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ABSTRACT

North America is home to the most diverse freshwater bivalve fauna in the world. However, it
has the distinction of having lost more species, 35 species, to extinction than any other area in
the world. Today, 75% of the native North American freshwater bivalve fauna (Unionoida) is
imperiled. The most problematic or challenging genus on the South Atlantic Slope region of the
Eastern United States is Elliptio. Johnson (1970) recognized a limited number of species,
primarily three species complexes, E. complanata, E ictering and E. lanceolata with a very
large number of synonyms. There are suggestions that Johnson over-simplified the taxonomy
and many of the recognizable shell shapes are actually closely related species. The greatest
number of described taxa listed as synonyms of Elliptio were described from North and South
Carolina. If coastal rivers are actually biogeographic islands, then many of the described taxa
may represent endemic species. We attempted to extract and sequence the first subunit of the
NADH dehydrogenase (ND1) gene and a section of the first subunit of ¢cytochome oxidase ¢
gene (COI) from a sample of 241 specimens of lanceolate Elliptio from six river basins in
Virginia. Specimens were identified as four species based on shell morphology. A combined
total of 223 sequences from Virginia lanceolate specimens was compared as a combined dataset.
The species Elliptio lanceolata is a monophyletic clade but in this analysis is not included in the
Elliptio clade. In this analysis, the variously identified lanceolate taxa [F. fisheriana, F. producta
and E. angustata] from Virginia represent a single clade and does not include topotypic Elliptio
producta from the Savannah River. These data need to be included in a more complete

framework including many additional taxa in Elliptio.
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INTRODUCTION

North America supports the greatest diversity of freshwater bivalve fauna on the planet.
Of these, unionids are the most imperiled. More than 75% are in decline, with the majority listed
as endangered, threatened or of special concern by state and federal agencies. Their imperiled
status requires that they receive special consideration when land development activities may
affect surface waters or riparian buffers. Environmental assessments are required during project
planning and accurate identification of species is imperative to ensure that imperiled species are
protected. Correct visual identification of freshwater bivalves requires substantial taxonomic
expertise. The most problematic or challenging genus on the South Atlantic Slope region of the
Eastern United States is Elliptio.

Elliptio Rafinesque, 1819 was described without included species. Rafinesque (1820)
used £lliptio as a subgenus of Unio Retzius, 1788 and included four new species. The type
species was subsequently designated by Ortmann (1911} as Unio crassidens Lamarck, 1819.
Simpson (1900, 1914) used Elliptio as a section of Unio. Ortmann (1911) elevated Elliptio back
to generic level and included Unio gibbosus Bames, 1823 (=Unio dilatatus Rafinesque, 1820),
Unio complanatus Lightfoot, 1786, Unio fisherianus Lea, 1838 and Unio productus Conrad,
1836. Ortmann and Walker (1922) recognized Elliptio as a valid genus with U crassidens as the
type species and included Unio nigra Rafinesque, 1820 as a junior synonym. Frierson (1927)
used the genus Elliptio and included 13 subgenera, 8 of which are from Central America. He
used U. nigra as the type species, questioning the identification of U, ¢rassidens. Frierson
ncluded in the nominative subgenus, 66 species level taxa and a number of subspecies. Matteson
(1948) reviewed the taxonomic history of Elliptio and examined the distribution of Elliptio
complanata.

Recently, three new species of Elliptio have been described from North Carolina. Fuller
(1972} recognized a new species Elliptio marsupiobesa Fuller, 1972, within the complex of
Elliptio icterina (Conrad, 1834) in the Cape Fear River. Johnson and Clarke (1983) split
Pleurobema collina (Conrad, 1837), as recognized by Boss and Clench (1967), into two species,
P. collina from the James River and described Elliptio steinstansana Johnson and Clarke, 1983,
as the spined species from the Tar River Basin in North Carolina. More recently, Clarke (1986)
described another new species of elongate Flliptio from the Neuse River in North Carolina,

Elliptio judithae Clarke, 1986. This species is very similar in shell shape to small Elliptio
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roanokensis (Lea, 1838) from the Roanoke River below the falls. Clarke (1992) raised the issue
that the corrugations on the disk of the shell he had considered as the diagnostic character of
Elliptio judithae were a common character of other species of Elliptio and that E. judithae was
most likely a synonym of another described species of Elliptio.

