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Abstract Although oysters are commercially very im-
portant in Brazil, there is still much dispute about the
number of Crassostrea species occurring on the Brazilian
coast. The dispute is centered around C. brasiliana,
considered by some authors to be a junior synonym of
C. rhizophorae. In this paper we compared, by allozyme
electrophoresis, sympatric and allopatric populations of
the two putative species. Of the 17 loci analysed, five
were diagnostic for the two species in sympatry (gene
identity = 0.46 to 0.47), clearly demonstrating that they
are distinct biological species. Heterozygosity (%) levels
were high for both species (& = 0.24 to 0.28), and no
heterozygote deficiencies were observed in any popula-
tion (local inbreeding, F;s = 0.141; P > 0.70). Levels
of population structure in C. rhizophorae along 1300 km
of coast were very low (population inbreeding,
Fsr = 0.026; P > 0.15), indicating that the planktonic,
planktotrophic larvae of these species are capable of
long-range dispersal.

Introduction

Opyster morphology can be strongly influenced by envi-
ronmental conditions, to the point that identification
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based on shell characteristics such as colour, form,
structure and muscle scar is extremely prone to error.
This large phenotypic variance has also hindered the
classification of oyster species, and only recently has
ordination of species into groups with characteristics in
common become possible (Gunter 1951). This classifi-
cation, combined with reproductive data, the presence/
absence of a promial chamber and the morphology of
the adult shell hinge, group the principal species of
oysters of economical interest in the Western Atlantic
Ocean into the genera Ostrea and Crassostrea. Within
the genus Crassostrea, there is still much debate as to the
actual number of native species that occur on the eastern
coast of South America (Morretes 1949; Santos 1978;
Absher 1989). Some authors (e.g. Wakamatsu 1973;
Absher 1989; Nascimento 1991) have used the binomen
C. brasiliana (Lamarck, 1819) for the subtidal rocky-
shore form of Crassostrea, regarded as distinct mainly
because of its large size. However, size is considered
unreliable for taxonomic purposes by many authors
(McLean 1941; Abbott 1974; Rios 1994), since it may be
influenced by environmental factors, and C. brasiliana
was held by Rios (1994) to be synonymous with the
generally smaller C. rhizophorae (Guilding, 1828), a
common Caribbean species that occurs among the roots
of mangrove trees in Brazil (Lamy 1929).

Recently, large differences in growth rates and larval
morphology have been described between Crassostrea
rhizophorae and C. brasiliana, indicating that they may
indeed be distinct biological species (Absher 1989).
Given the economic importance of these two putative
species, it is important to ascertain their specific status
using characters that can establish if they interbreed in
the field. Because they are independent of morphological
characters, and because of the objectivity of the ‘““bio-
logical species concept™ in the detection of sibling spe-
cies, molecular methods are highly suitable for
establishing specific status (Knowlton 1993; Thorpe and
Solé-Cava 1994). Such methods have been used to raise
putative morphs of C. gigas from Japan to species level
(Buroker et al. 1979), to reject the possible conspecificity
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of C. virginica and C. rhizophorae (Hedgecock and
Okazaki 1984) and of C. gigas and C. angulata (Boudry
et al. 1998), to discriminate closely related Crassostrea
species from the Pacific (Banks et al. 1993), and to
demonstrate the Asian origin of C. angulata from Por-
tugal (O’Foighil et al. 1998). The aim of the present
paper was to study, by allozyme electrophoresis, symp-
atric and allopatric populations of C. cf. rhizophorae and
C. cf. brasiliana, to estimate their levels of genetic vari-
ation and population structure, and to establish whether
they are reproductively isolated and, hence, whether
they are distinct biological species.

