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Abstract: A robust phylogeny for the Unionoida is emerging and presumed relationships of some 
major clades are being questioned. The Etheriidae or freshwater oysters has been a distinct family 
for over 160 years and currently contains three cemented genera: Acostaea (Columbia, South 
America), Pseudomulleria (India) and Etheria (Africa and Madagascar). Starobogatov (1970, 
Nauka, 1-372), Mansur and da Silva (1990, Amazoniana, 11(2), 147-166) and Bonetto (1997, 
Bioci~ncias, 5, 113-142) present conflicting testable hypotheses regarding the evolution of these 
taxa. Using cytochrome c oxidase subunit I DNA sequences the evolutionary relationships of 
these three genera has been examined, by comparing them to representatives of 30 other unionoid 
taxa from around the world. These analyses place Acostaea and Etheria within the 
Mycetopodidae while Pseudomulleria falls within the Unionidae. A monophyletic Etheriidae, 
composed of cemented freshwater bivalves, is not supported by the present analyses. 
Furthermore, the analyses indicate that cementation in the Unionoida has evolved at least twice. 

In a paper which discusses the evolution of 
cementing bivalves, Yonge (1979) identified the 
variety, origin and problems of convergence in 
them, finding that over 20 families of bivalves have 
become cemented. This paper focuses on a group of 
bivalves which has become cemented in freshwater, 
namely, the freshwater oysters (Unionoida: 
Etheriidae). 

Bivalves found in freshwater environments 
represent families from most of the major bivalve 
subclasses (Bogan 1993). The greatest diversity in 
freshwater bivalves is found in the radiation of the 
Unionoida. Currently this order is divided into two 
superfamilies, six families and, it is estimated here, 
approximately 180 genera. The two major modern 
unionoid radiations occurred in the southeastern 
United States (Bogan 1993, 1998; Williams et al. 
1993) and China (Liu 1979). Our understanding of 
evolutionary relationships within the Unionoida is 
based primarily on comparative anatomy (e.g. 
Simpson 1900, 1914; Ortmann 1912; Parodiz & 
Bonetto 1963; Heard & Guckert 1970). 

The family Etheriidae has been recognized as a 
distinct taxon for well over 160 years (e.g. 
Deshayes 1830; Tryon 1884; Fischer 1886; Thiele 
1934; Starobogatov 1970) but the evolutionary 
relationships of this family to other unionoid 
families, and among its constituent genera, have 

been debated (see Discussion). Most malacologists 
recognize three cemented genera in the 
Etheriidae: Acostaea (Columbia, South America), 
Pseudomulleria (India) and Etheria (Africa and 
Madagascar). 

Prashad (1931) examined the convergence in the 
forms of the freshwater bivalve fauna of Southeast 
Asia and compared it with similar fauna from South 
America. At that time, he felt that the Unionoidea 
was polyphyletic and the Mutelidae with a taxodont 
hinge was derived from the Arcidae. He suggested 
that the Etheriidae relationships were undoubtedly 
with the Unionidae and that they were not related to 
the Mutelidae. Prashad also noted the similarities of 
Etheria, Acostaea and Pseudomulleria but felt they 
all belonged to distinct genera with independent 
origins and observed that 'the Etheriidae present 
the most noteworthy examples of the parallel 
evolution of similar forms from distinct ancestral 
types, living under identical conditions in widely 
separated countries.' Prashad's ideas represent the 
multiple origins hypothesis for the evolution of 
cementation in the Unionoida. 

In contrast, Yonge (1978, p. 446), in discussing 
Acostaea and the evolution of the Etheriidae, 
posited, 'Certainly Acostaea and Pseudomulleria 
must have arisen from a common dimyarian stock; 
the mode of growth and of assumption of the 

From: HARPER, E. M., TAYLOR, J. D. & CRAME, J. A. (eds) The Evolutionary Biology of the Bivalvia. Geological Society, 
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monomyarian condition are too remarkable for 
convergence to be contemplated.' Yonge (1978) 
claimed that Acostaea, Etheria and Pseudomulleria 
were, in fact, each others closest relatives and so a 
monophyletic Etheriidae was supported. This is the 
single origin hypothesis for the genesis of 
cementation in the Unionoida. 

Development of a unionoid phylogeny 

Recent work on the evolutionary relationships 
among unionoid higher taxa has progressed from 
the efforts of Parodiz & Bonetto (1963) and Heard 
& Guckert (1970) to the immunoelectrophoretic 
analyses of Davis & Fuller (1981). The cladistic 
analysis of 16S DNA and morphology data sets 
presented by Lydeard et al. (1996) has clarified 
phylogenetic relationships among a number of 
North American unionoid genera, but did not 
include potentially closely related taxa from other 
continents or a suitable outgroup taxon. 

Hoeh et al. (1998b) examined the higher level 
relationships of the Unionoida based on cyto- 
chrome c oxidase subunit I (COI) sequences and 
supported the hypothesis that Neotrigonia 
(Trigonioida: Trigoniidae) is the sister group to a 
monophyletic Unionoida. These conclusions 
support the monophyly of the Palaeoheterodonta 
(Trigonioida + Unionoida) as proposed by Waller 
(1990, 1998), Hoeh et al. (1998a) presented a COI 
sequence-based phylogeny for the Unionoida 
including 30 taxa representing five families 
(excluding representatives of the Etheriidae). Their 
analyses suggest that the hyriids, not margariti- 
ferids, are a product of the most basal cladogenic 
event within the Unionoida and that the glochidial 
larvae is the ancestral larval type. The margariti- 
ferids, mycetopodids, iridinids and hyriids were all 
depicted as monophyletic groups, with the 
Unionidae being paraphyletic. Hoeh et al. (2001) 
have expanded on the data presented in Hoeh et al. 
(1998a) by adding a morphological data set of 28 
characters and produced a total evidence-based 
phylogeny for the Unionoida. The total evidence 
analysis supported the earlier phylogeny and 
character evolution hypotheses of Hoeh et al. 
(1998a). If it is assumed that the tree based on the 
total evidence analysis is a reasonable estimate of 
unionoid evolutionary history, then morphological 
character evolution within the Unionoida was very 
homoplasious. 

