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ABSTRACT
The phylogenetic relatdonships among selected members of the family Margaritiferidae are invest-
gated using sequence data from five molecular markers. Parsimony analyses of the data support the
recognition of those nominal species for which multiple samples were included in the study
{Margaritifera margarififera, M. laevis, M. falcata and M, avricularig), Although not always strongly sup-
ported, the following relationships were consistently recovered: (Cumberlandia + Margaritifera auricu-
lavig), {M. falcate (M. marriance + M. laevis)) and to a lesser degree (Dahuringia dofurica + M. margari-
tiferay. The molecalar phylogeny indicates that the taxonomy of the group is in need of revision since
the genus Margaritifere is not monophyletic and a new taxenomy by Smith (2001) is not supported, A
complicated pattern of bicgeography was suggested by the three clades of Old World + New World
species. Teis difficult to determine whether this pattern is a reflection of extinction and contraction of
an ancient, formerly widespread margaritiferid fauna, peripheral isolation of formerly widespread

taxa, fish host dispersal, or even hostswitching.

INTRODUCTION

The family Margaritiferidae is considered 1o be a basal clade in
the Unicnoidey, a widely distributed group of freshwater peart
mussels (Haas, 1069; Smith & Wall, 1985; Smith, 2001). Mar-
garitiferids typically grow to large sizes with some adults reach-
ing up to 200 mm in length and have long litespans, usually of
several decades (Taylor, 1988; Ziuganov e of, 1994}, Many
species of unionoids are endangered (Bogan, 1993); in Norvth
America alone about 70% of the 309 extant species are endan-
gered, threatened, or candidates for extinction (Turgeon e al,
1998; Roe & Hoeh, 2003). Margaritiferid species are among the
most endangered unionoids (Altaba, 1960, 1997, 2000, 2003;
Primack, 1898; Ziuganov e al, 1904; Altaba, Lopez & Monserrat,
2001; Nienhuls, 2003). Remaining populations are usually
found aggregated in the clean pebbly or sandy bottoms of free-
running rivers and streams throughout North America, Eurepe,
Asia and North Africa (Ziuganov e al, 1994; Araujo & Ramos,
2000a; Smith, 2001).

Margaritiferids rely upon specific species of fish as hosts for
their parasitic glochidia Jayvae (Zinganov ef al, 1994; Bauer,
1997, Arawjo, Bragado & Ramos, 2001; Araujo, Camara &
Ramos, 2002} and several margaritiferid species {form these
symbiotic relationships with salmonid fish (Hendelberg, 1961;
Stober, 1972; Taylor, 1488; Lucey, 1993; Buddensiek et al,, 19935;
Watters, 1994; Ziuganov # al, 1994; Bauer, 1897; Altaba o al,
2001}, However, Margaritifera hembeli uses the brown madtom
{Noturus phoeus), a siluriform, as a host (fohnson & Brown,
1968), and M. aurdcularia is supposed o have used the sturgeon
species Acipenser sturio (Araujo & Ramos, 2001). Marganitifera
auricularia as also been demonstrated o be able o use the
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exotic Siberian sturgeon Acipenser baeri and the river blenny
{Salaria fluviatls) as the hosts for its glochidia in experimental
settings (Araujo & Ramos, 2000b; Alaba et al., 2001; Aravjo el al,
2001, 2002). These relationships appear (o be crucial for the
survival of the Margaritiferidae; areas in which the pepulations
of the host fish are declining also have diminished populations
of freshwater mussels {e.g. Bogan, 1993; Arayjo & Ramos,
2000b).

Unionoid fossils have been found in the Triassic (Davis &
Tuller, 1981; Good, 1998), and the oldest margaritferid fossils
are from the Jurassic of China (Gu, 1998}, Hypotheses on the
geographical distribution of the Margaritiferidae conflict; some
assume that early dates of wide clade distribution suggest the
break-up of the super-continent Pangea as the cause for dis
persal {Smith, 1976, 2001; Davis & Fuller, 1981). Alternatvely,
colonization might bave occurred more recently when
salmonid hosts released juvenile margaridferids onto the North
American continent {Machordom et o, 2003). The present dis-
tribution therefore seems to be a combination of anclent
and more recent events. Indeed, post-glacial recolonization of
boveal freshwaters by unionoids appears to have been greaily
enhanced when anadromous fish hosts were involved (Kat &
Davis, 1984). However, it is unclear whether such range exten-
sions could bave blurred ancient vicariant events.

Phylogenetic studies of unionoid mussels have been per-
formed based on soft-tissue characters (Heard & Guckerr, 19703,
immunoelectrophoredc data (Davis & Fuller, 1981}, overall
morphology and anatomy {Graf, 2000}, mitochondrialklINA
sequence data (Lydeard, Mulvey & Davis, 1996; Hoeh o al,
1908-1999; Bogan & Hoeh, 2000; Graf & O i*mgh]i 20004) and
nuclear ribosomal-BNA. sequences (Graf & O Foighil, 2000b;
Graf, 2002}, In most of these studies, the family Margarititeridae
is placed as the sister group to other unionoidean wxa.
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However, little work has been done to determine the relation-
ships among the species placed within the Margaritiferidae, and
only Machordom ot al. (2003) attempted to determine the
phylogenetic relationships of the European Margaritferidae
(M. margaritifera and M. quricularia) by using variation observed
at 27 allozyme loci and mitochondrial sequences for cyto-
chrome ¢ oxidase subunit I (COT) and 165 rRNA of 133 speci-
mens. Further complicating classification problems, unionoids
often exhibit variable phenotypes {(e.g. Lydeard, Minton &
Williams, 2000}, causing inaccurate designation of new species,
as exemplified by the classification of the Irish hard-water
ecophenotype of Margaritifera margaritifera as a separate species,
Margaritifera. durrovensis {Chesney, Oliver & Davis, 1993; for
recent iltustrations of other margaritiferid types, see Knudsen
e al., 2003). Also, recent molecular studies on unionids have
found rampant polyphyly in the currently used genera {Lydeard
el al, 1996}, which suggests that margaritiferid genera would
benefit from further investigation,

