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Abstract. We have constructed molecular phylogenetic trees for members of the Sphaeriidae 
in order to test proposed generic level relationships, and to reconstruct the evolutionary pattern 
of parental care, in this exclusively freshwater family of heterodont bivalves. An -480 nucle- 
otide fragment of the mitochondrial large ribosomal subunit (16s rDNA) was sequenced for 4 
corbiculid outgroups in addition to 19 sphaeriid ingroup taxa. Ingroup species were obtained 
from North and South America, Europe, and Australasia and included representatives of the 
main sphaeriid genera. Our analyses support four primary conclusions: 1) the Sphaeriinae are 
robustly monophyletic with respect to Eupera platensis; 2) the genus Pisidium is paraphyletic 
and P. sterkianum is sister to the 17 other sphaeriine taxa in our dataset; 3) synchronous 
brooding is the ancestral reproductive pattern in the Sphaeriinae; 4) the sequential brooders 
form a clade in which Musculium taxa are monophyletic and nested among lineages of Sphuer- 
iunz. Our gene trees reveal an evolutionary progression in parental care complexity from the 
relatively simple pattern in the Euperinae, to the origin of brood sacs and of extraoogonial 
embryonic nutrition in the common ancestor of the Sphaeriinae, and ultimately to the devel- 
opment of sequential brooding in SphaeriudMusculium taxa. 
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The Sphaeriidae (fingernail, pill, and pea clams) are 
one of the few groups of bivalve molluscs to have 
undergone a successful radiation into freshwater hab- 
itats (McMahon 199 1). This exclusively freshwater 
family has a cosmopolitan and ubiquitous distribution 
in seasonal pools, rivers, streams and lakes (Burch 
1975; Kuiper 1983; Morton 1985). Sphaeriids are of- 
ten the numerically dominant benthic macroorganisms 
in streams and ponds (Eckblad et al. 1977) where they 
may reach densities of <50- lOOX 103/m2 (Hinz 1977; 
Sandusky & Sparks 1979) and play a key role in en- 
ergy and nutrient cycling (Hornbach & Wissing 1984; 
Lopez & Holopainen 1987). 

Systematists have traditionally assumed that sphae- 
riids and the brackish/freshwater corbiculid bivalves 
represent sister taxa, stemming from late Mesozoic 
marine veneroid ancestors (Keen & Casey 1969; Tay- 
lor et al. 1973; Nutall 1990; Morton 1996). Recent 
morphological (Dreher-Mansur & Meier-Brook 1992, 
2000) and molecular (Park & 0 Foighil 2000) studies 
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indicate that these two heterodont families resulted 
from independent heterodont radiations into freshwater 
habitats, although a convincing outgroup for the sphae- 
riids is still lacking. Sphaeriid systematics have his- 
torically been hampered by the considerable ecophen- 
otypic and allometric variation in shell shape exhibited 
by many taxa (Holopainen & Kuiper 1982; Bailey et 
al. 1983; Dyduch-Falinowska 1988), which contribut- 
ed to a dramatic overestimation of their species diver- 
sity by early alpha taxonomists (Kuiper 1983). Anoth- 
er problem has been the use of an alternative system 
of classification by Russian taxonomic school system- 
atists (Korniushin 1998a, b). The general consensus 
among non-Russian school malacologists has been that 
the Sphaeriidae contain five genera: Pisidium, Sphaer- 
ium, Musculium, Eupera, and Byssanodontu. These 
genera have been diagnosed on the basis of details of 
the shell and soft-part morphology and of reproduc- 
tive/developmental characteristics (Burch 1975; Kui- 
per 1983; Heard 1977; Ituarte 1988, 1989). Pisidium, 
Sphaerium, and Musculium are cosmopolitan genera, 
placed in the subfamily Sphaeriinae by Dreher-Mansur 
& Meier-Brook (1992, 2000), with maximum diver- 
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Fig. 1. Diagrammatic representation of the ctenidial brood 
mass organization found in species of Eupera (A, synchro- 
nous, no brood sac), Pisidium ( B ,  synchronous, with brood 
sac) and Sphaerium (C, sequential, with ontogenetically 
staggered brood sacs). The late-stage shelled Sphaerium in- 
dividual depicted has exited its brood sac but has yet to be 
released to the external environment. 

sities in the Holarctic Region. Eupera and Byssano- 
donta are members of the subfamily Euperinae and 
have more restricted geographic ranges; the former oc- 
curring in Central and South America and Africa (al- 
though secondarily introduced to the southern United 

States) and the latter is a monotypic genus restricted 
to the Rio Parana, Argentina (Ituarte 1989). 

Generic-level relationships among the Sphaeriidae 
have undergone numerous, and frequently contradic- 
tory, reinterpretations over the past four decades 
(Klappenbach 1960; Herrington 1962; Alimov & Sta- 
robogatov 1968; Meier-Brook 1970; Zeissler 197 1; El- 
lis 1978; Kuiper 1981; Dyduch-Falinowska 1983; 
Dreher-Mansur & Meier-Brook 1992, 2000; Korni- 
ushin 1991, 1994, 1995). Dreher-Mansur & Meier- 
Brook (1992, 2000) performed the first cladistic anal- 
yses of sphaeriids. They found a sister relationship 
between a euperine clade (containing Eupera and Bys- 
sanodonta) and a sphaeriine clade which had the fol- 
lowing topology: (Sphaerium (Musculium, Pisidium)). 
A sister relationship for Musculium and Pisidium was 
supported primarily by a suite of kidney characters 
(Dreher-Mansur & Meier-Brook 1992, 2000). This re- 
sult is inconsistent with earlier studies in which one of 
the more contentious issues centered on whether 
Sphaerium and Musculium taxa were sufficiently dis- 
tinct to warrant separate generic status (Herrington 
1962; Kuiper 1962; Clarke 1973; Heard 1977; Ellis 
1978; Hornbach et al. 1980a). It is also inconsistent 
with Park & 0 Foighil’s (2000) molecular phylogeny 
(28s rDNA) of freshwater heterodont lineages, which 
incorporated a small number of sphaeriid taxa. Their 
gene trees yielded a robustly monophyletic Sphaeri- 
idae containing a sphaeriine clade with the following 
topology: (Pisidium sterkianum (Pisidium dubium 
(Musculium lacustre, Sphaerium corneum))). Intrage- 
neric sphaeriid relationships are still poorly understood 
but a number of systematic hypotheses have been pro- 
posed (Kuiper 1962, 1983; Clarke 1973; Hornbach et 
al. 1980a, b; Ituarte 1989; Korniushin 1991, 1994). 