Etheriid genera 

The Etheriidae as used today contains three 
cemented genera: Acostaea, Etheria and 
Pseudomulleria. Acostaea rivoli (Deshayes 1830) 

was originally described in Mulleria F6russac, 
1823 [non Leach 1814] and subsequently moved to 
Acostaea Orbigny, 1851. Acosmea is known from 
the Rio Magdalena in Columbia, South America. 
Arteaga Sogamoso (1994) discovered that the 
larvae ofAcosataea rivoli is a lasidium which, from 
the diagnoses of the family Mycetopodidae, would 
argue that Acostaea belongs in this family. 

The anatomy of Etheria elliptica Lamarck, 1807 
has been reported, illustrated and discussed by 
Rang & Cailliaud (1834) and Anthony (1905, 
1907). Heard & Vail (1976) examined the anatomy 
of Etheria elliptica and suggested that it belongs in 
the South American family Mycetopodidae. 
Etheria elliptica is widespread in Africa: the basins 
of the Nile, Lake Tanganyika and Lake Victoria; the 
basins of the Chad, Zaire, Niger and Senegal; part 
of the rivers in Angola and north Madagascar 
(Daget 1998); and it is known from the Miocene of 
northeast Zaire (Gautier 1965; Gautier & Van 
Damme 1973). 

Specimens of Pseudomulleria dalyi (Smith 
1898), from the Budra Drainage, Kadur district, 
State of Mysore, southern India, were initially 
placed in the genus Mulleria and in the family 
Etheriidae. Smith (1898) observed that P. dalyi was 
cemented by either the right or the left valves. 
Woodward (1898), in the same volume, carefully 
described the anatomy of Pseudomulleria dalyi, 
reported the monomyarian condition and noted that 
the rectum no longer passed through the heart. 
Woodward (1898) presented a cross-section 
diagram of the anatomy and figured the coiling of 
the intestine. The intestinal coiling, as figured by 
Woodward, appears very similar to the intestinal 
coiling of examined North American Unionidae 
(AEB, personal observations). Woodward (1898) 
concluded '... the details of the gills, the mantle 
lobes, and the kidney, Mulleria [= Pseudomulleria] 
approximates to the Unionidae.' However, Preston 
(1915) placed Mulleria dalyi in the Etheriidae and 
cited extensively from Woodward on the anatomy. 
The most recent coverage of the freshwater 
molluscan fauna of India by Subba Rao (1989) 
follows the taxonomy of the family put forward by 
Thiele (1934), recognizing Pseudomulleria as a 
subgenus of Acostaea. 

Yonge (1953) recognized a single genus of 
monomyarian unionoid, Acostaea, with two 
subgenera, Acostaea, and Pseudomullaria. Both 
subgenera were monotypic and both species begin 
life as a young shell which is dimyarian and not 
cemented. Yonge (1953) noted no evidence for 
initial byssal attachment and observed that 
cementation takes place and growth continues at 
the anterior end of the shell with the subsequent 
loss of the anterior regions of the mantle, shell and 
the anterior adductor muscles. 
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Family level classification 

Deshayes (1830) erected the family Etheriidae for 
Etheria Lamarck, 1807 and for many years it 
contained only Etheria. Lamarck (1819) placed the 
group close to the Chamidae and thought the group 
was marine, which confused the placement of this 
family (Fischer 1886). Swainson (1835) recognized 
the genera Etheria and Mulleria but placed them 
not within the Unionidae but rather within his 
Ostredea (sic), or oysters. Swainson (1840) 
recognized the family Etheriidae and included 
Etheria and Mulleria, and placed the family 
between the Unionidae and Ostreidae completing 
his circle of related families. 

Tryon (1884) and Fischer (1886) placed the 
Etheriidae next to the Unionidae and included three 
genera: Etheria, Mulleria (+ Acostaea) and 
Bartlettia. Simpson (1896, 1900, 1914) did not 
mention the Etheriidae in any of his treatments of 
the unionoid bivalves. 

Germain (1907) placed Etheria in the Etheriinae, 
which he considered a subfamily of the Unionidae 
because the juvenile Etheria looked like an 
Anodonta. Later, Dautzenberg & Germain (1914) 
recognized Etheria as belonging to a separate 
family, Etheriidae, but did not comment on this 
change of rank. 

Thiele (1934) recognized the superfamily 
Unionacea and included Margaritiferidae, 
Unionidae, Mutelidae and Etheriidae [Bartlettia, 
Etheria, Acostaea (Acostaea) and A. 
Pseudomulleria]. Modell (1942, 1949) developed 
an alternative classification for the Unionoida. He 
placed Acostaea and Bartlettia in a subfamily 
Bartlettiinae, and Etheria and Pseudomulleria in 
the Etheriinae, both subfamilies in his inclusive 
Mutelidae. He later (Modell 1964) modified his 
ideas on the cemented bivalve placement, including 
only Etheria in the Etheriinae and including 
Pseudomulleria as a subgenus under Acostaea, 
which he moved to the Bartlettiinae. 

Mandahl-Barth (1954) listed Etheria in the 
Etheriinae within the Mutelidae and subsequently 
(1988) decided that the group should have familial 
status. Pain & Woodward (1961) reviewed the 
family Etheriidae and included Etheria, Bartlettia, 
Acostaea and Pseudomulleria. They elevated 
Pseudomulleria from subgeneric to generic rank 
based on the disparate distribution of Acostaea in 
South America and Pseudomulleria in India. 

Newell (1965) provided a complete classification 
of the Bivalvia and placed all of the living families 
of unionoid bivalves in the single superfamily 
Unionacea, recognizing four families; Unionidae, 
Mutelidae, Etheriidae and Margaritiferidae. Haas 
(1969a, b) recognized the families Etheriidae, 
Margaritiferidae, Mutelidae and Unionidae, all 

within a single superfamily, the Unionacea. He 
included Etheria, Barlettia and Acostaea with two 
subgenera, Acostaea and Pseudomulleria, in the 
Etheriidae. 

Starobogatov (1970) split what others had 
lumped as the Etheriidae, placing the three genera 
into distinct families: Acostaea in the Mulleriidae, 
along with the Mycetopodidae, forming the 
Mullerioidea; Etheria remained in Etheriidae; and 
Pseudomulleria in Pseudomulleriidae, both 
families placed in the Etherioidea. 

Van Damme (1984) summarized the freshwater 
molluscs of northern Africa and used the family 
Etheriidae. Kabat (1997) provided an examination 
of the dates and priority of the various family group 
names for the Etherioidea: Etheriidae Deshayes, 
1830, Iridinidae Swainson, 1840(+ Mutelidae Gray 
1847) and Mycetopodidae Gray, 1840, with these 
being the oldest available names. 