A close phylogenetic relationship between the unioneid
mussels and oigonioid bivalves has been suggested based on
shell features (e.g. Newell, 1965), and has recently received sup-
port from sperm characters (Healy, 1989, 1996) and molecular
data (Hoeh ¢ @k, 1998; Graf & O Foighil, 2000a; Giribet &
Wheeler, 2002; Giribet & Distel, 2003, Roe & Hoeh, 2603).
However, the phylogenetic affinities of margaritferids with
other unjonoids, as well as their internal affinities, are poorly
understood. The phylogenetic relationships of the Margarit-
feridae must be better investigated before conclusions can be
made about its biogeographical history,

In this paper, sequences from the nuclear ribosomal genes
185 rRNA and 283 rRNA, the nuclear protein-coding gene
histone H3, and the mitochondrial genes 168 RNA and
cytochrome coxidase subunit ] are used to analyse phylogenetic
reladonships within the family Margaritiferidae. Sequence data
representing seven margaritiferid species and all currently
recognized genera (Margaritifera, Cumberlandinand Dahurinaia)
are included in the study, Sequences from three unionid species
and two trigoniid species serve as oufgroups,

MATERJAL AND METHODS

Specimens

A total of 15 specimens of margaritiferids (plus one sequence
from GenBank), belonging to seven species were analysed in
thisstudy (see Figure 1 for the species distributions, Table 1 for
taxonomic status, and Appendix 1 for localities and voucher
aumbers). These represent all three genera generally recog-
nized as belonging to Margaritiferidae {(as well as the alternative
three genera recognized by Smith, 2001}, Outgroups were
selected among the Unionidae and the Trigoniidae, agreeing
with current phylogenetic understanding of the Palaeohetero-
donta (¢.g. Giribet & Wheeler, 2002}, All the material was
collected alive and either fixed in 96% EtOH or frozen and kept
at—80°C. We were not able to obtain samples from the American
populations of Margaritifera margaritiferaor from M. hembeli.

DNA sequence data

Genomic DNA samples were obtained from ethanol-preserved
tissues using the Dneasy™ Tissue Kit from QIAGEN, The 185
rRNA gene was PCR-amplified in three averlapping fragments
of size approximately of 950, 560 ang 850 bp each. Primers
used in amplification and sequencing (1F-4R, 3F-185hi and
185a2.0-9R) were described elsewhere {Giribet o al, 1996;
Whiting et al, 1997). The 288 rDNA D3 fragment was amplified
and sequenced using primers 28%a and 288h (Whiting o al,
1997). Histone H3 was amplified and sequenced using primers
H3aFand H3a R (Colgan e al.,, 1998) . The mitochondrial gene
fragments of cytochrome ¢ oxidase subunit I (COT) and 165
rRNA were amplified using primer paics LCO1490 and
HCO2168, and 16Sar and 168b, respectively {Xiong & Kocher,
1991; Folmer et al.,, 1994).

Amplifications were carried out in a 5 ul reaction volume,
with .25 units ofAmpliTaq® DNA Polymerase {Perkin Elmer),
15 mM MgCly, 200 2M of dNTPs and 1 uM of each primer. The
PCR program consisted of an initial denaturing step at 94°C for
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Figure §. Map indicating the sampled locatities for the margaritiferid species inchaded in this study.
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Table 1. Taxonsampling used in the analyses with MCZ DNA catalogue number and GenBank accession codes.

Catalogue no. 1BE RNA 285 (RMA Histone +3 ol 165 tRNA
Trigonicldea

Trigonfidae
Neotrigonia margarhacea DNAT000031 AF&11680* AF4AT1688* AY070155" LIBBGs0*
AMaotrigonia bednafii AF120539*

Unionoidea

Unioridae
Potomida fittorafis DNAT20133 AF120652* AF120599" AF120636*
Lampsilis cardium DNATOC1ES AF120537* AF120600" AF120653
Ancdonta sp, DNATDOB44 AYB73090 AYS731086 AY579132 AY579122

Margaritfaridas
Dahurinaia dahurica DNA100683 AYSTS0M AYE75107 AYS79133 AYBT9123
Margaritifera laevis DNAT00685 AYE76092 AY573108 AYS79134 AY573124 AYE75081
Margaritifera lasvis DNA100688 AY578093 AYE7S108
Margaritifera laevis DNA100687 AYE78094 AYE78110 AY579135
Margaritifera laevis DNA10068S AY579005 AYE79111
Margaritifera auricularia DNA100E72 AYE79096 AYETI112 AYL79138 AY575082
Margaritifera auricularia DNAT00674 AYE78097 AYS79113 AYS73137 AY578125 AYBTB0OBA
Margadniifera falcaia DNAT00670 AYS78098 AY579114 AYET75138 AYS79126
Margaritifera falcata DNATD0671 AYETS099 AYBTO115 AY579139
Margaritifara falcata DNA100699 AYETG100 AYB79118 AYE7S140 AYETI127 AY573084
Margaritifera falcata DNA100844 AYET3101 AYE7S117 AY578141 AYE79128 AY5TI085
Marganitifera margaritifera DNA100694 AY¥E79102 AYE79118 AY579142 AYE79129 AY579088
Margaritifera margaritifera DNATO0GE7 AYE79103 AY579118 AY579143 AYE79130 AY578087
Margaritifera margaritifera AF228612
Margaritifers marrianae DNA100685 AYS79104 AYB79120 AY579086
Cumberiandiz monodonta DNATGO862 AYET79105 AYE7O121 AYETS144 AY579131 AY579089

Sequences indicated with an asterisk were chtained from GenBank.

