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Abstract Penaeid shrimps comprise an important por-
tion of the world’s industrial fisheries and mariculture.
In the Southwest Atlantic, Penaeus (Farfantepenaeus)
subtilis, P. (F.) paulensis, P. (F.) brasiliensis and P. (Li-
topenaeus) schmitti are the most important commercially
exploited species. Despite their high commercial value,
there is little information available on the different as-
pects of their biology or genetics and almost no data on
stock structure. Also, the taxonomic status of P. subtilis
populations in relation to P. paulensis and their geo-
graphic ranges have been recently questioned. In this
paper we used both nuclear (allozymes) and mitoc-
hondrial (cytochrome oxidase subunit 1) data to com-
pare species of south-western Atlantic penaeids and to
estimate their phylogenetic relationships. We could
readily discriminate among the four main Brazilian
penaeid species and detected a fifth, new, species of
Penaeus. This new species corresponded to one of the
described morphotypes of P. subtilis. Based on these
analyses, the geographic ranges of P. subtilis and
P. paulensis were clarified. Our data also support the
conclusion of Baldwin et al. (1998) that the subgenus
Farfantepenaeus is polyphyletic.
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Introduction

Penaeid shrimps comprise an important portion of the
world’s fisheries and mariculture (Sunden and Davis
1991). In 1997, shrimps represented over 10% of all fish
and shellfish export revenues in the world (FAO 1999).
In the Southwest Atlantic, the main commercially fished
penaeids were four species in the genus Penaeus Fabri-
cius, 1798: P. subtilis, P. paulensis, P. brasiliensis and
P. schmitti. Despite the high commercial value of these
Brazilian penaeid species, there is little information
available on the different aspects of their biology or
genetics, and almost no data on stock structure.
According to Pérez Farfante (1969), Penaeus subtilis
ranges from Rio de Janeiro north to the Caribbean,
P. paulensis ranges from Buenos Aires (Argentina) to
Rio de Janeiro (Brazil), and P. brasiliensis and
P. schmitti can be found from southern Brazil to the
Caribbean. However, these geographic ranges remain
poorly defined, and the taxonomy of some of the com-
mercially important species of Penaeus also has been
recently questioned. In particular, P. subtilis was con-
sidered to exist in two morphologically distinguishable
populations, one ranging from the Caribbean (as far
North as Cuba) to Rio de Janeiro, and the other from
Gulf of Paria (Venezuela; 10°18'N; 62°05'W) to off
Camocim (Brazil; 02°54’S; 40°50'W, see Fig. 1) (Pérez
Farfante 1967, 1969). According to Pérez Farfante
(1967), shrimps in the latter population (here called
“Morphotype 17, or “MI”’), have a shorter and much
shallower adrostral sulcus, tapering more posteriorly,
and a longer and distinctly sinuous rostrum. At the
western and eastern ends of their distribution, specimens
of MI with the above characteristics are intermingled
with others having a longer and wider adrostral sulcus
and a slightly shorter and less sinuous rostrum (““Mor-
photype II”, MII). Pérez Farfante suggested that envi-
ronmental conditions could be acting to produce the
observed differences in morphology. However, a study
using isoelectric focusing of sarcoplasmic proteins of
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Fig. 1 Penaeus spp. Distribution and sampling sites (0) on eastern
coast of South America

samples from that area (States of Ceara and Rio Grande
do Norte) suggested that the two described populations
(MI and MII) might belong to different species (Maggi-
oni 1996). Those two morphotypes were subsequently
studied through allozyme electrophoresis, which con-
firmed that they were probably not conspecific (D’Incao
et al. 1998). Because of the high similarity found between
the allozymes of Morphotype II of P. subtilis and those
of P. paulensis, D’Incao et al. concluded that these were
conspecific, thus extending by 2700 km north to Fort-
aleza (northeast of Brazil: Fig. 1), the apparent distri-
bution of the latter species (D’Incao et al. 1998). D’Incao
et al.’s study, however, was limited to just two localities,
and did not consider possible geographic variation in
gene frequencies within each species. Given the impor-
tance of both P. subtilis and P. paulensis for the shrimp
fishing industry of Brazil, it is fundamental that their real
geographic distributions be known, so that legislation for
the control of their fisheries can be used effectively.

A recent phylogenetic and biogeographic study, using
mitochondrial cytochrome oxidase subunit 1 (CO1) gene
sequences, indicated that some of the subgenera of
Penaeus are not monophyletic (Baldwin et al. 1998). In
the COl-based tree, four studied species of Western
Atlantic Penaeus, currently assigned to two different
worldwide subgenera, appear as a single monophyletic
unit (Baldwin et al. 1998). This indicates that biogeo-
graphy may be more important than morphology for the
separation of monophyletic groups in the genus. How-
ever, Baldwin et al. cautioned that taxonomic changes

should not be made ““based on the sequence analysis of
one single gene”. Also, important Western Atlantic
representatives of both putative subgenera, such as
P. (Farfantepenaeus) subtilis and P. (Litopenaeus)
schmitti were not included, thus leaving gaps in the data.
Resolution of the subgeneric phylogeny is particularly
important in light of the recent proposal that the sub-
genera of Penaeus should be raised to generic level
(Pérez Farfante and Kensley 1997).

In this paper we used both nuclear (allozymes) and
mitochondrial (cytochrome oxidase subunit 1) data to
compare the different species of Southwest Atlantic
commercially important penaeids, and to estimate their
phylogenetic relationships. Using 1 mitochondrial and
14 nuclear genes, we could readily discriminate between
the four main Brazilian penaeid species and detected a
fifth, new, species of Penaeus. This new species corre-
sponded to one of the morphotypes of P. subtilis, and
was genetically different from any of the other species
studied. Our data also support the conclusion of Bald-
win et al. (1998) that the subgenus Farfantepenaeus is
polyphyletic. Finally, we have used a restriction frag-
ment-length polymorphism (RFLP) analysis of the CO1
gene to obtain species-specific markers, which will be
useful for the identification of larvae and industrialised
products of each species.

Materials and methods

Samples of Penaeus subtilis, P. paulensis, P. brasiliensis and
P. schmitti were collected from eight different sites (Fig. 1) along
>4000 km of the Brazilian coast, between October 1997 and
September 1999. Samples were stored on dry ice and transported
to the laboratory, where they were identified morphologically (af-
ter Pérez Farfante 1969). Individuals of both morphotypes
of P. subtilis were identified based on adrostral sulcus character-
istics, as indicated in Fig. 2. Muscle tissue was preserved at —20 °C
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Fig. 2 Penaeus spp. Adrostral sulci characteristics of P. subtilis
Morphotypes I and I (4 and B) and P. paulensis (C)



in a solution containing 5% sodium dodecyl sulphate (SDS),
250 mM EDTA and 50 mM Tris HCI, pH 8.0, for DNA extrac-
tion, or in liquid nitrogen until required for allozyme analysis.
Total DNA extraction was performed using a proteinase K, SDS,
phenol-chloroform method (Garcia and Benzie 1995).