Mansur & da Silva (1990) recently supported a 
monophyletic view of the Etheriidae, including 
Bartlettia, based on anatomical analyses. However, 
Bonetto (1997) has placed Acostaea in the 
Acostaeinae in the Mycetopodidae, Etheria in the 
Etheriinae and Pseudomulleria in the Pseudo- 
mulleriinae, with both subfamilies placed in the 
Mutelidae. 

Recently, Daget (1998) has produced a complete 
catalogue of the freshwater bivalves of Africa and 
has recognized a single genus within the Etheriidae, 
Etheria, with a single species Etheria elliptica 
Lamarck, 1807. This volume contains a very 
detailed listing of four generic synonyms, 20 
specific synonyms and a listing of citations using 
the various names and combinations. 

Good (1998), in discussing the Late Triassic 
freshwater bivalve fauna of the North American 
southwest, placed the Etheriidae within the 
Unionoida but without further comment. He 
observed that the Etheriidae originated on 
Gondwanaland but erroneously included Australia 
as part of their modern range. 

Other cemented freshwater bivalves 

Recently, Bogan & Bouchet (1999) described 
Posostrea, a cemented corbiculid from Lake Poso, 
Sulawasi, Indonesia. This is the first record of 
cementation in the Corbiculidae and represents the 
only known cemented freshwater bivalve outside of 
the Unionoida. 

Fossil record 

The fossil record for the three etheriid genera 
examined here is restricted to Etheria, which 
occurs in the Miocene (Gautier 1965; Gautier & 
Van Damme 1973) of East Africa. Nothing is 
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known of the fossil record regarding Acostaea and 
Pseudomulleria. 

The works of Starobogatov (1970) and Bonetto 
(1997), as well as that of other authors, contradict 
the monophyletic nature of the Etheriidae, which 
has been supported most recently by Mansur & da 
Silva (1990), by suggesting that the Etheriidae is a 
polyphyletic assemblage. The conflicting views on 
the evolutionary relationships surrounding the 
Etheriidae hinder the development of a basic 
understanding of the circumstances involved in the 
evolution of the cemented habit in freshwater 
bivalves. Phylogenetic analyses of COI DNA 
sequences will be used herein to evaluate the 
taxonomic status of the Etheriidae, i.e. is the 
Etheriidae a monophyletic assemblage? These 
analyses will enable the following fundamental 
evolutionary questions to be addressed: did the 
cemented habit in unionoids evolve once (or 
multiple times); from which non-cemented 
ancestral taxon (or taxa) did it evolve? 

Materials  and methods  

Organisms  

The 34 bivalve species examined in this study are 
listed in Table 1 with their GenBank accession 
numbers for the COI sequences. The COI 
sequences representing the three etheriid genera are 
the only new sequences added in this paper. The 
other COI sequences have been analysed 
previously in Hoeh et al. (1996, 1998a, b, 2001). 
The names for the North American taxa follow 
Turgeon et al. (1998). 

Methods  

Total DNA was isolated from somatic (mantle) 
tissues from individuals representing Acostaea, 
Etheria and Pseudomulleria. Male gonadal tissues 
were specifically avoided to prevent comparisons 
of non-orthologous sequences due to the actual or 
potential presence of doubly uniparental 
inheritance of mitochodrial (mt)DNA in some 
bivalve taxa (e.g. see Skibinski et al. 1994; Zouros 
et al. 1994; Hoeh et al. 1996, 1997). Subsequently, 
a 710 base pair (bp) fragment of COI was 
polymerase chain reaction (PCR) amplified and 
cycle sequenced for each of the three taxa as 
described elsewhere (Folmer et al. 1994). Both 
strands of the COI fragment were sequenced from 
each of two individuals to guard against PCR-based 
contamination artifacts. The resulting sequences 
were readily aligned by eye, using MacClade 
(Maddison & Maddison 1997), with the one 
trigonioid and 30 unionoid COI sequences analysed 
previously (Hoeh et al. 1998a). Of the 34 total 

Table 1. List of specimens used in this analysis and their 
associated GenBank accession numbers 

Taxa GenBank 
numbers 

In-group, Order Unionoida 

Superfamily Etherioidea, Family Etheriidae 
Etheria elliptica Lamarck, 1807 
Acostaea rivoli (Deshayes, 1827) 
Pseudomulleria dalyi (Smith, 1898) 

Family Iridinidae 
Mutela dubia (Gmelin, 1791) 
Mutela rostrata (Rang, 1835) 

Family Mycetopodidae 
Anodontites guanarensis Marshall, 1927 
Anodontites trigonus (Spix, 1827) 
Monocondylaea minuana (d'Orbigny, 1835) 

Superfamily Unionoidea, Family Hyriidae 
Castalia stevensi (H. B. Baker, 1930) 
Diplodon deceptus (Simpson, 1914) 
Hyridella menziesi (Gray, 1843) 
Lortiella rugata (Sowerby, 1868) 
Velesunio angasi (Sowerby, 1867) 

Family Margaritiferidae 
Cumberlandia monodonta (Say, 1829) 
Margaritifera margaritifera (Linnaeus, 1758) 

Family Unionidae 
Actinonaias ligamentina (Lamarck, 1819) 
Amblema plicata (Say, 1817) 
Anodonta cygnea (Linnaeus, 1758) 
Coelatura aegyptiaca (Cailliaud, 1827) 

AF231742 
AF231739 
AF231750 

AF231737 
U56849 

AF231741 
AF231738 
AF231745 

AF231736 
AF231744 
AF231747 
AF231746 
AF231743 

AF231753 
U56847 

AF231730 
U5684l 
U56842 
AF231735 

Cyrtonaias tampicoensis (Lea, 1838) 
Elliptio dilatata (Rafinesque, 1820) 
Fusconaiaflava (Rafinesque, 1820) 
Glebula rotundata (Lamarck, 1819) 
Gonidea angulata (Lea, 1838) 
Ligumia recta (Lamarck, 1819) 
Pleurobema clava (Lamarck, 1819) 
Potamilus alatus (Say, 1817) 
Pyganodon grandis (Say, 1829) 

AF231749 
AF231751 
AF231733 
AF231729 
AF231755 
AF231748 
AF231754 
AF231752 
AF231734 

Quadrula quadrula (Rafinesque, 1820) 
Strophitus undulatus (Say, 1817) 
Toxolasma lividus (Rafinesque, 1831) 
Unio pictorum (Linnaeus, 1758) 
Unio tumidus (Retzius, 1788; 2) 

Outgroup, Order Trigonioida 
Neotrigonia margaritacea (Lamarck, 1804). 