60 s, 36 amplification cycles (34°C for 15 s, 46°C for 155, 72°C
for 15 5), and a final step at 72°C for 6 min in a GeneAmp® PCR
Systemn 9700 (Perkin Ehmer). The annealing temperature to
ampiify the protein-encoding genes was 42-44°C.

PCR amplified samples were purified with the QIAquick®
PCR Purification Kit from QIAGEN, and sequenced directly
using an automated ABI Prism® 3160 Genetic Analyser. Cycle-
sequencing with AmpliTaq® DNA Polymerase, FS (Perkin-
Eimer) using dye-labelled terminators (ART PRISM™ RigDye™
v. 3 Terminator Cycle Segucncing Ready Reaction Kit} was
performed in a GeneAmp® PCR System 9700 (Perkin Elmer)
following the manufacturer’s protocol. The BigDye-labelled
PCR products were cleaned with AGTC® Gel Filtration
Cartridges (Edge BioSystems).

Electropherograms obtined from the automated sequencer
were read and contigs made using the sequence editing software
Sequencher™ 4.0. Complete sequences were then edited in
GDE (The Genetic Data Environment) (Smith ¢ al, 1964},
where they were splitaccording te primer delimited regionsand
secondary structure features (following Giriber 2001, 2002),
when necessary.

The molecular loei used in this study are as follows: (1} 185
rRNA was sampled for 21 specimens, and the total length ranges
between 1,765 bp in some of the outgroups and 1,776 bp in the
ingroup; {2) the D3 expansion fragment of 288 rRNA for 19
specimens, of a total length ranging between 301 bp in Lampsilis
cardiumand 312 bp in Anodentesp,; (3) a fragment of 327 bp of
histone H3 was sequenced for 14 terminal taxa, and analysed
as a pre-aligned fragment; (4) a 656 bp fragment of COl was
used for 13 individuals; and {5) 168 rRNA was used for nine
margaritiferid specimens, of a total length ranging between 495
and 498 bp. In total, we have generated up to o 3.5 kb of
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unaligned sequence data per complete terminal, including
multiple representatives for four of (he seven sampled mar-
garitiferid species. All the new sequences have been deposited
in GenBank under accession codes AYST9090 1o AY576144 (see
Table 1), Vouchers for all the specimens and repository institu-
tions are listed in Appendix 1.

Analytical methods

Molecular data were analysed using the direct optimization
method (Wheeler, 1996) as implemented in the computer pro-
gram POY v, 3.0 {Wheeler, Gladstein & DeLaet, 2002). Eight
melecular partitions were analysed independently, including
each of the five loci and three combinations of loci; {1} nuclear
ribosomat genes (185 rRNA + 285 rRNA); {2) mitochondrial
genes {COT + 165 rRNA); and (3) all molecular data (185 rRNA
+ 285 rRNA + H32 + COT + 168 rRNA). A parameter space of
two variables (gap/change ratio and transversion/transition
ratio) was explored (Wheeler, 1995; Giribet, 2003}, A total of 15
parameter sets were analysed per partition; gap/change ratio
values of 1, 2 and 4 were explored (‘change’ refers to the highest
value fora base transformation, i.e. the transversions), as well as
transversion/transition ratios of 1 (equal weighus), 2 {trans
versions receive twice as much weight as transitions), 4, 8 and
infinity {transversion parsimony), Therefore, 120 independent
analyses were run (8 partitions X15 parameter sets). The tree
tengths for these analyses are summarized in Table 2,

The POY analyses were run in a Beowulf cluster of 38 pro-
cessors at 1-24 GHz at Harvard University (darwin.oeb.
harvard.cdu). Processes were executed in parallel using pven
and the parallel version of POY (parallel commands -parallel
~dpm -jobspernode 2 in effect). The search strategy consisted of



S.W. HUFF ET AL.

Table 2. Treelength for the individual (185, 188 rRNA; 288, 985 rRINA; HI3, histone H3; 165, 165 rRNA; and COT) and combined
{RIB (188 + 288); MIT (16S + COI); MOL (185 + 285 + H3 + 168 + COD ] datasers at different parametervatlues, and IL.Ds for

the combined analyses of all dlata, at parameter sets 116 1o 48!

Parameter

sels 188 283 RIB H3 168 coi MIT MOL. Lo
110 74 50 132 41 27 193 221 400 0.0375
111 181 78 273 104 98 551 650 1030 0.0204
121 255 128 406 142 124 749 873 1434 0.0251
141 401 224 864 224 178 1135 1313 2228 0.0298
181 693 418 1180 388 288 1907 2183 3816 0.0330
210 86 81 183 4t 36 183 231 461 0.0521
21 1948 113 330 101 gk 551 858 1095 .0266
221 280 197 518 142 144 749 895 1565 0.0339
241 450 358 878 224 218 1138 1367 2487 4.0406
281 750G 683 1608 388 362 1807 2281 4332 0.0466
410 108 139 280 41 80 193 245 577 0.0797
411 218 172 432 101 121 551 872 1212 0.03%6
421 328 314 719 142 172 748 gz2 1796 0.0507
441 546 591 1280 224 274 1135 1413 2951 0.0613
481 982 1147 2400 388 474 1907 2383 5260 £.0688

The ILD number in bold reflects the minimum Incongruence among data sets.