Allozyme analysis

Allozymes were analysed using 12.5% starch gel electrophoresis
and standard methodology (Harris and Hopkinson 1978; Murphy
et al. 1990). The 3 buffer systems and 11 enzyme systems investi-
gated are summarised in Table 1. Allozyme patterns were visua-
lised using standard enzyme stains (Shaw and Prasad 1970;
Manchenko 1994). Genotype frequencies were used to estimate
gene frequencies, heterozygosities, unbiased genetic identities and
distances (/ and D, respectively: Nei 1978), and UPGMA trees
(Sneath and Sokal 1973) using the BIOSYS programme, Version
1.7 (Swofford and Selander 1981).

Sequencing of cytochrome oxidase 1

Sequencing methods followed standard procedures (Hoelzel and
Green 1992). A section of the 3’end of the mitochondrial cyto-
chrome oxidase subunit 1 gene was amplified using primers CO9
(6607) [5"-TTCGGTCA(T/C)CCAGAAGT(C/A)TAT] and CO10
(7214) [5-TAAGCGTCTGGGTAGTCTGA(A/G)TA(T/G)CG]
(Baldwin et al. 1998). The respective positions of the primers used
in the homologous region of the human genome are indicated in
parenthesies. Polymerase chain-reactions (PCR) used 10 ng of
template DNA, 1 unit of Taq polymerase (Pharmacia), 200 pM
each of the four dinucleotides, 200 nM of each primer, in 25 pl of
Ix PCR buffer (Pharmacia). Amplifications were performed in a
Mini-cycler (MJ Research) programmed for one denaturation step
at 94 °C for 3 min, followed by 35 cycles at 94 °C for 1 min, 45 °C
for 1 min, and 72 °C for 1 min, and a final 5 min extension step at
72 °C. To detect possible contamination, negative controls, con-
sisting of template-free reactions, were included in all PCR am-
plifications. PCR reactions produced one single, strong band of the
expected size for most species studied. The one exception was
Penaeus schmitti, for which three faint bands (820, 600 and 490
base pairs, bp) were consistently produced with the primers used.
Sequencing of the 600 bp band revealed that this was probably the
result of the amplification of a nuclear pseudogene, since it had a 90
to 99% similarity with Western Atlantic shrimp CO1 sequences,
but included one insertion and stop-codons. P. schmitti was, con-
sequently omitted from subsequent DNA analyses.

Purification of amplified products was performed on Qiagen
spin columns (Qiagen) or using a GFX"™ PCR DNA and Gel Band
Purification Kit (Amersham Pharmacia Biotech), according to the
manufacturer’s instructions. Direct sequencing of both strands of

Table 1 Enzyme and buffer systems analysed (7C8 0.25 M Tris,
0.06 M citrate, pH 8.0 (Ward and Beardmore 1977); TC7 0.135 M
Tris, 0.043 M citrate, pH 7.0 (Shaw and Prasad 1970); TEM
0.10 M Tris, 0.01 M EDTA, 0.10 M maleate, pH 7.4 (Brewer
1970))

Enzyme E.C. No. Abbrev. Buffer
Adenilate kinase 2.7.4.3 Ak TCS8
Isocitrate dehydrogenase 1.1.1.42 Idh TC7
Lactate dehydrogenase 1.1.1.27 Ldh TEM
Malic enzyme 1.1.1.37 Me TEM
Malic dehydrogenase 1.1.1.37 Mdh TCS8
Mannose 6-phosphate isomerase  5.3.1.8 Mpi TEM
Peptidases (pro-phe) 34.1.1 Pep TCS8
Peptidases (leu-gly-gly) 3.4.1.1 Pep TCS8
Phosphogluconic dehydrogenase  1.1.1.44 Pgd TEM
Phosphoglucose isomerase 5.3.1.9 Pgi TC7
Phosphoglucomutase 5.4.2.2 Pgm TC7
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the amplified DNA molecule was conducted through the use of a
fluorescent dye-terminator cycle sequencing reaction (Thermo Se-
quenase™ Dye Terminator Cycle Sequencing Kit), based on the
chain-termination dideoxynucleotide method of Sanger and co-
workers (Sanger et al. 1977), using Perkin Elmer automatic se-
quencers ABI 310 and 377 (ABI Perkin Elmer).

For phylogenetic analyses of sequence data, at least one indi-
vidual of each composite haplotype found by PCR/RFLP analysis
for each species was used. Sequence analyses included 5 Penaeus
subtilis MI (4 from Fortaleza and 1 from Atins), and 4 P. subtilis
MII (2 from Rio de Janeiro and 1 each from Recife and Fortaleza),
S P. paulensis (4 from Rio de Janeiro and 1 from Lagoa dos Patos),
3 Penaeus brasiliensis specimens (from Recife, Ilhéus and Itajai).
These sequences were further compared with those available in
GenBank (Accession Nos. AF029392, AF029393, X84355,
AF014376-AF014383, AF014385, AF029390 and AF029391),
which included the Western Atlantic species P. paulensis, P. bra-
siliensis, P. notialis, P. duorarum and P. setiferus; the Indo-Pacific
P. japonicus, P. canaliculatus, P. indicus, P. merguiensis, P. mon-
odon and P. semisulcatus; the Eastern Atlantic P. kerathurus; and
the Eastern Pacific P. vannamei and P. stylirostris. Sicyonia ingentis
(family Sicyoniidae) was used as an outgroup (Accession No.
AF014384). Sequences of these species were aligned using the
Clustal W programme, Version 1.5 (Thompson et al. 1994), and
confirmed by visual inspection. Sequence-analyses were conducted
to infer the phylogenetic relationships among species, using the
neighbor-joining (NJ; Saitou and Nei 1987) algorithm, based on
the pairwise proportion of nucleotide differences (p distances).
Confidence probability values (CP) were estimated for the con-
structed NJ tree (Rzhetsky and Nei 1992). Distances between se-
quence-pairs were <0.2, so no corrections for TS:TV
(transition:transversion) ratios were necessary (Kumar et al. 1994).
However, Kimura two-parameter distances (Kimura 1980) were
computed for the estimation of time since species separation, based
on the clock calibration for the shrimp genus Alpheus (Knowlton
and Weigt 1998). All calculations were performed using the MEGA
programme, Version 1.02 (Kumar et al. 1994).

RFLP analysis of the COIl gene

The DNA sequences obtained for each nominate species were ini-
tially analysed using the online Webcutter programme, Version 1.0
(written by M. Heiman, and available at http://www.medkem.gu.se/
cutter/), to search for restriction enzyme sites producing patterns
that might differentiate among the Brazilian species. Four enzymes —
Alul, Ndell, BglIl and Hhal — were thus selected to analyse different
individuals of each species. In order to verify any possible intra-
specific variation, 2 to 20 specimens were used for each species and
sampling site (making a total of 178 individuals). The RFLP ana-
lyses of the amplified products followed standard procedures (Chow
et al. 1993), using the unpurified products of the PCR reactions (5 pl
of PCR reaction per 15 pl restriction reaction). Restriction reactions
were conducted as recommended by the supplier (GibcoBRL®) for
4 h at 37 °C, and the digestion products were separated by elec-
trophoresis for 3 h in 2% agarose gels with TBE buffer (Sambrook
et al. 1989). The gels were then stained with ethidium bromide and
photographed on an UV transilluminator using a Kodak DC - 40
digital system. Banding patterns were analysed by eye, and the
restriction maps produced for the different haplotypes were con-
firmed using the sequence data. Haplotypic diversity (%) was cal-
culated for each species by the method of Nei (1987).

