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Abstract. An approximately 400-bp-long portion of crepancies among different systematic papers have been
the 16s rRNA gene sequence has been determined for tlubserved (Keen 1969; Fisher-Piette and Vukadinovic
venerid clamsChamelea gallina(Chioninae),Dosinia  1977). Mechanisms of adaptation to different environ-
lupinus (Dosiniinae),Pitar rudis, Callista chiongPita- ments and lifestyles may have strongly influenced the
rinae), Tapes decussatus, T. philippinarum, Venerupisevolution of Veneridae, leading to several cases of par-
(= Paphig aurea (Tapetinae), andVenus verrucosa allelism in conchological characters of distantly related
(Venerinae). Neighbor-joining and maximum parsimonyspecies and to extensive conchological diversification
trees support the results of traditional classificationbetween closely related species (Harte 1992).
methods at the subfamily level but do not support the Recently, methodological approaches such as enzyme
concept of a genuFapes.The transversion divergence electrophoresis (Borsa et al. 1992), karyological analysis
rate estimated on the basis of the palaeontological recor(Borsa and Thiriot-Quiereux 1990; Insua and Thiriot-
for the C. gallina/V. verrucosaseparation and for the Quievreux 1992), radio-immunoassay (Harte 1992), and
Pitarinae is very close (0.14-0.16% per Myr, respec-highly repetitive DNA analysis (Passamonti et al. 1994;
tively) to that of ungulates and cetaceans, while the TaCanapa et al. 1993), have been used to study the tax-
petinae exhibit a much higher (0.36% per Myr) rate. onomy of Veneridae. Although most of these studies are
limited to Tapetinae the results obtained have provided
Key words: Veneridae — Bivalvia — mtDNA — interesting contributions to clarifying some controversial
Molecular clock — 16s rDNA aspects of venerid taxonomy. Moreover, they have con-
firmed that the systematics of this clam family, based

The Veneridae is a large and diverse family of Bivalvia, only on morphological characters, may be influenced by

including more than 500 living species, that are classifieoevomr:'Onary cor;velzrg_entie pherr:or_n?na_. | evid f
into approximately 12 subfamilies, with 50 extant and 55 here morphological or physiological evidence o
extinct genera. The members of this family live in vari- SYStematic refationships is unclear, genetic characters
ous marine ecosystems and are characterized by havirgay proyld§ accurate anflj unambllguous |nd|r(]:ator§ of
three cardinal teeth in each valve, and sometimes up tixonomic divergence (Wilson et al. 1985). The mito-

three anterior teeth. Valves show concentric sculptur&nondrial gene for 16s ribosomal RNA has proved a
ranging from smooth to pronounced, and sometimes rapowerful tool in phylogenetic studies and has provided
dial and divaricate sculptures as well information on the systematics of terrestrial and marine

Venerid taxonomy is controversial and several dis_vertebrates (Allard et al. 1992; Milinkovitch et al. 1993)
and on the systematics of marine invertebrates (Cunning-

ham et al. 1992; Geller et al. 1993; Rumbak et al. 1994;

Correspondence tcE. Olmo Bucklin et al. 1995). To verify if this approach can con-




C.ch 1 50
C.ga 1 50
C.gi 1 50
D.1lu 1 50
P.ru 1 50
T.de 19 1 50
T.de 50 1 50
T.ph 1 50
V.au 1 50
V.ve 20 1 50
V.ve 21 1 50
C.ch 51 100
C.ga 51 100
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T.de 50 101 GAAGTTTRCCTTT JCAARAGGYTT [ . 150
T.ph 101 ALYYYR T TTTAA T EIAAAAGG T T ] ] 150
V.au 101 AGYYYYH ) i T GAAAAGGIRTT ! 150
V.ve 20 101 a ( GAAAAGGCTT ’ 150
V.ve 21 101 E T GAAAAGGCTT 150
C.ch 151 200
C.ga 151 200
C.gi 151 200
D.lu 151 200
P.ru 151 200
T.de 19 151 200
T.de 50 151 200
T.ph 151 200
V.au 151 200
V.ve 20 151 200
V.ve 21 151 200
C.ch 201 250
C.ga 201 250
C.gi 201 250
D.lu 201 250
P.ru 201 250
T.de 19 201 250
T.de 50 201 G 250
T.ph 201 250
V.au 201 250
V.ve 20 201 250
V.ve 21 201 250