Sphaeriids have complex reproductive modes that 
have value as systematic characters (Burch 1975; Kui- 
per 1983; Heard 1977; Ituarte 1988, 1989). All taxa 
are hermaphroditic and young are brooded within the 
inner demibranch of the ctenidia (gills) until their re- 
lease as benthic juveniles (Odhner 1922; Heard 1965a, 
Ituarte 1988; Korniushin 1991, 1996). Euperine eggs 
are much larger and yolkier than those of the Sphae- 
riinae (Heard 1977; Dreher-Mansur & Meier-Brook 
1992, 2000; Ituarte 1997) and there is evidence for 
extraoogonial gill-embryo nutrient transfer during de- 
velopment in the latter subfamily (Okada 1935; Mack- 
ie et al. 1974; Mackie 1978; McMahon 1991; Dreher- 
Mansur & Meier-Brook 1992, 2000; Hetzel 1994). 
Brooding structures vary in their ctenidial placement, 
degree of elaboration, and tempo of production (Figs. 
1A-C). The simplest condition is found in the Euper- 
inae where synchronously developing brooded embry- 
os, resulting from a single spawning event, lie freely 
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between the gill lamellae (Heard 1965b; Mackie & 
Huggins 1976; Ituarte 1988). Members of Pisidium 
species are also synchronous brooders; however, de- 
veloping embryos are sequestered within a distinct su- 
prabranchial brood sac/marsupium that is formed by 
an outgrowth of the ctenidial lamellae (Heard 1965a, 
1977; Korniushin 1991, 1996; McMahon 1991; Hetzel 
1994). Members of Sphaerium and Musculium species 
are sequential brooders, i.e., the products of multiple 
spawning events co-exist within the inner demibranch. 
Their brood masses contain developmentally discrete 
subsets of embryos, each subset being encapsulated in 
a separate brood-sac attached to the gill lamellae 
(Heard 1965a, 1977; Mackie et al. 1974; Morton 1985; 
Korniushin 199 1, 1996; Hetzel 1994). According to 
the Dreher-Mansur & Meier-Brook (1992, 2000) cla- 
distic studies, asynchronous brooding is the ancestral 
condition in the Sphaeriinae and synchronous brood- 
ing has been secondarily reacquired in Pisidium line- 
ages. Korniushin (199 1) initially interpreted asynchro- 
nous brooding as the derived condition in 
broodsac-forming sphaeriids but later (Korniushin 
199%) concluded that it was likely to be ancestral. 

The primary aim of our study was to test hypotheses 
of generic level relationships among the Sphaeriinae 
by constructing a sphaeriid molecular phylogeny. We 
additionally aimed to reconstruct the evolutionary pat- 
tern of sphaeriine parental care evolution by tracing 
reproductive characters on our phylogenetic trees. Our 
dataset [480 aligned nucleotides (nt) of mitochondria1 
16s rDNA] encompasses taxa from North and South 
America, Europe and Australasia which include rep- 
resentatives of all four main sphaeriid genera and most 
of the primary subgeneric groupings of Pisidium and 
Sphaerium (Kuiper 1962; Burch 1975; Clarke 1973; 
Korniushin 199 1, 1994). 

Methods 

Samples were collected from several locations in 
North America (Table 1) by the first author (LRC), and 
by T. Lee. Michigan specimens of Sphaerium striatin- 
um exhibit considerable variation in shell phenotype 
(T. Lee, pers. comm.) and we included 5 conchologi- 
cally diverse individuals from 4 locations in our da- 
taset. Samples from outside North America were ob- 
tained by loan from generous colleagues worldwide. 
Species identifications were performed by the respec- 
tive collectors, confirmed by the first author and by T 
Lee, and voucher specimens have been deposited in 
the Museum of Zoology, University of Michiggn /Q-- 

Table 1). Specimens were either collectPA 
95% ethanol, or transported alive to the laboratory and 
subsequently frozen at -70°C. 

DNA extractions were performed using 20-30 mg 
of mantle tissue in larger specimens or the whole an- 
imal in smaller specimens. Details of the molecular 
techniques used for generating 16s rDNA sequencing 
templates are available in Jozefowitz & 0 Foighil 
(1998). The -480 nt target fragments were amplified 
with Taq DNA Polymerase (Gibco BRL) and both 
strands were cycle-sequenced (BigDyeTM Terminator 
Cycle Sequencing Ready Reaction Kit, PE Applied 
Biosystems Inc.) prior to being electrophoresed on an 
ABI 377 automated DNA sequencer. 

