (MYA) Median (MYA) 95 % CI mean μ  per 
million years 

Alasmidonta 16S 12.83 11.35 4.2-25.3 0.010 
  CO1 6.36 5.82 2.4-11.5 0.033 

Elliptio 16S 4.12 3.56 0.6-7 0.013 

 CO1 2.67 2.59 1.7-3.7 0.036 
  NAD1 5.24 4.90 2.3-9 0.042 

Lampsilis 16S 5.81 5.50 3-9.2 0.013 

 CO1 3.92 1.45 0.3-14.7 0.036 
  NAD1 5.62 5.38 2.3-9.9 0.042 

Pleurobema 16S 12.58 10.42 2.9-27.5 0.012 
  CO1 6.93 6.52 3.4-11.3 0.037 

Villosa 16S 2.16 1.89 1.2-4.2 0.012 

 CO1 1.98 1.90 1.1-3 0.037 
  NAD1 3.38 3.30 2.2-4.6 0.052 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 9, 2021. ; https://doi.org/10.1101/2021.03.08.434420doi: bioRxiv preprint 

https://doi.org/10.1101/2021.03.08.434420
http://creativecommons.org/licenses/by/4.0/