The fossil history of Elliptio on the Atlantic Slope of the eastern United States is very
limited. Kat (1983a) reviewed the freshwater bivalves recovered from the Pleistocene Fish
House Clays along the Delaware River in New Jersey. Bogan et al. (1989) reexamined the
collection of the Fish House Clay unionids in the Academy of Natural Sciences and added the
specimens from the collections of the New Jersey State Museum, Trenton and the Wagner Free
Institute of Science, Philadelphia. Bogan and Grady (1991) reported on an Early to Mid
Pleistocene molluscan assemblage from the upper Potomac River drainage and it contained what
was identified as Elliptio complanata, a part of a molluscan assemblage that was essentially
modern in composition.

Davis et al. (1981) used allozyme data to assess the relationships among 11 species and
five genera of North American genera of Unionidae. By comparing five species of Elliptio, they
claimed the E. complanata group was a species group of recent origin and was still in the process
of radiating and that shells of very different morphology actually showed very similar levels of
divergence while the lanceolate species of Elliptio showed large amounts of genetic divergence.

Davis (1983) expanded on the initial results of Davis and Fuller (1981) examining the
values of shell morphology, anatomical and allozyme data to look at relationships between six
genera and eight species. The results mirrored those of Davis and Fuller (1981) for the generic
relationships. These analyses placed Elliptio complanata closest to Fusconaia and pointed out
the problems of trying to place shells in genera based solely on shell shapes.

Kat (1983b) expanded on the ideas presented in Davis et al. (1981) to examine patterns of
local variation in the shell morphology and electrophoretic signal of £. complanata in the
Maryland - Delaware area. As had been noted earlier, there were very slight differences in the
genetic distances within the genus. He used conchiolin layer microstructure, stomach anatomy
and three loci to compare populations from Nova Scotia to Maryland. He recognized two distinct
races with a hybrid zone in the Delmarva Peninsula area based on three loci with the possession
of unique alleles, unique characteristics of conchiolin layers microstructure and some unique

features of stomach anatomy.
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Davis (1984), using electrophoretic techniques, examined 14 loci in 23 species of
unionids representing seven genera. He found that the lanceolate group of species are genetically
separate including E. shepardiana (Lea, 1834), E. fisheriana and E. folliculata (Lea, 1838). He
remarked that the number of recognized species in Elliptio is considerably underestimated and
there is a large amount of shell shape convergence in this genus.

Kat and Davis (1984) examined peripheral populations of eight species of unionids from
Nova Scotia, including £. complanata, to test peripheral population relationships. They found
evidence of considerable electrophoretic variation in £. complanata and evidence of local groups
invading different parts of Nova Scotia.

Wolfe (1984) reviewed the description of Elliptio lanceolata (Lea, 1828) and questioned
the lumping of a series of different described taxa under this name by Johnson (1970). He based
his questions on the shell morphology and the preliminary electrophoretic work of Davis et al.
(1981).

Davis and Mulvey (1993) examined a suite of shell forms found in small streams on the
Savannah River Plant Site, Savannah River, South Carolina. They once again found that sheil
shape was a better indicator of species than the electrophoretic data. The various shell forms
were very similar based on the electrophoretic data. Shell shape has been used to diagnose
lanceolate Elliptios described from the South Atlantic Slope Region (Figure 1).

Johnson (1970) provided the most recent review of freshwater mussels from the southemn
Atlantic Slope Region of eastern North America. He recognized 13 species of Elliptio within this

region, synonymized down from 169 named taxa.

Materials and methods

Samples, DNA extraction and analyses:
This project focused on lanceolate shaped Elliptio from six river basins in Virginia

[Potomac, York, Rappahannock, James, Chowan [including sites along the Blackwater, Meherrin
and Nottoway rivers] and one site from the Roanoke River basin] (Figures 2, 3). Each of these
river basins had been included because they hosted two or more of the lanceolate Elliptio taxa
(Figure 1). The target number of specimens for this project was 250 specimens. These were to be
five specimens of at least two species collected from five sites from the five main river basins

[Potomac, Rappahannock, York, James and Chowan] (see Table 2).
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There has been confusion as to the identification of which species are found in each of
these six river basins in Virginia. All species identifications were based on shell morphology.
Employing mitochondrial DNA sequences, we examine the phylogenetic refationships of these
four named species to test if they are valid species, if a species is restricted to particular river
basins or if these animals represent is a single varjable, widespread species. Phylogenetic
relationships are examined to provide a framework to begin to understand the distribution of
these four named taxa in Virginia. The relationships of these taxa will then be used to frame

suggestions for their proper management.