Initial alignments were constructed with the default 
parameters of the Clustal option in Sequence Naviga- 
tor 1.0.1 [(Kececioglu & Myers 1994), which is based 
on Clustal V (Higgins et al. 1992)] and then manually 
adjusted to minimize mismatches. The alignment is 
available upon request from the corresponding author 
and the individual sequences have been deposited in 
GenBank (Table 1). Sequences were analyzed using a 
parsimony approach (PAUP" 4.0b2a, Swofford 1998). 
Convincing sister taxa for the Sphaeriidae are pres- 
ently unknown (Dreher-Mansur & Meier-Brook 1992, 
2000; Park & 0 Foighil 2000) and we utilized corbi- 
culids (Corbicula JEuminea, C. madagascariensis, C. 
australis, and Neocorbicula limosa) as outgroups. 
Analyses were performed as replicated (N = 10) un- 
weighted heuristic searches using random stepwise ad- 
dition, all of which retrieved topologically identical 
shortest trees. Inferred sequence gaps were considered 
either as character states or else coded as missing data. 
Consensus trees were made using the strict consensus 
option in PAUP. Successive character weighting as a 
function of the rescaled CI (Farris 1969, 1989) was 
employed to discriminate among equally parsimonious 
trees. Removing the inferred gaps from the analyses 
did not change the consensus topology of the most 
parsimonious trees. Branch support levels were esti- 
mated by bootstrapping (200 heuristic iterations using 
random stepwise addition with 10 replications) and 
also with decay index values (Bremer 1988, 1994), 
calculated using TreeRot (Sorenson 1996). .TreeRot 
was utilized to establish a constraint statement for each 
node in the strict consensus tree. Support indices were 
calculated by subtracting the number of steps in the 
shortest unconstrained tree from the number of steps 
found in each of the constrained searches. MacClade 
3.0 (Maddison & Maddison 1992) was used to inves- 
tigate treelengths for alternative topological arrange- 
ments. 

Results 

Twenty seven different 16s rDNA haplotypes were 
generated for the 4 outgroup and 19 ingroup taxa. Of 
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Table 1. Locality data, voucher specimen information (University of Michigan Museum of Zoology, Mollusk Division 
catalog number) and GenBank Accession number for each of the taxa used in this study. Specimens sampled by ’ John 
Sparks, * Maria Byrne, Louanne Reich, Cristih Ituarte, Taehwan Lee, Olaf Hetzmeyer, Sheryl Roa and Alexei 
Krnuishin are respectively identified in the Collection locality column. 

Collection 
Taxon locality 

Class Bivalvia 
Subclass Heterodonta 

Order Venerodia 
Superfamily Corbiculoidea 

Family Corbiculidae 
Corbicula madagascariensis (SMITH 1882) 
C. uustralis (DESHAYES 1830) 
C. Jluminea (MULLER 1774) 
Neocorbicula limosa (MATON 1809) 

Subfamily Euperinae HEARD 1965 
Family Sphaeriidae 

Genus Eupera BOURGUIGNAT 1854 
E. platensis DOELLO JURADO 1921 

Subfamily Sphaeriinae DREHER-MANSUR & MEIER-BROOK 1992 
Genus Pisidium PFEIFFER 1821 

Pisidium S.S. 

P. dubium (SAY 1817) 
Subgenus Cyclocalyx DALL 1903 

P. adamsi STIMPSON 185 1 
P. compressum PRIME 1852 
P. milium HELD 1836 
P. variabile PRIME 1852 

Subgenus Afropisidium KUIPER 1962 
P. sterkianum PILSBRY 1897 

Genus Musculium LINK 1807 
M. lacustre (MULLER 1774) 
M. argentinium (D’ORBIGNY 1835) 
M. partumeium (SAY 1822) 
M. securis (PRIME 1852) 

Genus Sphaerium SCOPOLI 1777 
Sphaerium S.S. 

S. corneum (LINNAEUS 1758) 
S.  fubale (PRIME 1852) 
S. rhomboidium (SAY 1822) 
S. simile (SAY 1816) 

S. striatiinurn (LAMARCK 1818) 
(A) 
(B) 
(C) 
(D) 
(El 

Subgenus Herringtonium CLARKE 1973 
S. occidentale (LEWIS 1856) 

Subgenus Sphaerinova IREDALE 1943 
S. novaezealandia DESHAYES 1854 
S. tazmanicum (TENISON WOODS 1876) 

I Madagascar 
Australia 
Michigan USA 
Argentina 

Argentina 

Michigan, USA 

Michigan, USA 
Michigan, USA 
Michigan, USA 
Michigan, USA 

Argentina 

Germany 
Argentina 
Michigan, USA 
Michigan, USA 

Germany 
Michigan, USA 
Michigan, USA 
Michigan, USA 

Ore Creek, MI, USA 
Au Sable R., MI, USA 
Au Sable R., MI, USA 
Maple R., MI, USA 
Battle Creek, MI, USA 

Michigan, USA 

New Zealand 
NSW, Australia 
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Fig. 2. Strict consensus of the 3 most parsimonious trees (length 476; CI: 0.6429, RI: 0.7595) based on heuristic analysis 
of the 16s rDNA mitochondrial rDNA data set in which the corbiculid taxa were designated as outgroups and inferred 
gaps were treated as missing characters. Numbers above the branches represent bootstrap values, numbers below indicate 
decay index values. 