AF231757 
AF231740 
AF231756 
AF231731 
AF231732 

U56850 

aligned COI sequences, 33 were of identical length 
(= 630bp) while that of Acostaea had a single 
inferred codon deletion (= 627bp). The autapo- 
morphic nature of the inferred single codon 
deletion in Acostaea (i.e. it is not shared with any 
other taxon) excludes this mutation from playing a 
role in the subsequent phylogenetic analyses. 

The suitability of the COI data set for 
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phylogenetic analyses at this hierarchical level was 
evaluated by plotting the substitution pattern of 
transitions and transversions for each codon 
position (e.g. see Hoeh et al. 1998b). Furthermore, 
the degree of phylogenetic signal within the COI 
data set was evaluated using the gl statistic of a 
random tree distribution (from 10 000 000 random 
trees; e.g. see Hillis 1991; Hillis & Huelsenbeck 
1992) and the permutation tail probability (PTP) 
test (Faith & Cranston 1991) as implemented in 
PAUP * (Swofford 1998). Phylogenetic analyses 
were carried out on the COI nucleotide sequences 
using the maximum parsimony (MP) algorithm 
contained in PAUP* (Swofford 1998). Based on 
previous morphological (e.g. see Atkins 1937; 
Taylor et al. 1969, 1973; Tevesz 1975; Popham 
1979; Tevesz & Carter 1980; Smith 1986; Healy 
1989; Waller 1990) and molecular (Hoeh et al. 
1998b) systematic analyses that indicated the 
Trigonioida is the sister taxon to a monophyletic 
Unionoida, Neotrigonia margaritacea was used to 
root the resulting topologies. One thousand random 
terminal taxon addition order runs, combined with 
global branch rearrangement options, were 
employed to generate topologies from the MP 
analysis (all substitutions received equal weight). 
These options increased the probability of finding 
the best topology under the parsimony criterion 
(e.g. see Maddison 1991). The robustness of the 
resulting topologies was evaluated by bootstrap 
(10 000 replicates) and jackknife (50% deletion for 
1000 replicates) analyses. In addition, character 
mapping, using MacClade (Maddison & Maddison 
1997), was performed on the COI-based topologies 
to investigate their implications for the evolution of 
cementation within the Unionoida. 

Results 

Scatter plots of the relationship between the 
number of transitional and transversional sub- 
stitutions, and the percentage of total uncorrected 
sequence divergence at each of the three codon 
positions for the COI sequences, revealed that only 
transitional substitutions at the third codon position 
had reached saturation (plots not shown). Since 
saturated categories of substitution can contribute 
to erroneous estimates of evolutionary history (e.g. 
see Swofford et al. 1996), all first and second 
position substitutions, together with only trans- 
versions at the third codon position, were included 
in the phylogenetic analyses. Of the 630 nucleotide 
positions in the transformed COI data matrix, 383 
were constant while 194 were parsimony 
informative. Analysis of the tree length distribution 
of 10 000 000 randomly generated trees, using all 
34 sequences, suggested that there is a significant 
amount of hierarchical structure within the 

transformed COI data set (gl =-0.487; with 247 
variable sites, p<0 .01 ;  Hillis & Huelsenbeck 
1992). A PTP test on the transformed matrix also 
indicated significant hierarchical structure 
(P=0.001) .  The findings from the plots of 
substitution pattern, gl statistics and the PTP test 
are consistent with the hypothesis that significant 
phylogenetic signal exists in the transformed COI 
nucleotide data matrix and validates its use in this 
particular phylogenetic context (e.g. see Swofford 
et al. 1996). 

The strict consensus tree, derived from ten 
equally parsimonious trees (each of 879 steps; 
retention index = 0.5551) and produced by MP 
analysis of the transformed COI nucleotide matrix, 
is presented in Fig. 1, along with bootstrap (above 
branches, 10 000 replicates) and jackknife (below 
branches, 1000 replicates) percentages (only 
percentages > 50% are shown). 

Discussion 

Evolutionary relationships within the 

Unionoida 

All ten equally parsimonious trees resulting from 
analyses of the transformed COI nucleotide matrix 
supported the monophyly of the Hyriidae, 
Margaritiferidae, Iridinidae, Mycetopodidae and 
Etherioidea (Mycetopodidae, Iridinidae and 
Etheriidae) (e.g. Fig. 1). However, the Unionoidea 
(Unionidae, Margaritiferidae, Hyriidae) was found 
paraphyletic since the etherioids are more closely 
related to the unionids than are the hyriids. These 
higher level phylogenetic relationships within the 
Unionoida are congruent with the results of Hoeh et 
al. (1998a, 2001). 

The concept of the Etheriidae as a monophyletic 
bivalve family containing all of the cemented 
unionoid genera is rejected by the COI sequence 
analyses herein. Rather, the Etheriidae is shown to 
be a polyphyletic concept because two of the 
'etheriid' genera are closely related to myceto- 
podids (Acostaea and Etheria) while another 
(Pseudomulleria) is a unionid. Constraining the 
parsimony analysis to produce a monophyletic 
Etheriidae produced three equally parsimonious 
trees of 900 steps each. These trees are 21 steps 
(2.4%) longer than the unconstrained trees. 
Therefore, the analysis of COI nucleotides con- 
tained herein rejects the notion of a monophyletic 
Etheriidae. Furthermore, these results suggest that 
cementation evolved at least twice (three times if 
Deltran character optimization is used) within the 
Unionoida, and that it arose from both etherioid and 
unionid ancestors (Fig. 1). 