Materials and methods

Forty-nine samples each of Crassostrea cf. rhizophorae and C. cf.
brasiliana were collected in January 1996 and April 1999 in Pontal
do Sul, Paranagua Bay, Brazil (25°30’S; 48°30’W). Additionally, 50
samples of C. cf. rhizophorae were collected in February and March
1996 and November 1998 at two further intertidal sites along the
Brazilian coast: Guaratiba (23°00’S; 43°40'W) and Itacuruga
(22°55’S; 43°55'W). C. cf. rhizophorae was found either attached to
mangrove (Rhizophora mangle) roots or on rocks in the intertidal
zone; C. cf. brasiliana was found attached to rocks in the subtidal
zone. The oysters were kept alive until arrival at the laboratory
(Rio de Janeiro), where they were frozen at —20 °C or in liquid
nitrogen until electrophoresis.

Allozymes from the adductor muscle were analysed by 12.5%
starch-gel electrophoresis as previously described by Solé-Cava
et al. (1985) and Murphy et al. (1990), using three buffer systems:
0.10 M Tris, 0.01 M EDTA, 0.10 M maleate, pH 7.4 (TEM);
0.25 M Tris, 0.06 M citrate, pH 8.0 (TC8); and 0.005 M citrate,
0.03 M Tris (gel), 0.06 M LiOH, 0.30 M borate (buffer tank), pH
8.5/8.1 (LI). Of the 20 enzyme systems analysed, 13 provided
consistent and reproducible results in all populations. Standard
enzyme stains (Manchenko 1994) were used for the visualisation of
allozymes. The 13 enzymes, along with their abbreviations, Enzyme
Commission Numbers, and the buffer systems used are listed in
Table 1.

Genotype frequencies were used to estimate gene frequencies,
heterozygosities, unbiased genetic identities (Nei 1978), and the
sub-population (F;5)- and population (Fs7)-level inbreeding indices
(Nei and Chesser 1983), using the BIOSYS-1 programme (Swofford
and Selander 1981). The significance of F;g (null hypothesis, Hy:
Fi;s = 0) and Fgr (Hy: Fsy = 0) were tested as:

Table 1 Crassostrea spp. Enzymes studied (and abbreviations),
Enzyme Commission numbers, and buffer systems used

Enzyme E.C# Buffer
Adenylate kinase (Ak) 2.743 TEM
Catalase (Cat) 1.11.1.6 TC8
o-Esterases (oEst) 3.1.1.X TEM
Glutamate oxaloacetate transaminase (Got)  2.6.1.1 LI
Isocitrate dehydrogenase (Idh) 1.1.1.42 TEM
Leucine aminopeptidase (Lap) 34.1.1 LI
Malate dehydrogenase (Mdh) 1.1.1.37 TC8
Mannose 6-phosphate isomerase (Mpi) 5.3.1.8 TC8
Peptidases (PRO-PHE) (Pep) 34.1.1 TC8
Phosphogluconate dehydrogenase (Pgd) 1.144 TC8
Phosphoglucose isomerase (Pgi) 53.1.9 TC8
Phosphoglucomutase (Pgm) 2.7.5.1 TC8
Superoxide dismutase (Sod) 1.15.1.1 TEM

i =NFg(k=1); df =k(k—1)/2 ,

and

¥ =2NFsr(k—1); df =(k=1)(s~1),

where N = total number of individuals analysed, K = number of
alleles sampled per locus, and s = number of sub-populations
analysed (Waples 1987).

Mean effective number of migrants (N.m) between populations
was estimated as:

Nem = ((1/Fsr) —1)/4

Specimens of the two sympatric populations of Crassostrea
were deposited at the Centro de Estudos do Mar Museum,
Paranagua, Brazil (C. cf. rhizophorae from mangroves = No. 623;
C. cf. rhizophorae from intertidal rocks = No. 624; C. cf. brasili-
ana = No. 625).

(Wright 1978).