the 480 characters in the aligned dataset, 221 were 
variable and 170 of these were informative under con- 
ditions of parsimony when inferred gaps were coded 
as missing data. For ingroup (Sphaeriidae) compari- 
sons only, 149 and 84 of the sites were variable and 
parsimoniously informative respectively, and there 
were 5 minor inferred insertions/deletions in the in- 
group alignment. When inferred gaps were considered 
as character states, the number of variable sites was 
237 (entire dataset) and 159 (ingroup) and the number 
of parsimoniously informative sites was 195 (entire 
dataset) and 85 (ingroup). A highly skewed distribu- 
tion (8, = -1.8946) was obtained for lo5 randomly 
sampled trees, generated in PAUP, indicating that sig- 
nificant cladistic information (p<O.Ol) exists in the 

data set (Hillis & Huelsenbeck 1992). Among the in- 
group taxa, sequence divergence levels (Juhes-Cantor 
corrected) between the sole euperine taxon, Eupera 
platensis, and the 18 sphaeriine taxa ranged 17.4- 
21.4% and a transition bias was maintained in a mi- 
nority of pairwise comparisons. A transition bias was 
maintained among most among-sphaeriine pairwise 
comparisons and the maximum corrected pairwise ge- 
netic divergence value (16.6%) was recorded between 
two species of Pisidium: P.  sterkianum and P. milium 
Corrected genetic distance maxima among the sampled 
species of Pisidium (excluding P. sterkianum) was 
12.6% and the respective intrageneric values for 
Sphaerium and Musculium were 6.4% and 2.3%. 

Figure 2 shows the strict consensus.of the 3 most 
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P. sterkianum 
21 P.  dubium 

28 

9 P .  adamsi 
21 20 

12 

11 

parsimonious trees (476 steps; CI = 0.643, RI = 
0.760) obtained by a heuristic tree search of the 16s 
rDNA data set in PAUP. Robust support (Decay Index 
= 11) is evident for a monophyletic Sphaeriinae. Pis- 
idium taxa form a paraphyletic assemblage in which 
the South American species P. sterkianum, our sole 
representative of the subgenus Afropisidium, is sister 
to all other sampled members of the Sphaeriinae. The 
remaining Pisidium species form a clade, sister to a 
Sphaeriurn/Musculium clade, in which P. dubium (the 
sole representative of Pisidium s.s.)  is sister to the re- 
maining four Pisidium species (placed in the subgenus 
Cyc2oca2yx) which are robustly (Decay Index = 6) 
monophyletic. The sequential brooders (Sphaerium 
and Musculium taxa) formed a single clade in which 
S. rhomboideum (Sphaerium s.s.) was basal to an un- 
resolved polytomy encompassing four branches, one 
supporting Musculium terminal taxa and three sup- 
porting Sphaerium terminal taxa. The four Musculium 
species sampled were monophyletic. S. corneum, the 

2- S .  rhomboideum 
* S .  occidentale 1 

12 S .  corneum 

type species of Sphaerium, grouped with the antipo- 
dean sister lineages S. tasmanicum and S. novazelan- 
diae, both of which were attributed to the subgenus 
Sphaerinova by Kuiper (1983). The position of S. oc- 
cidentale, placed in the monotypic subgenus Herring- 
tonium by Clarke (1973), was unresolved in the strict 
consensus topology (Fig. 2) and the three remaining 
Sphaerium S.S. species formed a clade containing the 
sister taxa S. fabale and S. simile and a monophyletic 
cluster of all five S. striatinum haplotypes. 

One tree (Fig. 3) was obtained by 3 cycles of suc- 
cessive character weighting (Farris 1969, 1989) and it 
had a topology identical to one of the three most par- 
simonious trees obtained by the unweighted analysis. 
Resolution of the consensus tree polytomy (Fig. 2) in- 
volved the basal placement of S.  occidentale and a 
sister status for Musculium lineages and the S. corne- 
umlSphuerinovu taxa (Figure 3). Placement of sphae- 
riine reproductive/developmental characters on the re- 
solved topology (see Fig. 3), and on the consensus 

S. novaezetandiae 7 3 
5 

6 1 S .  tazmanicum 
extraoogonial nutrition. 

Origin of asynchronous brooding. 

M. lacustre 
4 4  M.  argentinium 

2 5  M .  secuns 

3 

4 5 
M ,  partumeium 

S. fabale 10 
4 

-C_ 4 s. simile 
0 4 S .  striatinurn (a) 
9 1 S .  striatinurn (b) 

2 S .  striatinum (c) 
1 S .  striatinum (d) 
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topology (Fig. 2, not shown), indicated that synchro- 
nous brooding is the plesiomorphic condition in the 
Sphaeriinae and that asynchronous brooding originated 
in the common ancestor of the SphaeriudMusculium 
clade. 

Discussion 

Our dataset supports four primary conclusions: 1) 
the Sphaeriinae are robustly monophyletic with respect 
to Eupera platensis; 2) the genus Pisidium is paraphy- 
letic and P. sterkianum is sister to the 17 other sphae- 
riine taxa in our dataset; 3) synchronous brooding is 
the ancestral reproductive pattern in the Sphaeriinae; 
4) the sequential brooders form a clade in which Mus- 
culium taxa are monophyletic and nested among lin- 
eages of Sphaerium. A number of caveats necessarily 
attend our results. Our sampling of this cosmopolitan 
family is by no means exhaustive and, in particular, 
we have no representatives of the Pisidium subgenera 
Neopisidium and Odhnerpisidium. Taxa within the 
SphueriudMusculium clade exhibit moderate-low lev- 
els of genetic divergence for the target 16s rDNA gene 
fragment and some of the internal nodes are supported 
by relatively few characters. Supplementary data are 
required to more firmly establish the topological po- 
sitioning of taxa such as S. corneum, S. occidentale, 
and P. dubium. Nevertheless, we are confident that the 
principal conclusions (outlined above) are well sup- 
ported by the available data. 