100 random addition replicates using subtree pruning and
regrafting (SPR) and tree bisection and reconnection (TBR)
branch swapping. Nodal support was assessed with 1,000 jack-
knife replicates {Farris of al, 1596), a measure comparable to
bootstrap suppert but more conservative (for a ciear com-
parison of both measures, see Farris, 1997),

Congruence was used as a meta-optimality criterion for
choosing the combined analysis that minimized overall incon-
gruence among partitions {Wheeler, 1995). However, a more
conservative estimate of the phylogenetic hypothesis is also
presented via the strict consensus of all the parameter sets.
Congruence among partitions {morpholegical and molecular)
was measured by the incongruence (ILD) metric (Mickevich
& Farris, 1981; Farris e al, 1895), calculated by dividing the
difference between the overall tree length and the sum of its
data components by the overall length: ILD = [length g ¢ oss
+ua+ 165 + cot — (lengthygs + lengthygs + lengthy, + lengthygg +
tengtheo ] /lengthigs « vas 4 s+ 168+ con.

In order to show the amount of evolutionary change accumy-
lated on each branch, for the combined analysis of all data
under the optimal parameter set (111) we generated an implied
alignment (Wheeler, 2003) and used that alignment to draw a
phylogram in PAUP* (Swofford, 2002), Although several funda-
menial trees result in the strict consensus tree presented in
Figure 5A, one of those is chosen arbitrarily to represent the
branch lengths separating each species. We also calculated
bootstrap support (Felsenstein, 1885) with 1,000 full heuristic
replicales using this implied alignment in PAUP*, each repli-
cate consisting of a single random addition and limiting the
number of trees to 10.

RESULTS

Congruenee analysis

The parameter set that minimizes incongruence between the
five separate partitonsis 111 (JLD = 0.0204), for which ali rans-
formations are equally weighted {Tabie 2). This parameter set
will therefore be referred to as the ‘optimal parameter set’, and
the trees obtained under it, the ‘optimal trees’. In all cases, for
all partitions analysed {the five partitions plus al! the partition
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combinations: ribosomal, mitochondrial and molecular} and
for all parameter sets, 100% of replicates vielded mees of mini-
mal length. All the data fles, cuiput (= results) and error {=
analytical parameters employed, files used, and searches) files
can be downloaded from the following wrl: hup:/ /www.mez,
harvard.edu/Pepartments/Tnve riZoo/giribet_data.hm,

Nuclear ribosomal genes (Fig. 2)

The combined anaiysis of the nuclear ribosomal genes (185
rRNA and D3 region of the 285 rRNA) showed mueh agreement
among all the parametersets, The strict consensus of 20 shortest
trees {Fig. 2B) resolved the same nodes found within the family
Margaritiferidae for the optimal parameter set (111), and
therefore all relationships found are parameter-independen.
Analysis for parameter set 111 (Fig. 2A) yielded eight shorsest
trees of length 273. All these trees supported the monophyly of
the Margaritiferidae (100% jackknife support) and the mono-
phyly of alt the species represented by more than one specimen
with the exception of M, margaritifera. Jackknife values for
the monophyly of each one of the species are above 90%.
Relationships among species receive lower values, except for
M. marrianae + M. laevis, which hasa 94% jackknife vaiue.

For the outgroup relationships, the family Unionidae
{Lampsilis (Potomida, Anodeniz)} is not resolved in the strict
cansensus although it is obtained under the best parameter set
and receives a jackknife support vaiue of 96% in the optimal
tree. In this case, Unlonidae is sister to Margaritiferidae, this
relationship receiving a jackknife support of 100%.

When the two nuclear ribosomal genes are analysed inde-
pendently, the 285 rRNA fragment yields no resolution while
185 rRNA givesresuls aimost identical to those of the combined
nuciear ribosomal genes.

Histone H3 (Fig. 3)

The strict consensus of the 312 trees obtained under all param-
eter sets (Fig. 3B} for this nuclear protein-coding gene resolved
fewer nodes than the ribosomal genes; only M. quricularia and
M. margoritifera were each resolved on this tree. The other two
species represented by more than one individual, M. leevis and
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M. falcala, were not resolved as monophyletic. The family
Margaritiferidae is net resolved as monophyletic in the strict
consensus of all parameter sets, Flowever, the strict consensus of
32 optimal trees for parameter set 111 (101 steps; Fig. BA) did
resolve the monophyly of Margaritiferidae {jackknife value of
69%) along with the species M. quricularia and M. margaritiferg.
Supraspecific clades supported by the analysis under the opti-
mal parameter setare those inchuding ( Cumberlandia, M. foleata,
M. auriculorio and M. laevis), and its subclade inciuding (M. ful-
cata, M. auricularia and M. lgeuis), the former receiving a jack-
knife value of 87%, and the latter a value below 50%.