Fig. 1. Alignment of 16s rDNA sequences @. chione(C.ch),C. Nonidet P-40 at 0°C, extracted by 1 vol of phenol-chloroform. Even-
gallina (C.ga),C. gigas(C.qgi), D. lupinus (D.lu), P. rudis (P.ru), T. tually, the DNA is precipitated by ethanol. Semipurified mitochondrial
decussatugT.de), T. philippinarum(T.ph), V. aurea(V.au), V. verru- DNA was PCR amplified using the universal 16AR (5
cosa (V.ve). The specimens C.ch, C.ga, D.lu, P.ru, and V.au wereCGCCTGTTTAACAAAAACAT-3") and 16BR (8-
collected along the coast near Ancona (Italy), V.ve specimens com&CGGTTTGAACTCAGATCACGT-3) oligonucleotide primers
from the Maliston Gulf near Split (Croatia); the T.de specimens come(Palumbi et al. 1991) under the following reaction conditions: 94°C, 1
from the Gulf of Naples (ltaly) and T.ph specimens were collected min; 55°C, 30 s; 72°C, 1 min. Amplified DNA was directly sequenced
along the coast near Goro (Ferrara, Italy). Semipurified mitochondrialin both senses using a manual procedure employing Taq polymerase
DNA was prepared according to Geller et al. (1993). One-half gram of(“Cycle Sequencing”) and®P as the radioactive label. The alignment
clam foot is homogenized in 2 ml TEK (50nmTris-HCI pH 8.0, 10  was performed using the Higgins-Sharp algorithm (CLUSTAL4) con-
mm EDTA, 1.5% NaCl). The homogenate is then centrifuged at Y000 tained in the MacDNASIS (Hitachi) package, set at the default param-
for 20 min and the supernatant is collected, diluted with 2 vol TEK, and eters. The voucher specimens are lodged in the Museum of the Faculty
finally centrifuged at 18,009 for 30 min at 4°C. The mitochondrial of Sciences of Ancona University.

pelletis resuspended in 0.5 ml TEK and, following treatment with 0.5%
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C.ch 251 300
C.ga 251 300
C.gi 251 300
D.lu . 251 300
P.ru 251 300
T.de 19 251 300
T.de 50 251 300
T.ph 251 300
V.au 251 300
V.ve 20 251 300
V.ve 21 251 300
C.ch 301 350
C.ga 301 350
C.gi 301 350
D.lu 301 350
P.ru 301 350
T.de 19 301 350
T.de 50 301 350
T.ph 301 350
V.au 301 350
V.ve 20 301 350
V.ve 21 301 350
C.ch 351 400
C.ga 351 400
C.gi 351 400
D.lu 351 400
P.ru 351 400
T.de 19 351 T TCTT GAGGGAAiGG 400
T.de 50 351 @XIEALYN G ’ ) GAGGGAA JGG 400
T.ph LS AGCGTAAT TT{ G GAGGGAAG;@ T 400
V.au 351 @ (G | l GAGGGEAG- a1 5« 400
V.ve 20 351 @ ] ‘AAG C GAGGGAAGGG 400
V.ve 21 351 C g G "TEGAGGGAAGGG 400
C.ch 401 450
C.ga 401 450
C.gi 401 450
D.lu 401 450
P.ru 401 450
T.de 19 401 450
T.de 50 401 450
T.ph 401 450
V.au 401 450
V.ve 20 401 450
V.ve 21 401 450

Fig. 1. Continued.

tribute to clarify the systematics and phylogeny of Ven-  Sequences of the 16s rRNA gene fragment (not in-
eridae, we have determined the nucleotide sequence afuding the primer sequence) from the above-mentioned
an approximately 400-bp-long portion of the 16s rRNA species and fronCrassostrea gigagOstreida:Bivalvia),
gene inChamelea gallina(Linng, 1758) (Chioninae), are shown in Fig. 1. In the case of philippinarum, T.
Dosinia lupinus(Linng, 1758) (Dosiniinae)Venus ver- decussatusand V. verrucosa,two specimens for each
rucosa (Linngé, 1758) (Venerinae)Tapes decussatus species were analyzed. The tWophilippinarumspeci-
(Linng, 1758),T. philippinarum(Adams & Reeve, 1850) mens showed identical sequences, while a single base-
(usually assigned t&uditape} Venerupis (= Paphia) pair insertion/deletion distinguishes the twa ver-