Lanceolate Elliptio specimens were identified as four species from Virginia: £.
lanceolata, I. fisheriana, E. angustata (Lea, 1831} and E. producta (Tables 1, 2). Other
topotypic lanceolate taxa from the south Atlantic Slope drainages used in these analyses
included: £. emmonsii (Lea, 1857), Roanoke River basin; £. nasuiilus (Lea, 1863), Cape Fear
River basin; £. viridulus (Lea, 1863}, Neuse River basin. Elliptio crassidens, the type species of
Elliptio, was added to clearly define the clade of Elliptio and outgroup species Fusconaia masoni
(Conrad, 1834), Lampsilis ornata (Conrad, 1835), Lasmigona subviridis (Conrad, 1835) and
Quadrula pustulosa (Lea, 1831) were included in this analysis (Figure 4).

Mantle tissue was collected from each specimen and total cellular DNA extracted using
the ArchivePure DNA Tissue kit by 5Prime (formerly PureGene by Gentra Systems) following
the manufacturer’s recommendation. Integrity of the DNA was assessed visually on 2% agarose
gels. PCR reactions were performed using primers developed by other labs (Folmer et al., 1994;
Serb et al., 2003) but were optimized using either AmpliTag Gold Mastermix (Applied
Biosystems, Inc.} or GoTaq MasterMix (Promega, Corp.). Successful reactions were cleaned for
sequencing using either Millipore p96 PCR plates or ExoSap-IT (USB Corp.) following the
manufacturer’s recommended protocol. Sequencing of DNA was performed using the same
primers used for PCR following the recommended protocol with the ABI BigDye v. 3.1
sequencing kit (Applied Biosystems). Sequences were purified for sequencing following the
manufacturer’s recommendation and visualized using either an ABI 377 or ABI 3130 XL
automated sequencer (Applied Biosystems). Outgroup sequences were obtained from GenBank

(National Center for Biotechnology Information, National Institutes of Health;

hitp/fwww.nebinlm.nih.gov) or generated de novo (Raley and Bogan, unpublished data).
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Sequence data was compiled using Sequencher™4.8. DNA sequences of Virginia
lanceolate Elliptio generated for this project are summarized in Table 2. Some specimens did not
yield any DNA or there was a problem and are being re-extracted and re-run. Sequences for
some samples of ND1 were problematic and are being re-run. Phylogenetic analysis was
conducted using GARLI (Zwickle, 2006) with ND1 and COT data combined info a single
continuous data matrix.

Resuits and discussion:

DNA was extracted from 241 lanceolate specimens from Virginia and 44 animals did not
work or produce DNA. It appears that 31 of the 44 specimens that did not work were old
specimens from the Virginia Museum of Natural History. We were able to produce 151 CO1 and
72 ND1 sequences from Virginia specimens. However, there are 58 CO1 and 137 ND1
sequences that are being re-run that initially did not work (extracted from Table 2).

Elliptio lanceolara forms a very distinct clade, not placed with the rest of Elliptio,
separated by Fusconaia masoni from the rest of Efliptio (Figure 4). A topotypic Elliptio
lanceolata specimen from the Tar River in North Carolina is sister to the rest of the £, lanceolata
samples (Figure 5). The four specimens from the Neuse River basin form a clade sister to the rest
of the samples from Virginia (Tables 1, 2; Figure 5). There is very little separation of the
Virginia £. lanceolata samples. The Chowan samples occur near the top and bottom of this
clade, while James River basin specimens are in a small group with a specimen from the
Rappahannock River basin, the rest of the Rappahannock River basin specimens form another
minor group which includes the specimen from the York River basin (Figure 5). There are six
specimens labeled as £. lanceolata that occur in the large clade of lanceolate Elliptio, catalog
numbers NCSM 27794 (1); NCSM 30073 (5), (Figures 4, 6) which upon re-examination,
represent misidentifications of the £, fisheriana group. A single topotypic specimen of Elliptio
viridulus from the Neuse River basin is not placed in the lanceolate Elliptio group (Figure 4) but
is sister to the Elliptio lanceolata clade. This needs further exploration.

Topotypic specimens of Efliptio producta were included from the Savannah River basin,
Georgia/South Carolina, to test the identifications of specimens from Virginia. The topotypic
specimens form a clade sister to £lliptio crassidens, the type species of Elliptio. Topotypic
specimens of F. producta do not cluster with those specimens identified as E. producta from

Virginia (Figures 4, 6). Sister to the clade containing E. crassidens and topotypic E. producta are
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specimens identified as Elliptio angustata from the Altamaha River basin. Topotypic specimens
of Elliptio angustata from the Cooper River, SC were not included in these analyses. These
animals represent a lanceolate species separate from E. producta and different from specimens
identified as £. angustata from Virginia. Altamaha River basin specimens of E. angustata need
to be compared with topotypic Elliptio angustata from the Cooper River in South Carolina.