Mitochondrial genes (Fig. 4)

The strict consensus of the 128 shortest trees obtained for the
combined analyses of the mitochondrial genes 165 tRNA and
COI under all parameter sets {Fig. 4B) supported the mono-
phyly of the species M. faleata, and the two clades (M. falcata,
M. marrianas, M. laevis) and (D, dahurica, M. margaritifera), The
consensus supported neither the monophyly of Margarit-
feridae nor Unionidae. ¥or the parameter set that minimized
overall incongruence (111} the strict consensus of the two
optimal trees for the mitochondrial genes (650 steps; Fig. 4A)
resolved monophyletic Unionidae and Margaritiferidae. The
mitochondrial data supports monophyly of each of the species
represented by more than one specimen with jackknife values
ranging between 71 and 100%. This tree also supports a clade
uniting ail the margaritiferid species except Cumberiondia
and M. auricularia, and another clade composed of M. lagvis +
M. marriarag, in addition to the clades supported in the strict
consensus of ail parameter sets.

The independent analyses for each of the mitochondrial
genes {results not shown) support monophyly of each species

I—_—- Meotrigonia bednalli

Neotrigonia margarifacea
Polomida iitioralis
Ancdonia sp.

Lampsiiis cardium
Dahurinala dahurica

77
85
M. margaritifera DNA100694

M. margaritifera DNA008ST

100 M. margaritifera AF220612
M. taevis DNA100685 -
o7 M. laevis DNAT0068G —
o4 M. laevis DNATODERT
e M. laavis DNATOD68S
100

a3 Margaritifera marrianae
M. fatcata DNAT00670
91 M. falcata DNA1O0BT1
M. falcaia DNAT00699 -
M. falcata DNA100844 -

100 M. auricularia DNA1DOBTZ 3}7

51 M. auricufaria DNA100674
Cumberfandia monodonia
Figure 2. Cladograms based on the analyses of the nuclear ribosomal par-
tivon (185 rRNA + 28S rRNA}. A. Strict consensus of eight shortest trees at
273 steps obtained for the most congruent parameter set (111). B. Clado-
gram at rightis the strict consensus for all 15 parameter sets. Thicker branches
in the left tree indicate margaritiferid spectes; numbers on branches indicate
Jjackknife support values,

A B

Neotrigonia margaritacea

Ancdonta sp.

[ Dafiurinaia dahurica

M. Jaevis DNA100S85
fossm . JREVIS DNATOGSET
s 7, fafcata DNATO0E71

— EE M. auricularia DNA100672 “‘_L___

M, auricularia DNA100674 — I

M. falcata DNATO0G70

67
o . fafoata DNATO0BSS

— M. falcata DNA100844

reeeememmn - CLIMBEHANCE MONGHONTR
100 . margaritifera DNA100694 :}_
M, margaritifera DNA00697

Figure 3. Cladograms based on the analyses of the histone H3 partition,
A. Strict consensus of 32 shortest trees at 107 steps obtained for the most
congruent parameter sed {111, B Cladogram ac right is the strict eonsensug
for all 15 parameter sets. Thicker branches in the left wree indicare mar-
garitiferid species; numbers on branches indicate jackknife supportvalues.

Meotrigonia margaritacea

Lampsilis cardium
Potomida littoralis
_[ Anodonta sp.
Cumberiandia monodonta
71 [: M. auricularla DNA1G0672
M. auricularia DNATQ0674

Dahurinaia dahurica

56

g

: M. margaritifera DNA100694
fE‘E M. margaritifera DNA100697 }
56 M. laevis DNA100685 e
Margaritifera marrianae e
M. fafcata DNA100609
= a7 M. fafcata DNA1G0O6T0
M. faicata DNA100844

Figure 4. Cladograms based on the analyses of the mitochondrial partition
(165 rRNA + COI}. A. Strict consensus of two shortest trees at 650 steps
obtained for the most congruent parameter set (111}, B. Cladogram at right
is the stricy consensus for all 15 parameter seis. Thicker branches in the left
tree indicate margaritiferid species; numbers on branches indicate jackknife
support values,
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represented by more than one specimen for all explored param-
eter sets. The CO dataalso supports monophyly of Unionoidea,
Unionidae and Margaritiferidae under all conditions, and sup-
ports a stable relationship between D. dahurica and M. margari-
tifera, although jackknife support for this clade is low (59%). For
the 168 rRNA, tree relationships are dependent on subjective
rooting {we were unable to sequence 1638 rRNA for outgroup
taxa). The unrooted topology of the 168 rRNA data is com-
patible with a first split between Cumbsrlandia + M. auriculario
and the remaining species, as suggested by other molecular
partitions.

Combined molecular data (Figs 5, 6)

The combined analysis of all molecuiar data shows monophyly
of many of the clades supported in most of the other molecular
data sets. The Trigoniidae, Unionoidea, Unionidae and Mar
garitiferidae are each monophyletic in all analyses performed so
far, and there is much agreement between the strict consensus
of all parameter sets (Fig. 5B) and the strict consensus of the 12
most parsimonious trees for the hest parameter set (Fig. BA).
One of these 12 trees is illustrated, with the amount of change
accumulated on each branch, in Figure 6. This analysis also
shows monophyly of all the species represented by maltiple indi-
viduals, with the exception of the widespread species M. mar-
garitifera that includes Dakurinaia dahurica in some of the most
parsimonious irees. The clades (M. faleato (M. marrianas, M. lae-
vis) ) are found under all parameter sets (with jackknife values of
86 and 100%, respectively; boolstrap values are 100% for each),
The strict consensus of all parameter sets does not resolve other
clades within Margaritiferidae, but the optimal parameter set
suggests a first division between Cumberlandia + M. auricularia
and the remaining margaritiferid species. This analysis also
supports monophyly of {D. dahurica + M. margaritifera} and a sis-
ter group relationship of this clade w the group (M. foleate,
M. marrianae, M. loevis). The analysis under the optimal parame-
ter set yielded 12 trees of length 1030 that were hit 100 times
over 100 replicates.