aurea (Gmelin, 1791) (TapetinaelRitar rudis (Poli, rucosa. The largest difference (five transitions) was
1795), andCallista chione(Linng, 1758) (Chioninae). observed in the case @f. decussatus.
Chione, gallina, verrucosaand decussatusire, respec- Phenetic analysis of the sequence data for each pair of

tively, the type species of the genéZallista, Chamelea, taxa is presented in Table 1. In general, the number of
VenusandTapes (Ruditapes).he sequences have been pairwise substitutions is rather high, ranging from ap-
used to construct phylogenetic trees (utilizing differentproximately 15% (betweel. aureaand T. philippina-
methods) and the results have been compared with theim) to 42.% (betweerD. lupinus and C. gigas and
palaeontological data. betweenC. gigasand T. decussatys An exception is
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Table 1. Pairwise distance-matrix for the 16s ribosomal RNA gene fragment. Below diagonal, percent difference values; above diagon:
transition/transversion ratio (abbreviations as in Fig. 1)

C.ch C.ga C.gi D.lu P.ru T.d19 T.d50 T.ph V.au V.v20 V.21

C.ch 0 1.2 0.6 14 1.3 1.4 1.4 1.3 1.6 1.3 1.3
C.ga 28.6 0 0.7 1.2 1.2 1.3 1.3 1.4 1.2 1.6 1.6
C.gi 394 38.9 0 1.0 0.7 1.0 1.0 0.9 1.0 0.8 0.8
D.lu 30.5 18.7 42.6 0 1.3 1.5 1.3 1.2 15 1.3 1.3
P.ru 23.2 30.0 41.2 29.7 0 1.2 1.2 1.2 14 13 1.2
T.d19 35.3 225 42.4 24.6 33.3 0 a— 2.3 2.7 1.3 1.3
T.d50 35.3 22.0 41.5 24.3 325 1.3 0 2.3 29 1.3 1.3
T.ph 33.0 21.6 41.4 22.5 33.3 20.2 20.2 0 1.7 2.0 1.8
V.au 32.3 20.8 38.3 23.3 32.8 16.4 15.8 15.3 0 1.3 1.2
V.v20 26.7 6.3 37.6 18.7 285 21.9 21.3 19.6 20.2 0 bo—
V.v21 26.5 6.3 37.4 18.7 28.3 21.7 21.1 194 19.9 0.0 0

25 transitions/0 transversions
b0 transitions/0 transversions

represented by the geneChamelegChioninae) and/e- A phylogenetic tree calculated using neighbor-joining
nus (Venerinae), which show 6.3% base substitutionsis shown in Fig. 2. We can observe thHat lupinusis
only. In contrast, the two species of the gernimpes basal to the Tapetinae. This early dicotomy, however, is
considered in this studyT( decussatuand T. philippi-  only weakly supported (bootstrap valae 54). A maxi-
narum) show 20% sequence divergence, which is highemum parsimony (branch and bound) tree (Swofford
that betweerV. aureaandT. decussatuapproximately 1993) shows the same topology. If different methods of
16%) andV. aureaandT. philippinarum(approximately  parsimony tree construction (e.g., heuristic search) are
15%). It may be worth mentioning that decussatugs  used, the dicotomy collapses to polytomy. All the trees
a northeast Atlantic/Mediterranean species whil@hil-  are also consistent with the inclusionfdecussatus, T.
ippinarumis a northwest Pacific species, each of whichphilippinarum, and V. aureainto one (Tapetinae) sub-
had been geographically isolated for a very long timefamily. Neither tree supports the concept of a genus
before the latter was introduced into the MediterranearTapesas, in both cased/. aureaclusters withT. decus-
recently. We have excluded from our analysis the centrasatus.In contrast to the previous results, transversion
region of the examined sequences, because it appeaasalysis using neighbor-joining presents the phylogeny
very variable. However, very similar results were ob- of the venerid subfamilies as essentially polytomic (Fig.
tained when also including this region in the analysis. 3). This tree confirms that the concept of a gefapes