Our results are fully concordant with a preliminary 
28s rDNA phylogeny of the Sphaeriidae (Park & 0 
Foighil 2000). They partially corroborate the cladistic 
analyses of Dreher-Mansur & Meier-Brook (1 992, 
2000) by demonstrating robust support for a mono- 
phyletic Sphaeriinae. However, reconstructing our tree 
topology to produce a monophyletic Pisidium-Mus- 
culium clade sister to Sphaerium (Dreher-Mansur & 
Meier-Brook 1992, 2000) adds 2 1 8  additional steps to 
our shortest trees. It is difficult to directly compare, 
and/or combine, the molecular and morphological da- 
tasets because the 48 morphological characters utilized 
(surprisingly, sequentiallsynchronous brooding pat- 
terns were omitted) were not coded to allow for intra- 
generic variation. The phylogenetic analysis was 
“done up to the genus level” (Dreher-Mansur & 
Meier-Brook 1992, 2000) thereby enforcing generic 
monophyly and precluding the possibility of discov- 
ering evidence for Pisidium paraphyly. 

One shell (absence of a cross-lamellar layer) and 
three kidney synapomorphies support a sister relation- 
ship for Musculium and Pisidium in the morphological 
dataset (Dreher-Mansur & Meier-Brook 1992, 2000), 
however perusal of the associated literature under- 

mines the case for two of the four. Dyduch-Falniowska 
(1983) is cited in support of the shell character. In 
contrast to Mackie (1978), Dyduch-Falniowska (1983) 
concluded that crossed lamellar layers did not occur in 
Musculium and Pisidium. However, internal shell lay- 
ers of some Pisidium species shown in her study (Figs. 
76, 190, 191) clearly show crystal formations that con- 
form to her depiction (Fig. 1) of crossed lamellar struc- 
ture (Dyduch-Falniowska 1983). One of the kidney 
synapomorphies is listed as “kidney funnel very long” 
(Dreher-Mansur & Meier-Brook 1992, 2000), however 
according to Korniushin’s (1998b) recent review of 
sphaeriid kidney anatomy, the pericardial duct (the 
proximal ciliated part of which represents the kidney 
funnel) of both Sphaerium and Musculium taxa are 
classified as “long” and those of Pisidium spp. as 
“shortened”. Indeed, Zeissler (1 97 1) utilized pericar- 
dial tube similarities to group Sphaerium and Muscu- 
lium together. It is difficult to evaluate the significance 
of the two remaining nephridial characters supporting 
Dreher-Mansur & Meier-Brook’s (1 992, 2000) Mus- 
culiudPisidium clade (“distal duct bent upward be- 
fore reaching the excretory sac; slit-like opening in the 
excretory sac”) due to the absence of information on 
intrageneric variation for these features. Korniushin 
(1998b) downplayed the pronounced levels of mor- 
phological variation in the nephridial anatomy of some 
Sphaerium and Musculium taxa and proposed apo- 
morphic and plesiomorphic conditions for each kidney 
character. However, the inherent morphological plas- 
ticity of kidneys in some sphaeriid lineages, together 
with the lack of congruence between his nephridial 
transformation scheme (Korniushin 1998b, Fig. 33) 
and available gene trees (this study; Park & 0 Foighil 
2000), suggest that the phylogenetic utility of nephrid- 
ial characters in this family remains to be established. 

Although our mitochondrial gene trees are incon- 
gruent with the morphologically based topology of in- 
ter-generic sphaeriine relationships (Dreher-Mansur & 
Meier-Brook 1992, 2000), we consider that they are 
likely to represent a more accurate reconstruction of 
phylogenetic relationships in this subfamily. This con- 
clusion is based on the availability of characters from 
terminal sphaeriine taxa in our mitochondrial dataset 
and on the corroboration of salient features of the mi- 
tochondrial tree topology by an independently ac- 
quired set of nuclear gene characters (Park & 0 Foigh- 
il 2000). 

Our results also have relevance for intrageneric 
sphaeriid classification. Both mitochondrial and nucle- 
ar (Park & 0 Foighil 2000) gene trees concur on Pis- 
idium paraphyly and on the basal positioning of the 
South American taxon P. sterkianum. These results 
highlight this Afropisidium lineage as a candidate for 
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promotion to generic status, however such a promotion 
is premature, pending characterization of additional Af- 
ropisidium and Pisidium S.S. taxa and the inclusion of 
Neopisidium and Odhnerpisidium representatives. Our 
results confirm the systematic affinity of Sphaerium 
and Musculium taxa long proposed by sphaeriid sys- 
tematists (Herrington 1962; Clarke 1973; Ellis 1978). 
We also find monophyly of Musculium lineages sam- 
pled from three continents, a result pertinent to con- 
trasting views on the systematic validity of this genus 
(Herrington 1962; Kuiper 1962; Clarke 1973; Heard 
1977; Ellis 1978; Hornbach et al. 1980b). Hornbach 
et al. (1980b) constructed a genetic distance dendo- 
gram based on allozyme data for North American 
Sphaerium (S. fabale, S. striatinum, S. simile and S. 
occidentale) and Musculium (M. securis, M. partu- 
meium) taxa. Unrooted analysis of our mitochondria1 
16s rDNA genotypes for these taxa yielded a topology 
which was broadly congruent with the allozyme da- 
taset except that S. fabale, not S. striatinum, was sister 
to S. simile. 