Results
Allozymes

A total of 484 samples from eight localities were typed
for allozymes coding for 14 loci (Table 2). Significant
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Table 2 Penacus spp. Allele frequencies and sample sizes (N) at 14 loci and 14 populations (H,, H, observed and expected heterozygosities,
respectively)

Locus  P. subtilis M1 P. subtilis MII P. paulensis P. brasiliensis P. schmitti

Atins Fortaleza Fortaleza Recife Ilhéus Rio Rio  Santos L. Patos Fortaleza Ilhéus Rio  Itajai  Recife

Ak

(N) (38)  (36) 17 29 33 @ @ @n 3y (63) (33) 48 (30 (33
A 0.20 0.24 0 0 0 0 0 0 0 0 0 0 0 1.00
B 0 0 0.03 0 0 0 0 0 0 0.02 0 0 0 0

C 0.80 0.76 0 0 0 0 0 0 0 0 0 0 0 0

D 0 0 0.97 1.00  1.00 1.00 1.00 1.00 1.00 0.98 1.00 1.00  1.00 0
Idh

(N) (38)  (36) (15) (300 49 (2 (22 @7) (40) (77 (33) (48 (30) (35
A 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00  1.00 1.00
Ldh

(N) (38) (37 17 300 49 @ @ @) @0 (80) (33) 48 (3O (35
A 0.01 0 0 0 0 0 0 0 0 0 0 0 0 0

B 0.99 1.00 1.00 1.00  0.99 1.00 1.00 1.00 1.00 1.00 1.00 1.00  1.00 1.00
C 0 0 0 0 0.01 0 0 0 0 0 0 0 0 0
Mdh-1

(N) (40) (37 17 300 @) @ @ @) @0 (80) (33) 48 @GO (3
A 0 0 0 0 0 0 0 0 0.01 0 0.02 0 0 0

B 1.00 0 0 0 0 0 0 0 0 0 0 0 0 0

C 0 1.00 0.97 1.00  1.00 1.00  1.00 1.00 0.99 0.98 0.98 1.00  1.00 100
D 0 0 0.03 0 0 0 0 0 0 0.01 0 0 0 0

E 0 0 0 0 0 0 0 0 0 0.01 0 0 0 0
Mdh-2

(N) (40) (37 17 00 49 @ @ @) @0 (80) (33) 48 (O (35
A 0 0 0 0 0 0 0 0 0 0 0 0 1.00
B 0 0.01 0.09 0 0.01 0 0 0 0 0 0 0 0 0

C 0 0.05 0 0.02 0 0 0 0.04 0 0.01 0 0 0 0

D 0.93 0.86 0.91 0.98 0.99 1.00 1.00 0.96 1.00 0.99 0.98 0.99 1.00 0

E 0.07 0.08 0 0 0 0 0 0 0 0 0.01 0.01 0 0

F 0 0 0 0 0 0 0 0 0 0 0.01 0 0 0
Me-1

(N) (38) (37 (17 (30)  (49) 2 (22 @) @0 (80) (33) (48)  (30) (35)
A 1.00  1.00 1.00 1.00  1.00 1.00 1.00 1.00 1.00 0 0 0 0 1.00
B 0 0 0 0 0 0 0 0 0 1.00 1.00 1.00  1.00 0
Me-2

(N) (38) (37 (17) (300 49 @ 22 @7) (40 (80) (33) 48 (30 (35
A 1.00  1.00 1.00 1.00  1.00 1.00  1.00 1.00 1.00 0 0 0 0 1.00
B 0 0 0 0 0 0 0 0 0 1.00 1.00 1.00  1.00 0
Mpi

(N) (38 (34 (16) 29 @42 @ @ @) (40 (67) (32) @4 @O (35
A 0 0.03 0 0.05 0 0 0 0 0.05 0 0 0 0.03 0

B 0.12 0.15 0.09 0.10  0.15 0 0.07 0.05 0.04 0.14 0.17 0.15 0.25 0

C 0.84 0.79 0.88 0.78 0.85 1.00 0.70 0.80 0.64 0.75 0.80 0.76  0.65 0.97
D 0.03 0 0 0.07 0 0 0.23 0.15 0.24 0.10 0.03 0.07  0.07 0.03
E 0.01 0.03 0.03 0 0 0 0 0 0.02 0.01 0 0.02 0 0

F 0 0 0 0 0 0 0 0 0.01 0 0 0 0 0
Pep-1

(N) (40)  (36) (16) 300 @) @ @ @ (@6 (74) (33) 8 @GO (34
A 0 0 0 0 0 0 0.09 0 0.29 0.01 0 0 0 0

B 1.00  1.00 1.00 1.00 0.98 1.00 0.89 0.98 0.65 0.99 1.00 1.00  1.00 1.00
C 0 0 0 0 0.02 0 0.02 0.02 0.06 0 0 0 0 0
Pep-2

(N) (40) (37 a7 (30) (49 2 @ @) de (80) (33) (48)  (30) (35)
A 0 0 0 0 0 0 0 0 0 0 0 0 0 0.99
B 0 0 0.03 0 0 0 0 0 0 0 0 0 0 0.01
C 1.00  0.96 0.97 0.98 1.00 1.00 1.00 1.00 1.00 0 0 0 0 0

D 0 0.04 0 0.02 0 0 0 0 0 0 0 0 0 0

E 0 0 0 0 0 0 0 0 0 1.00 1.00 1.00  1.00 0
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Locus  P. subtilis M1 P. subtilis MI1 P. paulensis P. brasiliensis P. schmitti
Atins Fortaleza Fortaleza Recife Ilhéus Rio Rio  Santos L. Patos Fortaleza Ilhéus Rio  Itajai  Recife