In general, mitochondrial sequences from metazoankas no phylogenetic basis. In conclusion, our data
show a transition bias (Brown et al. 1982; Rumbak et al.strongly support the idea (Insua and Thiriot-Quigux
1994). A ratio of transitions to transversions of about ten1992) that the Tapetinae form a heterogeneous group and
indicates that the sequences are far from saturation. Once decussatugnd T. philippinarumare probably much
transitions have become saturated, the transversions comore genetically distant than assumed so far on the basis
tinue to accumulate approximately linearly with time of morphology.
(Miyamoto and Boyle 1989). The data in Table 1 (above Early members of the superfamily Veneracea are
diagonal) exhibit transition/transversion rates very closdound in the Lower Cretaceous, i.e., they are about 100—
to one, sometimes even lower than one, indicating thal35 million years (Myr) old (Keen 1969). The fossil
we are deep within the saturation zone. record, on the other hand, indicates a broad range of ages

According to Keen (1969), the Veneridae family for the different genera considered in the present study
probably is polyphyletic in origin; subfamily divisions (Table 2), with the oldest taxon representedCsllista,
do not necessarily reflect genetic relationships, but aréhe youngest byenerupiswhile Chameleaand Venus
adopted for convenience in arrangement. More recenare of intermediate age.
studies, on the other hand, indicate that Veneridae have The transversion divergence rate for mitochondrial
a monophyletic origin but are by far more deeply dividedribosomal genes of ungulates and cetaceans has been
than shown by the morphological analyses (Harte 1992)computed to be about 0.14% per Myr (Allard et al. 1992;

All the taxa considered in the present investigationMilinkowitch et al. 1993). If we apply this rate to the
show a similar (37-42%) divergence froth gigas.Se-  separationC. gallina/P. rudis,we obtain a figure (100
guence divergence detectable within the Veneridae idyr) which fits very well with the indication of a Lower
constantly lower, though in the caseTofdecussatuand  Cretacean origin of the Veneracea. However, previous
C. chione(35% sequence divergence), not much lower.reports have shown that animal mitochondrial DNA
The even distance of all taxa fro@. gigasmay be (mtDNA) can display variable rates of sequence evolu-
attributable to transition saturation. tion among taxa (Rand 1994). Different evolutionary
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Fig. 2. Neighbor-joining (Saitou and Nei 1987) tree constructed with pairwise distances calculated following the application of Kimura’'s (1980
two-parameter correction for multiple substitutions. The tree was produced using TREECON (Van de Peer and De Wachter 1998perhe
represent the percentage of 100 bootstrap replications in which a given node appébrediationsas in Fig. 1.
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Table 2. The fossil record of the venerid species considered in thethat of ungulates and cetaceans. A remarkably similar
present study transversion divergence rate (0.14% per Myr) is also
found if we consider th&. verrucosa/C. gallinsepara-

Subfamil Species Oldest fossil recérd . . . .

Y P tion. These figures, however, double if we consider
Chioninae C. gallina Oligocene (25-40 Myr ago) ~ decussatus/V. aureand T. decussatus/T. philippinarum
Dosiniinae D. lupinus Miocene (11-25 Myr ago) (0_31% and 0.36% per Myr, respectively).

Pitarinae Pitar sp. Eocene (40-60 Myr ago)

C. chione Paleocene (60—-70 Myr ago)
Tapetinae Tapessp. Miocene (11-25 Myr ago)

T. decussatus Miocene (11-25 Myr ago)

Venerupissp. Pliocene (1-11 Myr ago) References
Venerinae V. verrucosa Oligocene (25-40 Myr ago)

Allard MW, Miyamoto MM, Jarecki L, Kraus F, Tennant MR (1992)
2 According to Keen (1969) DNA systematics and evolution of the artiodactyl family Bovidae.
Proc Natl Acad Sci USA 89:3972-3976

Borsa P, Thiriot-Quiiereux C (1990) Karyological and allozymic char-

rates of “molecular clocks” are also found in the nuclear ~ acterization ofRuditapes philippinarum, R. aurewdR. decus-
satus(Bivalvia: Veneridae). Aquaculture 90:209-227

genes for ribosomal RNA of several Bivalvia (Rice et al. _ o _
1993). The transversion divergence rate Computed folr30rsa P, Jousse_lm Y, Dela_y B (1992) R(_-:‘Iatlonshlps betwee_n aIIozym_lc

) . . heterozygosity, body size, and survival to natural anoxic stress in
Callista and Pitar (0.16% per Myr) on the basis of the the palourdeRuditapes decussaty8ivalvia: Veneridae). J Exp
age of the first fossil record is not much different from  Mar Biol Ecol 155:169-181
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