Figure 1 clearly shows that, as currently recog- 
nized, the Etheriidae is polyphyletic. However, the 
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Fig. 1. Strict consensus tree of ten equally parsimonius trees. Tree length: 879 steps; retention index = 0.5551. 
Numbers above the branches are parsimony bootstrap percentages based on 10 000 replicates and those numbers 
below the line are parsimony jackknife percentages based on 1000 replicates. Current family names are listed on the 
right-hand side of the tree. Neotrigonia belongs to the Trigoniidae, Trigonioida, and is used as the outgroup (Hoeh et 
al. 1998b). The three independent origins of cementation, which are indicated by Deltran character optimization, are 
mapped onto the topology with hash marks. 

present analyses used representatives of only 27 out 
of about 180 recognized unionoid genera. The 
topologies of the trees and evolutionary relation- 
ships of major clades may continue to change as 
more taxa are added. Furthermore, due to the 
incongruence between the trees generated from 
COI and anatomical data sets (Hoeh et al. 2001), 
and the relatively weak support for most basal 
nodes (Fig. 1), it is very premature to reassign 
higher taxa based on the clades produced herein. 

The COI analysis implies that Pseudomulleria 

falls within the 'unionid'  clade. The Pseudo- 
mulleria placement on the tree (Fig. 1) suggests that 
the larval structure, when discovered, will be a 
glochidium. Morrison (1973) separated this genus 
from Acostaea because the nacre was different. He 
felt that Pseudomul ler ia  belonged within his 
Unionacea. 

Acostaea appears closely related to the 
Mycetopodidae (Fig. 1). Morrison (1973) placed 
the Acostaeidae close to the Mycetopodidae in the 
Mutelacea as then recognized. Arteaga Sogamoso 
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(1994) confirmed that the Acostaea larval form was 
the lasidium. 

Etheria also appears closely related to the 
Mycetopodidae but there is very weak support for 
this placement (Fig. 1). The placement of Etheria 
with the Mycetopodidae herein corroborates the 
hypothesis of Heard & Vail (1976). Heard & Vail 
(1976) suggested that the split of the South 
American and African 'Mutelids' into Myceto- 
podidae and Iridinidae based on geography needs to 
be re-examined, and that some South American 
genera such as Leila actually belong to the 
Iridinidae and not the Mycetopodidae. 

Cementation in f reshwater  bivalves: 

hypotheses 

Freshwater cemented bivalves have a tropical/ 
subtropical distribution while the areas of highest 
unionoid diversity occur in more temperate zones. 
What has influenced the biogeography of cemented 
freshwater bivalves? Harper (1991) suggested a 
driving force in the evolution of cementation in 
marine bivalves is predation by such groups as 
crabs (Crustacea) and starfish (Echinoderms). 
Harper (1991) performed a test of the predation 
hypothesis on byssally attached v. cemented 
bivalves and found a significantly higher level of 
predation on those animals attached with a byssus. 
She suggests that cementation, as recorded in the 
fossil record, may be due to the concurrent develop- 
ment of crustacean and echinoderm bivalve 
predators and notes their co-occurrence in the fossil 
record. 

Harper's (1991) idea of predation as a driving 
force in the origin of cementation of marine 
bivalves can be extended to freshwater. In this case, 
the freshwater crayfish and crabs may substitute for 
their marine relatives and the echinoderms. A 
problem with this hypothesis arises in North 
America with the world's greatest diversity of 
Unionoidea (Williams et al. 1993) and an equally 
diverse freshwater crayfish fauna but no freshwater 
crabs (Hobbs 1989; Taylor et al. 1996). There are 
no cemented freshwater bivalves in North America. 
The same holds for Europe and northern Asia (Liu 
1979) where there are crayfish but no cemented 
bivalves or freshwater crabs. The tropics of 
Southeast Asia are home to Modellnaia, a crevasse- 
dwelling unionoid (Brandt 1974), and Posostrea, a 
cemented corbiculid. Both of these species 
apparently live with freshwater crabs. South 
America has a variety of freshwater bivalves, 
which includes the cemented Acostaea and the 
crevasse-dwelling unionoid Bartlenia, as well as a 
variety of freshwater crabs. The same picture holds 
for Africa with Etheria, and is assumed to be true 

for India with Pseudomulleria. Is the occurrence of 
cemented freshwater bivalves a reaction to 
predation by crabs? If this is the case, why is the 
number of cemented species so low? 

An alternative hypothesis would be that the 
cemented freshwater bivalves represent a relatively 
recent opportunistic movement of species into 
high-energy environments and the evolution of 
local species into crevasse dwellers, such as 
Bartlettia in South America and Modellnaia in 
Thailand. This scenario of local species evolving to 
fill the cemented oyster niche in freshwater would 
explain why the different cemented bivalves are 
from different families. This might be the reason 
for the development of Posostrea in the absence of 
unionoids in ancient Lake Poso. In the case of 
Etheria, Acostaea and Pseudomulleria, they 
became fully cemented as opposed to crevasse 
dwellers. Acostaea and Pseudomulleria both begin 
life as a dimyarian shell and later became wedged 
in the substrate and developed into cemented 
freshwater oysters. These two species take the 
oyster habit to the extreme in becoming secondarily 
monomyarian as adults (see Yonge 1979). How- 
ever, this ecological niche hypothesis fails to 
explain the lack of cemented bivalves in the highly 
diverse areas of the southeastern United States and 
China. 

We would like to thank the following colleagues for 
kindly donating specimens for this analysis: Jay Cordiero, 
AMNH, New York, New York, for the specimens of 
Etheria from the Congo; Gamil Soliman, American 
University, Cairo, Egypt, for the Coelatura and Mutela 
specimens from Egypt; Dr Madyashtha for the specimens 
of Pseudomulleria from India, and Edgar Arteaga 
Sogamoso, Tolima, Columbia for the specimens of 
Acostaea. Paula Mikkelsen, AMNH, Kathie Way, BMNH 
and G. Thomas Watters are all gratefully acknowledged 
for their assistance with the literature. Gabriela M. Hogue 
very kindly provided a translation of the paper by Bonetto 
(1997). 

References 

ANTHONY, R. 1905. Influence de la fixation pleuroth6que 
sur al morphologie des mollusques ac6phales 
dimyaires. Annales des Sciences Naturelles: 
Zoologie 9e. Series 1, 165-396, pls 7-9. 

1907. l~tude monographique des Aetheriidae 
(Anatomie, morphog6nie, system6matique). 
Annales de la Soci~t( royale Zoologique et 
Malacologique de Belgique, 41, 322-430, pls 11 
and 12. 

ARTEAGA SOGAMOSO, E. 1994. E1 Lasidiurn de Acostaea 
rivoli Deshayes, 1827 (Mollusca: Bivalvia: 
Etheriidae) y su importancia para la ubicaci6n 
taxon6mica de esta especies. Boletin Ecotropica: 
Ecosistemas Tropicales, 27,1-9. 