DISCUSSION

The data presented here show that the represented Unionoidea
split into two main clades, namely the families Unionidae and
Margaritiferidae. These resuits are consistent with previous
analyses of higher relationships of the Bivalvia and Palaco-
heterodonta (e.g. Hoeh et al., 1998; Graf, 2000; Gral & O Foighil,
2000a; Giribet & Distel, 2003; Roe & Hoch, 2063}, Besides these
stucies that focused on higherevel relationships involving
some margaritiferid species, the only one that has explored
relationships within the Margaritiferidae is that of the two
endangered Eureopean Margaritifera, M. auricularic and M. mar
garitifera (Machordom et al, 2003). The most inclusive sampling
of that study inchuded representatives of the mwo European
species plus one sequence of the North American species
Cumberlandia monodonta, using one unionid species as outgroup.
Machordom et ol (2003) analysed sequences from the mito-
chondrial genes 168 rRNA and GO, therefore their results are
directly comparable with our mitochondrial partition {Fig. 4}.
In their tree the two species of Margaritifera are sister taxa to the
exclusion of Cumberlendia (Machordom et al, 2003: fig. 3).
Lydeard ef ol (1996) tested monoplyly of Margaritferidae in
their 165 rRNA study, and also found Cumberigndic to be the
sister group to Margaritifera, which included the species M. mar-
gavitifera and M., falcate. The results from beth previous swdies
are consistent with our analyses based on COI data, but not with
the ones based on the 165 rRNA partition. When the mitochon-
drial data are combined, our optimal parameter set vields two

A
4o
100

Neotrigona bednalfli
Nedlrigonia margaritacea
100 Lampsilis cardium
) g4 Potomida fittoralis
Anodonia sp,
Cumberlandia monodonta
7 lgg E M. auricularia DNATCDET2
M. auricularia DNA100674
Dahurinalia dahutica
M. margaritifera DNA1GOR94
i M. margaritifera DNA100897
59
836
100,
100G

M. margaritifera AF229612

M. falcata DNATOO67C

M. falcats DNA100844

M. faicata DNA1T00B7T1

M. falcata DNA100699
Figure 5. Cladograms based on the analyses of the combined molecular
data. A. Strict consensus of 12 shortest trees at 1,030 steps obtained for the
most congruent parameter sel {111}, B. Cladogram at right is the strict con-
sensus for all 15 parameter sets. Thicker branches in the left tree indicate
margaritierid species; numbers on branches indicate jackknife support

Margaritifera marrianae
M. laevis DNAT00685
M. fagvis DNA10OGE6
. iaevis DNAT00G8T
M. faevis DNA1TOOBED
values,
100 Neotrigonia bednatli
Neotfrigonia margarifacea
100 Lampsilis cardium
“'IE Potomida fittoralis
a5 Anedonta sp.
Cumberlandia monodonta
100 1 M. auricularia DNATD0G72
M. auricularia DNA1COGT4
Dahurinaia dahurica
E"EL{ M. margaritifera AF229612
| M. margaritifera DNA100694
M. margaritifera DNA100697
M. falcata DNA10067 1
188+ M. fafcata DNAT00EGS
M. falcata DNATO06B70
52 M. falcata DNA1D0B44
M. marrianae DNA100GA5
M. laevis DNATO0GES
M. laevis DNA10C686

1001 M. laevis DNA1TO0BSE
M. faevis DNAT00687

100

56

= 10 changes

Figure 6. Ome of 12 shortest trees at 1,030 sieps obiained after the impiied
alignment generated with POY is anatysed in PAUP. Branch lengths are pro-
portional to the number of evolutionary steps. Numbers on branches indi-
cate E)OOLSLI"J}} Slli]p()i"l values.

maost parsimonicus cladograms, one supporting a sister—group
relationship of Cumberlandiz to the remaining margaritiferids,
and another supporting Cumberlandinas sister group w M. aurie-
wlaria. This relationship of C. menoedonta and M. quricularia has
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already been suggested by Ziuganov ef al. {1994: fig. 14). Ttis
important to notice, however, that irvespective of the position of
Cumberlandia, the mitochendrial data do not suppert mano-
phyly of Margaritifera, because Dehurinagio nests within Mar
garitifere in all the analyses. Our data also reject monophyly of
Dahurinaigas a subgenus as accepted by Zinganov e of. (1994),