Pgd

(N) (3%) (37 17) B0) 4 @ @ @) @ (80) (33) 48 (30) (35

A 1.00  1.00 0 0 0 0 0 0 0 0 0 0 0 0

B 0 0 0.76 0.67 0.62 0.50 007 O 0.01 0.02 0 001 0 1.00

C 0 0 0.24 0.33  0.38 0.50 093 1.00 098 0.98 1.00 0.98 1.00 0

D 0 0 0 0 0 0 0 0 0.01 0 0 001 0 0

Pgi

(N) (3%)  (37) 17) 30) 49 @ (22 @) @0 (80) (33) @71 (o) (35

A 0 0.01 0 0.02 0.01 0 0 0 0 0.01 0 0 0 0

B 0.60 0.56 0.94 0.70 091 0.50 084 089 099 0.95 0.98 095 097 1.00

C 0.38 042 0.06 0.28 0.08 025 0 0.11  0.01 0.04 0.02 0.01 0.03 0

D 0.02 0.01 0 0 0 025 016 0 0 0 0 004 0 0

Pgm-1

(N) (3% (37 17 G “@» @ d3 @) Q9 (79) (33) 48 (29 (35

A 0 0 0 0 0 0 0.19 0.11 0.01 0 0 001 0 0

B 0.04 0.07 0 002 0 0 0.12  0.11 0.05 0.01 0 002 0 0.14

C 0.96 0.93 1.00 0.98 1.00 1.00 0.69 0.78 0.94 0.99 1.00 0.97 1.00 0.83
0 0 0 0 0 0 0 0 0 0 0 0 0 0.03

Pgm-2

(N) 37 (37 17 (30) 49 @ @y @6 (39 (80) (33) 48 29 (35

A 0.01  0.03 0 0 0 0 0.12 0.10 0.05 0.01 0 001 0 0

B 095 095 1.00 098 0.99 1.00 088 088 095 0.95 0.97 097 097 0.99

C 0.04 0.02 0 0.02 0.01 0 0 002 0 0.04 0.03 0.02 0.03 0.01

H, 0.10 0.11 0.08 0.08 0.06 0.07 0.10 0.07 0.09 0.04 0.03 0.04 0.04 0.03

H, 0.10 0.13 0.08 0.10 0.07 0.07 0.12 0.09 0.10 0.05 0.04 0.05 0.05 0.03

deviations from Hardy—Weinberg expectations (hetero-
zygote deficiencies, P < 0.05; Fisher’s exact-test, cor-
rected with Bonferroni series: Lessios 1992) were found
for the Pgm-I locus in two populations of Penaeus
paulensis. Heterozygote deficiencies are common in
marine invertebrates (Hare et al. 1996), and could indi-
cate population-mixing (the Wahlund effect: Wahlund
1928) or a number of actual or artifactual factors (for
review see Zouros and Foltz 1984).

Heterozygosity levels (H) in the populations studied
(H = 0.03 to 0.13; Table 2) were slightly higher than
those observed by other authors in other species of

Penaeus (H = 0.006 to 0.09: Mulley and Latter 1980;
Lester 1983; Sunden and Davis 1991).

Two diagnostic loci (4k and Pgd: Table 2) were
found in the comparison of sympatric samples of the two
morphotypes of Penaeus subtilis from Fortaleza (Ceara
State). Furthermore, one diagnostic locus (Mdh-1I:
Table 2) was found between allopatric populations
(Atins and Fortaleza) of P. subtilis MI. Pairwise values
of unbiased genetic identity, /, and distance, D (Nei
1978), are given in Table 3. A tree showing genetic
relatedness of all samples, based on UPGMA (Sneath
and Sokal 1973) clustering of I values, is shown in Fig. 3.

Table 3 Penaeus spp. Unbiased gene identities, I (above diagonal) and unbiased genetic distances, D (below diagonal) (Nei 1978) of

populations

Population 1 2 3 4 5 6 7 8 9 10 11 12 13 14
1. P. subtilis MI (Atins) 0.920 0.238 0.234 0.236 0.219 0.760 0.767 0.755 0.542 0.543 0.541 0.538 0.448
2. P. subtilis MI (Fortaleza) 0.083 0.149 0.140 0.145 0.127 0.838 0.844 0.830 0.614 0.614 0.614 0.612 0.327
3. P. subtilis MII (Fortaleza) 0.788 0.861 0.996 0.999 0.997 0.952 0951 0.944 0.730 0.731 0.731 0.727 0.249
4. P. subtilis MI1I (Recife) 0.792 0.870 0.004 0.997 1.000 0960 0.960 0.952 0.733 0.732 0.733 0.731 0.278
5. P. subtilis MII (Ilhéus) 0.789 0.865 0.001 0.003 1.000 0.967 0967 0961 0.744 0.745 0.744 0.742 0.272
6. P. subtilis MII (Rio) 0.803 0.881 0.003 0.000 0.000 0981 0980 0967 0.748 0.749 0.750 0.744 0.287
7. P. paulensis (Rio) 0.274 0.177 0.050 0.040 0.034 0.019 0.999 0992 0.278 0.277 0.276 0.279 0.365
8. P. paulensis (Santos) 0.265 0.170 0.050 0.040 0.034 0.020 0.001 0.990 0.266 0.265 0.265 0.268 0.360
9. P. paulensis (L. dos Patos) 0.281 0.187 0.057 0.050 0.040 0.034 0.008 0.010 0.275 0.274 0.275 0.275 0.378
10. P. brasiliensis (Fortaleza) 0.613 0.487 0.314 0.311 0.296 0.290 0.758 0.766 0.760 1.000 1.000 1.000 0.589
11. P. brasiliensis (Ilhéus) 0.612 0.487 0.313 0312 0.294 0.290 0.758 0.767 0.760 0.000 1.000 1.000 0.586
12. P. brasiliensis (Rio) 0.615 0.487 0.314 0.311 0.295 0.288 0.759 0.767 0.760 0.000 0.000 1.000 0.590
13. P. brasiliensis (Itajai) 0.620 0.491 0.319 0.314 0.298 0.296 0.757 0.765 0.759 0.000 0.000 0.000 0.601
14. P. schmitti (Recife) 0.639 0.721 0.780 0.757 0.762 0.751 0.694 0.697 0.685 0.555 0.556 0.555 0.548
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P. schmitti (Recife)

P. subtilis MII (Fortaleza)
P. subtilis MII (Ilhéus)
P. subtilis MII (Recife)

P. subtilis MII (Rio)

P. paulensis (Rio)

P. paulensis (Santos)

P. paulensis (L. dos Patos)
P, subtilis MI (Atins)

—
L P subrilis MI (Fortaleza)
P. brasiliensis (Fortaleza)

P. brasiliensis (Ilhéus)

P. brasiliensis (Rio)

P. brasiliensis (Itajai)

0.60 0.67 0.73

Fig. 3 Penaeus spp. Allozyme-based UPGMA similarity tree showing
genetic relatedness (gene identity, 1) of all samples

Sequencing

The partial sequences of the 3’ end of the COI1 gene
analysed in the Brazilian penaeids (Fig. 4) were depos-
ited in the GenBank under Accession Nos. AF248549
to AF248560. Using our sequence data and those from
GenBank, pairwise levels of base divergence (p dis-
tances) between Penaeus species varied from 20.22%
between P. indicus and P. kerathurus to 0.72% between
the very closely related Western Atlantic species (pos-
sibly subspecies) P. duorarum and P. notialis. Mean
nucleotide p distances were 5.5% between MI and MII of
P. subtilis and 8.1% between these and P. paulensis
(Table 4).

The highest level of intraspecific CO1 sequence di-
vergence was 1.26% between two rare haplotypes of
Penaeus subtilis M1. However, despite that difference, all
P. subtilis M1 samples grouped as a monophyletic cluster
with high statistical support (Fig. 5). Intraspecific mean
levels of sequence divergence (p distances) of the re-
maining species were 0.36, 0.14 and 0.27% for P. subtilis
MII, P. paulensis and P. brasiliensis, respectively.