ATKINS, D. 1937. On the ciliary mechanisms and 

 at CAPES on July 12, 2013http://sp.lyellcollection.org/Downloaded from 

http://sp.lyellcollection.org/


166 A.E.  BOGAN & W.R. HOEH 

interrelationships of lamellibranchs. Part II: sorting 
devices on the gills. Quarterly Journal of  
Microscopical Science, 79, 339-373. 

BOGAN, A. E. 1993. Freshwater bivalve extinctions 
(Mollusca: Unionoida): A search for causes. 
American Zoologist, 33(6), 599-609. 

- -  1998. Freshwater molluscan conservation in North 
America: Problems and practices. Journal of  
Conchology, Special Publication, 2, 223-230. 

- -  & BOUCHET, P. 1999. Cementation in the freshwater 
bivalve family Corbiculidae (Mollusca: Bivalvia): a 
new genus and species from Lake Poso, Indonesia. 
Hydrobiologia, 389, 131-139. 

BONETTO, A. A. 1997. Las 'ostras de agua dulce' 
(Muteloidea: Mutelidae). Su taxonomia y 
distribucion geografica en el conjunto de las 
Naiades del Mundo. Biocigncias, 5, 113-142. 

BRANDT, R. A. M. 1974. The non-marine aquatic 
Mollusca of Thailand. Archiv fiir Molluskenkunde, 
105(1-4), 1-423. 

DAGET, J. 1998. Catalogue raisonnd des Mollusques 
bivalves d' eau douce africains. Backhuys 
Publishers, Leiden, and OSTROM, Paris. 

DAUTZENBERG, P. & GERMAIN, L. 1914. Rtcoltes 
Malacologiques du Dr. J. Bequeart dans le Congo 
Beige. Revue Zoologique africaine, 4(1), 1-73. 

DAVIS, G. M. & FULLER, S. L. H. 1981. Genetic 
relationships among recent Unionacea (Bivalvia) of 
North America. Malacologia, 20(2), 217-253. 

DESHAYES, G. P. 1830 [in 1792-1832]. Mollusques. 
Volume 2 In: Encyclopddie mdthodique: histoire 
naturelle des vers. Panckoucke, Paris, 471-553. 

FAITH, D. P. & CRANSTON, E S. 1991. Could a cladogram 
this short have arisen by chance alone? On 
permutation tests for cladistic structure. Cladistics, 
7, 1-28. 

FISCHER, E 1880-1887. Manuel de Conchyliologie et de 
Paldontologie conchyliologique ou histoire 
naturelle de Mollusques vivants et fossiles. Librairie 
F. Savy, Paris. 

FOLMER, O., BLACK, M., I--IOEH, W., LUTZ, R. & 
VRIJENHOEK, R. 1994. DNA primers for 
amplification of mitochondrial cytochrome c 
oxidase subunit I from diverse metazoan 
invertebrates. Molecular Marine Biology and 
Biotechnology, 3, 294-299. 

GAUTIER, A. 1965. Geological investigation in the Sinda 
Mohari (lturL N.E. Congo), a monograph on the 
geological history, of a region in the Lake Albert 
Rift. Ganda-Congo Publications, Rijksuniversiteit 
Gent, 1-161. 

- -  & VAN DAMME, D. 1973. A revision of the Miocene 
freshwater molluscs of the Mohari Formation 
(Sinda-Mohari, Ituri, N. E. Zaire). Annln. Kon. 
Mus. Midden Afrika, 8, 45(8), 43-62. 

GERMAIN, L. 1907. Les Molluscques terrestres et 
fluviatiles de l'Afrique Centrale Fran~aise. In: 
CHEVALmR, A. (ed.) l'Afrique Central Fran9aise. 
Mission Chari-Lac Tchad, 1902-1904. A. 
Challamel, Paris, 475-617, figs 5-100. 

GOOD, S. C. 1998. Freshwater bivalve fauna of the Late 
Triassic (Carnian-Norian) Chinle, Dockum, and 
Dolores Formation of the Southwest United States. 
In: JOHNSTON, P. A. & HAGGART, J. W. (eds) 

Bivalves: An Eon of Evolution - Paleobiological 
Studies Honoring Norman D. Newell. University of 
Calgary Press, Calgary, 223-249. 

HAAS, F. 1969a. Superfamilia Unionacea. Das Tierreich 
(Berlin), 88. 

- -  1969b. Superfamily Unionacea. In: MOORE, R. C. 
(ed.) Treatise on Invertebrate Paleontology. Part N. 
Mollusca 1. Geological Society of America and the 
University of Kansas, N411-N470. 

HARPER, E. M. 1991. The role of predation in the 
evolution of cementation in bivalves. Palaeontology 
34(2), 455-460. 

HEALY, J. M. 1989. Spermiogenesis and spermatozoa in 
the relict bivalve genus Neotrigonia: Relevance to 
trigonioid relationships, particularly Unionoidea. 
Marine Biology, |03, 75-85. 

HEARD, W. H. & GUCKERT, R. H. 1970. A re-evaluation of 
the recent Unionacea (Pelecypoda) of North 
America. Malacologia, 10(2), 333-355. 

- -  & VAIL, V. A. 1976. Anatomical systematics of 
Etheria elliptica (Pelecypoda: Mycetopodidae. 
Malacological Review, 9,15-24. 

HILLIS, D. M. 1991. Discriminating between phylogenetic 
signal and random noise in DNA sequences. In: 
MIYAMOT, M. M. & CRACRAFT, J. (eds) Phylogenetic 
Analysis of DNA Sequences. Oxford University 
Press, New York, 278-294. 

- -  & HUELSENBECK, J. E 1992. Signal, noise, and 
reliability in molecular phylogenetic analyses. 
Journal of Heredity, 83, 189-195. 

HOBBS, H. H., JR 1989. An illustrated checklist of the 
American crayfishes (Decapoda: Astacidae, 
Cambaridae, and Parastacidae). Smithsonian 
Contributions to Zoology, 480. 

HOEH, W. R., BOGAN, A. E. & HEARD, W. H. 2001. A 
phylogenetic perspective on the evolution of 
morphological and reproductive characteristics in 
the Unionoida. In: BAUER, G. & WACHTLER, G. (eds) 
Ecology and Evolutiona~ Biology of  Freshwater 
Mussels [Superfamily Unionoidea]. Springer 
Verlag, Berlin, 257-280. 