Results

Seventeen loci were resolved from samples from each of
the four populations of Crassostrea spp. analysed. Gene
frequencies are given in Table 2. As observed in many
marine invertebrates (Nevo 1978; Solé-Cava and Thorpe
1991), including other oyster species (Buroker et al.
1979; Hedgecock and Okazaki 1984; Michinina and
Rebordinos 1997), heterozygosity levels were high (0.24
to 0.28: Table 2). A moderate, but not significant, het-
erozygote deficiency was observed in the populations
analysed (F;s = 0.141; > = 4.08, df = 6; P >0.70), and
no significant deviations from Hardy—Weinberg expec-
tations were found for any locus (P > 0.05; Fisher’s
exact-test corrected with a Bonferroni series: Lessios
1992).

Fixed allele differences were found at 5 (4k, Got-2,
Idh-1, Idh-2, Pgm: Table 2) of the 17 loci analysed for
the two putative species of Crassostrea. Unbiased ge-
netic identity, I (Nei 1978), levels were high between
populations of C. cf. rhizophorae (I = 0.993 to 0.999),
but very low between those and C. cf. brasiliana
(I = 0.456 to 0.469). The levels of genetic structure of
C. cf. rhizophorae populations were low (Fgr = 0.026;
v = 10.6; df = 7; P > 0.15).

Discussion

The very low levels of genetic identity and the presence
of five diagnostic loci (sensu Ayala 1983) between
sympatric samples of Crassostrea cf. rhizophorae and C.
cf. brasiliana clearly demonstrate that they are indeed
distinct biological species, as suggested by Absher
(1989). The gene-identity values observed in the com-
parison between C. rhizophorae and C. brasiliana were as
low as those found for different species of other inver-
tebrates (Thorpe 1982; Knowlton 1993; Sol¢-Cava and
Boury-Esnault 1999). The contrast between these dif-
ferences and the high similarity observed between pop-
ulations of C. cf. rhizophorae 1300 km apart further
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Table 2 (Continued)