All Western Atlantic species, comprising sequences of
both the putative subgenera Farfantepenaeus and Li-
topenaeus, grouped together in the neighbor-joining tree,
forming a cluster with high statistical support (Fig. 5).
This tree also provides further evidence of genetic di-
vergence between the two morphotypes of Penaeus
subtilis. Except for P. canaliculatus, P. japonicus and
P. kerathurus, which clearly cluster together, relation-

} s !
U T 1

0.93 1.00

ships among the remaining Indo-Pacific species of
Penaeus were not clearly defined.

PCR/RFLP analysis

Eight (A to H) restriction-based composite haplotypes
were observed in the 178 samples analysed (Table 5).
For each species, most individuals shared the same
haplotype, with a few rare deviants (see Table 5). Ha-
plotypic diversity of the studied penaeid species varied
between 0 and 0.47 (Table 6). These values are smaller
than that reported for a complete mitochondrial RFLP
analysis of populations of the giant tiger shrimp Pena-
eus monodon (0.864: Klinbunga et al. 1999). This dif-
ference, however, was expected, since a larger set of
restriction enzymes (11), and a longer DNA sequence
were used to estimate haplotypic diversity of P. mon-
odon. As the estimation of haplotype diversity is based
solely on haplotype frequencies, it is sensitive to DNA
size and the number of restriction enzymes used (Klin-
bunga et al. 1999). No haplotype was shared by any two
individuals from different nominate species. Also, all
individuals assigned to the two different P. subtilis
morphotypes presented distinct composite haplotypes.
One Alul site predicted from the sequences of all MII
individuals was not detected by electrophoresis because
the two fragments produced were too small (28 bp) to
be visualised by ethidium bromide staining. Also the
absence of the original 56 bp fragment was masked in
MII patterns because of the presence of a fragment of
similar size (54 bp) produced in the A/ul MII restriction
patterns. The revealed Alul site was only present in



441

Fig. 4 Penaeus spp. Multiple-sequence alignment (CLUSTAL W 1.5)
of partial sequences of CO1 gene (558 base pairs) from different
Brazilian species. Restriction sites for polymerase chain-reaction/
restriction-length polymorphism haplotypes are indicated as: Alul
(AGCT); Hhal (GCGC); Bglll (AGATCT); Ndell (GATC). A - H
haplotypes found for each species; numbers in parentheses samples
sequenced per species. Polymorphic sites within each species are
indicated according to standard abbreviations [Nomenclature Com-
mittee of International Union of Biochemistry (NCIUB) 1985]:
R=GorA, Y=CorT,W=AorT

individuals of MII, distinguishing samples of the two
morphotypes.

Discussion

The allozyme and DNA-sequence data clearly show that
the populations of Penaeus subtilis originally separated
on the basis of small morphometric differences by Pérez
Farfante (1969), and later named Morphotypes I and 11
by Maggioni (1996), are indeed distinct species as the
latter author suggested. However, our results do not
support the conspecificity of morphotype II of P. subtilis
with P. paulensis (as suggested by Maggioni and by
D’Incao et al. 1998). Conversely, the molecular analyses
indicate the existence of a new species of Penaeus. Fur-
thermore, our analyses of both nuclear and mito-

A-C (5) P. subtilis MI ATAATTTCTCACAWTATTAGTCAAGAATCTGGTAAAAAAGAAGCTTTTGGAACACTTGGAATA ATTTATGCTATACTAGCA
D (4) P. subtilis MII [ T.T..W Ct ittt it ten i AGCT..C. .Gttt ittt annnenonnnnns G..G
E,F (5) P. paulensis = .....c..u.. T G..AGCT..C..... Gttt it ettt G
G,H (3) P. brasiliensis ........ Co.T.TChvvvinvvnnn L 2 O
A-C (5) P. subtilis MI ATTGGTGTTTTAGGATTTGTAGTGTGAGCACATCATATATTCACAGTAGGTATGGATGTTGACACTCGYGCTTACTTTACA
D (4) P. subtilis MII ......... ettt it et et i O GCGC..........
E,F (5) P. paulensis @ ...t inninnannaas Bt ittt e e ettt e i e e Too... O
G,H (3) P. brasiliensis ......... Covinnnnnnn G..A GCRC.C..C..G........ N Y T.o... A
A-C (5) P. subtilis MI TCTGCTACAATRATCATTGCTGTTCCTACTGGTATTAAAATCTTTAGCTGATTAGGAACACTTCATGGTACTCAACTTAAC
D (4) P. subtilis MII ........ R..A..T..... Gttt it iie it tnaannans AGCT.R. ..ttt iiiiaia i AGCT...T
E,F (5) P. paulensis = ........... GATC. . oo v vt et v nancnnanns AGATCT....T..G........ Coviinii i ARCT T
G,H (3) P. brasiliensis ..... C.ovunn 2 R & C.vvn 2 S
A-C (5) P. subtilis MI TACAGYCCYTCTCTAATTTGAGCTCTAGGATTTGTATTTTTATT TACAGTTGGAGGTCTAACTGGAGTTGTATTAGCTAAT
D (4) P. subtilis MII ..... CooTueninien... AGCTT . . .ttt ittt ittt it eanannns Gt tneiar i e AGCT
E,F (5) P. paulensis T..T..T..C........ X o2 Gevevennn Chree i ieeenenn G..C..... AGCT. .C
G,H (3) P. brasiliensis A o AGCTT.....oovvunnn Gttt it e e Avveinnns G..AGCT. .C
A-C (5) P. subtilis MI TCTTCAATTGACATTATTCTACATGATACATATTATGTCGTTGCACATTTTCATTATGTCCTTTCAATAGGAGCTGTATTT
D (4) P. subtilis MIT .............. Gt i i i it i i et et e i et ettt e e, AGCT......
E,F (5) P. paulensis = ........... Tttt et ettt ettt et ennetnnerannssnnns AGCT......
G,H (3) P. brasiliensis ........... Tovvnnn ) C.ouuen Teeeiinnnnn Covivnnnn P Covvnnn
A-C (5) P. subtilis MI GGTATTTTTGCAGGTATTGCTCACTGATTTCCTTTATTTACRGGGCTCACCT TAAACCCTAAATGACTAAAAATTCATTTT
D (4) P. subtilis MII ........... [ Covennnnn Covinnnnnnns P L Goooiinnina.
E,F (5) P. paulensis ... ...iiiiiininnnnnn L A..T..T..A..G..... Covvnnnn G..... c..C
G,H (3) P. brasiliensisS .«....ceeeeeeenranann C..T..... Covinnnnnnnn A..A..T..... Gevvvreneennn N
A-C (5) P. 'Subti lis MI CTCGTTATATTTATCGGAGTAAATATTACATTTTTTCCTCAACATTTCTTAGGACTTAATGGAATACCTCGC

D (4) P. subtilis MIT .............. Tttt ettt ieinans C..Ci.... e Rttt A

E,F (5) P. paulensis P R CoYY i i e e C..Co....... A

G,H (3) P. brasiliensis ..T......... [ C..C........ Tevon. B A

chondrial genes confirm the assertion of Baldwin et al.
(1998) that the subgenera Farfantepenaeus and Lito-
penaeus should not be regarded as monophyletic units.