, CUMMINGS, K. S. & GUTTMAN, S. E. 1998a. 
Evolutionary relationships among the higher taxa of 
freshwater mussels (Bivalvia: Unionoida): 
inferences on phylogeny and character evolution 
from analyses of DNA sequence Data. 
Malacological Review, 31, 121-140. 

- - . ,  STEWART, D. T., SUTHERLAND, B. W. & ZOUROS, E. 
1996. Multiple origins of gender-associated 
mitochondrial DNA lineages in bivalves (Mollusca: 
Bivalvia). Evolution, 50(6), 2276-2286. 

, SAAVEDRA, C., SUTHERLAND, B. W. & 
ZOUROS, E. 1997. Phylogenetic evidence for role- 
reversals of gender-associated mitochondrial DNA 
genomes in Mytilus (Bivalvia: Mytilidae). 
Molecular Biology and Evolution, 14, 959-967. 

- - - ,  BLACK, M. B., GUSTAFSON, R. G., BOGAN, A. E., 
LUTZ, R. A. & VRIJENHOEK, R. C. 1998b. Testing 
alternative hypotheses of Neotrigonia (Bivalvia: 
Trigonioida) phylogenetic relationships using 
cytochrome c oxidase subunit I DNA sequences. 
Malacologia, 40, 267-278. 

KABAT, A. 1997. Correct family names for the 
freshwater 'Muteloid' bivalves (Unionoida: Ether- 

 at CAPES on July 12, 2013http://sp.lyellcollection.org/Downloaded from 

http://sp.lyellcollection.org/


FRESHWATER CEMENTING BIVALVES 167 

iodea).Occasional Papers on Mollusks, 5(72), 
37%392. 

LAMARCK, J. B. 1819. Histoire Naturelle des Animaux 
sans Vertkbres. Tome Sixi~me. Paris. 

LIu, Y.-Y. 1979 Freshwater Mollusks. Economic Fauna of 
China. Science Press, Beijing, People's Republic of 
China [in Chinese]. 

LVDEARD, C., MULVEY, M. & DAVIS, G. M. 1996. 
Molecular systematics and evolution of 
reproductive traits of North American freshwater 
unionacean mussels (Mollusca: Bivalvia) as 
inferred from 16S rRNA gene sequences. 
Philosophical Transactions of the Royal Societ), of 
London, Series B, 351(1347), 1593-1603. 

MADDISON, D. R. 1991. The discovery and importance of 
multiple islands of most-parsimonious trees. 
Systematic Zoology, 40, 315-328. 

MADDISON, W. P. & MADDISON, D. R. 1997. MacClade: 
Analysis of Phylogeny and Character Evolution. 
Sinauer Associates, Inc., Sunderland, MA. 

MANDAHL-BARTH, G. 1954. The freshwater mollusks of 
Uganda and adjacent territories. Annales du MusYe 
Royal du Congo Belge, Tervuren (Beligique) S~ries 
in 8 ~ Sciences Zoologiques, 32, 1-206. 
1988. Studies on African Freshwater Bivalves. 

Danish Bilharziasis Laboratory, Charlottenlund. 
MANSUR, M. C. D. & DA SILVA, M. G. O. 1990. 

Morfologia e microanatomia comparada de 
Bartlettia stefanensis (Moricand, 1856) e 
Anodontoides tenebricosus (Lea, 1834) (Bivalvia, 
Unionoida, Muteloidea). Amazoniana, 11(2), 
147-166. 

MODELL, H. 1942. Das nattirliche system der najaden. 
Archivfi~r Molluskenkunde, 74(5/6), 161-19 I. 

- -  1949. Das natiirliche system der najaden. 2. Archiv 
fiir Molluskenkunde, 78(1-3), 29-48. 

- -  1964. Das natiarliche system der najaden. 3. Archiv 
fiir Molluskenkunde, 93, 71-129. 

MORRISON, J. P. E. 1973. The families of the pearly 
freshwater mussels. Bulletin of the American 
Malacological Union, Inc., 1972, 45-46. 

NEWELL, N. D. 1965. Classification of the Bivalvia. 
American Museum Novitates, 2206. 

ORTMANN, A. E. 1912. Notes upon the families and genera 
of the najades. Annals of the Carnegie Museum, 
8(2), 222-365, pls 18-20. 

- -  1921. South American naiades; a contribution to the 
knowledge of the fresh-water mussels of South 
America. Memoirs of the Carnegie Museum, 8(3), 
451-670, pls 34-48. 

PAIN, T. & WOODWARD, E R. 1961. A revision of 
freshwater mussels of the family Etheriidae. Journal 
of Concholog); 25(1), 2-8. 

PARODIZ, J. J. & BONETTO, A. A. 1963. Taxonomy and 
zoogeographic relationships of the South American 
naiades (Pelecypoda: Unionacea and Mutelacea). 
Malacologia, 1(2), 179-213. 

POPHAM, J. D. 1979. Comparative spermatozoon 
morphology and bivalve phylogeny. Malacological 
Review, 12, 1-20. 

PRASHAD, B. 1931. Some noteworthy examples of parallel 
evolution in the molluscan faunas of South-eastern 
Asia and South America. Proceedings of the Royal 
Socie~. of Edinburgh, 51(Part 1)(8), 42-53. 

PRESTON, H. B. 1915. The Fauna of British India, 
Including Ceylon and Burma. Mollusca. 
(Freshwater Gastropoda & Pelecypoda). Taylor & 
Francis, London. 

RANG, S. & CAILLAUD. 1834. M6moires sur le genre 
Aeth6rie. Nouv. Ann. Mus, series 3, 128-144. 

SIMPSON, C. T. 1896. The classification and geographical 
distribution of the pearly fresh-water mussels. 
Proceedings of the United States National Museum, 
18(1068), 295-343. 

- -  1900. Synopsis of the naiades, or pearly fresh-water 
mussels. Proceedings of the United States National 
Museum, 22(1205), 501-1044. 

- -  1914. A Descriptive Catalogue of the Naiades, or 
Pearly Fresh-water Mussels. Parts I-III. Bryant 
Walker, Detroit, MI. 

SKIB1NSKI, D. O. E, GALLAGHER, C. • BEYNON, C. M. 
1994. Sex-limited mitochondrial DNA transmission 
in the marine mussel Mytilus edulis. Genetics, 138, 
801-809. 