Locus C. rhizophorae C. brasiliana Locus C. rhizophorae C. brasiliana
Itacurugd  Pontal do Sul Guaratiba Pontal do Sul Itacuruga  Pontal do Sul Guaratiba Pontal do Sul
(N = 153) (N =21.6) (N = 18.6) (N = 23.6) (N = 153) (N =21.6) (N = 18.6) (N = 23.6)
Ak (10) (13) (10) (12) Pgi 31 (39) (32) 42)
A 0.20 0.00 0.00 0.00 A 0.00 0.01 0.00 0.00
B 0.80 1.00 1.00 0.00 B 0.19 0.17 0.03 0.00
C 0.00 0.00 0.00 0.92 C 0.74 0.73 0.89 0.12
D 0.00 0.00 0.00 0.08 D 0.07 0.09 0.08 0.88
Cat (15) (38) 31) (39) Pgm (16) (25) (22) (30)
A 0.00 0.00 0.00 0.15 A 0.16 0.06 0.02 0.00
B 0.23 0.35 0.37 0.85 B 0.06 0.08 0.07 0.00
C 0.77 0.65 0.63 0.00 C 0.03 0.24 0.16 0.00
Ba @ o m Do omo o g
A 1.00 1.00 1.00 1.00 : ’ ) ’
F 0.06 0.14 0.19 0.00
Est-2 (11) (8) (11) 5) G 0.19 0.02 0.16 0.00
A 0.18 0.25 0.36 0.00 H 0.03 0.06 0.11 0.00
B 0.59 0.63 0.46 0.00 I 0.00 0.02 0.02 0.00
C 0.23 0.12 0.18 0.40 J 0.00 0.00 0.00 0.22
D 0.00 0.00 0.00 0.60 K 0.00 0.00 0.00 0.55
Goi-1 (12) (19) (15) (17) L 0.00 0.00 0.00 0.23
A 0.08 0.16 0.07 0.09 Sod 2) ) @) )
B 0.92 0.84 0.93 0.82 A 1.00 1.00 1.00 1.00
¢ 0.00 0.00 0.00 0.09 Heterozy- 0.28 0.28 0.24 0.27
Got-2 7) ) ) ®) gosity
A 0.00 0.00 0.00 1.00
B 1.00 1.00 1.00 0.00
Idlzl (()lg()) (()25% (()Ig% (()20% confirms that C. rhizophorae and C. brasiliana must be
B 0.00 0.00 0.00 0.86 regarded as different species.
C 0.00 0.00 0.00 0.09 This is the first paper on the levels of population
D 1.00 1.00 1.00 0.00 structure of Crassostrea rhizophorae. The population of
Idh-2 (17) #3)) (17 #3)) this species in the area studied (along 1300 km of Bra-
A 1.00 0.95 1.00 0.00 zilian coast) does not seem to be structured (P > 0.15;
g 888 88(5) 8.88 ?'88 N.m was not calculated, since the Fgr did not differ
’ ' significantly from zero: Avise 1994). Similarly, low levels
L"ﬁ 81;% 628()) 8115()) 628% of population structure (inferred both from Fg7 and
B 0.65 0.70 073 091 gene-identity values) have been found in conspecific
C 0.08 0.10 0.10 0.07 populations of other species of Crassostrea (Buroker
D 0.00 0.00 0.07 0.00 et al. 1979; Hedgecock and Okazaki 1984; King et al.
Mdh-1 @31 (26) (33) 42) 1994; Michinina and Rebordinos 1997). In C. virginica, a
A 1.00 1.00 1.00 1.00 large homogeneity of allozyme allele frequencies (Bu-
Mdh-2 (24) (34) (33) (36) roker 1983; Karl and Avise 1992) and of 16S ribosomal
A 0.08 0.03 0.03 0.10 gene-sequences (Small and Chapman 1997) was ob-
B 0.92 0.96 0.94 0.54 served along the Florida and Gulf of Mexico coasts, at
C 0.00 0.01 0.03 0.36 odds with the mtDNA and scnDNA data, which showed
Mpi (20) (23) (19) (27) a clear phylogeographic division of the populations of
A 0.00 0.00 0.00 0.30 C. virginica around Cape Canaveral (Hare and Avise
B 0.10 0.20 0.08 0.70 . . .
C 0.50 045 0.66 0.00 1996, 1998; Hare et al. 1996). The difference was inter-
D 0.40 0.35 0.26 0.00 preted as evidence of balancing selection acting on the
Pep (10) 23) (15) (18) allozyme loci (Karl and Avise 1992, bpt see McDonald
A 0.00 0.13 0.03 0.00 et al. 1996) and of functional constraints that had pre-
B 0.65 0.56 0.61 0.00 vented divergence between the 16S sequences (Small and
¢ 0.35 0.31 0.33 0.08 Chapman 1997). This indicates the need for caution re-
g 8:88 8:88 8:8(3) g:gg garding the use of allozymes or conserved genes for in-
ferring population structure. In the absence of further
P gz glg()) E)zg()) 828()) 631231 evidence, however, it is not unreasonable to interpret
B 021 0.18 0.04 0.70 intra-population allozyme homogeneity as an indication
C 0.79 0.82 0.96 0.16 of high levels of gene flow (Wright 1978; Avise 1994).

The high population homogeneity of C. rhizophorae
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along 1300 km of Brazilian coast is not surprising,
considering that Crassostrea species have long-lived
planktotrophic larvae that are potentially capable of
long-distance dispersal (Mackie 1984).

The revalidation of Crassostrea brasiliana as a dis-
tinct biological species has important consequences not
only for the systematics of the genus, but also for studies
of the ecology and biology of oysters in South America.
Given their economic importance, the taxonomic sepa-
ration of these species will also have important impli-
cations in oyster fisheries and aquaculture programs
[C. rhizophorae and C. brasiliana may also have different
growth rates and tolerances to salinity variation (Absher
1989; Nascimento 1991)], and it is thus important that
the species in this region are clearly identifiable. Beside
the subtle morphological differences between these two
species, their ecological preferences provide a further
indication to their identity: the smaller mangrove and
intertidal rock oysters are usually C. rhizophorae,
whereas the large subtidal oysters, were found, in this
study, invariably to be C. brasiliana.
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