Species boundaries in Brazilian Penaeus

The presence of two diagnostic loci between the two
morphotypes of Penaeus subtilis in sympatry clearly
shows that the two morphotypes are not exchanging
genes (i.e. they are not interbreeding) and, thus, cannot
belong to the same biological species. Clear differences
in total soluble proteins between those two morphotypes
in Fortaleza and Natal were also found by Maggioni
(1996). These differences were interpreted as indicative
of species level differentiation, but the lack of differences
between the banding patterns of P. subtilis MII and
those of P. paulensis (from South Brazil) led Maggioni
to conclude that the two were probably conspecific.
Data from the isoelectric focusing of total proteins,
however, are difficult to interpret genetically (Solé-Cava
and Levy 1987), so the conclusions could only be pre-
liminary (Maggioni 1996). Further work, using allozyme
electrophoresis with populations from the same locality,
confirmed that the sympatric Morphotypes I and II of
P. subtilis were somewhat genetically divergent
(I = 0.947), and that the latter was, indeed, more



442

Table 4 Penaeus spp. Kimura two-parameter (Kimura 1980; below diagonal) and p (Nei 1987; above diagonal) pairwise distances between
haplotypes analysed (4 — H haplotypes; nos. in parentheses individual sample number; OTUs operational taxonomic units)

OTUs 1 2 3 4 5 6 7 8 9 10
1. P. canaliculatus 0.1661  0.1606  0.1552  0.1661  0.1625  0.1949  0.1552  0.1588  0.1155
2. P. monodon 0.1895 0.1444  0.1390  0.1408  0.1372  0.1227  0.1390  0.1426  0.1480
3. P. indicus 0.1832  0.1624 0.1354  0.1498  0.1480  0.1444  0.1534  0.1498  0.1625
4. P. semisulcatus 0.1763  0.1568  0.1513 0.1408  0.1390  0.1372  0.1570  0.1372  0.1498
5. P. duorarum 0.1897  0.1572  0.1684  0.1575 0.0072  0.0993  0.1336  0.0939  0.1480
6. P. notialis 0.1848  0.1526  0.1660  0.1552  0.0073 0.0957  0.1300  0.0903  0.1480
7. P. setiferus 0.2294  0.1349  0.1619  0.1532  0.1084  0.1040 0.1191 0.1083  0.1625
8. P. stylirostris 0.1755  0.1555  0.1738  0.1786  0.1493  0.1447  0.1314 0.1047  0.1697
9. P. vannamei 0.1800  0.1599  0.1690  0.1529  0.1016  0.0973  0.1188  0.1141 0.1606
10. P. japonicus 0.1294  0.1662  0.1857  0.1691 0.1656  0.1656  0.1845  0.1950  0.1827
11. P. merguiensis 0.1944  0.1647  0.1408  0.1441  0.1552  0.1529  0.1552  0.1884  0.1622  0.1825
12. P. kerathurus 0.1915  0.2119  0.2397  0.2022  0.1992  0.1942  0.2117  0.2126  0.2041  0.1845
13. Sicyonia ingentis 0.2257  0.1987  0.1916  0.2015  0.2175 0.2150 0.2106  0.2175  0.2251  0.2261
14. P. subtilis M1 A (1-3) 0.2113  0.1486  0.1529  0.1697  0.1065  0.1022  0.0589  0.1401  0.1233  0.1773
15. P. subtilis M1 B 0.2111  0.1507  0.1551  0.1671  0.1086  0.1042  0.0609  0.1423  0.1209  0.1772
16. P. subtilis M1 C 0.2088  0.1417  0.1483  0.1602  0.1065  0.1022  0.0589  0.1333  0.1233  0.1773
17. P. subtilis MI1 D (1) 0.2090  0.1580  0.1624  0.1627  0.1111  0.1156  0.0839  0.1542  0.1257  0.1919
18. P. subtilis M11 D (2,4) 0.2115  0.1604  0.1647 0.1651  0.1133  0.1178  0.0860  0.1566  0.1280  0.1944
19. P. subtilis MI1 D (3) 0.2113  0.1578  0.1622  0.1625  0.1132  0.1176  0.0837  0.1564  0.1278  0.1918
20. P. paulensis E 0.2218  0.1484  0.1763  0.1577  0.1380  0.1287  0.0836  0.1338  0.1344  0.2022
21. P. paulensis F (1,3-5) 0.2192  0.1507  0.1739  0.1553  0.1357  0.1265 0.0815  0.1315  0.1322  0.1997
22. P. paulensis F (2) 0.2192  0.1530  0.1739  0.1553  0.1357  0.1265 0.0836  0.1360  0.1322  0.1997
23. P. brasiliensis G 0.2038  0.1649  0.1762  0.1552  0.1065  0.1022  0.0917  0.1382  0.1144  0.1890
24. P. brasiliensis H (1) 0.2061  0.1671  0.1784  0.1574  0.1086  0.1042  0.0958  0.1380  0.1187  0.1889
25. P. brasiliensis H (2,3) 0.2038  0.1649  0.1762  0.1552  0.1087  0.1043  0.0938  0.1359  0.1166  0.1890
Fig. 5 Penaeus spp. Cyto- ———— P. subtilis MI (Fortaleza) + WA

chrome oxidase 1-based neigh-

L. P. subtilis MI (Fortaleza + WA
bor-joining tree: numbers under ( )

granches Sbtugi'nt’s t-ft%st (cc;lnﬁ- " P. subtilis MI (Fortaleza) t WA

lef;n;% Sp;rgs :q:lé:lyc)e of branch P. subtilis MI (Fortaleza) + wa

GenBank; + Farfantepenaeus P subtilis Ml (Atins) WA

spp.; o Litopenaeus spp.; EA P. subtilis MII (Rio) + WA
Eastern Atlantic; EP Eastern

Pacific Ocean; IP Indo-Pacific; % P subtilis MIL (Fortaleza) Towa

WA Western Atlantic 98 P. subtilis MII (Recife) + WA

P. paulensis (Rio) + WA

P. paulensis (L. dos Patos) + WA

» P. paulensis* + WA

P. setiferus* o WA

P. brasiliensis (Recife) + WA

96 P. bragsiliensis (Itajai) + WA

P. brasiliensis* + WA

P. brasiliensis (Ithéus) + WA

[ P. notialis* + WA

ol P duorarum* + WA

P. j* o EP

P. stylirostris* o EP

P. monodon* 1P

P. kerathurus* EA

99 P. canaliculatus* IP

{ P. japonicus* IP

P. semisulcatus* iy

P. indicus* P

P. merguiensis* 1P

Sicyonia ingentis* EP
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Table 4 (continued)