Two other specimens, NCSM 45507.1 from Terrapin Swamp, Blackwater River of the
Chowan River basin, Virginia identified as E. fisheriana and NCSM 30556.1 from Lynches
River, Pee Dee River Basin, South Carolina, identified as £. producta, are sister to the clade
containing topotypic E. preducta, E. angustata and E. crassidens (Figures 4, 6). These two
specimens are not £. fisheriana or E. producta and need to be re-examined.

Specimens identified as £. angustata, E. fisheriana, E. producta, as well as six lots of
misidentified E. lanceolata, all from Virginia, form a single large clade sister to the clade with £.
crassidens (Figures 4, 6). The topotypes of Elliptio fisheriana from the Chester River, Maryland
occur within the clade of lanceolate Elfiptio as does Elliptio nasutilus from the Cape Fear River.
Topotypic Elliptio producta from the Savannah River were included to provide clarification of
what has been identifted as Elliptio producta in Virginia. The large clade of variously identified
Virginia lances are not Elliptio producta (Conrad, 1836) according to this analysis (Figures 4, 6).
Currently, the earliest name for the Virginia lances would be Elliptio fisheriana (Lea, 1838). The
earliest name for all lanceolate Elliptio found on the south Atlantic slope would be Unio
angustatus Lea, 1831 but no topotypic specimens of this species were available for these
analyses. Analysis of topotypic specimens of all of the lanceolate Eiliptio taxa on the south
Atlantic Slope Region is far from complete. This dataset needs to be added to a much larger
dataset including most of the taxa currently included in £iliptio. These results are preliminary
and the results may change as more data is added. The take home message from this work is that
Elliptio lanceolata (Lea, 1828) is correctly identified as a distinet species, but its placement in
Elliptio remains questionable. Other lanceolate shell forms in Virginia at this time appear to
represent a single morphologically variable species and the earliest name for a species included
in our analyses would be Elliptio fisheriana (Lea, 1838). This identification is preliminary at this
time pending the inclusion of other topotypic lanceolate Elliptio taxa.

Specimens identified as E. producta from the Pee Dee River basin, South Carolina form a

somewhat distinct clade with topotypic £. nasutilus from the Cape Fear River, North Carolina. A
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quick scan of Figure 6 shows that there is very little variation across this whole group of animals
except for the basal specimen of misidentified E. lanceolaia (NCSM 27794.5) from the Little

River of the Neuse River basin, North Carolina.

Recommendations:

These genetic analyses indicate Ellipiio lanceolaia should be considered a distinct
species when developing nongame aquatic conservation strategies, Additional specimens should
be collected and reexamined as the spatial diversity of collected specimens is broadened. The
generic placement will become better understood when these data are put into the larger data
framework of species included in the genus Elliprio. Based on our analyses, the Yellow Lance,
Elliptio lanceolata is an un-rayed waxy yellow shell form that is found in the Chowan, James,
York and Rappahannock River basins in Virginia. We did not have any specimens of this species
from the Roanoke or Potomac River basins in this study. We especially need additional
specimens from the Roanoke and Potomac River basins to better understand the distribution of
this species. There appears to be some structure to the samples taken from the six river basins
representing the known range of Elliptio lanceolata. The topotypic Tar River basin specimen is
separate from the rest of the clade of Z. lanceolata and sister to the Neuse and Chesapeake Bay
basins. The specimens from the Neuse River basin in North Carolina is distinct from the
Chesapeake Bay basin specimens. The animals from the Chesapeake Bay basins should be
considered an ecological management unit as should those from the Neuse and the Tar River
basins. Transplants should not be conducted between these basins as the three major groups are
distinct and separate. Conservation of this declining and rapidly disappearing species should
focus on improving the habitat of the species and any culturing and population supplementation
should be done very carefully to avoid mixing of animals between river basins.