The cther partitions also show that Margaritifera 1s not mono-
phyletic. The ribosomal partition supports a clade consisting of
Cumberlandia and M. auricularia, while another clade includes
the North American species M. marrianae, M. falcata and the
East Astan M. laevis. Histone H3 data suppeort (although only for
the best parameter set) a clade containing M. falsata, M. auricu-
laria, M. laevis and Dakurinaia (M. marvignae was not sequenced
for this locus). This result, with all the margaritiferids except
Cumberlondia and M. guriculuria forming 2 clade, is therefore
obtained from the mitochondrial data, from the histone HS
partition, and from soeme of the shortest rees for the ribosomal
partition. Not surprisingly this result is also found for the com-
bined analysis of all data under several parameter sets (Fig, 7).
Indeed, the monophyly of all margaritiferids except Cumber-
landia and M. auricularia is found under seven parameter sets,
and eight parameter sets support monephyly of Dahurinaia +
M. marrianae + M. falcata + M. margaritifera + M. laevis, with
the exception of the M. margaritifera AF229612 from GenBank
(Fig. 7). This is probably so because the GenBank sequence is
shorter and has several apomorphic changes. The relationship
between Cumberlandia, M. auricularia and the remaining sam-
pled margaritiferids cannet be resolved with certainty, because
three topologies are obtained: {{ Cumberlandia + M. auricularia)
other); { Cumberlandia (M. auricularia + other)); (M, auricularia
{ Cumberlundia + other)). However, it seems that a clade of mar-
garitiferids including at least the genus Dahurinaia, Marganitijera
margaritifera, M. marrianae, M. faleata and M. laevis is found
under most analytical parameters and partitions,

Taxonomic implications

Our data suggest that the generic designations wutilized in this
study are not appropriateate, because the genus Margaritifera is
notmenophyletic and includes the genus Dahurinaia, as already
proposed by Haas (1969). Furthermore, the monotypic genus
Cumberlandia is nested within Margaritifera in most analyses,
as suggested by Ziuganov et al. (1994) {see also Davis & Fuller,
1981). Alternative nomenclature, such as the one recently
proposed by Smith (2001} does notmatch the relationships pro-
pesed here either, This may parallel the ‘prodigious polyphyly’
found in other unionoid genera {Lydeard e al, 2000}, indi-
cating that unionoid taxenomy is in need of phylogenetic
revision,

The only species that does not appear monophyletic under
certain circumstances for the combined analysis of all data is
M. margaritifira. Our study includes twe samples from the
Varzuga River from the Kola Peninsula (Russia) sequenced for
this study and a third sample from the same locality, sequenced
only for 188 rRNA from GenBank. The monophyly of M. mar-
garitifera, including samples from its endre disgribution range,
was supported by the analyses of Machordom et al. (2003}, and
given the morphological and moelecular evidence we consider
the species to be monophyletic. In our case, the faiture to ebtain
monophyly of the species is probably due to some apomorphies
observed in the 188 rRNA sequence deposited in GenBank
{AFZ26612).

An obvious alternative is that the data presented do notaccur-
ately reconstruct the phylogeny of Margaritiferidae and that
some of the previous taxonomies reflect the cladistic relation-
ships of the margaritiferid species. While this is 2 possibility, we
would argue that the data reconstruct certain well-corsoborated
nodes accurately (i.e. Unionidae, Margaritiferidae, M. guricu-

Margaritiferidas excluding
M. awrioularia and Cumberiandi

Margarififeridae exchiding
M. auricuiatia, Cumberlandia and
M. margaritifara AF228612

GAP: CHANGE RATIO

TRANSVERSION:TRANSITION RATIO

Figure 7. Graphic plots of sensitivity analyses {Navajo rugs) for combined
molecuiar data for the clades indicated above each graph. Black squares
indicale monophyly of indicated clade under gap cost and wransversiom
transition rato shown along the axes; white squares indicate non-meno-
phyly; grey squares indicate menophyly in sorme of a set of equally parsimo-
nious resolutions,

laria, M. falcataand M. lpevis all are stable 1o parameter set varia-
tion and receive jackknife values between 99 and 100%).
Therefore, at least the clades { M. falcata (M. marrianae + M. lae-
vis}} should be considered accurate under the same criteria
{nodal support and nodal stability sensu Giribet, 2008}, Also,
molecular data have been used in several studies of unionoid
phylogeny and phylogeography (e.g. Lydeard ¢ of., 1996; Hoch
et al., 1998; Graf & O Foighii, 2000a; Lydeard of af, 2000; Roe,
Hartfield & Lydeard, 2001; Machordom ef l., 2003; Serb, Buhay
& Lydeard, 2008} and they have proven to be informative at
many levels,

Generic designations within the Margaritiferidae have
remained contentious. The genus Dafiuringia Starobogatov, 1970
has been dismissed by many modern workers (e.g. Smith, 1980;
Ziuganov ¢ el., 1994), while the monetypic genus Cumberlandia
hag been accepted by most authors. Smith {2001: 40-43) pro-
vided the first modern attempt to revise and diagnose the
margaritiferid genera, recognizing Pseudunio Haas, 1910, Mar-
garitifera Schumacher, 1816, and Margaritinepsis Haas, 1912 as
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C. monodonia - Eastern NA

M. auricularia - Western Europe

D. dahurica - Eastern Asia

M. margaritifera - Western Europe*
M. falcata - Western NA

M. marrianas - Eastern NA

M. laevis -~ Eastern Asia

Figure 8. Summary cladogram for Margaritiferidae based on the anabysis for
the optimal parameter set, and area cladogram ol the represented speci-
mens. The asterisk indicates thar some populations of this species, not
sarnpled in this stady, ocour ineastern North America (NAY,

vaitd genera. However, the diagnoses of the genera rely strongly
on conchological characters which show considerable variation
among the included species, For example, Muargaritinopsis is
diagnosed by, . . asingle conchological character, reduction of
the left pseudocardinal tooth, especially the anterior cusp’
{Smith, 2001: 41}, although Smith centinues by stating that ‘In a
few of the included species, M. fuleats and M. ieevis, the reduc-
tion of the left anterior cusp is siight to moderate, whereas in
other forms, e.g. M. dahurica, M, monsdonta, and M. lassensis, the
reduction is extensive and includes the complete loss of the
eusp’ (Smith, 2001: 43). Following thatdiscussion differences in
the adult dentition between the species of Margaritinopsis are
also fisted. Neone of the other characters used to designate the
genera are free of homeplasy, Given the results of our analyses
and the lack of clear conchological or anatomical synapo-
morphies supporting any current generic designations, using
the generic name Margaritiferg for ail the living species of the
Margaritiferidae may need to be considered.