11 12 13 14 15 16 17 18 19 20 21 22 23 24 25

0.1697 0.1661 0.1931 0.1823 0.1823 0.1805 0.1805 0.1823 0.1823 0.1895 0.1877 0.1877 0.1769 0.1787 0.1769
0.1462 0.1823 0.1733 0.1336 0.1354 0.1282 0.1408 0.1426 0.1408 0.1336 0.1354 0.1372 0.1462 0.1430 0.1462
0.1264 0.2022 0.1679 0.1372 0.1390 0.1336 0.1444 0.1462 0.1444 0.1552 0.1534 0.1534 0.1552 0.1570 0.1552
0.1300 0.1751 0.1751 0.1498 0.1480 0.1426 0.1444 0.1462 0.1444 0.1408 0.1390 0.1390 0.1390 0.1408 0.1390
0.1390 0.1733 0.1877 0.0975 0.0993 0.0975 0.1011 0.1029 0.1029 0.1227 0.1209 0.1209 0.0975 0.0993 0.0993
0.1372  0.1697 0.1859 0.0939 0.0957 0.0939 0.1047 0.1065 0.1065 0.1155 0.1137 0.1137 0.0939 0.0957 0.0957
0.1390 0.1823 0.1823 0.0560 0.0578 0.0560 0.0776 0.0794 0.0776 0.0776 0.0758 0.0776 0.0848 0.0884 0.0866
0.1643 0.1823 0.1877 0.1264 0.1282 0.1209 0.1372 0.1390 0.1390 0.1209 0.1191 0.1227 0.1245 0.1245 0.1227
0.1444 0.1769 0.1931 0.1119 0.1101 0.1119 0.1137 0.1155 0.1155 0.1209 0.1191 0.1191 0.1047 0.1083 0.1065
0.1606 0.1606 0.1931 0.1570 0.1570 0.1570 0.1679 0.1697 0.1679 0.1751 0.1733 0.1733 0.1661 0.1661 0.1661
0.1805 0.1733 0.1462 0.1444 0.1444 0.1480 0.1498 0.1480 0.1516 0.1534 0.1570 0.1300 0.1336 0.1318
0.1715 0.1715 0.1697 0.1805 0.1823 0.1823 0.1949 0.1931 0.1931 0.1661 0.1697 0.1679
0.1859 0.1895 0.1859 0.1913 0.1931 0.1913 0.1841 0.1823 0.1859 0.1859 0.1859 0.1859
0.0054 0.0072 0.0542 0.0560 0.0542 0.0758 0.0740 0.0776 0.0921 0.0957 0.0939
0.0596 0.0614 0.0596 0.0776 0.0758 0.0794 0.0903 0.0939 0.0921
0.0505 0.0523 0.0505 0.0722 0.0704 0.0740 0.0884 0.0921 0.0903
0.0018 0.0072 0.0848 0.0866 0.0866 0.0939 0.0975 0.0957
0.0054 0.0866 0.0884 0.0884 0.0957 0.0993 0.0975
0.0884 0.0903 0.0903 0.0957 0.0993 0.0975
0.0054 0.1011 0.1047 0.1029
0.0036 0.0993 0.1029 0.1011

0.2086
0.1978 0.2445
0.1649 0.1967 0.2160
0.1624 0.1965 0.2209 0.0054
0.1625 0.1942 0.2160 0.0073
0.1675 0.2094 0.2235 0.0572 0.0532
0.1699 02119 02261 0.0592 0.0652 0.0552 0.0018
0.1673 0.2117 0.2233  0.0571 0.0631 0.0531 0.0073 0.0054
0.1715 0.2307 0.2137 0.0815 0.0835 0.0773 0.0923 0.0944 0.0964
0.1739 0.2280 0.2111 0.0794 0.0813 0.0752 0.0944 0.0966 0.0986
0.1788 0.2280 0.2162 0.0836 0.0856 0.0794 0.0944 0.0966 0.0986 0.0036
0.1440 0.1897 0.2153 0.1006 0.0983 0.0963 0.1030 0.1052 0.1050 0.1111 0.1089 0.1089
0.1484 0.1944 0.2151 0.1048 0.1025 0.1005 0.1072 0.1094 0.1092 0.1154 0.1132 0.1132
0.1463 0.1921 0.2153 0.1028 0.1005 0.0984 0.1052 0.1074 0.1072 0.1133 0.1111 0.1111

Table 5 Penaeus spp. PCR/
RFLP (polymerase chain-reac-
tion/restriction-length poly-
morphism) composite
haplotypes observed for each

Sampling site Sample (N) Composite haplotypes

A B C D E F G H

species and sampling site (N no. Atins P. subtilis MI (4) 4 - - - - - - -
of individuals analysed) Fortaleza P. subtilis MI (18) 15 1 2 - - - - -
P. subtilis MII (16) - - - 16 - - - -
P. brasiliensis (8) - - - - - - 3 5
Recife P. subtilis MII (20) — - - 20 - - - -
P. brasiliensis (2) - - - - - - 2 -
Ilhéus P. subtilis MII (13) — - - 13 - - - -
P. brasiliensis (7) - - - - - - 1 6
Rio P. subtilis MI1 (2) - - - 2 - - - -
P. paulensis (21) - - - - 1 20 - -
P. brasiliensis (28) - - - - - - 11 17
Santos P. paulensis (15) — — — — — 15 — —
Itajai P. brasiliensis (11) - - - - - - 3 8
Lagoa dos Patos P. paulensis (13) - - - - - 13 - -
Total P. subtilis MI (22) 19 1 2 - - - - -
P. subtilis MII (51) - - - 51 - - - -
P. paulensis (49) - - - - 1 48 - -
P. brasiliensis (56) - - - - - - 20 36

Table 6 Penaeus spp. Haplotypic diversity of PCR/RFLP data [N closely related to P. paulensis (I = 0.985: D’Incao et al.
no. of individuals analysed; S no. of samples analysed; # Nucleon 1998). The genetic identity observed between the two
diversity index (Nei 1987)] . —_ ) . ;
morphs of P. subtilis by D’Incao et al. was high in re-
lation to the values usually found between congeneric

Speci N S Haplot I/ .

pecies ApTolypes ! species (Hedgecock et al. 1982; Thorpe 1982; Thorpe
P. subtilis M1 22 2 3 0.25 and Solé-Cava 1994). However, the presence of one di-
; ~ S“b’lilfs MII Zé ‘3‘ é 882 agnostic locus (Pgd) between the two morphotypes in
. paulensis R . . . . . _
P brasiliensis 56 5 5 047 Sympatry, regardless of their high similarity, demon

strated that they were not exchanging genes and there-
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fore could not belong to the same species (see e.g. So-
le-Cava et al. 1985). Because of their high similarity,
they should, rather, be classified as a pair of distinct
sibling biological species (sensu Knowlton 1986). In this
study, we found one further diagnostic locus (A4k) be-
tween the two morphs of P. subtilis, lowering the genetic
identity between them (I = 0.788 to 0.881) to a value
more typical of interspecific comparisons (Thorpe and
Solé-Cava 1994). Moreover, the genetic differentiation
observed between these two species was stable (Fig. 3),
even over a considerable geographic distance (2700 km),
confirming that each comprises an independent evolu-
tionary unit.