Phylogenetic trees represent inferred historical re- 
lationships and our gene trees reveal an evolutionary 
progression in parental care complexity from the rel- 
atively simple pattern in the Euperinae, to the origin 
of brood sac/extraoogonial embryonic nutrition in Af- 
ropisidium sphaeriine lineages, and ultimately to the 
origin of sequential brooding in SphaeriumLMusculium 
taxa. Early maturation is characteristic of many sphae- 
riid taxa (Heard 1977; Burky 1983; Holopainen & 
Hanski 1986) and the sequence of parental care char- 
acter evolution implied by our gene trees may reflect 
selection for accelerated oogenic cycles. For instance, 
before an euperine can initiate brooding it must se- 
quester enough reserves to synthesize an entire clutch 
of large, energy rich, yolky eggs. The oogenesis lag 
time until first brooding in species of Pisidium is po- 
tentially much shorter because embryological devel- 
opment can commence once the parent has produced 
a clutch of small, non-yolky eggs. The energy reserve 
threshold, and associated oogenesis time lag, neces- 
sary for commencement of brooding in species of 
Sphaerium and Musculium may be minimal due to the 
reduced number of small, non-yolky eggs in their se- 
quential clutches. This hypothesis could be tested by 
running controlled laboratory experiments in which 
the relative temporal and energetic characteristics of 
sphaeriid oogenic cycles (with appropriate allometric/ 
fecundity corrections) were determined. Animals that 
live in ephemeral bodies of freshwater typically have 
accelerated reproductive/developmental cycles (Den- 
ver 1997) and it is tempting to view the inferred phy- 
logenetic sequence of sphaeriid brooding patterns as 
an evolutionary response to the selective pressures as- 

sociated with colonization of such habitats. However, 
many sphaeriid taxa occur in a wide variety of fresh- 
water habitats, ranging from temporary ponds to pro- 
fundal lakes (Burky 1983; Mackie 1984; Holopainen 
& Hanski 1986; Way 1988) and specific exceptions 
are available for every generality drawn concerning 
the ecological basis for sphaeriid life history evolution 
(McMahon 1991). 

In summary, we have constructed the first mito- 
chondrial gene trees of the Sphaeriidae and have uti- 
lized them to test previous phylogenetic hypotheses 
and to infer patterns of parental care evolution. Our 
results provide a preliminary phylogenetic framework 
for this ecologically prominent freshwater family that 
reveals a monophyletic Sphaeriinae, a paraphyletic 
Pisidium and a derived clade of sequentially brooding 
Sphaerium and Musculium lineages. Completion of a 
comprehensive phylogeny of the Sphaeriidae will re- 
quire a more comprehensive taxonomic sampling, data 
from more rapidly evolving genes, and the incorpo- 
ration of salient morphological characters. 

Acknowledgments. Our thanks to Taehwan Lee for provid- 
ing specimens and for advising us at many stages during this 
project. Additional specimens were generously forwarded by 
Cristian Ituarte, Sheryl Roa, Olaf Hetzmeyer, John Sparks, 
Alexei Korniushin, and Maria B yrne. John Megahan drew 
Fig. 1 and we are grateful to Shane Webb for sequencing 
the 16s rDNA gene fragment for Pisidium adamsi, P. mili- 
um, P. variabile, Musculium partumeium, Sphaerium rhom- 
boideum, and three of the S. striatinum specimens. Drafts 
were critically read, and considerably improved, by Daniel 
Graf, Taehwan Lee, Gonzalo Giribet, Charles Lydeard, and 
A. Korniushin. This study was supported by research grants 
to L. R. Cooley from The University of Michigan Museum 
of Zoology, The School of Natural Resources and Environ- 
ment, and The University of Michigan Biological Station 
and, in large part, by NSF award OCE-9617689 to D. 0 
Foighil . 

References 
Alimov AF & Starobogatov YI 1968. Sostav fauny I Ras- 

prostranenie krupnykn Pisidiidae SSSR. In: Molluski I ikh 
rol v ekosystemakh. Sbornik 3: 13-16, Nauka, Leningrad. 

Bailey RC, Anthony EH, & Mackie GL 1983. Environmen- 
tal and taxonomic variation in fingernail clam (Bivalvia: 
Pisidiidae) shell morphology. Can. J. Zool. 61: 2781- 
2788. 

Bremer K 1988. The limits of amino acid sequence data in 
angiosperm phylogenetic reconstruction. Evolution 42: 

1994. Branch support and tree stability. Cladistics 
10: 295-304. 

Burch JB 1975. Freshwater sphaeriacean clams (Mollusca: 
Peleycpoda) of North America. Malacological Publica- 
tions, Hamburg, Michigan, U.S.A. 

795-803. 



Sphaeriid Molecular Phylogeny 307 

Burky AJ 1983. Physiological ecology of freshwater bi- 
valves. In: The Mollusca. Vol. 6: Ecology. Russell-Hunter 
WD, ed., pp. 281-327. Academic Press, New York. 

Clarke AH 1973. The freshwater molluscs of the Canadian 
Interior Basin. Malacologia 13: 152-155. 

Denver RJ 1997. Proximate mechanisms of phenotypic plas- 
ticity in amphibian metamorphosis. Amer. Zool. 37: 172- 
184. 

Dreher-Mansur MC & Meier-Brook C 1992. Morphology of 
Euperu Bourguignat, 1854 and Byssunodontu Orbigny, 
1843 and the phylogenetic affinities within the family 
Sphaeriidae (Bivalvia, Veneroida). In: Abstracts of the 
1 lth International Malacological Congress. Giusti F & 
Manganelli G, eds., pp. 335-336, Unitas Malacologica, 
Siena. 