Biageographic implications

Besides the fact that the Margaritiferidae is 2 group with
Laurasian distribution, little can be concluded about the bio-
geographic implications of the results here obtained. Figure 8
illustrates the optimal tree for the combined analysis of ail data,
where we have plotted the geographical area where the rep-
resented species occuy. Three of the four areas represented
have redundant distributions, and all five internal nodes involve
geographic paralogy {sensu Nelson & Ladiges, 1391). No unam-
biguous three-area statements can be made. Even when only the
nodes that are stable to parameter variation and receive high
jackknife support are considered, no unambiguous bio-
geographic pattern emerges. A complicated pattern of biogeog-
raphy was derived from the topologies obtained with three
independent Oid World + New World clades {and more events
may be implied when the rest of the species are evaluated).
The relationships between M. loevis and the North American
species M. marrianaeand M. falcate could be explained because
easternmost Siberia and Alaska share faunal similarity due to
Beringian fand bridges. However, this only explains ene possi-
ble relationship. Itis difficult to determine whether this pattern
is a reflection of extinction and contraciion of an ancient,
formerly widespread margaritiferid fauna, peripheral isolation
of formerly widespread taxa, fish host dispersal or even host
switching.
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APPENDIX 1

Voucher data for specimens used in molecular analyses and
repository institutions for DNA samples, tissues and shells:
BMNH, The Natural History Museum (Loadon, UK}; DGC,
Daniel L. Gustafson Collection {Bozeman, Montana, JSA);
MCZ, Museum of Comparative Zoology (Cambridge,
Massachusetts, USA); UAUC, University of Alabama Unionid
Collection (Tuscaloosa, Alabama, USA).

Negtrigonia bednalli (Verco, 1907)
5 km NE of Rotmest Istand, Western Australia; January 1996;
BMNH Accession No, 9388,

Neatrigonia mergaritaces (Lamarck, 1804)

I¥Entrecasteau Channe!, Tasmania, Australia; 19 April 2000;
MCZ DNA1000G33 (COI sequence data from GenBank acces-
sien code UBGEA{]).

cf. Polomida littoralis (Lamarck, 1801)
Liac de Banyoles, Girona, Spain; 208 April 1997, MCZ
DNAIGG133.

Lampsilis cardium [Rahnesque, 1820}
MCZ DNA100159.

Anadontasp.
42°D4'45"N, 8°25'50"W, Rio Mitta, Salvaterra de Mifio, Ponte-
vedra, Spain; 11 September 2002; MCZ DNA 100644,

Cumberlandia monodonia (Say, 1829)

36°33'N, 83°03'W, Kyles Ford, River Mile 189.6, Clinch River,
Hancock County, Tennessee, USA; MCZ DNALGS863; UAUC
007.

Dahurinaia dahurica (Middendorff, 1850)
Komissarovka River, near Bara Bash-Levada village, Primorye
Territory, Russia; 9 May 1998; MCZ DNAI00683; UAUC 520.

Margoritifere auricularia (Spengler, 1793}
Ebro River, near Bitem, Tarragona, Spain; 2002, MCZ
DNALGGE72 and MCZ DNAL100674.

Margaritifera faleeta (Gould, 1850)

45°17'41"N, 114°35'46"W, Middle Fork, Salmon River, Lemhi
County, Idaho, USA; 1 September 2001; MCZ DNAIGOE70;
DGCW1528.

44°42'12"N, 114°02'33"W, Deer Gulch, Salmon River, Lembhi
Co., Idaho, USA; 1 September 2001; MCZ DNAL00671: DGG
WIBG26,

North Umpgua River, Douglas Co., Oregan, USA,; 24 June 1997;
MCZ DNA100599.

44°13'12"N, 111°22'20"W, Buffale River at US Highway 20
bridge, Fremont Co., 1dahe, USA; 28 September 2062; MCZ
DNAIOOB44; DGC G1170.

Information about the collection sites can be found at
htp://www.esg.montana.edu/cgi-bin/aimsstgl 170, 1528 and
1528,

Margaritifera laevis (Haas, 1910}

Burevestnik village, Kasatka Bay, Iturup Island, Karil Islands,
Russiz; 30 Fuly 1998 MCZ DNALQ0O68S; UAUC 324,

Ostrovnaya River, Del'fin Bay, Shikotan Island, Kuril Islands,
Russia; 15 August 1998; MCZ DNAIOO686 (UAUC 225),
DNAIGO68T (UAUC 326) and DNA190GSS (UAUC 328).

Muargaritifera margaritifera (Linnaeus, 1758)

Varzuga River, Kola Peninsula; Russia; 15 August 1997, MCZ
DNA1GO6GS94 {UAUC 1684) and DNAIO0G9T (UAUC 5228) (i85
TRNA sequence data from GenBank accession code AF220612,
same collecting data).

Margavitifera marrianae johnson, 1983

31°26"12"N, 87°01'12"W, Hunter Creek, Conecuh River,
Conecuh Co., Alabama, USA; 22 April 1997; MCZ DNAL0GD6S5;
UAUCIEh],