The high allozyme similarity observed by D’Incao
et al. (1998) between Penaeus subtilis MII and P. paul-
ensis from a single locality led them to wrongly conclude
that these species were conspecific. In our analysis, we
also found a high similarity between P. subtilis MII and
P. paulensis (I = 0.944 to 0.981), and no diagnostic loci
(sensu Ayala 1983) could be found between them
(Table 2). However, the analysis of several populations
in this study showed that, regardless of the large geo-
graphic area sampled, each species appeared as a mon-
ophyletic group (Fig. 3).

The COI sequences of MII were also very distinct
(8.48 t0 9.03% nucleotide divergence — p distance) from
those of Penaeus paulensis, and also, to a lesser extent,
from those of P. subtilis MI (5.05 to 6.14%) (Table 4).
Furthermore, no shared RFLP haplotypes were found in
an analysis of 122 individuals of different samples of the
three species (Table 5), once again indicating their evo-
lutionary independence. It is thus clear that the two
morphotypes of P. subtilis are genetically different from
each other and also from P. paulensis, despite their high
morphological resemblance. Sequence analyses of
mtDNA gene fragments have already revealed that
morphological similarity may mask divergent evolution
in penaeids (Palumbi and Benzie 1991).

One diagnostic locus (Mdh-1) was found between
populations of Penaeus subtilis MI from Atins and
Fortaleza. This difference lowered the estimated gene
identity between those two populations to 0.92, still well
within the normally accepted level of intraspecific dif-
ferentiation (Thorpe 1982), but nonetheless lower than
the average gene identity found between the populations
of P. subtilis 11 and P. paulensis (I = 0.95; Fig. 3). This
difference alone cannot be regarded as direct proof of
species-level differentiation, because the populations are
allopatric (see Thorpe and Solé-Cava 1994). Further-
more, levels of sequence divergence between individuals
of those two populations were very low (p = 0.0000
to 0.0072), and they appear as a monophyletic cluster
in both allozyme and COl trees. It would be interesting
to investigate populations of P. subtilis MI between
Fortaleza and Atins and further north to verify whether
there is a strong population boundary between the two
regions.

The currently accepted distribution of Penaeus sub-
tilis runs from the Caribbean south to Rio de Janeiro

(Pérez Farfante 1969). The molecular analyses indicate
that the species corresponding to MII can be found at
least from Fortaleza (Ceara; 03°44’S; 38°31’W) to Cabo
Frio (Rio de Janeiro; 22°53’S; 42°02'W), while that
corresponding to P. subtilis MI was not found, in the
present work, in any of the sample sites studied south of
Fortaleza. These results strongly indicate that the cur-
rently accepted distribution of P. subtilis in South
America is the result of the sum of the distribution of
two different species, with a narrow overlap zone in
northeast Brazil (see Fig. 1).

Timing of divergences and geological context

The levels of CO1 sequence divergence found between the
different Brazilian species of Penaeus were similar to
those observed between species of the snapping shrimp
Alpheus (Knowlton et al. 1993; Knowlton and Weigt
1998). Using the calibration for mangrove species of A/-
pheus from the Atlantic and Pacific sides of Panama, we
conclude that P. subtilis Morphotypes I and II have
probably diverged around 4.2 million years before pre-
sent (mybp). Likewise, the ancestral lineage of those two
species diverged from that of P. paulensis about 6.3 mybp.

Profound modifications have occurred in the geology
of the Amazonian region since the Miocene, and these
may have had important effects on the coastal marine
fauna (Lovejoy et al. 1998). In the late Miocene and
early Pliocene (7 to 4 mybp), substantial Andean uplift
led to major changes in paleogeography, and the Andes
and their drainages attained their present configuration
(Hoorn 1994; Hoorn et al. 1995). During this process,
the Orinoco changed its course, the Amazon Atlantic
drainage was established, and the Amazon—Caribbean
connection was closed (Hoorn et al. 1995). During the
last 4 million years, extensive sea-level oscillations have
occurred. Associated with transgression periods, in
hotter and moister periods, the overall water discharge
of the whole Amazon basin, including the melting of
Andean ice, may have resulted in the recurrent forma-
tion of a huge ‘“Amazon lagoon” (Klammer 1984;
Frailey et al. 1988). Several biogeographic patterns are
in accordance with the Amazon lagoon hypothesis
(Marroig and Cerqueira 1997). Since the development of
penaeid post larvae and juveniles is associated with es-
tuarine environments and influenced by environmental
conditions such as salinity and temperature (Gunter
et al. 1964; Pérez Farfante 1969), the changing of dis-
charge patterns, sea (and lagoon) level and river
out-flow levels could have led to disturbances in the
distribution of penaeid species, and may have led to
speciation.

Systematic status of subgenera

Our results agree with those of Baldwin et al. (1998), in
that subgenera based on the morphology of the female



thelycum are not supported by molecular data. In the
present phylogenetic reconstruction, the Western At-
lantic species belonging to the subgenera Farfantepena-
eus (closed thelycum) and Litopenaeus (open thelycum)
group together with the eastern Pacific Litopenaeus
species in a polyphyletic cluster. Furthermore, in the
allozyme analysis (Table 3; Fig. 3), Penaeus (Farfantep-
enaeus) brasiliensis was left out of the group formed by
P. (F.) subtilis, P. (F.) paulensis, P. (Litopenaeus)
schmitti, once again indicating paraphyly. Therefore, the
molecular data (both allozymes and mitochondrial
DNA) indicate that the open thelycum has evolved
independently several times within the penaeids, and
that the separation of the two putative subgenera is not
justified.

Fisheries implications

The present work revealed a new species of Penaeus,
using allozyme and cytochrome oxidase 1 analyses. The
implications of these findings for Penaeus fisheries along
the north and northeast regions of Brazil are obviously
important, and a revaluation of the management of
these resources is necessary. Penaeids are fished in the
Southwest Atlantic both at the juvenile and adult stages
(Valentini et al. 1991). There is evidence of declining
stocks along the Brazilian coast: Brazilian shellfish ex-
ports fell from ~11000 metric tonnes in 1994 to <5000
metric tonnes in 1997 (FAO 1999). The decline in stocks
is probably a result of an increased number of small
boats fishing in natural nurseries combined with earlier
unrestricted growth of the industrial fleet, possibly
through inefficient legislation and inadequate supervi-
sion of the catches (D’Incao 1991; Valentini et al. 1991).
For management purposes, P. subtilis should not con-
tinue to be treated as a single species. Whilst MII pop-
ulations seem to occur all along the eastern Brazilian
coast, populations of MI possibly have a more limited
distribution, occurring on the fishing grounds of at least
part of northeast Brazil.

One important use of molecular markers for the
study of marine invertebrate fisheries is the correct
species-level identification of individuals at different
developmental stages (Thorpe et al. 2000). The RFLP
analysis of the COIl gene has produced species-specific
markers that will be useful as an auxiliary tool for the
identification of larvae and commercial products of each
species. These markers should also be helpful in the
determination of the origins of nursery stocks and spe-
cies distributions, and represent the first development of
molecular tools for the supervision and management of
Southwest Atlantic shrimp fisheries.
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