Systematics of lanceolate Elliptio of the middle and southern Atlantic Slope are still in a
state of flux and will remain so until we are able to add the topotypic specimens of the remaining
lanceolate taxa from South Carolina and Georgia. Virginia lanceolate £lliptio appear to be more
morphologically plastic than first realized. Various lanceolate shell shapes in our analyses are not
sorting out as separate species with the current DNA data. The lanceolate Elliptio, not including
E. lanceolata, also do not sort out by river basin (Figures 4, 6). This may reflect ecological

influences not here-to-fore recognized (e.g. Zieritz and Aldridge, 2009). At this time, all of the
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black, shiny black, yellowish green with rays lanceolate Elliptios from Virginia with and without
a sharp posterior ridge and with straight or curved ventral margins are all considered Elliprio

fisheriana at this time pending addition of other topotypic lanceolate taxa from South Carolina
and Georgia.
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{frier Fisharicms Lom, 1838

Uiy empnonsdi i, 1837
Lindp lancealatas Lon, 1528
Linto viridubus Leg, 1303
Lénio nesetitus Los, 1863
Linip grocilenius Les, 1857

£inia pevianus Lia, 1863

Lindo angrserits Lea, 1831

Lt hazledursticoms Lea, 1858

Figure 1. This is an illustration of the various named lanceolate forms on the Atlantic Slope, not
including the Savannah and Altamaha River taxa. The figures are the lithographs provided at the
time of description or shortly there after by the author,
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Figure 2. Major river basins of Virginia.
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Figure 3. Distribution of collections from Virginia used in these analyses
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Figure 4, Combined COI and ND1 analyses of the lanceclate £liptio in a framewaork of Blliptio species. Gut group taxa include Fusconain masoni
{Fmasoni] in blue, Lampsilis ornata [Lornata], Quadrda pusidosa [Qpustl, Lasmigona subviridis {L subvirid]. Ingroup taxa include: Ellipiio
angusiate [Eangust] but not topotypic specimens, Blliptio lanceolata TElanceol) are colored yellow, Elliptio crassidens [Eerass] in purple,
topoty pie Eiliptio producia [Eproducta] in orange, topotypic Elliptio fisheriana [Efisher] in green, opotypic Elliptio nasutilus [Enasutil] in
red, topotypic Elliptio viridulus [Evirid].
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Tar River Basin, NC

Neuse River Basin, NC

Chowan River Basin, VA

Rappahannock River Basin, VA

York River Basin, VA

Rappahannock River Basin, VA

James River Basin, VA

Rappahannock River Basin, VA
James River Basin, VA

Chowan River Basin, VA

Figure 3. Expanded section of Figure 4 iHustrating relationships of specimens from six river basing throughout the known range of Elliptio
lanceolata.
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Thewvan Rivey Basin, WA

iames River Bagin, VA

Yok, Riwver fasin, VA

Jamas River Basin, VA

Cheosan River Sasin, VA

James River Bagin, YA

Chavean River Spsin, VA

Chowan River Basis, WA

Janses Kiver Basin, Wi
Chevear River Basin, VA
oo Riv 5i0,
Rirpprattatrmok River Basin, YA
Patoniaz River Bagen, Vi

Jatoas Bivee Bagin, VA

Chowney Rives Basin, VA
James River Basay, WA
Roannke flver Basin, NC
Potomar River l";wu, Vi
Rappanannock Beer Basin, VA
Jamies fer Basn, Vi
Potimac River Basin, VA
Ranpatiannock River Basin, VA
Jarnes River Basin, VA
Chester River Hasin, M0
Bappanannack River Bazin, VA

Pobaman River Basty, WA

Par Dee River Basis, 57

Caps River Hasing NG

Patomac River Basin, V&

James River Bagin, VA
Potomszs River Basin, VA
Fappatanaack River Basin, VA

Jarmes River Basin, VA

Rappabannock River Basin, YA
Jawtses River Baalin, Wi
Rappahasrock River Basin, VA
James River fasin, YA

Chester River Bagin, MD

James River Bacin, VA

Chestar River Basin, M0
Rappabannock River Basin, Vi

Pugearac River Basin, VA

Jarmes River Sagin, VA
et Rives Rasin, Ya
James River Basin, VA
RaEpahannat‘K River Basitr, VA
Patomas River Basin, VA
James River Bagin, WA
Rappatiaanack River flasin, WA

Jarmes River Basi, Ve
Chister Rivar Basks, ME
Hatise Rier Basin, NC

Pae Dee River Baxin, 50
Chewwan River Sasin, WA

Savannah River Basin, GA

Atamaha River Basi, G4

Figure 6. Expanded section of Figure 4 illustrating relationships of lanceolate £lliprio specimens from six river basing in Virginia, including
topotypic specimens of. Elliptio emmonsi [Eemmon] in blue, Elliptio producta {Eproducta) in orange, topotypic £lliptio fisheriang [Efisher]
in green, topotypic Elliptio nasutilus [Enasutit] in red, and identified specimens of Elliptio angustata [Bangust] from the Altamaha River, GA

but did not include topotypic specimens from the Cooper River, SC,