SMXTH, D. G. 1986. The stomach anatomy of some eastern 
North American Margaritiferidae (Unionoida: 
Unionacea). American Malacological Bulletin, 4, 
13-19. 

SMITH, E. A. 1898. Description of Mulleria dalyi, n. sp. 
from India. Proceedings of the Malacological 
Society of London, 3, 14-16. 

STAROBOGATOV, YA. I. 1970. Fauna of molluscs and 
zoogeographical regionalization of continental 
water bodies of the globe. Nauka, Leningrad [in 
Russian]. 

SUBBA RAO, N. V. 1989. Handbook. Freshwater Molluscs 
of India. Zoological Survey of India, Calcutta. 

SWAINSON, W. 1835. The Elements of Modern 
Conchology, Briefly and Plainly Stated, for the Use 
of Students and Ttravelers. Baldwin and Craduce, 
London 

- -  1840. The Cabinet Cyclopaedia. Conducted by the 
Rev. Dionysius Lardner Assisted by Eminent 
Literary and Scientific Men. Natural History. A 
Treatise on Malacology or Shells and Shell-fish. 
Longmans, London. 

SWOFFORD, D. L. 1998. PAUP*. Phylogenetic Analysis 
Using Parsimony (*and Other Methods). Sinauer 
Associates Inc., Sunderland, MA. 

, OLSEN, G. J., WADDELL, 19. J. & HILLIS, D. M. 1996. 
Phylogenetic inference. In: HILLIS, D. M., MOPdTZ, 
C. & MABLE, B. K. (eds) Molecular Systematics 
Sinauer Associates, Inc., Sunderland, MA, 
407-514. 

TAYLOR, C. A., WARREN, M. L. JR, FITZPATRICK, J. E JR, 
HOBBS, J. J. III, JEZERINAC, R. E, PFLIEGER, W. L. & 
ROBSlSON, H. W. 1996. Conservation status of 
crayfishes of the United States and Canada. 
Fisheries, 21(4), 25-38. 

TAYLOR, J. D., KENNEDY, W. J. & HALL, A. 1969. The shell 
structure and mineralogy of the Bivalvia. 
Introduction. Nuculacea-Trigonacea. Bulletin of the 
British Museum (Natural History), Zoology, 
Supplement, 3, 1-125. 

& 1973. The shell structure and 
mineralogy of the Bivalvia II. Lucinacea- 
Clavageilacea. Conclusions. Bulletin of the British 
Museum (Natural History), Zoology, 22, 256-294. 

 at CAPES on July 12, 2013http://sp.lyellcollection.org/Downloaded from 

http://sp.lyellcollection.org/


168 A.E.  BOGAN & W. R. HOEH 

TEVESZ, M. J. S. 1975. Structure and habits of the 'living 
fossil' pelecypod Neotrigonia. Lethaia, 8, 321-327. 

- -  & CARTER, J. G. 1980. Environmental relationships 
of shell form and structure of unionacean bivalves. 
In: RHOADS, D. C. & LUTZ, R. A. (eds) Skeletal 
Growth of Aquatic Organisms: Biological Records 
of Environmental Change. Plenum Press, New 
York, 295-322. 

THIELE, J. 1934. Handbuch der svstematischen 
weichtierkunde. Part 2(3). Gustav Fischer, Jena, 
779-1022. 

TRYON, G. W., JR 1884. Structural and Systematic 
Conchology: An Introduction to the Stud)' of  
Mollusca. Volume 3. Published by the author, 
Philadelphia. 

TURGEON, D. D., QUINN, J. E, JR, BOGAN, A. E. Er AL. 
1998. Common and Scientific Names of Aquatic 
Invertebrates from the United States and Canada: 
Mollusks 2nd Edition. American Fisheries Society, 
Special Publication 26, ix-526. 

VAN DAMME, D. 1984. The Freshwater Mollusca of 
Northern Africa. Distribution, Biogeography and 
Palaeoecology. Developments in Hydrobiology, 25. 
Dr W. Junk Publishers, Dordrecht. 

WALLER, T. R. 1990. The evolution of ligament systems in 
the Bivalvia. In: MORTON, B. (ed.) The Bivalvia - 
Proceedings of a Memorial Symposium in Honour 
of Sir Charles Maurice Yonge, Edinburgh. Hong 
Kong University Press, Hong Kong, 49-71. 

- -  1998. Origin of the molluscan Class Bivalvia and a 
phylogeny of major groups. In: JOHNSTON, R A. & 
HAGGART, J. W. (eds) Bivalves: an Eon of Evolution 

- Paleobiological Studies Honoring Norman D. 
Newell. University of Calgary Press, Calgary, 
1-45. 

WILLIAMS, J. D., WARREN, M. L., JR, CUMMINGS, K. S., 
HARRIS, J. L. & NEVES, R. J. 1993. Conservation 
status of freshwater mussels of the United States 
and Canada. Fisheries, 18(9), 6-22. 

WOODWARD, M. E 1898. On the anatomy of Mulleria 
dalyi, Smith. Proceedings of  the Malacological 
SocieO' of London, 3, 87-91. 

YON~E C. M. 1953. The monomyarian condition in the 
Lamellibranchia. Transactions of the Royal Society 
of Edinburgh, 62(2), 443-478. 

- -  1962. On Etheria elliptica Lam. And the course of 
evolution, including assumption of 
monomyarianism, in the Family Etheriidae 
(Bivalvia: Unionacea). Philosophical transactions 
of the Royal Socie~' of  London, Series B, 244(715), 
423-458. 
1978. On the monomyarian, Acostaea rivoli and 

evolution in the family Etheriidae (Bivalvia: 
Unionacea). Journal of Zoology, London, 184, 
429-448. 

- -  1979. Cementation in bivalves. In: VAN DER SPOEL, 
S., VAN BR~GGEN, A. C. & LEVER, J. (eds) Pathways 
in Malacology. Dr W. Junk. Publishers, The Hague, 
83-106. 

ZOUROS, E., BALL, A. O., SAAVEDRA, C. & FREEMAN, K. 
R. 1994. An unusual type of mitochondrial DNA 
inheritance in the blue mussel Mytilus. Proceedings 
of the National Academy of Science, USA, 91, 
7463-7467. 

 at CAPES on July 12, 2013http://sp.lyellcollection.org/Downloaded from 

http://sp.lyellcollection.org/