2000. Morphology of Eupera BOURGUIGNAT, 1854 
and Byssanodonta ORBIGNY, 1846 with contributions to 
the phylogenetic systematics of Sphaeriidae and Corbi- 
culidae (Bivalvia, Veneroida). Arch. Molluskenkunde 128: 

Dyduch-Falinowska A 1983. Shell microstructure and sys- 
tematics of Sphaeriidae (Bivalvia, Eulamellibranchiata). 
Acta Zool. Cracov, 26: 251-296. 

1988. The conchological variability of Sphuerium 
corneum (Linnaeus, 1758) in the Polish waters. Folia Ma- 
lakologica, Krak6v. 2: 82-96. 

Eckblad JW, Peterson NL, Ostlie K, & Tempte A 1977. The 
morphometry, benthos and sedimentation rates of a flood- 
plain lake in Pool 9 of the upper Mississippi River. Amer. 
Mid. Nat. 97: 433-443. 

Ellis AE 1978. British freshwater bivalve Mollusca. Keys 
and notes for the identification of the species. Academic 
Press, London. 

Farris JS 1969. A successive approximations approach to 
character analysis. Syst. Zool. 18: 374-385. 

1989. The retention index and the rescaled consis- 
tency index. Cladistics 5: 417-419. 

Heard W H 1965a. Comparative life histories of North 
American pill clams (Sphaeriidae: Pisidium). Malacologia 

1965b. Recent Eupera (Pelycepoda: Sphaeriidae) in 
the United States. Amer. Mid. Nat. 74: 309-317. 

1977. Reproduction of fingernail clams (Sphaeriidae: 
Sphaerium and Musculium). Malacologia 16: 421-455. 

Herrington HB 1962. A revision of the Sphaeriidae of North 
America (Mollusca: Pelecypoda). Miscellanous Publica- 
tions of the Museum of Zoology, University of Michigan, 
Ann Arbor, Michigan. No. 118. 

Hetzel U 1994. Reproduktionsbiologie- Aspekte der Vivi- 
parie bei Sphaeriidae mit dem Untersuchungsschwerpunkt 
Musculium lucustre (0. E Muller 1774) (Bivalvia; Eula- 
mellibranchiata). Doctoral dissertation, University of Han- 
nover. 273 pp. 

Higgins DG, Bleasby AJ, & Fuchs R 1992. Clustal V: im- 
proved software for multiple sequence alignment. CA- 

1-59. 

2: 381-411. 

BIOS 8: 189-191. 

ability in molecular phylogenetic analyses. J. Her. 83: 

Hinz W 1977. Der Raum als begrenzender Faktor einer tei- 
chausflussbewohnenden Sphaerium corneum- Population 
(Mollusca: Lamellibranchiata). Decheniana (Bonn), 130: 
222-228. 

Holopainen IJ & Kuiper JG 1982. Notes on the morphom- 
etry and anatomy of some Pisidium and Sphaerium spe- 
cies (Bivalvia, Sphaeriidae). Ann. Zool. Fennici 19: 93- 
107. 

Holopainen IJ & Hanski I 1986. Life history variation in 
Pisidium. Holartic Ecology 9: 85-98. 

Hornbach DJ, McLeod MJ, & Guttman SI 1980a. On the 
validity of the genus Musculium (Bivalvia: Sphaeriidae): 
Electrophoretic evidence. Can. J. Zool. 58: 1703-1707. 

Hornbach DJ, McLeod MJ, Guttman SI, & Seilkop SK 
1980b. Genetic and morphological variation in the fresh- 
water clam, Sphaerium (Bivalvia: Sphaeriidae). J. Moll. 
Stud. 46: 158-170. 

Hornbach DJ & Wissing TE 1984. Energy budget for a 
stream population of the freshwater clam, Sphaerium 
striutinum Lamarck (Bivalvia: Pisidiidae). Can. J. Zool. 

Ituarte CF 1988. Caracteristicas de la incubaci6n branquial 
en Euperu platensis Doello-Jurado, 192 1 y Byssunodonta 
parunensis d’orbigny, 1846 (Pelecypoda: Sphaeriidae. 
Iheringia 68: 41-47. 

1989. Los gCneros Byssanodontu d’orbigny, 1846 y 
Eupera Bourguignat, 1854 (Bivalvia: Sphaeriidae) en el 
Area Paranoplatense. Descripci6n de Euperu iguazuensis 
n. sp. Del Rl’o Iguazu, Misiones, Argentina. Neotropica 

1997. The role of the follicular epithelium in the 
oosorption process in Euperu platensis Doello Jurado, 
1921 (Bivalvia: Sphaeriidae): a light microscope ap- 
proach. Veliger 40: 47-54. 

Jozefowitz CJ & 0 Foighil D 1998. Phylogenetic analysis 
of Southern Hemisphere flat oysters based on partial mi- 
tochondrial 16s rDNA gene sequences. Mol. Phylogen. 
Evol. 10: 426-435. 

Kececioglu J & Myers E 1994. Sequence Navigator, 1.0.1 
Perkin Elmer Applied Biosystems, Inc. 

Keen M & Casey H 1969. Superfamily Corbiculacea. In: 
Moore, RC (ed.) Treatise on Invertebrate Paleontology. Pt. 
N, vol. 2, Mollusca 6. Bivalvia. The Geological Society 
of America, New York, and University of Kansas Press, 
Lawrence, U.S.A. pp. 665-669. 

Klappenbach MA 1960. h e r  die Gattungen Byssanodonta 
und Euperu. Arch. Moll. 89: 141-143. 

Korniushin AV 1991. Anatomical aspects of the taxonomy 
and phylogeny of Pisidoidea (Bivalvia). In: Proceedings 
of the 10th International Malacological Congress (Tubing- 
en, Germany, 1989) 2: 601-605. 

1994. Review of the European species of the genus 
Sphuerium (Mollusca, Bivalvia, Pisidioidea). Ruthenica 4: 

189-195. 

62: 2410-2417. 

35: 53-63. 

43-60. 
Hillis DM & Huelsenbeck JP 1992. Signal noise and reli- - 1995. Anatomy of some pill clams (Bivalvia: Pisi- 



308 Cooley & 0 Foighil 

doidea) from Africa, with the description of new taxa. J. 

1996. Growth and development of the outer demi- 
branch in freshwater clams (Mollusca, Bivalvia): A com- 
parative study. Annales Zoologici (Warsaw). 46: 11 1-124. 

1998a. Review of the studies on freshwater bivalve 
mollusc systematics carried out by the Russian taxonomic 
school. Malacological Review, Supp. 7: 65-82. 

1998b. A comparative investigation of nephridia in 
fingernail and pill clams. Malacological Review, Supp. 7: 

1998c. Evaluation of anatomical characters and their 
applicability for reconstructing phylogenetic relationships 
in the Palaearctic species of Pisidium S.L. (Mollusca, Biv- 
alvia). Vestnik Zoologii 32: 88-97. 

Kuiper JGJ 1962. Note sur las systematique des Pisidies. J. 
Conch. 102: 53-57. 

1981. Sphaeriidae. In: Mollusca and Insecta: Com- 
ments on proposals to remove the homonomy (3). Bull. 
Zool. Nomencl., London, 38: 159-161. 

1983. The Sphaeriidae of Australia. Basteria, Lei- 
den, 47: 3-52. 

Lopez GR & Holopainen IJ 1987. Interstitial suspension 
feeding by Pisidium spp. (Pisidiidae: Bivalvia): a new 
guild in the lenthic benthos? American Malacological Bul- 
letin 5: 21-30. 

Mackie GL 1978. Are Sphaeriid clams ovoviviparous or vi- 
viparous? Nautilus, 92 (4): 145-147. 

1984. Bivalves. In: The Mollusca. Vol. 7: Repro- 
duction. Tompa AS, Verdonk NH & van der Biggelaar 
JAM, eds., pp. 351-418. Academic Press, New York. 

Mackie GL, Quadri SU, & Clarke AH 1974. Development 
of brood sacs in Musculium securis Bivalvia: Sphaeriidae. 
Nautilus, 88(4): 109-1 11. 

Mackie GL & Huggins DG 1976. Biological notes on Eu- 
pera cubensis (Bivalvia: Sphaeriidae) from Kansas. J. 
Fish. Res. Board. Can. 33: 1652-1656. 

Maddison WP & Maddison DR 1992. MacClade: Analysis 
of phylogeny and character evolution. Version 3. Sinauer 
Association, Sunderland. 

McMahon RF 1991 Mollusca: Bivalvia. In: Ecology and 

Moll. Stud. 61: 163-172. 

53-63. 

classification of North American freshwater invertebrates. 
Thorp JH & Covich AP, eds., pp. 315-399. Academic 
Press, New York. 

Meier-Brook C 1970. Untersuchungen zur Biologie einiger 
Pisidium-Arten (Mollusca; Eulamellibranchiata; Sphaeri- 
idae). Arch. Hydrobiol.Supp1. 38: 73-150. 

Morton B 1985. The population dynamics, reproductive 
strategy and life history tactics of Musculium lacustre 
(Bivalvia: Pisidiidae) in Hong Kong. J. Zool. Lond. 207: 

Morton BS 1996. The evolutionary history of the Bivalvia. 
In: Origin and evolutionary radiation of the Mollusca. 
Taylor J, ed., pp. 337-359. Oxford University Press. 

Nutall CP 1990. Review of the Cenozoic heterodont bivalve 
superfamily Dreissenacea. Paleontology 33: 707-737. 

Okada K 1935. Some notes on Musculium heterodon (Pils- 
bry), a freshwater bivalve. 11. The gills, the breeding hab- 
its, and the marsupial sac. Sci. Rpts. TBhoku Imp. Univ., 
ser. 4, Biol. 9: 315-328. 

Odhner NH 1922. On the anatomical characteristics of some 
British Pisidia. Proc. Malacol. SOC. London. 15: 155-161. 

Park JK & 0 Foighil D 2000. Sphaeriid and corbiculid clams 
represent separate heterodont bivalve radiations into fresh- 
water environments. Mol. Phylogen. Evol. 14: 75-88. 

Sandusky MJ & Sparks RE 1979. Investigations of declines 
in fingernail clam (Musculium transversum) populations 
in the Illinois River and pool 19 of the Mississippi River. 
Bull. Am. Malac. Un. 1979: 11-15. 

Sorenson MD 1996 TreeRot. University of Michigan, Ann 
Arbor. 

Swofford DL 1998. PAUP*: Phylogenetic Analysis Using 
Parsimony (* and Other Methods), Version 4. Sinauer As- 
sociates, Sunderland Massachusetts. 

Taylor JD, Kennedy WJ, & Hall A 1973. The shell structure 
and mineralogy of the Bivalvia. I1 Lucinacea-clavagel- 
lacea conclusions. Bull. Brit. Mus. 22: 253-294. 

Way CM 1988. An analysis of life histories in freshwater 
bivalves (Mollusca: Pisidiidae). Can. J. Zool. 66: 1179- 
1183. 

Zeissler H 1971. Bestimmungstabelle fur die mitteleuro- 
paischen Sphaeriaceae. Limnologica, Berlin, 8: 459-503. 

58 1-603. 




